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Preface

This document describes the technical layout
and the expected performance of the Bar-
rel Time-of-Flight detector (Barrel TOF) for
the PANDA target spectrometer. The Bar-
rel TOF detector has been designed to pre-
cisely measure the time at which a charged
particle transits the detector with a resolu-
tion superior to the other sub-detectors. It
will signal the topology of physics events in
statu nascendi, hence setting cornerstones for
event classification. The implementation of
the Barrel TOF is based on very fast or-
ganic scintillator tiles coupled to Silicon Pho-
tomultipliers. Therefore the name scintilla-
tor tile hodoscope (SciTil). The document
also shows the readiness of SciTil for con-
struction and its integration into the PANDA
Target Spectrometer
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1 Executive Summary

The PANDA Experiment

PANDA [1] will be one of the four flagship experi-
ments at the new international accelerator complex
FAIR (Facility for Antiproton and Ion Research)
in Darmstadt, Germany. With the PANDA detec-5

tor unique experiments will be performed using the
high-quality antiproton beam within a momentum
range from 1.5 GeV/c to 15 GeV/c, stored in the
HESR (High Energy Storage Ring) [2]. The explo-
ration of fundamental questions of hadron physics10

in the charm and multi-strange hadron sectors will
deliver essential contributions to many open ques-
tions of QCD. The scientific program of PANDA [3]
includes hadron spectroscopy, properties of hadrons
in matter, nucleon structure, hypernuclei and much15

more like the exotic bound quark states with or
without gluonic degrees of freedom. The cooled
antiproton beam colliding with a fixed proton or
nuclear target will allow hadron production and
formation experiments with a luminosity of up to20

2 × 1032 cm−2s−1 in the fully completed version of
the facility. In the Modular Start Version (MSV)
the luminosity will be 1× 1031 cm−2s−1. Excellent
Particle Identification (PID) is mandatory for the
success of the PANDA physics program, in which25

the Barrel TOF will play a crucial role.

Particle Identification in PANDA

The PANDA PID system comprises a plurality of
detectors using different technologies. Dedicated
PID devices, such as several Time-of-Flight and30

Cherenkov counters and a Muon detection sys-
tem [4], are combined with PID information deliv-
ered by the Micro Vertex Detector [5] and the Straw
Tube Tracker [6] as well as by the Electromagnetic
Calorimeters [7].35

While the specific energy loss measurements from
the PANDA tracking detectors, in combination
with the Time-of-Flight information from the Bar-
rel TOF, and the forward time-of-flight detector
(FTOF) provide π/K separation at low momen-40

tum, dedicated PID systems based on Cherenkov
radiation are required for the positive identification
of kaons with higher momentum (p > 1 GeV/c)
and for the suppression of large pionic backgrounds.
Two Ring Imaging Cherenkov (RICH) counters us-45

ing the DIRC (Detection of Internally Reflected
Cherenkov light) principle [8, 9, 10] in the Target

Spectrometer (TS) and an aerogel RICH counter
in the Forward Spectrometer (FS) will provide this
charged hadron PID.

PANDA Data Acquisition

The PANDA experiment adopts a free-running data 5

acquisition concept in order to allow as much flex-
ibility as possible which the complex and diverse
physics objectives of the experiment require, and
also to fully exploit the high interaction rate of up
to 2× 107 events/s. Each sub-detector system runs 10

autonomously in a self-triggering mode, yet syn-
chronised with a high-precision time distribution
system, SODANET. Zero-suppressed and physi-
cally relevant signals are transmitted to a high-
bandwidth computing network implementing a soft- 15

ware trigger. Without a selection of data the whole
data rate could be as high as 200 GB/s. The data
acquisition system aims for an online data reduc-
tion of factor 100 – 1000. This demands a highly
advanced online analysis. Another technical chal- 20

lenge that needs to be dealt with is a proper sorting
of event data delivered from various sub-detector
systems that would otherwise overlap at high inter-
action rates. Without a proper clustering of data
from sub-detectors into an event packet, the events 25

would be mixed up. One of the first steps in event
sorting is the determination of the collision time of
the event, t0, followed by a pattern-matching, online
tracking and PID, which would iteratively increase
accuracy. As the ToF system delivers the most pre- 30

cise timing information, the information will be an
anchor to break into this challenge. Additionally,
the ToF detectors provide fast, robust data points
in the tracking system. The system would hence be
of help to debug and/or better understand the other 35

inner trackers in the early commissioning phase of
the experiment.

PANDA Barrel TOF Design

The Barrel TOF design described in this report will
provide fast timing information for all charged par- 40

ticles reaching the device. The Barrel TOF con-
cept is a modern version of a TOF wall in which
large organic scintillator plates are segmented into
many small scintillator tiles made out of the fastest
scintillating materials. The optical readout is per- 45

formed by Silicon Photomultipliers (SiPM) embed-
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ded within the gaps between tiles. Hence, the path
length for photons becomes much shorter improving
the time resolution in addition to providing moder-
ate spatial resolution given by the width of the tiles
in z direction and a more accurate resolution for5

the azimuthal direction due to timing differences in
the double readout of each scintillator. SiPMs are
compact, robust and without limits to lifetime com-
ing from integrated anode currents. If used in an
environment of ionising radiation, a problem with10

radiation hardness exists however. This is being dis-
cussed in chapter 4 of the document. In PANDA the
Barrel TOF will surround the interaction point at a
distance of about 50 cm and cover the central region
of 22.5◦ < θ < 140◦. A coverage of the smaller an-15

gles with scintillation tiles is not intended. Instead a
conventional FTOF wall much further downstream
will cover the angles 0◦ < θ < 5◦ and 0◦ < θ < 10◦

in the vertical and horizontal direction, respectively.

In the PANDA Barrel TOF design the circular cross20

section of the barrel part is approximated by a
hexadecagon exactly matching the DIRC radiators
from the outside. The 16 flat sections are called
supermodules. Each of them contains 120 scintil-
lating tiles arranged side by side in two columns of25

60 scintillators. Both ends are read out by 4 SiPM
each, namely 240 readout channel per supermodule
making use of 960 SiPMs. The whole barrel there-
fore will be equipped in total with 1920 tiles, 3840
readout channels and 15360 SiPMs.30

The mechanical system is modular with compo-
nents made of aluminium alloy and carbon-fiber-
reinforced polymer (CFRP). The optical compo-
nents are placed within light-tight CFRP containers
that are installed in the PANDA detector by sliding35

them on rails into slots between two rings which are
attached to the main central support beams. Boil-
off dry nitrogen flows through the CFRP containers
to remove moisture and residue from outgassing.

The fabrication of the super-modules will be done40

by industry. Prototypes with half-length have been
delivered and are being tested. The costs for the
assembly of the super-modules including the fabri-
cation of tiles with optically glued sensors attached
to multi-layer PCB boards together with the costs45

for about 15000 photosensors are the dominant con-
tributions to the Barrel TOF construction costs.

Performance Simulation

A detailed simulation of the PANDA Barrel TOF
was carried out in the PandaRoot framework [11,50

12], which uses the Virtual Monte Carlo (VMC)
approach for systematic studies.

In the process of optimising the design of the
PANDA Barrel TOF for cost and performance many
different design aspects were tested in simulations.
Although strict space limitations and the high event
rate have to be considered, the design described in 5

this document provides a high detection efficiency
above 90% for the high precision and the high lu-
minosity operation mode of HESR.

The PID information delivered by the Barrel TOF
turns out satisfactory for all particle types as well 10

as for the whole momentum range. Especially for
low momentum particles below the DIRC threshold
the separation power increases up to 6 – 12 σ.

The studied capabilities of the Barrel TOF for the
online and offline reconstruction reveal the strength 15

of a robust timing counter beside the discussed PID
performance. Online the Barrel TOF provides fast
information on the collision time (t0) and allows a
first sorting of the detector signals event per event
to prepare the data for the software trigger. In the 20

offline reconstruction the Barrel TOF provides t0
with an excellent accuracy, enables the detection of
EMC preshowers and supports the performance of
the pattern matching due to the reduction of ghost
tracks. 25

Design Validation

Various prototypes were built and their character-
istics were evaluated in order to advance the design
of the PANDA Barrel TOF detector. Earlier pro-
totypes were at the level of a single tile. Various 30

geometries, scintillator materials, wrapping tech-
niques and a selection of photo sensors and sen-
sor configurations were tested to achieve an op-
timum performance. As the design develops, the
scintillator tile geometry evolved from the so-called 35

original geometry, namely 28.5×28.5×5mm3 with
2 SiPMs [13] to 87×29.4×5mm3 with photons de-
tected at both ends with sets of 4 SiPMs combined
in a single unit of sensor. With the tests performed
in laboratories with lasers and a radioactive source 40

as well as using beams in accelerator facilities, that
are presented in chapter 6, we show that the pro-
posed design excels the original geometry in terms
of time resolution and its uniformity over hit po-
sitions and position resolution without clear draw- 45

backs. The best time resolution obtained for a sin-
gle tile is σt < 60 ps. This is well below the original
design target of 100 ps.

The design is validated also at the level of super-
module. The microstrip-line technique has been de- 50

veloped. With that technique, noise-resistant, low-
attenuation signal transmission lines are embedded
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in a multilayer PCB board with high density and
with a small material budget. In addition, the num-
ber of components and connections is minimised.
Both the construction and the maintenance profit
from the simple and robust design.5

Radiation hardness is an issue to be addressed. The
PANDA experiment at HESR pursues high luminos-
ity up to 2 × 1032 cm−2s−1 in order to grab high
statistics for rare physics channels. Sufficient radi-
ation resilience of the system for a long and sta-10

ble operation of the experiment must be assured.
The least known component of the system are the
SiPMs, a still rapidly developing semiconductor de-
vice. There are diverse measurements on the SiPM
radiation hardness, however, no measurement has15

been found which evaluated the influence of radi-
ation damage to the time resolution, which is the
most critical matter for this project. According to
literature values and own estimates (section 6.4),
the SiPMs should still be functional after 10 years20

of full PANDA operation, at the expense of the sig-
nal height. The influence on the timing properties
is still to be investigated. A dedicated measure-
ment is foreseen in the course of further R&D of the
system. One of the reasons that a dedicated own-25

measurement has been delayed is that the SiPM is
a rapidly developing detector technology and mod-
els of 1 – 2 newer generations will be in the mar-
ket when all the components are purchased. We
summarise irradiation facilities that offer an oppor-30

tunity for a dedicated measurement. An existing
EU-wide activity of a comprehensive SiPM irradia-
tion study is coordinated by one of the authors of
this TDR.
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2 The PANDA Experiment

2.1 The PANDA Experiment

2.1.1 The Scientific Program

The PANDA (anti-Proton ANnihilation at DArm-
stadt) collaboration [1] envisages a physics core pro-
gram [2] that comprises5

• charmonium spectroscopy with precision mea-
surements of mass, width, and decay branches;

• the investigation of states that are assumed to
have more exotic configurations like multiquark
states, charmed hybrids, and glueballs;10

• the search for medium modifications of
charmed hadrons in nuclear matter;

• the γ-ray spectroscopy of hypernuclei, in par-
ticular double Λ states.

In the charmonium and open-charm regions, many15

new states have been observed in the last years,
that do not match the patterns predicted in those
regimes [3]. There are even several states unam-
biguously being of exotic nature, raising the ques-
tion about the underlying mechanism to form such20

kind of states [4].

The production of charmonium and open-charm
states in e+e− interactions are restricted to ini-
tial spin-parities of JPC = 1−−. This limits the
possibility to precisely scan and investigate these25

resonances in formation reactions. The use of p̄p
annihilation does not suffer from this limitation.
Combined with the excellent energy resolution of
down to about 25 keV, this kind of reactions offer
unique opportunity to perform hadron and charmo-30

nium spectroscopy in the accessible energy range.

Since the decay of charm quarks predominantly pro-
ceeds via strangeness production, the identification
of kaons in the final state is mandatory to separate
the signal events from the huge pionic background.35

2.1.2 High-Energy Storage Ring

The combination of HESR and PANDA are situ-
ated at FAIR facility (Fig. 2.1). The experiment
aims at both high reaction rates and high resolu-
tion in order to be able to study rare production40

processes and small branching ratios. With a design

value of 1011 stored antiprotons for beam momenta
from 1.5GeV/c to 15GeV/c and high density inter-
nal targets the anticipated antiproton production
rate of 2·107 s−1 governs the experiment interaction
rate in the order of cycle-averaged 1·107 s−1. The 5

stored antiprotons are freely coasting except for a
10% to 20% bunch structure allocated to a barrier
bucket for compensation of energy losses.

Two complementary operating modes are planned,
named high luminosity and high resolution mode, 10

respectively. The high luminosity mode with
∆p/p = 10−4, stochastic cooling and a target thick-
ness of 4 ·1015 cm−2 will have an average luminosity
of up to L = 2 · 1032 cm−2s−1. For the high reso-
lution mode ∆p/p = 5 · 10−5 will be achieved with 15

electron cooling for momenta up to p = 8.9GeV/c.
Operation will mainly be in conjunction with a clus-
ter jet target which will not impose a time structure
onto the event rate. The cycle-averaged luminosity
is expected to be L = 2 · 1031 cm−2s−1. 20

2.1.3 Targets

The PANDA Target Spectrometer is designed to al-
low the installation of different targets. For hydro-
gen as target material both a Cluster-Jet target and
a Pellet target are being prepared. One technical 25

challenge is the distance of 2.1m between the injec-
tion nozzle and the Interaction point, plus the same
distance until the target particles are dumped in an
efficient catcher keeping the whole target line under
high vacuum. 30

The Cluster-Jet target is homogenous in space and
time whereas a Pellet target with average inter-
pellet spacing of 3mm exhibits large density varia-
tions on the 10–100µs timescale.

An extension of the targets to heavier gases such as 35

deuterium, nitrogen, or argon is planned for com-
plementary studies with nuclear targets.

2.1.4 Luminosity Considerations

The luminosity is directly linked to the number of
stored antiprotons. The maximum luminosity de- 40

pends on the antiproton production rate. The cycle-
averaged antiproton production rate and reaction
rate must be equal in the consumption limit. Due to
injection losses and possible dumping of beam parti-
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Figure 2.1: Schematic of the future FAIR layout incorporating the current GSI facilities on the left; on the right
the future installations, the SIS 100 synchrotron the storage and cooler ring complex including CR and HESR
and the Super FRS experiment being some of the new parts. PANDA is positioned right in the center of the image
inside the HESR.

cles at the end of a cycle the time-averaged reaction
rate will be lower. In Figure 2.2 the beam prepara-
tion periods with target off and data taking periods
with target on are drawn. The red curve showing
the luminosity at constant target thickness is pro-5

portional to the decreasing number of antiprotons
during data taking. In order to provide a constant
luminosity, compensation by adjusting the target
thickness is studied.

In the case of a Pellet target, variations of the in-10

stantaneous luminosity will occur. These are de-
pending on the antiproton beam profile, pellet size,
pellet trajectories and the spacing between pellets.
In the case of an uncontrolled pellet sequence tar-
get thickness fluctuations with up to 2–3 pellets in15

beam do occur during timescales of the pellet tran-
sit time which is 10–100 µs, . The pellet high lumi-
nosity mode (PHL mode) features smaller droplet
size, lower spread in pellet relative velocity and
smaller average pellet distance. The latter being20

much smaller than the beam size, hence the thick-
ness fluctuations would be much reduced. However,
this pellet target mode is currently being developed.

Figure 2.2: [5] Time dependent macroscopic luminos-
ity profile L(t) in one operation cycle for constant (solid
red) and increasing (green dotted) target density ρtarget .
Different measures for beam preparation are indicated.
Pre-cooling is performed at 3.8 GeV/c. A maximum
ramp of 25mT/s is specified for acceleration and decel-
eration of the beam.

2.2 The PANDA Detector

Figure 2.3 shows the PANDA detector viewed with
partial cut-outs. As a fixed target experiment, it is
asymmetric having two parts, the Target Spectrom-
eter (TS) and the Forward Spectrometer (FS). The 5

antiproton beam is scattered off a pellet or cluster-
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jet target (left side in Fig. 2.3). PANDA will mea-
sure p̄p reactions comprehensively and exclusively,
which requires simultaneous measurements of lep-
tons and photons as well as charged and neutral
hadrons, with high multiplicities.5

The physics requirements for the detectors are:

• to cover the full solid angle of the final state
particles,

• to measure energy and momenta of the reaction
products, and10

• to identify particle types over the full range of
momenta of the reaction products.

2.2.1 Target Spectrometer

Figure 2.4 shows a side view of the PANDA target
spectrometer. The TS, which is almost hermetically15

sealed to avoid solid angle gaps and which provides
little spare space inside, consists of a superconduct-
ing solenoid magnet with a field of 2 T and a set
of detectors for the energy determination of neu-
tral and charged particles as well as for the track-20

ing and PID for charged tracks housed within the
magnet. The silicon microvertex detector (MVD)
closely abuts the beam pipe surrounding the target
area and provides secondary vertex sensitivity for
particles with decay lengths on the order of 100µm.25

The main tracker is a straw tube tracker (STT).
There will be several gas electron multiplier (GEM)
tracking stations in the forward direction. The
tracking detectors like MVD and STT also provide
information on the specific energy loss in their data30

stream.

Two Internally Reflected Cherenkov light (DIRC)
detectors are to be located within the TS. Com-
pared to other types of Ring Imaging Cherenkov
(RICH) counters the possibility of using thin ra-35

diators and placing the readout elements outside
the acceptance favors the use of DIRC designs as
Cherenkov imaging detectors for PID. The Barrel
DIRC covers the polar angles θ from 22◦ to 140◦ in-
side the PANDA TS. The Endcap Disc DIRC (EDD)40

covers the polar angles θ from 10◦ to 22◦ in the hor-
izontal plane and 5◦ to 22◦in the vertical plane. For
the analysis of the DIRC data the tracking informa-
tion is needed, as the Cherenkov angle is measured
between the Cherenkov photon direction and the45

momentum vector of the radiating particle.

The Barrel TOF detector, which is the topic of this
document, serves as precise (< 100 ps) timing detec-
tor cylindrically surrounding the target. It consists

of small scintillator tiles read out by Silicon Photo-
multipliers (SiPMs) and is attached to the support
frame outside of the Barrel DIRC providing reason-
able π-K separation below 1 GeV/c (see chapter 4).

The lead tungstate (PWO) crystals of the electro- 5

magnetic calorimeters (EMC) are read out with
Avalanche Photo Diodes (APD) or vacuum pen-
todes. Both, the light output and the APD per-
formance improve with lower temperature. Thus
the plan is, to operate the EMC detectors at T = 10

−25◦C. The EMC is subdivided into backward end-
cap, barrel and forward endcap, all housed within
the solenoid magnet return yoke.

Besides the detection of photons, the EMC is also
the most powerful detector for the identification of 15

electrons. The identification and measurement of
this particle species will play an essential role for
the physics program of PANDA.

The return yoke for the solenoid magnet in the
PANDA TS is laminated to accommodate layers of 20

drift tubes (Iarocci-type detectors) for the muon de-
tection. They form a range stack, with the inner
muon layer being able to detect low energy muons
and the cumulated iron layer thickness in front of
the outer layers providing enough hadronic material 25

to stop the high energy pions produced in PANDA.
A similar lamination and instrumentation of the
iron is foreseen in the downstream door of the yoke
augmented by the addition of a muon filter located
in between the TS and the FS. 30

2.2.2 Forward Spectrometer

Figure 2.5 shows a side view of the PANDA for-
ward spectrometer. The FS angular acceptance has
an ellipsoidal form with a maximum angular accep-
tance of ±10 degrees horizontally and ±5 degrees 35

vertically w.r.t. the beam direction.

The tracking section of the FS is incorporated into
the large gap of a dipole magnet providing bending
power of 2 Tm with a B-field perpendicular to the
forward tracks. The other parts are placed further 40

downstream outside the dipole magnet.

An aerogel RICH detector will be located right be-
hind the dipole magnet followed by a the Forward
Time-of-Flight wall (FTOF) which also covers the
detection of slow particles below the Cherenkov 45

light threshold. The energy is measured in the
Shashlyk type electromagnetic calorimeter consist-
ing of 1404 modules of 55 × 55 mm2 cell size cov-
ering 2.97 × 1.43 m2.

For the determination of the luminosity a detec- 50

tor based on four layers of monolithic active pixel
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sensors will be installed close to the beam pipe de-
tecting scattered antiprotons under small angles.

2.2.3 The Particle Identification
System

The charged particle identification (PID) will com-5

bine the information from the time-of-flight, track-
ing, dE/dx and calorimetry information with the
output from the Cherenkov detectors, with their fo-
cus on positive identification of kaons.

The individual PANDA subsystems contributing to10

the PID and the combination of their data into a
global PID information have been reviewed in the
PID-TAG-report [6], a performance plot regarding
the π-K separation power is shown in chapter 5.

2.2.4 Data Acquisition15

The data flow and processing is spatially separated
into the Front End Electronics (FEE) part located
on the actual detector subsystems and the Data Ac-
quisition (DAQ), located off-detector in the count-
ing room.20

The FEE comprises analog electronics, digitization,
low level pre-processing and optical data transmis-
sion to the DAQ system.

While each sub-detector implements detector spe-
cific FEE systems the DAQ features a common ar-25

chitecture and hardware for the complete PANDA
detector.

Operating the PANDA detector at interaction rates
of 2×107, typical event sizes of 4–20 kB lead to mean
data rates of ∼ 200GB/second.30

The PANDA DAQ [1] design does not use fixed
hardware based triggers but features a continuously
sampling system where the various subsystems are
synchronized with a precision time stamp distribu-
tion system.35

Event selection is based on real-time feature extrac-
tion, filtering and high level correlations.

The main elements of the PANDA DAQ are the
data concentrators, the compute nodes and high
speed interconnecting networks. The data concen-40

trators aggregate data via point-to-point links from
the FEE and the compute nodes provide feature
extraction, event building and physics driven event
selection.

A data rate reduction of about 1000 is envisaged in45

order to write event data of interest to permanent
storage.

Peak rates above the mean data rate of
∼ 200GB/second and increased pile-up may
occur due to antiproton beam time structure,
target thickness fluctuations (in case of pellet
target) and luminosity variations during the HESR 5

operation cycle.

Therefore, FPGA based compute nodes serve as ba-
sic building blocks for the PANDA DAQ system
exploiting parallel and pipelined processing to im-
plement the various real-time tasks, while multiple 10

high speed interconnects provide flexible scalability
to meet the rate demands.

2.2.5 Infrastructure

The PANDA detector is located below ground in
an experimental hall, encased in smaller tunnel-like 15

concrete structure, partially fixed, partially made
of removable blocks. Most subsystems connect
their FEE-components via cables and tubes placed
in movable cable ducts to the installations in the
counting house, where three levels are foreseen to 20

accommodate cooling, gas supplies, power supplies,
electronics, and work space.
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Figure 2.3: Aerial view of PANDA with the Target Spectrometer (TS) on the left side, and the Forward Spec-
trometer (FS) starting with the dipole magnet on the right. The antiproton beam enters from the left.
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Figure 2.4: Side view of PANDA with the Target Spectrometer (TS). The antiproton beam enters from the left.
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Figure 2.5: Side view of PANDA forward Spectrometer (FS). The antiproton beam enters from the left.
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3 Capabilities and Requirements

The conceptual design of a timing hodoscope
counter within the PANDA TS region was devel-
oped later compared to other sub-detectors. Origi-
nally a full Time of Flight system comprising a start
as well as a stop signal was contemplated. Despite5

many suggestions a viable and realistic solution for
a start counter in the vicinity of the target was not
found. As performance studies of PANDA advanced
it has been recognised clearly that an additional
fast timing counter in the TS improves significantly10

the overall performance, or in other words reme-
dies some shortcoming of the PANDA detector sys-
tem [1, 2, 3, 4, 5]. Fast topological event character-
isation in the start up phase and event building in
the data stream are to mention here. The relative15

timing within the Barrel TOF modules itself and
with other sub-detectors in particular the FTOF
wall will be prominent examples where the full time
resolution of 100 ps can be exploited.

At the very beginning the technique for implemen-20

tation of the Barrel TOF was heavily discussed.
The limitations were clear: only little space in ra-
dial direction was available, only percents of radia-
tion length could be accepted in order not to spoil
the performance of the electromagnetic calorimeter,25

precise system timing determination of 100 ps or be-
low, and finally some radiation hardness to survive
an accumulated dose of around 10 kGy was neces-
sary. It was clear at the beginning that long plas-
tic panels could not take the expected rate. Var-30

ious designs of Resistive Plate Chambers looked
first quite promising. However size and material
budget were strong arguments against. With the
invention and industrial fabrication of multi-pixel
avalanche diodes, the so-called Silicon Photomul-35

tipliers the tile-concept of a scintillation wall with
spatially distributed photon sensing was born, lead-
ing to the Barrel TOF as optimal choice for yielding
very good timing information on charged particles.
A CAD drawing of the current design of the Barrel40

TOF is shown in Fig. 3.1.

Section 3.1 describes the properties directly related
to physics performance then those related to detec-
tor performance. The second section 3.2 formulates
technical requirements inherent to a successful con-45

struction and operation of the Barrel TOF derived
from the desired capabilities.

3.1 Desired Capabilities

3.1.1 Particle Identification

On first sight the contribution of the Barrel TOF
to PID is very obvious; a superior timing compared
to the rest of PANDA installations. On closer look, 5

however, the many benefits emerge less clearly be-
cause PID information is typically an intertwined
cognition from many sources and in some cases the
redundancies are difficult to disentangle, thus veil-
ing the picture. For sure, the identification of kaons, 10

can be extended to below the threshold of the Barrel
DIRC. Without doubt this is crucial for the PANDA
hypernuclear programme

The hypernuclei study will make use of the mod-
ular structure of the PANDA detector. Removing 15

the backward end-cap calorimeter will allow to add
a dedicated nuclear target station and the required
additional detectors for γ spectroscopy close to the
entrance of PANDA. The major difficulty to accom-
plish this project resides in the complexity of the 20

hypernuclei production mechanism and in the iden-
tification procedure. Furthermore, the pp→ Ξ−Ξ+

cross section of 2 µb is about a factor 25000 smaller
than the total pp cross section of 50mb at 3GeV/c.
Therefore an efficient background suppression is 25

mandatory. As it was remarked before, the associ-
ated anti-hyperon annihilates with large probability
(≈ 85%) within the primary target nucleus releasing
at least two positive kaons which can be used to tag
the hypernuclei production. Kaons produced in this 30

way are emitted in the forward direction (beam di-
rection) and with a momentum distribution around
500 MeV/c. Here the difficulty resides in finding a
proper detector system to identify efficiently posi-
tive kaons. 35

In the current PANDA design, particle identifica-
tion for slow particles (below ∼700 MeV/c) at large
polar angles is to be provided by a Barrel TOF de-
tector in combination with the central tracker. This
issue is the topic of a different report [4] and can be 40

summarised as follows: The associated ΞΞ̄ produc-
tion allows to trigger on the Ξ+ to suppress the
background by many orders of magnitude. For the
planned 12C primary target 15% of the Ξ leave the
target and decay. The other 85% annihilate within 45

the target and produce due to strangeness conser-
vation two kaons. The number of positively charged
kaons produced in this process amounts to approx-



14 3 CAPABILITIES AND REQUIREMENTS

Figure 3.1: CAD Drawing of the whole Barrel TOF detector with an insert of a magnified drawing of a pair
of scintillator tiles. Scintillator tiles are drawn in blue, PCB boards in grey. It is comprised of 16 segments and
covers 5m2.

imately 40%. Here, the reconstruction probability
of the kaons is about 28%. These results are the
predictions from a URQMD+SMM model [8] con-
taining the production of ΞΞ and the partial an-
nihilation of the Ξ. The background contribution5

to the kaon trigger amounts to 7.7% and is mod-
eled by the URQMD model [7] not containing the
above mentioned processes. Triggering on the posi-
tive kaons increases the total trigger rate by a factor
of 7. The barrel DIRC can measure 55% of these10

kaons while 45% are below its momentum thresh-
old. The benefit of a positive kaon identification
below the momentum threshold of the barrel DIRC
is a factor of 2 higher event selection rate.

3.1.2 Software Trigger15

PANDA has no hardware trigger but continuously
digitises all detector signals after autonomous hit-
detection. Once the data of one time frame of ap-
prox. 500µs (super burst) is assembled the process-
ing for the event selection can start. The complete20

processing of all events at the full interaction rate
is not possible since this would require computing
resources exceeding the cost of the entire experi-
ment. This holds true even at the beginning with
the MSV when data taking will still run at a factor25

of 10–100 lower rate. Therefore simple signatures
have to be used for a software trigger, i.e. a very
fast first selection level which takes only few mi-
croseconds. Depending on the available computing
power a reduction of 100–1000 has to be achieved 5

in the first fast selection.

The first step in the event selection is called software
trigger. This trigger is based on a simple algorithm
based on one or few detectors. It does not require
long computational operations but is based on cor- 10

relations of digital signals. The goal is to achieve
high rejection factors from simple signatures. More
refined processing takes place at higher levels. Typ-
ical examples for software triggers are very much in
analogy to their familiar hardware ancestors and 15

cut on particle multiplicity, particle coincidences in
time, or topological track pointing.

In the start-up phase of the experimental life of
PANDA the more complex detector systems like
electromagnetic calorimeter, central tracker and 20

micro-vertex detector have to be calibrated and
aligned carefully and details of their stable oper-
ation have to be established in practice. In such a
learning phase these detectors are not well suited
as input for the fast software trigger: Any signa- 25

ture based on not understood or simply not well
calibrated detectors will be spurious and unreliable
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and may create biased signature. Drawing physics
observations from these signatures will be difficult
or even erroneous. Like at the beginning of any
simple test experiment it is therefore necessary to
base the input for further better understanding of5

a complex detector system on simple and reliable
scintillators for reference.

The system presented in this proposal will allow ex-
actly this simple approach for a deeper understand-
ing of the other more complex systems. At the same10

time the high granularity and time resolution pro-
vide a very robust tool for software triggers in the
first as well as in the following physics runs. This
will not yet comprise the selection of very complex
channels from the list of PANDA highlights but it15

will allow to establish a relation to previous mea-
surements and publish first physics results rather
quickly.

3.1.3 Event Sorting

In addition to the contribution of a time-of-flight de-20

tector system leading to an increased performance
of particle identification, a high time resolution will
serve as an essential ingredient for any event build-
ing algorithm. This issue has been intensively stud-
ied, and the detailed results can be found in [3] .25

One of the key features of the PANDA experiment
will be a high luminosity mode with sufficiently high
event rates to tackle physics questions with ade-
quate statistical power. In this mode the average
event rate given by the product of the average lu-30

minosity of L = 2 · 1032 cm2s−1 and the total cross
section σtot ≈ 100 mb of p̄p scattering will be of the
order of Ṅavg = 20 MHz.

Since the luminosity is a time dependent quantity
influenced by both the beam current in the HESR35

as well as the overlap with the casual crossing pel-
let target, significantly higher instantaneous event
rates up to Ṅmax = 100 MHz have to be taken into
account. The average time difference between two
events in that case is given by already challenging40

δavgt = 1/Ṅavg = 10 ns, i. e. on that time scale all
detector signals have to be collected to form event
data packages. This technical challenge finally is
intensified by the fact that the events are not dis-
tributed equidistant in time but exhibit an expo-45

nential behaviour concerning the time difference be-
tween sequent events as illustrated in Fig. 3.2.

This means that smaller time differences are in gen-
eral more likely; in fact the probability density func-
tion has a maximum at δt = 0 ns. In particular 63%50

of all reactions have a δt smaller than the average
value. At this point it seems clear that a high reso-
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Figure 3.2: Distribution of the time difference δt be-
tween two sequent reactions at an instantaneous event
rate of Ṅ = 100 MHz.

lution timing is desirable to disentangle signals from
different events.

3.1.4 Pattern Matching / Track
Seeding

A detector with good time resolution outside the 5

central tracker (CT) may serve as a seed for track
finding in the CT. This would work best if the detec-
tor would resolve both φ and z at a reasonable gran-
ularity. With this, combinatorics of track hypothe-
ses in the process of pattern recognition could be re- 10

duced. In contrast, developing track seeds from the
side of the MVD requires more processing time due
to the more complicated structure of the MVD and
the higher track density. Moreover, tracks emerg-
ing from weak decays will be missed and require a 15

second pattern recognition pass. Another drawback
here is the fact that due to the limited number of
layers in the MVD many ghost tracks can be formed
confusing the further steps into the CT region. On
the contrary, by starting the pattern recognition of 20

the CT at the outside, these tracks could serve as
seeds for the MVD or at least clean up ghost tracks
in the MVD. Nevertheless the benefits of track seeds
from a high granularity timing detector would be
significantly different for the two CT cases: 25

In case of the straw tube tracker (STT) a 2D track
seed by a timing detector can simply provide the
starting point for the pattern recognition speeding
up the process notably without being a fundamental
ingredient. It also adds to 3D pattern recognition 30

of the STT providing a starting point in z-direction.

The track seeding by the timing detector does not
require the highest possible time resolution. But a
key issue is to have the hits of the timing detector
easily available without further parallel processing 35

or calibration, since otherwise the tracking process
would have to wait for this pre-processing. For this
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reason the EMC is not well suited as a detector for
track seeds. In addition it is unable to distinguish
between charged and neutral particles.

3.1.5 EMC preshower detection

The finite material budget of detectors and sup-5

porting structures in front of the EMC leads to a
non-zero probability that the γ-ray starts an elec-
tromagnetic shower before reaching the EMC de-
tector. Such an event is called a preshower. In an
earlier study [7] it was shown that in the planned10

PANDA detector system preshowers take place with
finite probability due to the material, mostly of the
barrel DIRC detector. As a consequence the energy
resolution of γ-rays deteriorates.

The Barrel TOF detector is located right after the15

barrel DIRC and right before the EMC detector
with essentially the same solid angle coverage. The
thin plastic scintillator of the Barrel TOF detector
has a high detection efficiency for a charged par-
ticle but is essentially blind to γ-ray. Therefore20

the Barrel TOF should be able to tell if the reg-
istered hit in the EMC is caused by a γ-ray or by a
charged particle (preshower event) Fig. 3.3 depicts
a) preshower event and b) non-preshower event, and
the preshower detection principle in the system of25

Barrel DIRC, Barrel TOF and EMC.

DIRC

preshower
event

SciTil EMC

Hit

No Hit

non-preshower
event

(a)

(b)

Figure 3.3: Schematic drawing of a preshower event
(a) and non-preshower event (b).

3.2 Derived Requirements

3.2.1 Time Resolution

In the report of the Technical Assessment Group on
Particle Identification (TAG PID) [2] all informa-
tion concerning the PID sub-detectors planned at 5

that time are collected. In the report, a method is
introduced to define and evaluate the performance
of the detector and a complete detection system for
a PID.

In a fast simulation a start detector was assumed 10

having δt=100 ps, i.e. the same uncertainty in
the time measurement as the Barrel TOF detec-
tor. This leads to an over-all time resolution for
the ToF of 141 ps. (Running without a start detec-
tor improves the time resolution but this requires 15

to run the ToF with a relative timing.) As empha-
sised with three examples identified (and shown in
dedicated plots) in the report [2], the Barrel Time
of Flight detector adds to positive PID information
beneficial in the cases where otherwise only dE/dx 20

from the central tracker (STT) is available:

p̄p → D0D̄0γ at 6.488 GeV/c (K/p) and
p̄p → Λ0Λ̄0 at 10 GeV/c (p/K). These
channels are good examples for scenar-
ios where the Barrel TOF system can 25

add valuable information for the purpose
of proton-Kaon separation. In particular
with the STT as the central tracker the
misidentification decreases by a factor of
approximately eight. 30

p̄p→ Λ+
c Λ−

c at 10.187 GeV/c (π/K). The
pions originating form this baryonic chan-
nel cover a large part of the relevant phase
space for π/K separation. The critical re-
gion is the low momentum edge of the dis- 35

tributions below 400 MeV/c. Here it can
be seen, that the Barrel TOF significantly
improves the identification power.

The information for these three channels with and
without the Barrel TOF are extracted from the 40

TAG PID report [2] and summarised in Tab. 3.1;
the momentum of the antiproton beam pp̄, the sig-
nal channel, the particular particle species of sig-
nal and background, the minimum average separa-
tion power of the four setups, the maximum aver- 45

age misidentification level and the relative ratio are
listed. Thus the worst identification capability of a
detector setup has the value 1.0 for this ratio, all
smaller values denote a resolution superior to this.
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pp̄ [GeV/c] Signal PID min σ mis[%] w/o Barrel TOF w/ Barrel TOF
6.488 D0D̄0γ π-K 6.0 0.1 1.0 0.2

π-p 4.8 0.8 1.0 0.2
K-π 5.4 0.3 1.0 0.2
K-p 4.8 0.8 1.0 0.1

10.000 Λ0Λ̄0 π-K 3.8 2.7 1.0 1.0
π-p 3.4 4.6 1.0 1.0
p-π 5.5 0.3 1.0 0.1
p-K 5.4 0.4 1.0 0.1

10.187 Λ+
c Λ̄c

−
π-K 4.3 1.5 1.0 0.9
π-p 3.6 3.7 1.0 0.0
K-π 4.5 1.2 1.0 1.0
K-p 3.4 4.6 1.0 0.9
p-π 3.5 4.1 1.0 0.9
p-K 3.5 4.1 1.0 1.0
π-K 4.3 1.7 1.0 0.8
K-π 4.3 1.2 1.0 1.0
p-π 3.5 4.0 1.0 1.0
p-K 3.5 4.1 1.0 0.9

Table 3.1: Influence of a Barrel TOF detector on the misidentification value of two particle species.

In order to quantify the impact of the time reso-
lution to the event building performance the basic
concept of event selection will be defined. An event
takes place at a certain time t0. The particles origi-
nating from that reaction travel for some time with5

a certain velocity before they hit a timing detector.
Each particle i creates a signal at wall clock time
ti. Under the assumption that momentum measure-
ments and particle identification is available at least
on an approximate level, the velocity v and trajec-10

tory length s can be determined. Together with the
time measurement ti the time of origin t0,i = ti−s/v
can be computed. If all the uncertainties are Gaus-
sian these values should be distributed around the
event time t0 with a total time resolution σt. Given15

a sufficiently good momentum resolution the value
σt will be dominated by the time uncertainty of the
best timing device.

In this approach the performance of event build-
ing depends on the spread of the t0,i distribution,20

i.e. the better the t0,i clusters of different reactions
are separated in time, the higher the selection effi-
ciency will be. Overlapping distributions however
will result in efficiency loss, since these events can-
not be separated anymore in a simple way. This25

is illustrated in Fig. 3.5, where the clustering is
shown for the two different time resolutions. The
time signals of different events are coloured cycli-
cally with the colours black, red and blue. While in
the first case with time resolution δt = 0.1 ns differ-30

ent events can be separated well, this feature gets
partially lost in the second case with δt = 2.0 ns.
The efficiency (non-overlap fraction) in that respect
is defined as the fraction of events whose creation
time distributions do not overlap with those of ear- 5

lier or later ones. The efficiency has been deter-
mined for reactions with 6 charged tracks as a func-
tion of the instantaneous rate in the range between
10 MHz and 100 MHz for four different time reso-
lution values δt ∈ {0.1, 1.0, 2.0, 5.0} ns. This choice 10

intends to represent typical values for time-of-flight
systems (100 ps), the range of the time resolution
the electromagnetic calorimeter is able to deliver for
charged tracks and in particular hadrons in PANDA
(1-2 ns), and single hit performance of tracking de- 15

tectors (5 ns). The four curves, coloured in black,
red, blue and magenta, respectively, are shown in
Fig. 3.4.

Clearly visible is the superior efficiency for the best
time resolutions of δt = 0.1 ns, which is the pro- 20

jected performance for the Barrel TOF detector. It
would allow the separation of the event time clus-
ters for event rates up to 100MHz with efficien-
cies of more than 95%, the corresponding values for
δt > 1 ns are between roughly 60% (δt = 1 ns) 25

and less than 10% (δt = 5 ns). The values of pure
non-overlap fractions are not necessarily equivalent
to the efficiencies which could be achieved with a
concrete algorithm. Therefore a very simple and
straight-forward procedure for event selection has 30
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been applied to estimate a more realistic perfor-
mance. The approach bases on the idea to consider
all sequences of t0,i as event candidates which are
separated by time differences δt larger than a cer-
tain value tgap. The gap has been set to tgap = 3σt5

for the current investigation. The corresponding re-
sults for that method are shown in Fig. 3.4 (b). Ob-
viously all the efficiencies drop compared to the cor-
responding non-overlap fractions shown in Fig. 3.4
(a) as expected since those represent upper limits of10

realistic efficiency values. Nevertheless the advan-
tage is still highly significant for δt = 0.1 ns which
still shows values of ε(100 MHz) ≈ 90%, where in
the other cases the efficiency loss at high rates is
much more prominent.15
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Figure 3.4: Event rate dependent efficiency based on
pure overlap (a) and on an event building algorithm (b)
described in the text for reactions with Nc = 6 charged
tracks. The values are plotted for instantaneous rates
between 10 MHz and 100 MHz and time resolutions of
δt ∈ {0.1, 1.0, 2.0, 5.0} ns, coloured in black, red, blue
and magenta, respectively.

3.2.2 Position Resolution

A reasonable granularity is necessary for the Barrel
TOF. This is first of all in order to keep a double-
or multiple-hit pile-up probability in a single tile
lower than a certain level so that the detector can 5

remain functional during the high luminosity oper-
ation. The double-hit probability and its influence
on the efficiency was quantitatively studied by sim-
ulations using the latest geometry. The results will
be discussed in section 5.2. The granularity is also 10

necessary in order to match the hits in the Barrel
TOF with hits in other detectors. Matching be-
tween detectors is done in a space-time phase space.
Even though the Barrel TOF has the finest time
resolution in TS, an order of cm position resolution 15

is desired. This helps reducing possible matching
combinations and hence rejecting fake tracks in a
pattern matching algorithm. It also helps with the
EMC preshower detection as well. For each EMC
cluster a corresponding hit in the Barrel TOF is 20

searched for in both time and space, where window
is given by the time resolution and position resolu-
tion of the Barrel TOF, respectively. The necessary
position resolution was not derived quantitatively
from the desired capabilities. From the view point 25

of track-finding, a careful simulation work including
up-to-date software of other PANDA subdetectors
and track-finding algorithm is necessary in order to
answer this question quantitatively. However, since
the Barrel TOF has a more precise time resolution 30

than other detectors, the requirement to the posi-
tion resolution is less strict.

3.2.3 Mechanical Requirements

An important constraint of designing the PANDA
Barrel TOF is that the detector shares the me- 35

chanical support structure with the Barrel DIRC.
Due to this constraint, the PANDA Barrel TOF has
the same 16-fold segmented structure azimuthally.
Fig. 3.6 shows the half-barrel = 8 segments of the
Barrel DIRC and Barrel TOF detectors, kept in the 40

same support structure. The allowed radial space
for the Barrel TOF is 20 mm.

In addition the following precautions need to be in-
corporated in the design.

• usage of non-magnetic material since the detec- 45

tor will be placed in the high PANDA magnetic
field.

• modular structure to decouple the installa-
tion /deinstallation procedure from the Barrel
DIRC 50
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Figure 3.5: Illustration of t0,i distribution of reactions with 6 tracks at an instantaneous rate of Ṅ = 50 MHz
and total time resolutions of δt1 = 100 ps (top) and δt2 = 2 ns (bottom). The three colour black, red, and blue
are cyclically used to mark time signals t0,i from different events.

Figure 3.6: 16-folds segmentation of Barrel DIRC and Barrel TOF detectors.

• small material budget and radiation length in
order to minimise any disturbance of measure-
ment in subsequent detectors.

• robustness and stability against mechanical
shock as well as considering at least ∼10 years5

of operation without any major repair services.

3.2.4 Radiation Issues

To estimate the expected radiation dose the Barrel
TOF will be subjected to in the PANDA experi-
ment we utilized the radiation map first studied by
O. Hartmann and refined by K. Makonyi [6], shown 5

in Fig. 3.7. It depicts the absorbed energy due to ra-
diation in GeV per year for the Barrel DIRC, which



20 3 CAPABILITIES AND REQUIREMENTS

is made out of fused silica.

[GeV/a]

[GeV/a]

Figure 3.7: Radiation map of the PANDA experiment,
given in GeV per year. [6]

It shows that per bin about 1 to 5 ·107 GeV per year
is absorbed. This value already takes into account
that we will have the beam-on-target for roughly
50% of the year and that the interaction rate is5

not constant but drops off over time. If we now
assume that all particles passing the Barrel DIRC
are MIPs which deposit 3.737 MeV/cm1 the amount
of passing particles can be estimated.

The dimensions of one bin are 0.1 cm × 150 cm ×
1/30 cm. This means the surface area that is ex-
posed to the radiation is 5 cm2 large. This would
lead to an absorption of 107 GeV cm−2 per year. Di-
viding this by the mean deposited energy of MIPs

we receive the number of passing particles.

nMIP =
107 GeV/(cm2 · 1mm)

373.7 keV/mm
(3.1a)

= 2.67 · 1010 MIPs /cm2 for 1 year
(3.1b)

⇒ 2.67 · 1011 MIPs /cm2 for 10 years
(3.1c)

If we assume these MIPs are protons with an en-
ergy of roughly 2 GeV, the 1 MeV neutron equiv-
alent damage to the SiPMs can be calculated by
multiplying with the hardness factor 0.62 for 2 GeV
protons in silicon, on the basis of the NIEL hypoth- 5

esis2

2.67 · 1011 × 0.62 = 1.66 · 1011neq/cm2 in 10 years
(3.2)

This still assumes the high luminosity mode with a
mean rate of about 10 MHz is running for the entire
duration of the experiment. This will definitely not
be the case as this mode will not be ready from the 10

start and studies with the high resolution mode,
which has a lower interaction frequency, are also
part of the physics program. Assuming the high
resolution mode will be running for five of the 10
years we receive a realistic value of 15

Φeq ≈
(

5y

10y
× 0.1 +

5y

10y
× 1

)
ΦHL (3.3)

≈ 9 · 1010neq/cm2in 10 years. (3.4)

This, however, is only the average number. Due
to the kinematics of the experiment a roughly 30%
higher hit rate is expected in the part of our detec-
tor in forward direction, as one can see in Fig. 4.3.
So in order to distribute the absorbed dose across 20

all tiles one can reorder the tiles along the detector
periodically during maintenance periods.

The energy deposited in the scintillator can also
be calculated from the number of MIPs in Eq. 3.1.
Every MIP deposits 2.02 MeV/cm3 in polyvinyl- 25

toluene, the base material of the scintillator which
has a density of 1.032 g/cm3. With this we can
calculate the energy dose.
1. http://pdg.lbl.gov/2015/AtomicNuclearProperties/

HTML/silicon_dioxide_fused_quartz.html
2. NIEL hypothesis is explained in the chapter 6.4.
3. http://pdg.lbl.gov/2016/AtomicNuclearProperties\

/HTML/polyvinyltoluene.html

http://pdg.lbl.gov/2015/AtomicNuclearProperties/HTML/silicon_dioxide_fused_quartz.html
http://pdg.lbl.gov/2015/AtomicNuclearProperties/HTML/silicon_dioxide_fused_quartz.html
http://pdg.lbl.gov/2016/AtomicNuclearProperties\/HTML/polyvinyltoluene.html
http://pdg.lbl.gov/2016/AtomicNuclearProperties\/HTML/polyvinyltoluene.html
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D = 2.7 · 1011 MIPs
cm2

× 2.02
MeV
cm
÷ 1.032

g
cm3

= 5.4 · 1011 MeV
g

= 5.4 · 1020 eV
kg

= 83.7
J
kg

= 83.7Gy in 10 years

≈ 8.4 krad in 10 years (3.5)

The detector must be resilient to this radiation and
fulfil the promised performance.

Furthermore it is possible for the Barrel TOF equip-
ment to become activated by low energy protons
and neutrons leading to low energy radioactivity.5

Therefore, all equipment will have to be monitored
for radiation before it is taken out of the controlled
area.

Shielding, operation and maintenance of all PANDA
components will be planned according to European10

and German safety regulations to ensure the proper
protection of all personnel. The access to the exper-
imental equipment during the beam operation will
be prohibited and the access during maintenance
periods will be cleared after radiation levels are be-15

low the allowed thresholds.
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4 Design

4.1 Overall Design

The PANDA Barrel TOF shares its mechanical sup-
port with the Barrel DIRC. It has the same 16-
section segmentation structure, with a gap to allow
the target pipes to pass, azimuthally around the5

beam direction as already discussed in the previ-
ous section 3.2.3 and Fig. 3.6. Therefore the Bar-
rel TOF design has 16 independent segments. Each
segment is independent, acting as a standalone, and
is called a super-module. Super-modules can be in-10

serted into the common support structure with the
Barrel DIRC. See Fig. 4.1.

Barrel DIRC Super-Module

Common mechanical frame for
Barrel DIRC and Barrel TOF

Barrel TOF Super-Module

Space for Barrel TOF cable 
routing and supply lines

Figure 4.1: Conceptual drawing of the SciTil barrel
with the 16-segment super-module structure together
with the Barrel DIRC, showing how they could be as-
sembled together and share the mechanical support. In
this figure only a half of the barrel with 8-segment is
shown.

A super-module has a foot print of 2460×180 mm2

and its thickness is less than 20 mm. A super-
module includes the particle-sensing volume com-15

prised of scintillator tiles modules, the readout elec-
tronics and the signal transmission lines connecting
the tile modules with the readout electronics, see
Fig. 4.2. Each segment covers an azimuthal angle
of 22.5◦–140◦. Details of the construction of the20

super-module are described in section 4.3.

The scintillator tile module is composed of a scin-
tillator tile and photosensors. A two dimensional
array of scintillator tile modules covers most of the
super-module foot print (1800×180 mm2 disregard-25

ing gaps) and defines the sensitive area of the de-
tector. Section 4.2 describes design details of the
scintillator tile module.

Sensitive area

180 mm

1800 mm
Signal transmission

Electronics

660 mm

Figure 4.2: A conceptual design of the PANDA Bar-
rel TOF super-module that consists of a sensitive area
(light blue), electronics part (yellow) and signal trans-
mission lines in-between them.

The front-end readout electronics (FEE) amplifies
and digitises the signal from the photosensors and
transfers the data to the PANDA computing node.
The electronics unit also provides a bias voltage to
the photosensors. We chose a compact FEE design 5

with all the electronics concentrated at the back end
of the super-module, which is to be compared with
a distributed design (Fig. 4.2). With the concen-
trated FEE design, the average material budget is
kept low over the super-module surface. The FEE 10

is concentrated at the back end of the super-module
where the hit rate, i.e. radiation exposure, is lower.
The radiation hardness requirements on the elec-
tronic circuits are eased accordingly. See Fig. 4.3.

One drawback of the concentrated FEE design is 15

that the raw analogue signal from the photosensor
needs to be transferred to the FEE before amplifi-
cation over a distance between ∼ 5 and 180 cm, de-
pending on the position of the tile along the super-
module. A total of 240 channels of signal trans- 20

mission lines with high noise suppression and low
attenuation have to be implemented. For this we
apply the microstrip-line technique, namely coaxial
cable-like structures realised in a multilayer PCB
board. With this technique, noise-resistant, low- 25

attenuation signal transmission lines are realised
with high density and with a small material bud-
get forming a long and thin PCB rail. In addition,
the PCB rail functions as a part of the support
structure holding scintillator tiles together. The 30

number of components and connections are min-
imised. Both the construction and the maintenance
2. Dual Parton Model event generator. More on Chap. 5
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Figure 4.3: Expected hit rates per scintillator tile as
a function of the tile z position with an average hit rate
up to 39 Hz in the forward region and an overall average
of about 27 kHz. The calculation is based on a simu-
lation using the DPM event generator2with an average
interaction rate of 20 MHz. The FEE position actually
is between Z = −80 to −60 cm, outside of the range
shown here. The radiation exposure is about one order
of magnitude lower than in the forward region.

profit from the simple and robust design. A detailed
description on the signal transmission line can be
found in section 4.3.

In the following sections (Sec. 4.2, 4.3, 4.4), more
detailed design of subcomponents is presented.5

4.2 Scintillator Tile Module

A scintillator tile module (Fig. 4.4) is made of a
plate of plastic scintillator and an array of SiPMs.
The scintillator material was chosen to be the EL-
JEN Technology EJ-232 3. It has a thin shape with10

dimensions 87×29.4×5 mm3 , slightly smaller com-
pared to the actual space on the super module due
to necessary thickness of photosensors, PCB board
and wrapping materials.

Photons are detected at both ends of the 30×5 mm2
15

surface using 4 SiPMs with 3×3 mm2 sensitive area
each. The small sensitive area is one of the limita-
tions of SiPM at the moment, however, multiple
SiPMs can be combined into a single channel [1].
With such a technique the sensitive area can be20

multiplied by a factor of typically 2-5 without in-
creasing the number of readout channels.

With this proposed geometry, the scintillator works
also as a light guide without a compression of the
cross section, resulting in a good collection effi-25

ciency. The 4 SiPMs at each end are placed equidis-
tantly so that the photosensors cover the scintillator
ends as homogeneously as possible, and the photons
have a high chance of reaching the photosensor in

Figure 4.4: A schematic of the most basic element
of the PANDA Barrel TOF detector, a single scintilla-
tor tile. The plastic scintillator measures 87× 29.4× 5
mm3. This is slightly smaller than the pitch of 90 mm
× 30 mm due to necessary thickness of photosen-
sors, PCB board and wrapping materials. The surface
(30×5 mm2) at the small ends is covered by 4 SiPMs at
both ends. Position information along the long axis can
be obtained from the time difference of the signals from
both sides. The module is first wrapped with reflective
material and then with light tight material.

a straight path. A good light collection efficiency
minimises the hit position dependence of time reso-
lution as well. Position information along the long
axis is obtained from the time difference of signals
between both ends. The best value obtained, as de- 5

scribed in Sec. 6.1.1, is 5.5 mm in σ The module is
wrapped with aluminised mylar foil as a reflective
material and then with a black sheet to make the
detector light tight.

Serial and/or Parallel Connection of Multiple 10

SiPMs

While the use of the SiPM is increasing in fields
where the legacy vacuum PMT used to be domi-
nant, its small sensitive area remains a comparative
disadvantage. One of the work-arounds is to com- 15

bine multiple SiPMs in a single sensor unit [2]. The
price per active surface of SiPM is still higher than
for PMT at this moment but is expected to fall fur-
ther in the near future. With the Through-Silicon
Via (TSV) technology which is an alternative to 20

wire bonding and has been adapted to recent gen-
erations of SiPMs, the inactive border of the SiPM
can be minimised. This allows multiple SiPMs to
carpet a larger surface without introducing large
dead zones. There are several different connection 25

techniques of SiPMs, namely: a serial connection,
a parallel connection and a hybrid connection as
shown in Fig. 4.5.

A SiPM is typically comprised of thousands of
3. ELJEC Technology, http://www.eljentechnology.

com/

http://www.eljentechnology.com/
http://www.eljentechnology.com/
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EJ-200 EJ-208 EJ-228 EJ-232
Equivalent product by NE Pilot F NE-100 Pilot U NE-111A

Equivalent product by Saint-Gobain/Bicron BC-408 BC-412 BC-418 BC-422
Light Output (% Anthracene) 64 60 67 55

Scintillation Efficiency (photons/ 1 MeV e−) 10,000 9,200 10,200 8,400
Wavelength of Maximum Emission (nm) 425 435 391 370

Light Attenuation Length (cm) 380 400 - (120?) 10
Rise TIme (ns) 0.9 1.0 0.5 0.35
Decay Time (ns) 2.1 3.3 1.4 1.6

Pulse Width, FWHM (ns) 2.5 4.2 1.2 1.3

Table 4.1: Summary of names and properties of scintillator materials considered in this study. Information is
mostly taken from ELJEN Technology.

a) b) c)

Bias Ground

Signal

Figure 4.5: Several ways of combining multiple SiPMs
into a single readout channel: (a) serial connection, (b)
parallel connection, (c) hybrid connection with coloured
electrical paths for clarity with resistors of 10 kΩ and
capacitors of 10 nF.

Geiger-mode avalanche diodes connected in par-
allel. Combining several SiPM units in parallel
(Fig. 4.5 (b)) is a natural extension. There are a
few drawbacks of combining SiPMs in parallel. The
output capacitance of each SiPM sums up propor-5

tionally to the number of SiPM. This leads to a
large total output capacitance, hence a slow signal
output. A common bias voltage can cause different
over-voltages if there is a variation in breakdown
voltages of SiPMs.10

Instead, a serial connection of SiPMs has been pro-
posed (Fig. 4.5 (a)) [2]. By adding more SiPMs in
series, the total capacitance of the sensors will de-
crease, the rise time becomes faster and the signal
becomes narrower as shown in Fig. 4.6. The serial15

connection enjoys also another advantage, namely
that an over-voltage of each sensor is automatically
adjusted despite a possible minor variation of break-
down voltages among SiPMs.

On the other hand, the serial connection requires a20
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Figure 4.6: Signal pulse shapes of serially connected
1-4 SiPMs. The pulse heights are normalised to 1 for an
easy comparison of the pulse shapes. It is demonstrated
that the more SiPMs are connected in series, the faster
the signal rise/fall time turns out. The improvement by
adding one more SiPM becomes quickly less significant
after 3-4 SiPMs.

larger bias voltage, i.e.

Vserial = N · Vsingle . (4.1)

In case of Hamamatsu MPPC S13360 series whose
operating bias voltage is typically 60V, 4 series con-
nections require ∼ 240 V. Customised readout cir-
cuits for SiPM that include bias voltage supplies are 5

commercially available. However, most do not cope
with the SiPM serial connection and cannot supply
sufficient bias voltage. Another consequence of the
serial connection is that the signal output is reduced
by the capacitance (C) as the gain is expressed as 10

G =
C · δV
q

, (4.2)
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where G is the gain, δV is the over-voltage and
q the charge. When a high gain is important for
the application, this can be an obvious shortcom-
ing. When the application demands high dynamic
range, serial connection can be a preferred choice.5

Otherwise this difference must be compensated by
the choice of an appropriate preamplifier.

The advantages and the disadvantages of the par-
allel and the serial connection are summarised in
Tab. 4.2. It is possible to combine the two tech-10

niques to profit selectively from the preferred fea-
tures. This hybrid connection is a mixture of serial
and parallel connection. The bias line is connected
in parallel while the signal line is in series. The di-
rect current coming from the bias line cannot pass15

through capacitors, while the high frequency signals
can. This high-pass filter consisting of capacitors
and resistance will allow the signal to be connected
in series and at the same time to have a common
bias voltage [3].20

The choice is still open for us. We prefer the hybrid
connection but the serial connection is not excluded
either. The decision will be made after an irradi-
ation test. If the serial connection is chosen, we
need to modify the standard scheme of the readout25

chip currently planned (TOFPET ASIC) to supply
the bias voltage to SiPMs as it can provide only
up to 90V. We need to replace the HV circuitry or
prepare an external bias voltage supply. This will
increase the cost.30

Sensor Board and Dual Module

Either the hybrid or the serial connection of 4
SiPMs can be realised on a small PCB board. We
call it a "sensor board". Fig. 4.7 shows a sketch of
the sensor board with serial connection. A surface35

mount device (SMD) version of the SiPM should
be used in order to minimise the gap in between
scintillators, i.e. the insensitive area. The sensor
board is interfaced to the FEE with MMCX con-
nectors.4 As some force is needed to insert and de-40

tach these MMCX connection a dedicated too will
be designed. A sensor-board completed with SiPMs
and a MMCX connector is called a sensor-module.

On the super-module, the scintillator tiles module,
each of which has 87×29.4×5 mm3, form a matrix45

array of 2×60 to cover the 1800×180 mm2 sensitive
area. In Fig. 4.8 one can see how the scintillator
tiles are arranged on a super-module.

In order to minimise the gap between two scintilla-
tor tiles, two scintillator tiles which neighbour with50

each other with the 30 × 5mm2 surface share the

Figure 4.7: The layout of the sensor-board. 4 SMD-
type SiPMs are soldered on one side. If the sensor board
is to be used in the middle of two scintillators, the SiPMs
are soldered on both sides. See also Fig. 4.10.

Figure 4.8: A 2 × 60 matrix array of scintillator tile
modules is mounted on a super-module. Sensors are
aligned in three lines, both sides of the long axis of the
super-module and in the middle. Two scintillators are
connected at the 30×5 mm2 surface with a double-sided
sensor-module. Therefore a super-module furnishes 60
dual-modules. The figure depicts also an assembling
procedure of a dual module onto a super module. One
dual-module is mounted on a railboard with 4 MMCX
connectors.

sensor-board in the middle. SiPMs are soldered on
both sides. The sensor board has actually a uni-
versal design, namely single-sided or double-sided
sensor-board adopt the same design. See Fig. 4.9
for examples of single-sided (top and middle) and 5

double-sided sensor-board (bottom). The SiPM
model, ASD-NUV3S-P from AdvanSiD is used.

With this design, two scintillator tiles form a single
unit. This is called a "dual-module". It is shown
in Fig. 4.10 how a dual-module is built from two 10

scintillator tiles. See also Fig. 4.8.

Reflow Soldering SiPM manufacturers often in-
clude surface mount device (SMD) packages in their
product list. Our choice of SiPM is also SMD in or-
4. MMCX (micro-miniature coaxial) connector is a coaxial

RF connector. It has a smaller form factor than its similar
variant, MCX. It conforms to the European CECC 22000
specification. The connector has a lock-snap mechanism and
has a 50 Ω impedance. It has a bandwidth from DC to 6
GHz.



4.2 Scintillator Tile Module 27

Sensitive area Bias Voltage Signal shape Gain VBD adjustment
Single 1 Vbr +OV - 1 -
Series N N×(Vbr +OV) faster 1/C Yes
Parallel N Vbr +OV slower C No
Hybrid N Vbr +OV faster 1/C No

Table 4.2: Comparison of series, parallel and hybrid connections of N SiPMs with reference of a single sensor.

Figure 4.9: A photo of sensor modules of the Barrel
TOF: two single-sided modules and one double-sided
one, from top to bottom. The SiPM model ASD-
NUV3S-P from AdvanSiD is used.

der to minimise dead area. Such devices must be
soldered compliant with surface-mount technology
(SMT). In this case, soldering paste is applied to
solder pads onto the sensor-board, placing SiPMs
on the PCB and heating them in a reflow soldering5

oven.

One remark should be made here, namely that some
sensor-boards are double-sided. There are several
techniques available for double-sided reflow solder-
ing. Some adhesive can be used to hold the com-10

ponents from dropping off inside the reflow oven.
In this case, however, special equipments are neces-
sary. It is also possible to use two soldering pastes
of different melting points on each side. For a very
light-weighted SMD like SiPMs, we tested and con-15

firmed that one can simply place the parts on both
sides. The adhesion is enough to hold the parts. An
example of the reflow soldering temperature pro-
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Sensor board (single sided)

Scintillator

Sensor board (double sided)

Figure 4.10: CAD drawing of the dual module
comprised of two scintillator tiles, single-sided sensor-
module on both ends and a double-sided sensor-module
in the middle.

file of soldering Hamamatsu MPPC S10931-100P on
both sides of the sensor-board is shown in Fig. 4.11.

Figure 4.11: An example of the reflow soldering tem-
perature profile of Hamamatsu MPPC S10931-100P on
double-sided sensor-board.

Choice of SiPM Model

Our choice of the SiPM among the currently
available products on the market is Hamamatsu 5

MPPC S13360-3050PE due to the overall perfor-
mance. KETEK PM3350 (trench variant) showed
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marginally better timing performance. The choice
of the SiPM model will be decided when the mass
production takes place since the development of
SiPMs is still relatively fast and we expect 1 –
2 generations of newer products to become avail-5

able by the time of actual production. One of
the largest manufacturer, Hamamatsu Photonics,
promised, however, that the current product line
will be in any case available for several years to
come even when newer models become available.10

4.3 Super-module

As already briefly described, the barrel-shaped de-
tector is 16-fold segmented azimuthally. Each seg-
ment is a stand-alone detector unit, called a super-
module. The super-module has the dimension of15

2460 × 180 × 20 mm3. One super-module has 60
dual-modules. Each dual-module has 4 readout
channels and each readout channel is a serial/hybrid
array of 4 SiPMs. The total number of readout
channels is 240 per super-module.20

The analogue signals from dual-modules are trans-
ferred to the FEE concentrated at the back end
of the super-module. A coaxial-type structure is
realised in a multilayer PCB board for the signal
transmission lines. The length can be up to ∼ 2 m.25

Then the signal from the photo sensors is amplified
and digitised data are sent to the PANDA data con-
centrator. The electronics unit provides also a bias
voltage to the photo sensors.

Signal Transmission30

In order to realise a coaxial cable-like structure, one
needs three copper layers, top and bottom layers for
a ground, and the middle layer for a signal line. By
choosing the proper dimensions the impedance of
the transmission is set to 50 Ω. The width and the35

distance of the signal line and the ground line can
be calculated in Eq. 4.3 and Fig. 4.12 5.

Z0 =
60

(Er)
ln

4h

0.67πw(0.8 + t/w)
, (4.3)

where t is the copper thickness, w the circuit width,
h the prepreg or thin core height and Er is the
dielectric constant. The value of Er is 4.5 – 4.8 for40

FR4, h = 0.126mm, w = 0.16mm, t = 0.035mm.

With a 16-layer PCB board, 5 signal lines can be
embedded vertically. 2 × 24 signal lines are placed
horizontally, making in total 240 lines. Additional
isolation layers are added to suppress the cross talk45

*  t :  c opper thic knes s
*  w :  c irc uit width
*  h :  prepreg or thin c ore height

th

w

a

a

Figure 4.12: Cross section of a multilayer PCB board,
depicting a basic design of how the microstrip-line tech-
nique works. The middle narrow strip-line is used as a
signal line and the upper and bottom layer serve as a
ground line. The impedance of the signal transmission
line is calculated as shown in Eq. 4.3. In this case, the
impedance is set to 50Ω.

between neighbouring channels. The schematics
of the signal transmission lines in a 16-layer PCB
board is shown in Fig. 4.13.

Manufacturing PCB "railboards" with the de-
scribed dimensions is not trivial. For test pur- 5

poses, especially for the measurement of signal
transport properties we ordered half-sized proto-
type railboards, which are still over 1m long. With
the prototype we carried out various cross-talk mea-
surements and signal attenuation tests that they 10

can satisfactorily fulfil our requirements. After a
thorough search, we subsequently found a small
number of companies with proven capabilities who
can offer full-size production with fairly reasonable
price in high quality. We see no further exploratory 15

needs to the successful completion of the railboard
solution. Using the half-length super-module pro-
totype, we evaluated the signal attenuation and the
cross talk between neighbouring channels. See Sec-
tion 6.2. 20

4.4 Front-End Readout
Electronics

The FEE sits physically on the railboard, and along
the flow of information it sits between the pho-
tosensors (= SiPMs) and the PANDA computing 25

node. Required functions at this stage are, amplifi-
cation and digitisation of analogue signals from the
SiPMs, into precise timing information as well as
signal magnitude information (charge, pulse-height
or time-over-threshold (ToT )). In addition, to sup- 30

pressing noise, a coincidence of the SiPM signals
from both sides of the dual-module has to be de-
tectable. Since PANDA itself is a trigger-less system
the electronics has to be self-triggering. The digi-
tised signal information needs to be processed in the 35

FEE and passed on to the computing node following
the specific output protocol setup for the comput-
5. LeitOn GmbH http://www.leiton.de/

leiterplatten-toolbox.html

http://www.leiton.de/leiterplatten-toolbox.html
http://www.leiton.de/leiterplatten-toolbox.html
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Figure 4.13: Schematic drawing of cross section of a multilayer PCB board of coaxial cable-like structure. 5
signal lines are embedded vertically. In addition to the signal line (purple) and signal ground (blue), layers of
screening ground (green) are implemented to suppress the cross talk between neighbouring channels.

900 mm

MMCX connectors (Signal Out)Space for FEE implementation Dual-module

Figure 4.14: Sketch of circuit design on the half-length railboard with three rails (top), and a photo of its
prototype (bottom). Spaces between rails of this prototype are filled with PCB in this prototype. This will be
cut away in the later versions of prototypes. See also the Fig. 3.1. The MMCX connectors (signal out) will be
also removed in the later versions of prototypes but signal transfer lines will be directly connected to FEE.

ing node. This protocol does not exist yet but will
have to be implemented into the FEE. There are in
total 240 readout channels on one super-module.

In order to deal with the necessary tasks for 240
channels in the limited space of the super-module,5

an adaption of a high-density ASIC (Application

Specific Integrated Circuit) chip is desired. The
TOFPET ASIC produced by the company PET-
sys Electronics [4, 5] designed for high-capacitance
photodetectors (350 pF) is one favourable solution.
A simplified circuitry of the TOFPET ASIC chip is 5

shown in Fig. 4.15. It houses an integrated discrim-
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TOFPET ASIC by PETsys Electronics

number of channels 64
TDC time binning 50 ps (25 ps optional)
intrinsic time resolu-
tion

21 ps r.m.s.

charge measurement time over threshold
(ToT)

dynamic range 300 pC
SNR (Qin = 200 pF) 25 dB
coarse gain G0, G0/2, G0/4
SiPM familiy support positive or negative sig-

nal polarity
on-chip calibration
circuit

internal pulse genera-
tor, programmable 6-
bit amplitude

max channel hit rate 160 kHz
max output data rate 320 Mb/s (640 Mb/s

with double data rate)
Fully digital output 2 data LVDS links,

DDR compatible
operation frequency 80-160 MHz
power per channel 8-11 mW
SiPM HV fine biasing range 500 mV

Table 4.3: Summary of the specification of the TOF-
PET ASIC by PETsys.

ination circuit and a time-to-digital converter. Due
to an intrinsic timing resolution of 25 ps and the
possibility to set two separate thresholds for tim-
ing and triggering a good timing performance can
be expected. The fully digital output has an out-5

put data rate of up to 640 MB/s or 6.4 M events/s
and can handle event rates of up to 160 kHz for one
channel. In addition it is optimised for a low power
consumption with 8 to 11mW per channel.

One chip is capable of reading out 64 channels sep-10

arately. Two ASICs are usually assembled next to
each other. The specifications are all listed in ta-
ble 4.3 but will be out of date once the updated
and improved version of the ASIC is released which
is under development at PETsys, which we plan to15

use. It will be able to perform charge integration
and preliminary results show a lower power con-
sumption of up to 8 W, a slightly smaller time bin-
ning of 40 ps (optional 20 ps), a higher maximum
channel hit rate of 600MHz and a maximum out-20

put data rate of 3.2Gb/s.

For the electronics in which the ASIC is embedded

Average hit rate per tile/channel 27 kHz
Number of channels 3840
Channels per hit 2
Bits per hit 100
Data rate per hit 5.4 MBit/s
Data rate for one ASIC (60 channels) 324 MBit/s
Data rate per supermodule 1296 MBit/s
Total Data rate for the Barrel TOF 20.8 GBit/s

2.6 GB/s

Table 4.4: Estimation of the Barrel TOF data rate.

there are two possibilities. Its main purpose is to
handle the physical input and output of signals and
to provide the timing signal for the ASICs and the
bias voltage for the SiPMs as well as the encoding
of the ASIC data to the computing node protocol. 5

In both cases an FPGA lies at the core of the elec-
tronics.

The first possibility is to purchase an existing full
DAQ system from PETsys Electronics directly, con-
sisting of two to three parts (FEB/A, FEB/D and 10

eventually the DAQ board). The FEB A would sit
on the railboard housing two ASICs making two
FEB/A boards per super-module necessary. Eight
of these connect to one FEB/D board which has
to be placed outside the magnetic field. However 15

PETsys is currently redesigning the boards and the
layout is not yet finalised, so it can not be guar-
anteed that the boards will fit to the tight space
constraints of the detector.

For this reason option two has to be considered: 20

constructing the necessary circuit as well as design-
ing our own FPGA code. Something similar has
already been done by the MVD group in Gießen for
their detector in form of the PASTA chip which is
based on the TOFPET ASIC. This will ensure we 25

have full control over the electronics and its design.

4.4.1 Data Rate Estimate

The expected data rate depends on the formatting
of the data by the TOFPET ASIC. It partitions
events into frames of 1024 clock cycles which cor- 30

respond to 6.4 µs. In such a frame each event is
encoded as 100 bits per event with some overhead
per frame [6].

A summary of the data rates is found in table 4.4.
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Figure 4.15: Simplified circuitry of the front-end amplifier chain. The specific case of an anode-type readout is
shown. Taken from Ref. [5]

4.5 Detector Control System

The detector control system (DCS), often called
also slow-control system, should provide several
functions, e.g. control of bias voltages to SiPMs,
control of data acquisition, monitoring and calibra-5

tion.

The DCS software is under development at this mo-
ment because the FEE is also under development.
The current readout test is based on the TOFPET
ASIC evaluation kit provided by PETsys electron-10

ics S.A. The evaluation kit comes with a controlling
software. The Barrel TOF DCS software will also
be based on the software but will be tailored and
extended to our specific needs. The PETsys soft-
ware, therefore, gives a good preview of the Barrel15

TOF DCS software.

4.5.1 TOFPET ASIC Evaluation Kit
Software

The TOFPET ASIC evaluation kit is composed of

• A Power Adapter Board (PAB), which can hold20

up to two ASIC mezzanines.

• Up to two ASIC mezzanines.

• A Xilinx ML605 Virtex6 evaluation kit.

• A normal computer, running 64-bit Linux.

The two ASIC mezzanines contain the ASIC, the25

SiPM connectors and some power supply and fil-
tering. The PAB provides the ASIC mezzanines
with power, bias voltage for the SiPMs, a filtered
low jitter clock (160MHz) and a FPGA interface.
The ML605 FPGA implements the communication30

logic necessary to configure the ASICs, the clock fil-
ter and the HV-DAC which produces the bias volt-
ages, as well as reading out the data produced by
the ASIC. An external test pulse can also be used,

by providing a 2.5V LVCMOS signal on the GPIO
USER N connector on the ML605 board. Com-
munication between the FPGA and the computer
is handled via Gigabit Ethernet. The computer is
used to run a suite of software in order to config- 5

ure the system and process the data produced by
the ASIC. Figure 4.16 and Fig. 4.17 show a system
diagram of the TOFPET ASIC evaluation kit and
a test setup of the TOFPET ASIC evaluation kit,
respectively. 10

ML605

Virtex 6

Gigabit Ethernet

HV DACClock
filter

ASIC mezzanine

ASIC

Power adapter
board

PC

100 V
DC/DC

TP out
(GPIO_USER_P)

Figure 4.16: A system diagram of the TOFPET chip
evaluation kit control software. The TOFPET ASIC
evaluation kit makes use of the Xilinx ML605 Virtex6
evaluation kit and a PC. Taken from a technical note
by PETsys [7].

4.5.2 Control of Bias Voltage Supply
to SiPMs

Concerning the control of bias voltage supply, the
DCS should

• supply bias voltage to each readout channel, 15

• monitor the supplied voltages and currents,
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Figure 4.17: Test setup of the TOFPET chip evalua-
tion kit.

• detect an unexpected occurrence (e.g. over-
current condition), and

• employ counter measure to stop/suppress erro-
neous condition (e.g. turn off bias supply and
send a notification with a given method.5

The PANDA Barrel TOF is equipped with 15360
SiPMs in 3840 readout channels. A bias voltage will
be applied independently to each readout channel.
The necessary operation voltage differs depending
on the SiPM model adopted in the final design as10

well as the choice of serial or hybrid connection to
combine 4 SiPMs in a single channel. Table 4.5
summarises necessary voltages for different sensor
models and different type of connections.

# SiPM Model connection Voltage
1 S13360-3050PE serial ∼ 240V
2 S13360-3050PE hybrid ∼ 60V
3 PM3350 (Trench) serial ∼ 92V
4 PM3350 (Trench) hybrid ∼ 23V
5 ASD-NUV3S-P serial ∼ 104V
6 ASD-NUV3S-P hybrid ∼ 26V

Table 4.5: Required bias voltages for different types
of SiPM with either serial or hybrid connection. Manu-
facturer of SiPM is Hamamatsu, KETEK, AdvanSiD for
#1-2, #3-4, #5-6, respectively. In case of serial connec-
tion, required bias voltage is multiplied by the number
of sensors and in some cases it exceeds the maximum
limit of some voltage supply optimised for SiPM opera-
tion.

The TOFPET ASIC Evaluation Kit has an inte-15

grated bias voltage supply function using Analog
Devices AD5535 HD-DAC chip [8]. The AD5535
chip has a voltage output range up to 200V with

14-bit resolution DAC and the LSB voltage resolu-
tion is ∼12mV. The maximum bias voltage of the
TOFPET ASIC Evaluation Kit, however, is not de-
signed to go beyond 90V for example due to PCB
clearance distances [9]. A dedicated FEE design 5

will solve this problem.

The serial connections (#1, #3, #5 in Table 4.5)
require higher voltages than this limit. This means
we have to supply an offset bias voltage externally,
or bypass the bias supply circuit. Fig. 4.18 shows an 10

example of electric circuit to incorporate an exter-
nal voltage supply to the TOFPET chip ASIC Eval-
uation Kit. Nonetheless, our current choice is the
#2 in the table, a hybrid connection of Hamamatsu
S13360-3050PE SiPMs. The operational voltage is 15

about 60V and this is within the range of the TOF-
PET chip bias supply.

Bias voltage (200~300V)

K A

Existing FEB/A

Figure 4.18: A possible electric circuit plan of bypass-
ing the voltage supply function which is provided in the
Evaluation Kit. and to use an external bias voltage
supply [9].

A bias voltage fluctuation causes a gain fluctuation.
Bias voltage dependencies of the gain of SiPMs are
known to be 17 – 20% for the products of three man- 20

ufacturers in consideration [10, 11, 12, 13]. From
this value, one can calculate a necessary voltage sta-
bility which fulfills the required gain stability. Here
conversely we start with an assumption of 50mV
bias voltage stability. The value is 50mV, as some 25

of the bias supplies in our laboratory have this LSB
resolution of DAC (e.g. iseg EDS F 005p, Keithely
617). A 50mV bias voltage change corresponds to
about 1% or less of the gain change and this is tol-
erable. Note that the above mentioned 50 mV is 30

the DAC resolution and a voltage stability is usu-
ally smaller than this. Also the DAC resolution of
the AD5535 chip is 12mV. Therefore, for this pur-
pose, one does not have to pay a special attention
to the voltage stability of the bias supply. 35
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4.5.3 Control of Threshold for Timing
Determination

In order to achieve the best timing performance of
the detector, the discriminator threshold must be
properly optimised. The best time resolution is ob-5

tained usually at a low threshold but it should be
above the noise level. The noise level of the detec-
tor could change during the operation due to the
change of internal and external conditions, or aging
effects after a long term operation, particularly by10

an accumulated radiation dose on the sensors. The
SiPM is a relatively noisy device. A typical dark
count rate (DCR) is 100 – 500 kcps per mm2 at
a typical operating condition at room temperature.
This could drastically change with a different bias15

voltage and temperature. Nevertheless, the thresh-
old setting does not have to be changed frequently
since the change of DCR is expected to be slow, also
an attempt to retune the optimum operation con-
dition will be first made by an adjustment of the20

bias voltages. Therefore it is sufficient to load and
to initialise the threshold setup at an initialisation
of the data acquisition.

4.6 Monitoring and Calibration

In order to guarantee the stable operation of the25

detector as well as a prompt spotting of a problem
that might occur, an appropriate monitoring of the
system is neccesary.

Voltage and Current

The primary parameter influencing the SiPM char-30

acteristics is the bias voltage. SiPM characteristics
are also temperature dependent as most semicon-
ductor diodes are. When the temperature rises, the
crystal lattice vibrations become stronger, leading
to an increased probability that carriers’ accelera-35

tion and ionisation during the avalanche process are
disturbed by the crystal. The voltage dependence
of the gain and the required bias voltage stability
were discussed in Sec. 4.5.2.

The current in the biasing circuit is also monitored.40

A long-term monitoring of the current is also impor-
tant as an indication of radiation damage on SiPM.

Temperature

Temperature fluctuation causes also instability of
the detector system, notably by the subsequent45

change of breakdown voltage (VBD) and gain. Tem-
perature dependencies of the VBD and gain are sum-
marised in Tab. 4.6. The smallest temperature de-
pendence is given by the KETEK device, namely
< 0.5%/K at 5.0 V over-voltage and 0.7% at 2V 5

over-voltage [10]. The Hamamatsu device (S13360-
3050PE) has 1.3%/K. Fig. 4.19 shows the gain
variation (1/K) of the AdvanSiD SiPM NUV se-
ries as a function of over-voltage. The figure shows
a trend that the gain variation is lower at higher 10

over-voltage and the dependence increases rapidly
at very low over-voltage, i.e. below 2V. The rec-
ommended over-voltage of this series of SiPMs are
2-6V. The corresponding gain variations is 1.5 –
0.4%. 15

Model VBD gain
KETEK 18mV/K < 0.5%/K

Hamamatsu S13360 50mV/K ∼ 1.3%/K
AdvanSiD NUV 26mV/K < 1%/K

Table 4.6: A short summary of temperature depen-
dencies of SiPM characteristics. Values are taken from
Ref. [10, 11, 12, 13]. The temperature dependence of
break-down voltage of KETEK device is evaluated at
5 V over-voltage. Note that the absolute temperature
coefficient of the gain is smaller at higher over-voltage.
According to Ref. [10], the coefficient will be −0.7% at
2V over-voltage.

Figure 4.19: Gain variation [/K] as a function of over-
voltage in a case of the AdvanSiD SiPM NUV series.
The recommended over-voltage range of this SiPM se-
ries is 2-6V. Taken from Ref. [13]

To simplify, about 1K temperature variation im-
plies 1% gain change, depending slightly on the
SiPM model. The temperature monitoring stabil-
ity (repeatability) should be able to record a gain
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change much less than 1%. E.g. 0.1% or ±100mK
(0.2K). The absolute temperature is not as impor-
tant and can be in the range ±2K. The measure-
ment should take place as close as possible to the
SiPM itself.5

• Stability: 200mK

• Absolute: 4K

• Size and position: SMD PTC mounted directly
onto the sensor board

• Number of sensors:10

– one per rail board = 16 PTC

– two per rail board = 32 PTC

• Speed of measurement ∼1/s

Measurements with PT100 resistors can be made in
two-wire mode, using a ratiometric bridge-type bi-15

asing circuit, where the bridge is balanced at 0 ◦C,
developing 30mV / Vbias at 40 ◦C. The bridge volt-
age is measured by an instrumentation amplifier
with a voltage gain of 10 to 30 depending on the
voltage bias. The conductivity of the leads to the20

PT100 are several Ω each but can be calibrated
and assumed constant as the change in resistance
with temperature is negligible. A multiplexer can
be used to group four sensors per ADC input chan-
nel, thus reducing the number of amplifiers.25

In addition we monitor temperatures of electronics
and the coolant of the cooling system. It is impor-
tant to shutdown the power supply in case that the
temperature of the cooling fluid drops below the
dew point. See also section 4.7.30

Gain

Gain calibration is important. Basically all SiPMs
will be set to have the same gain by adjusting bias
voltages. The gain of each SiPM is monitored also
for a long term. Measuring a SiPM gain is a un-35

challenging task. The high degree of uniformity be-
tween microcells results in a pulse-height spectrum
with very discrete peaks that corresponds to single,
double, three, ... photo electrons. Its rather high
DCR of 10 – 100 kHz/mm2, which can be taken as40

positive feature here, ensures a quick accumulation
of single-photon events from which the gain is ex-
tracted. Such a calibration data can be acquired
for example by mixing a low-rate (∼10Hz) trigger
in the ordinary data taking without disturbance.45

Time Calibration

Time calibration can be done in several different
ways, e.g. cosmic rays. Additionally, a calibration
system with built-in LED will be implemented to
the detector system. A compact SMD blue LED 5

will be mounted in a space between SiPMs on the
sensor-board. An additional microstrip lines to
drive the LED will be added to the current design of
the railboard. The LED will then be controlled flex-
ibly by the FEE. Such a calibration system is useful 10

not only for a time calibration but also for gain cal-
ibration/monitoring. The system will be extremely
useful for the quality control of the super-module.
All SiPMs of all readout channel can be checked
simultaneously. 15

4.7 Cooling

A heat source, namely the front-end electronics and
bias supply chip are concentrated at the back side
of the super-module. The TOFPET chip dissipates
thermal power of 10mW per channel. The total 20

heat dissipation from the TOFPET chip per super-
module is therefore 2.4W. A super-module will be
equipped, in addition, with several control chips
and interface chips as well as bias supply chip. In
order to estimate a realistic power consumption of 25

a total readout system, we refer to the power con-
sumption of the TOFPET chip ASIC Evaluation
Kit.

The Virtex-6 FPGA ML605 Evaluation Kit from
Xilinx, which is part of the TOFPET ASIC Eval- 30

uation Kit, is furnished with a 60W AC power
adapter. The Power Adapter Board of the TOF-
PET ASIC Evaluation Kit requires 2.8V/4A and
5V/1A, resulting in 16.2W. This makes the total
power consumption of the system of about 80W per 35

super-module, or 1.3 kW for the full barrel.

In order to take away the dissipated heat from the
detector system, the super-module, viz. FEE chips
will be furnished with heat sinks and a water pipe
connected to the water cooling system. An under- 40

pressure system is preferably chosen in order to
avoid leaks and reduce vibrations. Water temper-
ature is to be monitored to avoid an unexpected
temperature drop and condensation as mentioned
in Sec. 4.6. 45

A weak flow of dry nitrogen gas over the whole sur-
face of the super-module will be provided in order
to purge heat dissipation from the sensor, though
expected to be tiny. It helps also to avoid possi-
ble contamination from outgassing of the glue and 50
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other materials used and also lower the risk of air
condensation and damage of FEEs and detectors
even in a case of malfunction of cooling system.

4.8 Mechanics

The Barrel TOF support structures is shared with5

the Barrel DIRC, as mentioned earlier already in
Sec. 3.2.3, Fig. 3.6 and Sec. 4.1, Fig. 4.1.

The mechanical design is being prepared mainly
by the GSI group and is presented in the Barrel
DIRC technical design report in detail [14]. The10

support structure of the barrel is a hollow cylindri-
cal frame made of two halves. Each half consists of
rails held by two half-rings at the ends (Fig. 4.20).
It has an internal radius of 448mm and external
radius of 538mm, weighing about 400 kg. Along z-15

axis, the support structure stretches from −1190 to
+1270mm (∆z = 2460mm). All major mechani-
cal components are expected to be built from alu-
minium alloy and Carbon-Fibre-Reinforced Poly-
mer (CFRP) to minimise the material budget and20

weight and to maximise the stiffness. The Barrel
TOF super-module are slid into the prepared slots
via rails (See Fig. 4.1). The CFRP is made light-
tight and ensures isolation of the photosensors from
external light sources.25

Figure 4.20: Support structure of the barrel - exploded
view of a half section: (a) outer sheet, (b) inner sheet,
(c) rails, (d) downstream half-ring, (e) upstream half-
ring. Taken from Ref. [14]

The nitrogen supply lines are integrated into the rail
profiles. The whole structure is surrounded by thin
inner and outer sheets to achieve a high stiffness.
The upstream half-ring includes precision-machined
rails for the precise and repeatable positioning of30

the super-modules.
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5 Performance Simulation

A realistic implementation of the PANDA detector
components and their response to passing particles
was programmed within the PandaRoot framework.
Various design options were simulated to optimise
the performance of the detector layout. In addition5

reconstruction and PID algorithms were developed,
which will work on the simulation output and on
real data.

This chapter will discuss the implementation of the
Barrel TOF in the simulation framework, the devel-10

opment of reconstruction PID algorithms and the
simulation results on performance studies.

5.1 Software Framework

PandaRoot [1] is the offline software framework for
the PANDA experiment for full simulation, recon-15

struction and analysis. It is implemented in the the
FairRoot[2] framework which is the common com-
puting structure for the future FAIR experiments.
FairRoot is based on ROOT[3] and Virtual Monte-
Carlo packages and contains a collection of software20

and tools for the description of the detectors and the
simulation of physical reactions. Detector specific
geometry, reconstruction and particle identification
code are developed within PandaRoot. The soft-
ware is supported by various C++ compilers and25

several Linux distributions as well as macOS.

Various event generators are implemented to pro-
duce specific particle distributions, physics chan-
nels and antiproton-proton background reaction
(e.g. EvtGen, DPM, UrQMD, Pythia, Fluka).30

As a transport model for the Virtual MonteCarlo
Geant4 [4] and Geant3 are available. The produced
MC data is afterwards processed to simulate the
response of the sub detector. The resulting data
formats are those obtained in a prototype or the fi-35

nal detector. Information provided by the tracking
detectors is combined to reconstruct charged tracks
and correlate these with the response of the PID
detectors. Specific algorithms provide probability
density functions (p.d.f.) for every track and PID40

detector system. These are combined to receive a
global identification probability using Bayes theo-
rem. For the analysis particle combination and se-
lection mechanisms are provided as well as various
fitters for the four momenta and positions of the45

particles.

5.1.1 Implementation of Barrel TOF

A full simulation in PandaRoot is divided into five
main stages: simulation, digitisation, reconstruc-
tion, particle identification and analysis. In this
section the implementation of the Barrel TOF in 5

Pandaroot for the simulation and digitisation stage
is described. Information on the particle identifica-
tion provided by the Barrel TOF can be found in
section 5.5 and 5.6.

Geometry 10

The geometry for the simulation is built directly in-
side ROOT using the standard geometry classes of
the framework. The implemented geometry (Pan-
daRoot/geometry/SciTil_201601.root) reflects the
design presented in chapter 4. The 87.0 × 29.4 × 15

5 mm3 scintillating tiles are equipped with 4 SiPMs
on each side. 120 of these modules are assembled to
form a super-module including sensor boards for the
serial connection and PCB railboards to transmit
the signals to the FEE. 16 of them build the total 20

implemented Barrel TOF geometry (see Fig. 5.1).
The support structure is shared with the DIRC de-
tector and is part of the DIRC implementation in
PandaRoot.

Figure 5.1: Implementation of the active area of the
Barrel TOF detector in PandaRoot ignoring the dead
material reserved for the FEE. The scintillating tiles ,
active in the simulation, are coloured in blue and the
PCB railboards in green. The SiPMs are covert by the
railboards.
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Simulation

Particles produced in the event generation phase are
transported through the detector geometry and the
magnetic field by the selected Monte-Carlo engine.
When a particle passes through one of the scintil-5

lating tiles, which make up the active area of the
Barrel TOF implementation, the track and parti-
cle information is monitored. If the energy deposit
in the scintillator is above an adjustable threshold,
a Monte Carlo object is stored, containing infor-10

mation about the entry and exit position, the en-
ergy deposit and the exact timing information in
addition to the particle parameters like PDG code,
charge, momentum and mother particle informa-
tion. The sensor boards, the railboards and the15

SiPMs are passive material in the simulation stage.
They only contribute with their material budget to
the particle transport.

Digitisation

In the digitization stage the detector response of the20

Barrel TOF is simulated. To save computing time,
not a full simulation of the scintillating photons in
the active area and the full electronics is performed.
Instead the exact timing information provided by
the simulation output is smeared, using a Gaussian25

distribution. According to the test beam results de-
scribed in chapter 6 a standard deviation of 75×

√
2

is used for a single read out channel. In addition a
time offset is added corresponding to the distance
from the particle entrance point and the position30

of the SiPMs. This is done individually for both
channels of a single scintillating tile. The received
timestamps are used to calculate an average times-
tamp and the time difference between the channels.
The time difference is used to provide position in-35

formation on the detected particle along the 90 mm
side (see. section 4.2 and 6.1.1).

If the so called “timebased simulation” is activated,
the continuous, trigger-less read out is simulated.
Therefore the loss of information due to signal pile40

up and detector dead time is taken into account. In
this simulation mode the information is not stored
event by event, but sorted by the absolute timing
information of every digitised data object. Without
access to the MC information, the output can not45

be sorted event by event any more and therefore
reflects a realistic data sample.

5.2 Efficiency

In this section the simulation studies of the detec-
tion efficiency of the Barrel TOF are presented with
a special focus on the comparison between two dif-
ferent design options (Design A and B). The study 5

is split into two separate evaluation. In 5.2.1 the
geometrical acceptance of the Barrel TOF for re-
alistic particle production distribution is discussed.
In 5.2.2 the detection efficiency of the single tiles
is discussed taking into account the capability of 10

the planed electronics, leading to the combined to-
tal efficiency of the Barrel TOF system discussed in
5.2.3.

5.2.1 Geometrical Efficiency

For the evaluation, the two detector geometries are 15

compared to an ideal geometry represented by a
single continuous cylinder (Fig. 5.2a). The cylinder
has an inner radius of 503 mm, a length of 1800 mm,
a thickness of 5 mm. The active area of this detector
in the z-/phi-plane with a fixed radius of 503 mm 20

is about 5.7 m². It is located at the same position
as the realistic geometries but ignores space limita-
tions by support structure and other PANDA detec-
tor sub systems. A detector made out of 16 perfect
super-modules, but limited by the other detector 25

systems has also been investigated as an additional
reference geometry. It consists of single scintillat-
ing tiles, perfectly filling the available space without
fitting the sensors and electronics and provides an
active area of about 5.2 m² (Fig. 5.2b). 30

The studied realistic design options include gaps
and blind spots to fit support structures, SiPM sen-
sors and electronics as well as the space constraints
due to other detector systems. The design A corre-
sponds to the original proposed geometry[5]. It con- 35

sists of 5760 scintillating tiles of size 28.5 × 28.5 ×
5 mm3 resulting in an active area of 4.7 m²(Fig.
5.2.c). It is important to note that the design A
is still somewhat idealised in that there are missing
gaps between the scintillating tiles for the wrap- 40

ping material and no PCB board connectors for the
SiPMs are included.

Design B, proposed in this document (Fig 5.1) con-
sists of 1920 scintillating tiles of 86.95×29.4×5 mm3

size. The gaps parallel to the beam are slightly 45

larger compared to design A to fit the PCB cards
and double sided SiPMs as well as the wrapping ma-
terial. The radial gaps are reduced to a minimum
leaving only space for the wrapping. This realistic
geometry provides a sensitive area of 4.9 m² and 50

even surpasses the design A. Table 5.1 summarises
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a) b) c)

Figure 5.2: For simulation studies different variations of the Barrel TOF are implemented in PandaRoot. a) The
reference geometry is represented by a single continuous cylinder without any dead area. b) A geometry consisting
of 16 perfect super-modules without any gaps within a super-module. c) Realistic design option A including SiPMs
and readout electronics. The implementation of the proposed design B is shown in Fig. 5.1.

the properties of the studied geometries.

geometry number of tile size active area
tiles mm2 m2

reference 1 - 5.7
perfect super-modules 16 180× 1800 5.2

design A 5760 28.5× 28.5 4.7
design B 1920 86.95× 29.4 4.9

Table 5.1: Properties of the studied Barrel TOF design
options.

To study the efficiency with a realistic particle dis-
tribution the four geometries were implemented in
PandaRoot and simulations were performed. The
events were generated using the DPM background5

generator at various primary antiproton momenta
i.e. 1.5, 6.2, 15 GeV/c. Supplementary to the Bar-
rel TOF detector all other detectors geometries and
materials of the barrel spectrometer up to the EMC
were included to ensure a realistic particle transport10

simulation. The minimum energy deposit of a parti-
cle in the scintillator required to detect the particle
was considered for the reference and the realistic ge-
ometries. However, a simulation of the electronics
of the Barrel TOF in the digitisation stage of Pan-15

daRoot was not performed, so the detector dead
time and signal pile-ups are not taken into account.
Therefore only the geometrical acceptance of the
Barrel TOF was studied to evaluate the geometri-
cal contribution to the total efficiency. This geo-20

metrical efficiency EGeo was calculated as the ratio
of detected particles (Hits) to the detected particles
in the reference geometry.

EGeo =
#Hits

#Hitsreference
(5.1)

Using the described geometries and the equation
above, the geometrical efficiency for the detection25

of primaries was evaluated. Figure 5.3 summarizes
the results for the various geometries as a function

0 2 4 6 8 10 12 14 16

momentum in GeV/c

0.70

0.75

0.80

0.85

0.90

0.95

1.00

fr
a
ct

io
n
 o

f 
d

e
te

ct
e
d

 p
a
rt

ic
le

s

Geometrical efficiency

design B
design A
perfect super modules

Figure 5.3: Geometrical efficiency for primary parti-
cles in comparison to the reference geometry. Design B
(green), which is the only one including also the full sup-
port structure, achieves a geometrical efficiency in the
order of 89.6 % to 90.9 %, and is therefore comparable
to the efficiency of design A (red). For comparison also
the results for a detector based on ideal super modules
is shown (black).

of the investigated beam momenta. The results for
the designs A and B are on average comparable.
Taking into account that design B is also realis-
tic with respect to the implemented sensors, signal
lines and wrapping material, it is evident that for 5

this design the geometrical efficiency is better opti-
mised than for design A. In addition the optimised
gap size between single scintillating tiles perpendic-
ular to the beam direction for design B leads to
a higher detection rate for particles emitted per- 10

pendicular to the beam line. Therefore design B
has a more homogeneous detection efficiency as a
function of the emission angles. The efficiency as
a function of the production angles of primaries is
shown in figure 5.4 for a primary beam momentum 15

of 1.5 GeV/c for the various design options.
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Figure 5.4: Geometrical efficiency for primary parti-
cles for various designs in comparison to the reference
geometry as a function of the production angle. Due to
the reduced gap size between the singe tiles perpendic-
ular to beam direction for design B (green triangle), it
achieves a higher efficiency for particles with an emis-
sion angle of 65− 110 then design A (red squares)

5.2.2 Timebased Simulation of Single
Tile Efficiency

The SiPM sensor dead time and the time needed to
process the event by the electronics lead to a finite
single tile rate capability (Sec. 4.2 and 6.2). Two5

or more particles hitting a single tile within a small
time window can lead to pile-up, where the single
events can not be distinguished. Although a signal
pile-up may be detected the timing information for
the second hit can not be reconstructed. Simulation10

studies were performed to investigate this multi-hit
probability within a single tile and to determine the
percentage of lost information.

For this evaluation simulation studies using the
timebased simulation mode were carried out using15

the full PANDA geometry with the design option
A and B described in section 5.2.1. For the event
generation, the DPM generator was used to pro-
duce a realistic particle distribution. Subsequently,
the produced data were used to simulate continu-20

ous read out for an average event rate of 20 MHz
(PandaRoot digitisation stage) for various single
tile dead-time values.

Using equation 5.2 the efficiency with respect to the
multi hit probability is calculated by dividing the25

number of detected hits after processing the digi-
tisation stage by the number of Monte-Carlo true

hits (PandaRoot simulation stage).

ETile =
#Hitsdigi
#Hitssim

(5.2)

This method takes into account the effect of the dif-
ferent tile sizes due to a higher multi-hit probability
for the bigger sized tiles of design B. However the
geometrical efficiency does not effect this evaluation 5

since particles which do not hit the sensitive area of
a particular geometry are not counted at all.

As expected the multi-hit probability increases for
larger tile sizes and leads to a decreased efficiency
(Fig. 5.5). For detector dead times below 100 ns 10

the efficiency saturates because arriving particles
from different events can be detected with a prob-
ability near 100%. Multi-hits occurring in a single
event can not be resolved with realistic sensor dead
times. As shown in this study for primary parti- 15

cles the fraction of such events is negligible. Due to
the operating principle of the foreseen FEE, a single
signal will not exceed a length of 50 ns and follow-
ing signals are buffered during the processing of the
data. For this dead time the two studied geometries 20

provide the same performance.
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Figure 5.5: Single tile efficiency as a function of the
single tile dead time for the two design options. The
smaller sized tiles of design A (blue) are less affected
by the multi-hit probability. However for the expected
dead-time of about 50 ns values are equal due to satu-
ration effects.

The single tile efficiency was also evaluated for var-
ious primary beam momenta. Figure 5.6 shows the
results for design B of the Barrel TOF and 1.5, 6.2,
15 GeV/c beam momenta. In this evaluation a dif- 25

ference for various momenta is obtained which is
related to the particle multiplicity and the parti-
cle distribution. For a primary beam momentum
of 15 GeV/c, a slightly higher particle multiplicity
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in combination with a less homogeneous production
angle distribution compared to the simulation using
6.2 GeV/c occurs. This leads to a higher multi-hit
probability and therefore a decreased efficiency. For
1.5 GeV an even higher particle multiplicity is ob-5

tained in the Barrel TOF. However the more homo-
geneous particle distribution leads to an increased
single tile efficiency. Nevertheless this study also
shows that for a detector dead time of 50 ns the ef-
ficiency already starts to saturate and the difference10

is negligible.

0 100 101 102 103 104

single tile dead time [ns]

0.70

0.75

0.80

0.85

0.90

0.95

1.00

de
te

ct
io

n 
ra

te

single tile efficiency

1.5 GeV/c 
6.2 GeV/c 
15 GeV/c 

Figure 5.6: Single tile efficiency for various beam mo-
menta. Due to a more continuous distribution of par-
ticles in terms of production angle the efficiency is in-
creased for lower momenta. For the expected sensor
dead-time of 50 ns this effect is negligible and a stable
efficiency of 99.6 % is reached

5.2.3 Total Efficiency

The studies presented in the sections above show
that the design B has no drawbacks in terms of
the detection efficiency compared to the original15

design A. Although design B also includes the sup-
port structure and electronics it has an increased ge-
ometical acceptance under certain conditions. Ta-
ble 5.2 summarises the results of the efficiency study
for a beam momentum of 6.2 GeV/c and an ex-20

pected single tile dead-time of 50 ns.

5.3 Online T0 calculation

For an effective operation of the PANDA experi-
ment, a reasonable accurate time information of the
p annihilation with the target( = t0) is necessary25

for several purposes, such as tracking, time-of-flight
measurement, PID, pattern recognition and event

sorting. Even with limited precision, t0 is needed
for online reconstruction for an event selection and
to support the tracking algorithms. The TOF coun-
ters, namely Barrel TOF and FTOF have the best
time resolutions among the PANDA subdetectors. 5

Hence they have a high potential to play an indis-
pensable role to deduce t0 online and offline. For
a proper calculation of t0, tracking information as
well as information on the PID is needed in addi-
tion to the timing information of the TOF counters. 10

Using this information it is possible to calculate the
position and time of creation of a particle with a
very high precision.

For the online reconstruction of the events no track-
ing and PID information will be available so a pre- 15

cise calculation of t0 is not possible online. Never-
theless it is possible to derive a first estimation of
t0, by assuming average values for the path length,
momentum and particle type combined with the
very precise time measurement and sufficient posi- 20

tion resolution of the TOF counters. To be precise
a typical time-of-flight for every detected particle is
assumed instead of estimating the path length and
momentum. The measured timestamps are shifted
by this time-of-flight along the time axis. These 25

typical flight times are correlated to the produc-
tion angle at the collision point for primaries and
primary mother particles of secondaries. Therefore
they have to be determined separately respective to
detection position in beam direction (z position) in 30

the Barrel TOF. To estimate t0 the measured time
stamps are shifted with the corresponding typical
time-of-flight (Fig 5.7). The achievable t0 resolu-
tion is in the order of ∆t0 ∼ 1 ns.

5.3.1 Evaluation of Typical 35

Time-of-flight

For the following study the Monte Carlo data was
generated using the trunk version 28975 of Panda-
Root and the full geometry of the experiment in this
version. 106 events were simulated using the DPM 40

generator at a beam momentum of 6.2 GeV/c.

Figure 5.8 shows the timestamp distribution regis-
tered in the Barrel TOF for an simulation event by
event (event-based) separated into primary and sec-
ondary tracks and the combined distribution. The 45

main fraction of the registered timestamps are lo-
cated in an interval from 1.8 to 6 ns. Considering
the parameters of this distribution, a shift of all
timestamps by an amount equivalent to the mean
value of this distribution results in a ∆t0 = 5.0 ns. 50

This remains valid for the separated distribution of
the secondary particles. Hence, it is expected that
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geometry number of tile size active area geometrical single tile total
tiles mm2 m2 efficiency efficiency efficiency

reference 1 - 5.7 - - -
perfect super-modules 16 180× 1800 5.2 93.2 % - -

design A 5760 28.5× 28.5 4.7 91.4 % 99.6 % 91.0 %
design B 1920 86.95× 29.4 4.9 91.4 % 99.6 % 91.0 %

Table 5.2: Summary of the studies on the efficiency for 6.2 GeV/c beam momentum and 50 ns single tile dead
time

Figure 5.7: The upper plot shows one half barrel of
the Barrel TOF with one equidistant ring of scintilla-
tors (highlighted in red) referred to the point of collision
(marked in yellow). In the lower plot the basic princi-
ple is explained. The measured timestamps (red) are
shifted by their specific typical time-of-flight(green) and
start to pile up around t0(blue small marks).

the secondary particles will also be very useful for
an online t0 calculating algorithm due to the pro-
vided additional hits per event.

The structure of the dominant part of the times-
tamp distributions can be explained by the distri-5

bution of the detection position of the particles as
shown in Fig. 5.9. Secondary particles have a
higher probability of hitting a Barrel TOF detec-
tor tile at a larger distance to the point of creation
than the detected primary particles. Therefore the10

increased average flight path leads to an increased
time-of-flight.

To evaluate the typical time-of-flight as a function
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Figure 5.8: Distribution of simulated timestamps in
the Barrel TOF for primary (green) and secondary
(blue) and combined (red) particles. The primary distri-
bution is centred at 4.3 ns with a resulution of σ = 3.8 ns
and FWHM of 2.6 ns. The secondaries are centred at
5.8 ns with σ = 5.5ns and FWHM = 3.0 ns. The com-
bined distribution centred at 5.2 ns has a resolution of
σ = 5.0 ns and FWHM of 2.9 ns. Late arriving particles
cause a long tail down to >20 ns, however 80% of the
data points are located in the interval from 1.8 to 6 ns.
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Figure 5.9: Distribution of the counts per hit position
in beam direction in Barrel TOF for primaries (green),
secondaries (blue) and combined (red).

of the detection position in beam direction the de-
tector has been sliced into sixty regular rings of scin-
tillating tiles. The time stamp distributions for all
rings were examined. Fig. 5.10 shows the represen-
tative results for the Barrel TOF ring located 60 cm 5
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from the collision point in the beam direction. Com-

 time [ns]
0 2 4 6 8 10 12 14 16 18 20

0

2000

4000

6000

8000

10000

12000

Distribution of timestamps in SciTil at z position ~60 cm

Figure 5.10: Primary (green), secondary (blue) and
combined (red) timestamp distribution for a detector
ring 60 cm downstream. The peak position at 2.6 ns
and the FWHM of 0.2 ns are stable for all distribu-
tions. The mean values and the resolution for primaries
(4.0 ns, σ = 3.5 ns), secondaries (5.2 ns, σ = 5.2 ns) and
combined (4.7 ns, σ = 4.6ns) vary due to the increased
contribution of late arriving particles for secondaries.

pared to the overall distribution shown in 5.8 these
distributions show a narrow peak for primary and
secondary particles located at the same time value.
Due to this equal distribution structure both, the5

primaries and the secondaries, can be used for a
t0 algorithm based on the TOF counters without a
need to distinguish them in advance. Figure 5.11
summarises the results of all investigated distribu-
tions of Barrel TOF rings. As expected the typi-10

cal time-of-flight represented as the peak of the dis-
tributions shifts to higher values for detection ring
positions further away from the annihilation point
(z=0).
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Figure 5.11: Peak (green triangles) and mean (blue
squares) values of the time stamp distribution related
to detection position in beam direction.

5.3.2 Suppressing Slow Particles

We have not found an effective algorithm to in ad-
dition suppress the effects of slow particles using
track or particle parameters, accessible before the
(online) reconstruction. Correlating the energy loss 5

in the Barrel TOF and the momentum of the par-
ticles and therefore time-of-flight did not result in
an exploitable relation (Fig. 5.12).
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Figure 5.12: Energy loss of the detected particles in
the Barrel TOF as a function of the time-of-flight. The
energy loss of slow particles on average does not increase
compared to fast particles and therefore a cut on the
energy loss can not suppress slow particles.

5.3.3 T0 Algorithms

The absolute correction value applied on the regis- 10

tered timestamp distribution has a strong influence
on the structure, peak position and mean value of
the resulting shifted timestamp distribution (Fig.
5.13). The shift should be chosen according to the
further processing of the data. 15

One option to estimate t0 for a single event is to
shift the detected timestamps using the discussed
typical mean time-of-flight values (mean-aligned)
and calculate the mean of this shifted distribution.
Figure 5.14 shows that a t0 resolution of σ = 3.9 ns 20

can be achieved in this way.

Another option to estimate t0 is to correct the
detected timestamps in a way that the peaks of
the Barrel TOF ring timestamp distributions align
(peak-aligned) as shown in Fig. 5.13 (green). The 25

peak position can then be estimated by the first of
this timestamps per event (fist timestamp method).
The uncertainty decreases to a value of σ = 2.3 ns
(Fig. 5.14).
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Figure 5.13: Timestamp distributions shifted by the
mean value (blue) and the peak position (green) pre-
sented in Fig. 5.11. Compared to the uncorrected dis-
tribution shown in Fig. 5.8 the standard deviation re-
mains largely unaffected at σ = 5.1 ns for both types of
correction. The FWHM decreases significantly also for
both distributions at 0.4 ns. However, the distributions
differ in their structure, having different peak positions
and mean values.
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Figure 5.14: The t0 distribution for the described al-
gorithms. The average mean-aligned timestamp resolu-
tion is 3.9 ns (blue). The first peak-aligned timestamp
is located at 0 ns (green). Resolution and FWHM are
2.3 ns and 0.3 ns, respectively.

5.3.4 Particle Multiplicity

The calculated accuracy of the estimated t0 is
strongly correlated to the number of timestamps per
event, no matter what algorithm is used. A small
number of hits in the timing counters leads to a5

large statistical uncertainty. Fig. 5.15 compares the
t0 distribution for events with 1 and 10 Barrel TOF
timestamps per event. For a larger particle multi-
plicity the accuracy improves significantly, up to σ
= 0.4 ns for 10 timestamps per event. For the re-10

sults shown in this study only the timestamps from
the Barrel TOF are taken into account. Including
the time stamps of the FTOF will further increase

the accuracy of this method. Fig. 5.16 shows the
detected particle multiplicity in the TOF counters
for a simulation using the DPM background gener-
ator. For about 2/3 of the events 3 or more hits are
registered which provide sufficient information for a 5

good estimation of t0. The particle multiplicity for
specific channels may differ from these background
events and the t0 resolution for this events can be
studied separately.
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Figure 5.15: The first-timestamp distribution ob-
tained for events with a particle multiplicity in Barrel
TOF of 1 (blue) and 10 (green). For events with only
one detected particle in the Barrel TOF a ∆t0 = 3.7 ns
can be achieved. For a particle multiplicity of 10 the
resolution improves to 0.4 ns.
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Figure 5.16: Particle multiplicity in the TOF counters
for background events using the DPM generator.

5.3.5 Expected T0 Resolution 10

It is evident that the secondaries provide additional,
useful information for the t0 estimation. T0 can be
calculated by using the position information of the
Barrel TOF and the corresponding typical time-of-
flight. According to our calculations presented here, 15

a resolution of 2.3 ns can be achieved.
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Selecting the fastest time stamp per event may be
very difficult in a realistic data set due to the contin-
uous read out and the resulting event mixing. Nev-
ertheless the results show that exploiting the peak
structure of the shifted time stamp distribution in5

the Barrel TOF greatly enhance the t0 time resolu-
tion. Therefore an algorithm which determines the
position of a peak in the shifted time stamp distri-
bution is investigated further.

5.4 Event Sorting10

5.4.1 Introduction

The PANDA experiment has no dedicated event-
trigger subsystem. Therefore the determination of
the event times (t0) is challenging due to the high
average event rates, potentially up to 20MHz, in15

combination with continuous read out. In addi-
tion to the determination of the t0 all detected sig-
nals must be matched with the originating event
and packed together into an event-package event by
event. Since this first event sorting has to be done20

before the (online) reconstruction neither track pa-
rameters nor PID informations are accessible for
such a task.

The TOF counters, i.e. Barrel TOF and FTOF,
provide timing information of charged particles with25

very high accuracy without the need for any re-
constructed track parameters. Therefore the times-
tamps provided by the TOF counters can be used
for an algorithm to estimate the event times and
provide informations for a packaging of the data.30

The simulation studies discussed in this section
were all performed using PandaRoot version 29573.
The DPM generator was used to create the events
with a beam momentum of 6GeV/c. The perfor-
mance of the suggested algorithm was tested using35

PandaRoot in the timebased simulation and high
luminosity mode to ensure a realistic data stream.
Fig. 5.17 shows a typical simulated response of the
TOF counters for an event rate of 20MHz. The
first timestamp of an event always has a small offset40

compared to the Monte Carlo event time (t0) and
the width of a single event can exceed 50 ns. There-
fore the events are not clearly separated and a small
fraction of events even overlap. Apart from the dif-
ficulty of determining the individual t0s for such45

mixed events, the individual event-packages must
contain all the data pertinent to an event. How-
ever, the additional amount of wrong matched sig-
nals sorted in a event-package should be reduced
to a minimum to improve the performance of the50
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Figure 5.17: Timestamps detected in TOF counters
at an event rate of 20MHz. On the negative y-axis the
Monte Carlo event time is indicated. All timestamps
from a single event have the same colour. Consecutive
events are iteratively coloured in black, red, green and
blue.

software trigger, the (online) reconstruction and the
analysis of the data.

5.4.2 Event Structure

The timestamp distribution in Barrel TOF for sin-
gle events (Fig. 5.18) shows a long tail structure due 5

to particles arriving late. Late particles have a high
possibility of mixing or piling up with subsequent
events. To ensure that all late particles are included
in an event package, the width of an event needs to
be assumed greater than 50 ns. This extended time 10

window increases the possibility of event mixing.
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Figure 5.18: Timestamp distribution in Barrel TOF
for all hits (red), primary particles (green) and hits ini-
tiated by neutrons (blue).

Simulation studies show that the most dominant
source of late signals are neutrons and secondaries
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created by neutrons. These late particles or their
parent particles are not directly emitted in the ac-
ceptance range of the Barrel TOF, but backscat-
tered into the target spectrometer. Therefore the
flight times are long compared to particles emit-5

ted directly into the acceptance range of the Barrel
TOF. Fig. 5.19 shows a typical event with backscat-
tered neutrons causing late hits in the Barrel TOF
detector. Late signals can be caused also by back

interaction point

fast hits in Barrel TOF

backscattered neutron

late hits in Barrel TOF

Figure 5.19: Typical event with back scattered neu-
trons causing late hits in the Barrel TOF.

scattered hadrons or gammas and products of ex-10

cited detector material. Independent of source, late
tracks are difficult to reconstruct. In addition the
huge delays of the corresponding signals in any de-
tector system make a proper assignment to a spe-
cific event nearly impossible.15

Thus, it is only important to take into account
those signals of particles emitted in the acceptance
range of the Barrel TOF and not include all sig-
nals of an event. The minimum time-of-flight for
a direct particle of 1.66 ns can be calculated as-20

suming the speed of light and the shortest possible
track length of about 50 cm. The minimum trans-
verse momentum a particle needs to reach the Bar-
rel TOF in the magnetic field of 2T is 150MeV/c
and the corresponding flight time 16.6 ns. There-25

fore a reasonable event width in the Barrel TOF is
15 ns. This already includes a safety margin, be-
cause a particle actually needs a pt > 150MeV/c
to reach the Barrel TOF due to the energy loss
along the flight path. Especially particles with a30

pt above 300MeV/c and therefore reconstructible
with a high quality are certainly included within
this range. Figure 5.20 shows the simulation re-
sults for the integrated timestamp distribution in
the Barrel TOF. The green line shows that all di-35

rect particles in this simulation study arrive at the
Barrel TOF between 1.6 ns and 16.6 ns and confirm

the calculations above.
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Figure 5.20: Integrated timestamp distribution in the
Barrel TOF for all (red) and primary (green) particles.

For a proper event sorting and t0 determination
it is advantageous to correct the described offset
of the Barrel TOF timestamps described in Sec.
5.4.1. Subtracting an expected time-of-flight from 5

the measured timestamp is a fast method to correct
the offset. Therefore it can be assumed that the
particles travel at speed of light on a straight path
and the needed time-of-flight can be calculated as
shown by the following formula where t is the mea- 10

sured timestamp and l the length of the flight path.

tcorr = t− l

c
(5.3)

Fig. 5.21 presents the timestamp distribution and
integrated timestamp distribution in Barrel TOF
after this correction. The offset of the distributions 15

vanished and the FWHM is significantly reduced.
The integrated distributions show that over 99% of
the primary particles are arriving at the Barrel TOF
within 4 ns. 75% of the combination of secondary
and primary particles also reach the Barrel TOF 20

within the 4 ns window.

5.4.3 Event Determination Algorithm

Only the timestamps provided by the detector sys-
tems are available for the event sorting and pre-
liminary t0 determination. No track information is 25

reconstructed at this stage. As shown in section
5.3.4 for a large fraction of simulated events only a
few particles are detected in the TOF counters. For
some events even just one hit will appear. Hence,
the particle multiplicity per event in the TOF coun- 30

ters is not large enough to use a signal pile-up for
the determination of an event. Therefore a priori
every detected timestamp in the Barrel TOF is po-
tentially indicating a new event. However, times-
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Figure 5.21: The upper plot shows the distribution in
the Barrel TOF after applying the speed-of-light correc-
tion for primary (green) and all (red) tracks. The lower
plot presents the corresponding integrated timestamp
distributions.

tamps following each other in a time window of 15 ns
are potentially carrying important information of
the same event as shown in section 5.4.2 and must
be packed together into one event-package. There-
fore, the window of acceptance must be at least5

15 ns. Thus, a timestamp in the Barrel TOF can
not be uniquely associated with a particular event.

The timestamp distribution after the speed-of-light
correction can be exploited to avoid the missing de-
termination of events which are closer than 15 ns.10

The majority of the particles arrive at the Barrel
TOF well before the 15 ns. If two corrected times-
tamps are separated by more than 4 ns, they prob-
ably belong to separate events. An effective algo-
rithm can assume that the first detected timestamp15

triggers an event candidate to which all other times-
tamps in the next 15 ns may belong. Timestamps
arriving within 4 ns after the initial timestamp are
assumed to belong to the same single event. Af-
ter 4 ns timestamps can trigger the next event can-20

didate. However, since every event has a window
of 15 ns, the event-packages may overlap and some

timestamps will be duplicated in more than one
event-package. Fig. 5.22 schematically explains this
algorithm.

Figure 5.22: Every timestamp can potentially be the
trigger for an event candidate. After a trigger has been
accepted, there is a dead-time of 4 ns (red) where no
other trigger is accepted. All timestamps after a trigger
and within a window of 15 ns are assumed to belong
to a single event (green). These event time windows
potentially overlap to ensure the completeness of the
data.

The studies described in this section were also per-
formed on the FTOF detector system, and showed 5

comparable results. Especially it was approved that
a speed-of-light correction performed on the pro-
vided FTOF data results in timestamp distributions
equivalent to the Barrel TOF timestamp distribu-
tions. It should be noted, that the length of these 10

time windows used for event discrimination namely
4 and 15 ns are not optimised: these values were
used in this initial feasibility studies.

5.4.4 Performance of the Algorithm

Monte Carlo data, generated using the DPM gen- 15

erator, was analysed to study the theoretical limits
of an event-discrimination using the described al-
gorithm. One million events were simulated, where
96% generated at least one signal in either the Bar-
rel TOF or the FTOF. After applying the speed- 20

of-light correction for about 93% of the events the
TOF was triggered within the 4 ns time window.
Therefore the described algorithm can maximally
identify 93% of the T0s of the MC events within a
range of 4 ns. 25
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Performing the digitisation stage of PandaRoot
with an average event rate of 2MHz and applying
the described algorithm about 1.73 million event
candidate were triggered from the one million sim-
ulated events. Analysing this T0 cadidates reveal5

that about 0.93 million were found with a maxi-
mum distance of 4 ns to a MC event. This means
that over 99% of the MC events with a fast TOF
signal are correctly identified as an event candidate.
In addition the data of about 0.5% of the MC events10

are packed together with the data of the previous
MC events, but have not been reconstructed in an
own event-package. The time wise distance between
these MC events and the previous ones is less than
4 ns. 6.5% of the MC events are either missed by15

more than 4 ns or not reconstructed at all. Fur-
ther improvements of this algorithm may increase
the fraction of reconstructed events, however the re-
constructed t0s may differ by more than 4 ns from
the MC values. Beside this about 0.8 million event20

candidate triggers occur which are either displaced
by more than 4 ns or are even triggered by a late
arriving particles. These triggers create additional
ghost event-packages, which are not present in the
MC data.25

The same study was performed on data, digitised
with an average event rate of 20MHz. Due to the
higher event rate a higher fraction of the MC events,
namely 4%, are packed into the event-packages of
the previous events because of their small inter-30

val. Therefore the fraction of correctly identified
events reduces to about 89%. The fraction of ghost
event packages compared to the MC truth events is
also reduced to about 0.66. Fig. 5.23 schematically
shows the result of the algorithm for a few events35

at an average event rate of 20MHz. Tab. 5.3 sum-
marise the results for the 2MHz and the 20MHz
studies.
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Figure 5.23: Schematic results for 20MHz event rate.
In black the start times for reconstructed event-packages
are marked. On the negative axis in pink the MC event
times are indicated.

To reduce the amount of ghost events an additional

clean up algorithm using the MVD detector was
studied. Therefore the reconstructed t0 of an iden-
tified event is cross checked with the signals of the
MVD. If a MVD signal is present in a range of
4 ns, the identified event is confirmed. Otherwise 5

the Barrel TOF timestamp trigger is ignored. This
algorithm leads to a reduction of ghost events of
more than 50%. However, the correctly identified
events are also reduced to 83%, because the frac-
tion of events with a fast signal in the Barrel TOF 10

and the MVD is smaller compared to the number of
events with only a fast Barrel TOF signal. The re-
sults for this additional algorithm are also included
in Tab. 5.3.

As shown in Sec. 5.3 the first timestamp of an event 15

package after applying the speed-of-light-correction
is a good estimator for the event time. Analysing
the results of the discussed event determination al-
gorithm shows a very good performance on this t0
determination. Fig. 5.24 summarises the results for 20

the study with an average event rate of 2MHz. The
t0 can differ to the MC value up to 4 ns due to the
operating principle of the algorithm and the used
acceptance window for analysing the results. Nev-
ertheless the calculated t0 resolution for all correctly 25

found events is σ = 0.55ns. The double peak struc-
ture in this distribution is due to the slightly differ-
ent timestamp distribution in the FTOF compared
to the Barrel TOF. Also the used speed-of-light cor-
rection provides better results for the Barrel TOF 30

due to the shorter track lengths. Therefore future
improvements on the used correction can further
improve this algorithm.
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Figure 5.24: The distribution of reconstructed t0
for all correctly identified events at 2MHz event rate.
The double peak structure is due to the slightly differ-
ent timestamp distribution of the Barrel TOF and the
FTOF.

It was shown that the late arriving particles do not
prevent an event determination and a sorting of the 35

important informations. The discussed algorithm
is able to determine all events with at least one
fast particle hitting the TOF counters. It provides



5.5 Relative Time-of-Flight 49

event rate #t0 candidates/ #correctly identified/ #missed events/ #ghosts/
#t0(MC) #t0(MC) #t0(MC) #t0(MC)

2MHz 1.73 0.93 (0.935) 0.065 0.8
20MHz 1.55 0.89 (0.93) 0.07 0.66

20MHz with ghost reduction 1.12 0.83 (0.87) 0.12 0.29

Table 5.3: Statistical properties of the event determination algorithm. The t0 candidates are the sum of correctly
identified and ghost events. The values of correctly identified events in brackets indicate the ratio of correctly
found t0s including also events completely packed into the previous event package. These combined with the
missed events give the total number of Monte Carlo events.

a decent t0 information without the need of any
tracking informations. The produced high amount
of ghost event-packages can be suppressed by using
information of other detector systems, however, the
fraction of correctly identified events also reduces5

in this case. Therefore the ghost reduction should
be done in a later stage with more information to
ensure the highest possible survival rate of events
of interest.

5.5 Relative Time-of-Flight10

As described in section 5.3 the determination of t0 is
required during online and offline processing of the
data for various purposes. TOF based PID algo-
rithms are based on a measurement of the time dif-
ference between the creation time and the detection15

time of the corresponding tracks in the TOF detec-
tors. Hence an accurate t0 has a strong influence
on the performance of this TOF-based PID systems.
Due to technical reasons an installation of detectors
with a precise time measurement close to the inter-20

action point is not possible in PANDA. Therefore a
conventional PID applied on single tracks (Sec. 5.6)
may not be possible. However, after the event sort-
ing and reconstruction methods based on relative
time-of-flight can provide t0 and PID information25

without the need for a dedicated t0 detector.

5.5.1 Relative Time-of-Flight
Algorithm

An attempt to overcome the difficulties with the
missing t0 information per event is described in [6].30

It is assumed that every signal in the Barrel TOF is
produced by one out of 5 possible particle species,
namely p, K, π, µ and e. For a given event with N
tracks producing signals in the Barrel TOF there
exists 5N possible mass configurations. The ba-35

sic principle to find the correct t0 and the mass
configuration is to iterate through all possible mass
configurations and calculate the expected time of

creation for every track using the momentum and
track length information provided by the tracking
system and the mass assumption according to the
mass configuration. Subsequently, the conformities
of the calculated track creation times are rated for 5

every mass configuration. The mass configuration
with the most conform creation times is the most
probable one. For this mass configuration t0 is cal-
culated as the average of the track creation times.
Fig. 5.25 summarises this basic principle.
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Figure 5.25: For the detected signals in the Barrel
TOF (blue) the corresponding possible track creation
times according to a certain mass assumption are cal-
culated (green and red). The combination providing the
best conformity is equivalent to the most probable mass
configuration.

10

The statistical evaluation is done by a combinato-
rial algorithm. It assumes a common event time
t0 for every particle species combination and pro-
vides a χ2 probability weight W(m1,...,mN ) based on
the comparison of the measured time-of-flight and 15

the expected time-of-flight of the tracks. The ex-
pected time-of-flight is calculated using the infor-
mation provided by the tracking system for the sin-
gle tracks. For a given event this task can be re-
duced to the minimisation of the functional, 20

ΨW(m1,...,mN )
=

N∑
i=1

(ti,0 − t0)2

σ2
TOF

(5.4)



50 5 PERFORMANCE SIMULATION

for all possible mass configurations. The sum is over
all tracks matched with the Barrel TOF. The ti,0 is
the expected track creation time for the correspond-
ing mass assumption of tracki. The event start time
t0 is the free parameter to minimise the functional.5

σi,TOF is the resolution of the time of flight system,
taking into account the intrinsic time resolution and
the momentum and track length resolution of the
detector system. ti,0 is calculated using formula

ti,0 = ti −
Li
√
p2
i +m2

i

pic
(5.5)

Li, pi and mi are the track length, momentum and10

mass assumption of tracki. The t0 minimising the
function 5.4 is the weighted mean value 〈t0〉 of the
ti,0, which is calculated by

〈t0,W(m1,...,mN )
〉 =

N∑
i=1

ti,0
σ2
i,TOF

N∑
i=1

1
σ2
i,TOF

(5.6)

For the correct mass configuration the ΨW(m1,...,mN )

are distributed as a χ2 with N - 1 degrees of free-15

dom. Therefore the incorrect mass hypotheses will
have higher χ2 values and the probability to ob-
serve an obtained χ2 can be interpreted as a weight
W(m1,...,mN ) for a given mass assumption. In its
simplest version the configuration giving the small-20

est χ2 is used to determine t0.

5.5.2 T0 Determination

As described in section 5.3 the determination of t0
is important for various algorithms and tasks. Once
the results of the track reconstruction are available25

either online or offline relative TOF can provide a
t0 with an improved accuracy.

To test the algorithm described in the section above,
simulation studies were performed using Panda-
Root trunk version 29448. The simulation setup30

included the full PANDA geometry and the events
were generated using the DPM generator at a pri-
mary beam momentum of 6.2GeV/c. The relative
time-of-flight algorithm to determine t0 was imple-
mented locally in the PID stage of PandaRoot to35

enable access to the data of the track finding algo-
rithms. As for all simulation studies in this chaper it
is assumed that the time-of-flight system is properly
calibrated and all signal time offsets are well known.
Fig. 5.26 shows the distribution of the determined40

t0 for all events with at least 3 reconstructed tracks
matched with a Barrel TOF signal. Apparent from
the plot the accuracy of t0 increases about more
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Figure 5.26: Distribution of determined t0 for events
with three and more tracks. The mean value of 22 ps is
located around the MC t0 value of 0 ns and the resolu-
tion is σ = 167 ps

then one order of magnitude compared to the t0
estimation suggested in section 5.3 for the online
reconstruction. For this analysis all tracks includ-
ing also possible late and displaced secondaries are
taken into account. Therefore the mean value has 5

a slight shift and is located at 22 ps instead of the
MC value of 0 ps.

The achieved resolution of σ = 167 ps can be im-
proved further. Applying the analysis on events
with 3 or more primary tracks matched with the 10

Barrel TOF and ignoring tracks of secondary parti-
cles shows a significant enhancement. The observed
resolution of t0 is shown in Fig. 5.27. For this anal-
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Figure 5.27: Distribution of determined t0 for events
with three or more primary tracks with the relative
time-of-flight algorithm. The mean is located at 13 ps
and the resolution is enhanced to σ = 118 ps.

ysis the resolution of t0 is 118 ps and the mean is
located at 13 ps. 15
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5.5.3 Algorithm Enhancements

So far for the studies above only the Barrel TOF
was taken into account. It can reasonably be ex-
pected that these algorithms deliver improved re-
sults when the information provided by the for-5

ward tracker and the FTOF is included. The reason
therefore is not only the increased number of tracks
per event, which improve the statistics. In addi-
tion the different expected momenta combined with
the relative long flight path for particles emitted in10

the forward spectrometer lead to a different pattern
of the calculated start times for different mass as-
sumptions. Therefore the pile up probability of the
track creation times for a wrong mass configuration
assumption is reduced significantly.15

In addition it is possible to implement a pre-
selection on a specific time window for the t0. The
time-window can be adapted based on the t0 esti-
mation in the online reconstruction or informations
of other detectors. In this way wrong mass assump-20

tions can be sorted out to save computing resources
and also mismatched or wrong reconstructed tracks
can be excluded.

A similar approach is used successfully by the AL-
ICE collaboration [7]. The calculated start time of25

a single track is compared with the reconstructed t0
using this relative time of flight method applied on
all other tracks of an event. The influence of such
a single tracks on the over all χ2 is checked. If the
accordance is poor the track are rejected because30

of a high probability of a poor reconstruction or a
miss mach of the track with the Barrel TOF.

Apart from this methods which are based solely on
the TOF counter information, it is possible to use
the PID information of other detectors to improve35

the estimation of t0. In a simple version a very well
tracked and identified particle is used to determine a
very accurate t0 window and afterwards the relative
time of flight algorithm search for the mass configu-
ration which fits best the previous conditions. The40

more particles are identified and tracked precisely
as an input to the algorithm the more accurate the
final result will be.

5.5.4 Relative Time-of-Flight Based
PID45

As described in section 5.5.1 the relative time-of-
flight algorithm provides χ2 values for each possi-
ble mass configuration which can be used to derive
a weight W(m1,...,mN ) for every combination. This
set of 5N weights contains all information provided50

by the tracking and time-of-flight subsystem and

therefore can be used for a PID decision. One pos-
sibility is providing a set of weights together with
the estimated t0 and the corresponding mass com-
bination.

However it is also possible to deliver PID for single 5

particles. Therefore the probability of a detected
particle to be of a specific particle species is calcu-
lated by the following formula[6].

Pi,j =

∑
j

W(m1,...,mN )

5N∑
i=1

W(m1,...,mN )

(5.7)

The sum in the numerator is taken over all parti-
cle mass configurations, where the i-th track is as- 10

sumed to be from particle species j. The sum in the
denominator is over all weights of the 5N possible
configurations. This calculations provide a proba-
bility density function for all included tracks and
can be used in the global PID. An alternative is the 15

use of the determined t0 to perform a PID based on
a standard time-of-flight method which is described
in section 5.6.

5.6 TOF Based Particle
Identification 20

Time-of-flight based particle identification deter-
mine the mass of particles by measuring the re-
quired time, the path length and the momentum
between a start and a stop detector.

Due to the uncertainty in the measurement of the 25

track length, momentum and time-of-flight a proba-
bility density function (p.d.f) for every track and ev-
ery mass hypotheses can be provided. To derive the
p.d.f for a reconstructed track the expected time-of-
flight of the particle is calculated using the recon- 30

structed track length and momentum provided by
the tracking system in addition to a mass assump-
tion. The covered mass hypothesis are the masses
of e−, µ−π+K+, p+ and antiparticles.

ti = l ×

√(mi

p

)2

+1 (5.8)

A normalised Gaussian is created located at the cal- 35

culated time-of-flight, taking into account the reso-
lution of the whole TOF system. The time-of-flight
resolution is affected by the intrinsic time resolu-
tion of the Barrel TOF and by the track length
and momentum resolution of the tracking system. 40

The probability density function is derived from the
Gaussian evaluated at the measured time-of-flight



52 5 PERFORMANCE SIMULATION

Tof [ns]
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Figure 5.28: A normalised Gaussian is created at the
expected time-of-flight for the mass assumption of a pro-
ton (blue). The probability density is evaluated at the
measured time-of-flight in the Barrel TOF (green).

in Barrel TOF (Fig. 5.28). The identification prob-
ability is derived by normalising the collected prob-
ability density functions for the different particle
species for every track.

5.6.1 Time-of-Flight Resolution5

MC simulations using PandaRoot are performed to
evaluate the time-of-flight resolution. For this study
the trunk version revision 28975 and the full detec-
tor geometry is used. The Box generator is used
to create 106 particles per species with a momen-10

tum range of 0.05 - 3 GeV/c. These are emitted
in the detection area of the Barrel TOF. A perfect
t0 is assumed. A cut on the reduced χ2 parameter
of the reconstructed track is applied to suppress all
tracks with a reduced χ2 > 5. This mainly effects15

tracks with a transverse momentum < 0.3 GeV/c
which can not be handled properly by the tracking
system (Fig. 5.29).

The time-of-flight resolution is independently eval-
uated for the 5 particle species as a function of20

various track parameters like momentum, trans-
verse momentum, track length and hit position in
the Barrel TOF. To be less affected by the bin-
ning of these parameters the residual time tres =
tmeasured−texpected is evaluated. The most extreme25

values are cut out by allowing a maximum differ-
ence between tmeasured and texpected of 50% which
reduce the data by another 0.3%. Fig. 5.30 shows
a typical time-of-flight distribution for pions for a
specific transverse momentum range and hit posi-30

tions in the Barrel TOF.

A summary of the results for the time-of-flight res-
olution as a function of the transverse momentum
and the hit position in beam direction in the Bar-
rel TOF is shown in Fig. 5.31. The study shows35
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Figure 5.29: A cut on the reduced χ2 < 5 is applied
to be less affected by falsely reconstructed tracks. This
affects particularly tracks with a pt < 0.3GeV/c and
reduces the data by 4.58%
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Figure 5.30: The time-of-flight distribution for pions
with a transverse momentum of 1.5 to 1.51 GeV/c de-
tected in the Barrel TOF at 40 – 46 cm in beam direc-
tion. The time-of-flight resolution for these track pa-
rameters is σ = 0.78 ns

that parametrising the time-of-flight resolution as
a function of the transverse momentum allows a
steady description of the sigma value.

For the final parametrisation equation 5.9 is used
to fit the time-of-flight resolution as a function of 5

the transverse momentum (Fig. 5.32).

σ =
a

p4
t

+ b (5.9)

Fig. 5.33 and Tab. 5.4 summarise the results for
the different particle species. The time-of-flight
resolution stays stable for high transverse momenta
at a value around 78 ps. Below 0.5 GeV/c the time 10

of flight resolution is getting worse due to the de-
pendence on the momentum and track length reso-
lution, which starts to get inaccurate. The time-of-
flight for protons is more effected than the one of
lighter particles. 15
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Figure 5.31: The time-of-flight resolution (σ) for pions
as a function of the transverse momentum and the hit
position in beam direction in the Barrel TOF.
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Figure 5.32: The time-of-flight resolution (σ) for
kaons. The red line is the fit result according to equa-
tion 5.9

5.6.2 TOF Separation Power

The PID separation power of a Barrel TOF time-
of-flight method is derived using equation 5.10.

nσ =
|tofp − tofK |

σp

2 + σK

2

(5.10)

particle species a b
proton 1.24× 10−3 0.0787

kaon 3.00× 10−4 0.0767
pion 2.25× 10−5 0.0764
muon 2.22× 10−5 0.0768

electron 1.53× 10−5 0.0765

Table 5.4: The obtained fit parameters for the time-
of-flight resolution as a function of the transverse mo-
mentum for the different particle species. The fit was
performed using equation 5.9.
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Figure 5.33: Fit results of the time-of-flight resolution
for p,K, π as a function of the transverse momentum.

The mean time-of-flight resolution σi is calculated
using equation 5.9 and the time-of-flight of the par-
ticles tofi using equation 5.8. Only the transverse
momenta of the particles are taken into account and
also a projected track length in the xy plane is cal- 5

culated. Figure 5.34 shows the separation power for
protons, kaons, and pions. The separation power
stays satisfactory and shows very good results es-
pecially for low momentum particles. Due to the
decreased accuracy of the tracking system at very 10

low pt also the separation power starts to decrease
in this region. However this effect is partially bal-
anced by the increased time-of-flight for slow par-
ticles so a powerful separation of the particles is
ensured. 15

5.7 EMC Preshower Detection
and Energy Compensation

5.7.1 Introduction and early studies

The finite material budget of detectors and support-
ing structures in front of EMC leads to a probabil- 20

ity that the γ-ray to start a electromagnetic shower
before reaching the EMC detector. Such an event
is called a preshower. The Barrel TOF detector,
a thin (5mm) plastic, is in a position to be able
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Figure 5.34: Separation power in terms of σ for com-
binations of p,K, π. Due to the increased time-of-flight
resolution for pt below 0.4 GeV/c the separation power
decreases for slow particles.

to distinguish preshower events from non-preshower
events, as discussed in section 3.1.5. Frequent oc-
currences of such events could deteriorate the per-
formance of the EMC detector, and is therefore a
concern of a more detailed simulation study.5

In an earlier study [7], it was shown that preshower
events in the planned PANDA detector system
would indeed influence the energy resolution of γ-
rays by 50%. With this reference, the preshowers
in PANDA barrel detector has been studied and it10

has been attempted to recover the preshowers by
using the Barrel TOF detector.

5.7.2 Simulation in PandaRoot

The preshowers in PANDA target spectrometer were
studied with an updated, more realistic PANDA de-15

tector geometry and software. Firstly we simulated
a radial distribution of electromagnetic showers in
the PANDA target spectrometer. For this purpose
single photon events are generated in PandaRoot,
isotropically in the barrel region and with an en-20

ergy of 1GeV. The radial distance of the starting
vertex of an electromagnetic shower (R) is calcu-
lated as the minimum of the starting vertices of
all secondaries for a primary photon. A shower is
called a pure EM shower if it started inside the EMC25

i.e., R > 54 cm, otherwise called a preshower. A
preshower inside DIRC i.e., 46 < R < 50.3 cm, is
labeled as a DIRC Preshower.
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Figure 5.35: Radial distance of starting vertex of elec-
tromagnetic showers.

The distribution of R is shown in Fig 5.35. The
main component is found at R > 55, which corre-
sponds to the pure shower events in the EMC. Be-
sides that, the largest structure which lays between
46 < R < 50.3 is identified as Barrel DIRC events. 5

In the following simulation study we focus on this
events. We define gamma conversion probability in
DIRC (PDIRC

preshower) as,

PDIRC
preshower =

No. of Preshowers in DIRC
No. of generated events

, (5.11)

The conversion probability of photons inside DIRC
material is found to be 11% at polar angle of 90◦ 10

and it increases to 23% at 22◦, as shown in Fig. 5.36.
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Figure 5.36: Gamma conversion probability in DIRC
material

Energy dependency of preshowers

A comparision of reconstructed photon energy in
EMC (Fig. 5.37) shows that the energy resolution
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with and without the preshowers in barrel DIRC,
almost resembles each other and no deterioration is
observed as found in the previous study [7]. Futher,
the simulation is extended for different energies of
incident photon. The resolution is improved with5

energy, however, no prominent effect of the presence
of preshower is observed in this regard, as shown in
the Fig. 5.38.
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Figure 5.37: Reconstructed photon energy with
preshowers (R>46 cm), without preshowers (R > 54
cm) and only preshowers (46 < R < 50.3 cm)
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Figure 5.38: Energy resoltion of EMC vs energy of the
incident photons

This is also clear in the overlap plots of different
energies in the same category of showers, shown in10

the Fig. 5.39

Angle dependency of preshowers

As seen in the Fig. 5.36, the number of starting
vertex of Preshowers in PANDA barrel DIRC detec-

Reconstructed Energy [GeV] (normalised to 1GeV)

0.7 0.75 0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

E
nt

rie
s

0

100

200

300

400

500

600

700

800
With DIRC Preshowers

 0.5 GeV

 1.5 GeV

 2.5 GeV

Reconstructed Energy [GeV] (normalised to 1GeV)

0.7 0.75 0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

E
nt

rie
s

0

100

200

300

400

500

600 Without DIRC Preshowers

 0.5 GeV

 1.5 GeV

 2.5 GeV

Figure 5.39: Comparison of energy distributions for
different energies (e.g., 0.5 GeV, 1.5 GeV and 2.5
GeV),(left) with and (right) without DIRC Preshowers.
All are normalized to 1GeV.

tor increases with the effective thickness, that again
varies with the polar angle θ. We divide the barrel
DIRC into three polar regions : θ = 22◦ – 60◦, θ
= 60◦ – 100◦ and θ = 100◦ – 140◦, and the recon-
structed energy of photons in EMC has been studied 5

separately. The minimum effective thickness i.e., θ
= 60◦ – 100◦, contributes mostly in the nominal
region, whereas the more wide incident contributes
a long tail part in the asymmetric Gaussian distri-
bution of the reconstructed energy of the photons, 10

shown in Fig. 5.40. However, no prominent effect
of the presence of preshowers has been observed.

Looking at the scattering plot between the radial
distance of starting vertex of EM showers and the
reconstructed energy in EMC for a fixed azimuthal 15

incident, φ = 100o (Fig. 5.41), it has been observed
that though some fraction of the EM showers is
started before the EMC, their energy loss before
EMC is very minimal and they are mostly recon-
structed near to its nominal energy in EMC. 20

The total material budget of detectors in terms of
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Figure 5.40: Comparison of energy distributions for
different polar regions, (left) with and (right) without
DIRC preshowers.
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Figure 5.41: Distance of the starting vertex of EM
showers vs reconstructed energy in EMC for fixed φ =
100o.

radiation length before EMC is 28%, out of which
17% comes from the quartz bars of barrel DIRC.
This thickness of barrel DIRC causes some notable
amount of EM showers, but not sufficient for promi-

nent energy loss inside it and hence no deterioration
of energy resolution is found due to preshowers in
barrel DIRC.

Barrel TOF and preshowers

Until this section, the preshowers in DIRC are iden- 5

tified by using MC vertex information of the events.
However, these can also be observed by looking at
the energy loss in the Barrel TOF, which shows a
clear passage of secondary e− - e+ pairs (Fig. 5.42).
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Figure 5.42: (top) Energy loss in the Barrel TOF
shows the passage of secondary electron-positron pairs.
(bottom) Correlation between energy difference in EMC
(missing energy) and energy loss in the Barrel TOF.

Since the energy loss due to preshowers is negligi- 10

ble, no correlation has been observed between the
missing energy in EMC and energy loss in Barrel
TOF, as shown in the Fig. 5.42.
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6 Performance Evaluation of Prototypes

In this chapter we discuss the expected performance
of the Barrel TOF detector. In the first section
(Sec. 6.1) we discuss the performance of a single tile
as measured in the laboratory using a radioactive
source and laser equipment, as well as by test ex-5

periments using various particle beams at FZ-Jülich
and CERN.

The single tile performance as described could differ
from the final performance due to several reasons.
In the final setup, scintillator tiles will be config-10

ured to form a two dimensional array as a super
module. The distance that the raw signal has to
be transmitted to a signal amplifier and readout
electronics may be different. A different, high den-
sity ASIC chip and readout electronics will be used.15

Together, these may affect the crosstalk. In the fol-
lowing sections (Sec. 6.3 we will address these issues
as realistically as we can. In the Sec. 6.4 we will ad-
dress a concern about the radiation hardness of the
system, i.e. SiPM and scintillator material.20

6.1 Single Tile

The original single tile design proposed in 2011 [5]
had foreseen a plastic scintillator tile-size of about
30×30×5mm3 with single SiPMs (3×3mm2) on the
sides for optical detection. It was shown by mea-25

surements and simulations that under optimised
conditions a single tile time resolution in the or-
der of σ = 100 ps can be reached with such a de-
sign [1]. However, it was also demonstrated that
the amount of detected light and the time resolu-30

tion strongly depend on the position where the tile
is hit by a traversing particle [2] and that the posi-
tion resolution is more or less restricted to the tile
size.

In the years after the original proposal, the design35

evolved and the performance of the single tile was
improved. In a first step the square-shaped tiles
were replaced by narrow scintillator rods with di-
mensions of, e.g. 120×5×5mm3, readout at both
ends by 3×3mm2 SiPMs. Such a design led to im-40

proved light collection and uniformity and therefore
also improved time resolution [2]. Additionally the
hit position along the scintillator rod could be esti-
mated by using the time difference between the two
SiPM signals. A drawback of this design is the rel-45

atively small area covered by the single scintillator
surface which leads to an increased number of tiles

and hence to an increased number of readout chan-
nels to overlap the whole TOF barrel. This also
results in a lower geometrical fill factor due to the
total dead area between the scintillators altogether.

The current design is based on scintillator tiles with 5

a size of 87.0×29.4×5mm3 and represents a com-
promise between the two previous layouts. Each tile
is read out by eight SiPMs, whereof four 3×3mm2

SiPMs are connected in series on each side, which
ensures good light collection efficiency and time res- 10

olution as well as a moderate position resolution
along the scintillator. To verify and characterise
the performance, the described design options have
been evaluated by simulations as well as tested in
several test beam experiments and in the labora- 15

tory. This is described in the following sections.

6.1.1 Laboratory Tests

Several experimental studies in the laboratory have
been carried out in the recent years to evaluate and
compare the different design options for the single 20

tile shape. The prototype has started to evolve with
a square-shaped tile geometry (30×30×5 mm3),
moved towards relatively long scintillator rods (e.g.
120×5×5 mm3) and converged to 87×29.4×5 mm3

bar-shaped tiles, as an optimum compromise be- 25

tween the other approaches. The scintillator thick-
ness of 5 mm is limited by the radial space available
in the PANDA spectrometer. In the following, the
evolution of the single tile prototype and the ob-
tained results will be illustrated. 30

Measurement Setup

To identify the optimal Barrel TOF design and
readout scheme various scintillator materials and
sizes in combination with different SiPM types
and arrangements were investigated in a laboratory 35

setup. A schematic and a photograph of the typical
setup is shown in Fig. 6.1. The scintillator tile is ir-
radiated with a collimated 90Sr electron source and
read out at opposite sides with SiPMs, which are op-
tically coupled to the scintillator by optical grease. 40

This setup was used to test both the square-shaped
tiles (SciTil) and the rod-shaped tiles (SciRod).

The 90Sr maximum energy of 2.28 MeV is sufficient
that the electrons reach a small trigger scintilla-
tor placed just behind the SciTil and opposite to 45
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SiPM 3x3 mm2

SiPM 3x3 mm2

90Sr
~3 mm Ø
Trigger-Scintillator

SciTil or SciRod
e.g., 30x30x5 mm3

or     120x5x5 mm3

1 mm aperture

(a) schematic

90Sr source

SciRod 
120x5x5 mm3

trigger 
scintillator

readout board 
with SiPM

(b) photograph

Figure 6.1: Laboratory setup for time resolution mea-
surements of SciTils/SciRods with a collimated 90Sr
source and a small trigger scintillator. The photon read-
out is done at opposite sides of the scintillator with
SiPMs on small amplifier boards. The setup can also
be mounted at an xy-stepper.

the source. To traverse a SciTil of 5 mm thickness
an electron threshold energy of 0.92 MeV is nec-
essary. Electrons above this energy deposit about
1MeV inside the scintillator with only a small en-
ergy spread. Both the trigger detector and the5

source can be mounted on an xy-stepper to mea-
sure the performance parameters as a function of
the position across the SciTil surface. The SiPMs
are soldered to small amplifier boards (10× ampli-
fication) with connectors for the bias and amplifier10

voltages and the output signal, which is passively
split to measure the timing and the amplitude of the
SiPM signals with a VME DAQ system. From the
measured time difference ∆t = t1 − t2 between the
opposite SiPMs the time resolution σt = σ∆t/2 of15

the SciTil can be determined, where t = (t1 + t2)/2.
The integrated signal charge is a measure for the
number of detected photons Nph.

Original Tile Layout

The original tile design had foreseen a plastic scin-
tillator size of about 30×30×5mm3 read out by two
3×3mm2 SiPMs. A position scan across the scin-
tillator surface shows that the amount of measured 5

photons (Fig. 6.2 a) depends substantially on the
track distance from the SiPMs. As expected, more
photons are detected when the track passes nearer
to SiPM compared to those passing further away
close to an SiPM more photons are detected com- 10

pared to cases when the track traverses the scintilla-
tor further away. This gives rise to a time resolution
which depends strongly on the track position at the
SciTil (Fig. 6.2 b). The time resolution varies from
∼ 110 ps directly in front of the SiPMs to ∼ 180 ps 15

at the side of the SiPMs with an average time res-
olution of ∼ 140 ps for the used configuration of a
BC408 scintillator and two opposite S12652-050C
Hamamatsu MPPCs (SiPMs).

In principle, position information can be deduced 20

from the timing difference between the two SiPMs.
However, this is not possible in the configuration de-
scribed in the right plot of Fig. 6.2. The observed
structures in the displayed distributions are caused
by the small solid-angle coverage of the sensors com- 25

pared to the full SciTil surface area, which may re-
quire many reflections of a scintillation photon be-
fore it finally hits an SiPM. This deteriorates the
time resolution. The position scan proves that the
original SciTil design using a small square-shaped 30

scintillator read out by only two opposite SiPMs is
not optimal.

Bar-Shaped Tile Design

Narrow rods In a first attempt to improve the
time distributions the square-shaped SciTil was re- 35

placed by a narrow scintillating rod (SciRod) with
a size of, e.g., 120 × 5 × 5 mm3 read out at the
two ends of the rod (see also Fig. 6.1). The advan-
tage of this design is that many scintillation photons
will be total-internally reflected along the length of 40

the scintillator, which implicitly leads to a larger
solid angle coverage and more collected photons at
the SiPMs. Therefore, there will be almost no re-
gions where the photons are reflected several times
across the scintillator before they hit an SiPM. On 45

the contrary, most of the photons will reach the
SiPMs within a very narrow time window because
they all travel about the same distance from their
point of creation to the sensor. This should signifi-
cantly flatten the time difference distribution com- 50

pared to that of the square SciTils and will improve
the time resolution.
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Figure 6.2: Results of a position scan for the 30×30×5mm3 SciTil with a BC408 scintillator readout by two
Hamamatsu S12652-050C MPPCs attached to the centre of opposite rims (y-axis), one MPPC per rim. Plotted
are the measured pulse height [proportional to the average number of detected photons Nph =

√
Nph1 ×Nph2]

(left), the time resolution σt = σ∆t/2 (middle), and the time difference ∆t = t1 − t2 (right).
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Figure 6.3: Scan results for a 120 × 5 × 5 mm3 narrow SciRod with a BC420 scintillator read out by two
Hamamatsu S12652-050C MPPCs attached to the center of opposite rims (y-axis), one MPPC per rim: measured
pulse height [proportional to the average number of detected photons Nph =

√
Nph1 ×Nph2] (left), time

resolution σ∆t/2 (middle), and time difference ∆t = t2 − t1 (right).

The position scan for a 120 × 5 × 5 mm3 narrow
SciRod displayed in Fig. 6.3 shows indeed a much
smoother slope in the average pulse height (propor-
tional to Nph) and in the time difference distribu-
tions. The latter even allows the determination of5

the hit position of a traversing particle along the
scintillator and thus provides a good position in-
formation. The width of the time-resolution distri-
bution does not vary appreciably along the scintil-
lator, with the worst resolution at the rod centre.10

The time resolution improves to ∼ 55 ps for events
close to the SiPMs.

In Tab. 6.1 the time resolutions σt = σ∆t/2
averaged over measurements of several to many
scan points across the scintillator surface are given.15

From the results it is obvious that with the narrow
SciRods time resolutions of well below 100 ps can
be reached quite easily even without any optimi-

sation. The time resolution depends on the width
and on the length of the rod while the faster BC420
material gives much better results than the BC408
scintillator. In the best configuration with a rod
cross-section of 5 × 5 mm2, an average time resolu- 5

tion of ∼ 65 ps was reached. This would correspond
to a position resolution of ∼ 9 mm (σ).

Wide rods The disadvantage of using narrow
SciRods for the PANDA Barrel TOF detector is a
somewhat reduced active area because the wrap- 10

ping material between the scintillators requires
space. In principle this problem can be avoided by
the utilisation of wider SciRods and reading them
out with several SiPMs at opposite ends. With this
setup more scintillation photons will be collected 15

over a wider solid angle and there are almost no re-
gions which do not directly face the SiPMs, as is the
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scintillator size MPPC BC408 BC420
170 × 5 × 5 mm3 S10362-050P 97 ± 19
120 × 5 × 5 mm3

S12652-050C 81 ± 12 68 ± 10
50 × 5 × 5 mm3 83 ± 6 62 ± 5
120 × 10 × 5 mm3 S10362-100P 105 ± 18 93 ± 25
50 × 10 × 5 mm3 S12572-050P 109 ± 16

Table 6.1: Average time resolutions σt in ps for different narrow SciRod configurations. The readout was done
by two 3 × 3 mm2 Hamamatsu MPPCs attached to the centre of opposite rims, one MPPC per rim. No wrapping
was used for the scintillators.

case with the narrow SciRods. If all SiPMs at one
end are connected in series there will be only one
readout channel and the number of collected pho-
tons will be high. In addition the signal rise time
will be shorter since the total capacity of the sen-5

sors is reduced. Overall, a setup with wide SciRods
and several SiPMs connected in series should result
in a significantly better time resolution, again with
only a minor dependence on the track position at
the scintillator. A similar setup was used elsewhere10

[3].

Figure 6.4: Sketch of the sensor placement at the scin-
tillator.

Some performance tests were done with a 30 × 30
× 5 mm3 BC418 scintillator wrapped in aluminium
foil and read out with a varying number of KETEK
PM3375TP-SB0 SiPMs. Up to four serially con-15

nected sensors were placed at opposite scintillator
faces as shown in Fig. 6.4. The SiPMs at each rim
were soldered to a PCB with some of them having
been bridged to vary the number of active sensors.
In this way the distributions of the time difference20

∆t = t2 − t1, the time resolution σ∆t/2 and those
of the pulse height Nph =

√
Nph1 ·Nph2 were de-

termined for one, two, three and four SiPMs per
rim with a position scan across the scintillator sur-
face. A clear trend of more homogeneous distribu-25

tions was observed with an increasing number of
active sensors. The measured average time resolu-

tions and pulse heights of the various configurations
are listed in Tab. 6.2. As expected the time resolu-
tion improves with the number of sensors and the
pulse height increases. The best time resolution is
obtained with four SiPMs connected in series, the 5

homogeneity of the corresponding distributions are
comparable to those shown in Fig. 6.5.

active sensors time resolution pulse height
B1, B2 130±22 60 ± 25
B1, B2, C1, C2 80±7 128 ± 74
A1, A2, D1, D2 82±6 148 ± 18
A1, A2, C1, C2 83±11 112 ± 49
all wo D1, D2 69±8 182 ± 55
all 55±5 285 ± 30

Table 6.2: Average time resolutions σt = σ∆t/2 in ps
and pulse heights Nph =

√
Nph1 ×Nph2 in arbitrary

units for various SiPM configurations with a scintillator
size of 30 × 30 × 5 mm3. Up to four 3 × 3 mm2 KETEK
PM3375TP-SB0 SiPMs were connected in series at the
opposite rims of the scintillator BC418.

The results of the position scan for a wide SciRod
read out by eight SiPMs at opposite rims, four
SiPMs per rim connected in series, are shown in 10

Fig. 6.5. The SciRod was of the same size as that
of the SciTil discussed in section 6.1.1 and in Fig.
6.2. Compared to the SciTil the distributions dis-
played in Fig. 6.5 reveal a much smoother depen-
dence on the position, similar to the behaviour ob- 15

served for the narrow SciRods, but with another
significant improvement of the time resolution. In
particular, the time resolution is almost equal at all
positions (except very close to the SiPMs where it
is worse for technical reasons). This indicates that 20

wide SciRods with serial SiPM readout are a much
better design choice for the barrel TOF detector.

In table 6.3 the average time resolutions are com-
pared for different scintillator materials and over-
voltages of the four Hamamatsu S12572-050P MP- 25

PCs at each readout side. The values are obtained
from the mean of the resolutions measured at many
scan positions across the scintillator surface, while
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Figure 6.5: Scan results for a 30 × 30 × 5 mm3 wide SciRod with a BC420 scintillator read out by eight
Hamamatsu S12572-050P MPPCs at opposite rims (y-axis), four MPPCs per rim connected in series: measured
pulse height [proportional to the average number of detected photons Nph =

√
Nph1 ·Nph2] (left), time resolution

σ∆t/2 (middle), and time difference ∆t = t2 − t1 (right).

wrapping over-voltage BC408 BC418 BC420

none 4 V 135 ± 4 92 ± 3 93 ± 4
6 V 95 ± 2 74 ± 2 72 ± 3

white paper 4 V 79 ± 2 84 ± 3
6 V 67 ± 2 68 ± 2

Table 6.3: Average time resolutions σt in ps for different SciTil/SciRod configurations with a scintillator size of
50 × 30 × 5 mm3. Eight 3 × 3 mm2 Hamamatsu S12572-050P MPPCs were connected at the opposite short rims
of the scintillator, four MPPCs per rim connected in series. The given over-voltage is related to the total voltage
across all four MPPCs.

the uncertainties are the standard deviations. The
data show that the time resolution gets better when
the over-voltage is higher and when the scintillator
is wrapped in white paper. The BC418 and BC420
scintillators yield a similar time resolution but it is5

significantly better than that for the BC408 mate-
rial. This is consistent with the observation for the
narrow SciRods (see section 6.1.1) and is due to the
shorter rise and decay times of the BC418/BC420
scintillator material.10

More scintillator/SiPM configurations were inves-
tigated: various scintillator geometries, with and
without wrapping of the scintillator using different
materials, and different types of SiPMs from Hama-
matsu and KETEK. The measured time resolutions15

and pulse heights (Nph) for two wide SciRod de-
signs are listed in table 6.4. Obviously, with an
aluminium foil wrapping the best photon yield is
obtained, which translates directly into a better av-
erage time resolution. With a long scintillator (12020

× 30 × 5 mm3) a time resolution of 76 ps was mea-
sured while with a SciTil sized scintillator (30 × 30
× 5 mm3) a resolution of 45 ps was obtained. This
is a lot better than the best time resolutions reach-
able for the SciTil design with only one SiPM per25

side (see section 6.1.1).

Final Tile Design

In order to test and verify the performance of the
single tile prototype in its final design, a detailed
measurement campaign in the laboratory was car-
ried out in May 2016. The main intention of this 5

study was to finalise the single tile optimisation
and performance evaluation. As a figure of merit
the single-tile time-resolution and its dependency
on multiple parameters, such as SiPM bias, scin-
tillator type, wrapping material, hit position, elec- 10

tronics threshold, was determined once more for the
final prototype.

The experimental setup used for this measurement
series is shown in Fig. 6.6. With the depicted setup
it is possible to measure the performance param- 15

eters, i.e. time resolution and detection efficiency,
as a function of the hit position across the whole
tile surface by using an xy-translation stage. Two
types of fast plastic scintillators (EJ-228 and EJ-
232) with a size of 90 × 30 × 5 mm3 were tested. 20

For the latest single tile prototype a serial connec-
tion of four Hamamatsu SiPMs of the current model
series (S13360) with 3× 3 mm2 active area each was
used to detect the scintillation light on two opposite
sides of the scintillator. The breakdown voltage of 25
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BC420; 120 × 30 × 5 mm3 BC418; 30 × 30 × 5 mm3

Hamamatsu MPPC S12572-050P KETEK SiPM PM3350TP-SB0
wrapping none white paper aluminium none white paper aluminium
σt [ps] 83 ± 3 80 ± 2 76 ± 2 53 ± 2 48 ± 1 45 ± 1
pulse int. [chan] 658 ± 12 700 ± 15 743 ± 10 321 ± 8 420 ± 3 448 ± 1

Table 6.4: Average time resolutions σt and pulse integrals (∝ Nph) for different SciTil/SciRod configurations.
The scintillators were read out at opposite narrow rims by four 3 × 3 mm2 SiPMs (MPPCs) connected in series.
Note that the pulse integrals were not calibrated, therefore the values given for the Hamamatsu MPPCs and those
of the KETEK SiPMs cannot be directly compared.

these devices is about 52V for a single sensor, thus
a bias voltage above 200V is required for the 4-
series connection. The SiPM signals are amplified
using a voltage amplifier optimised for fast timing
applications (see Fig. 6.7). The amplifier includes a5

pole-zero cancellation circuit which allows to shape
the trailing edge of the signal, while the SiPM bias
voltage has to be supplied externally. After am-
plification each signal is passively split, with one
path being directed to a leading-edge discriminator10

(Philips Scientific 707) and following TDC (CAEN
V775) and the other to a QDC (CAEN V792), al-
lowing time and charge measurement. The discrim-
inator features common threshold control for nega-
tive signals from -10mV to -1V. Fig. 6.8 shows the15

two analog SiPM signals after amplification. All
tests were done at room temperature (∼ 20 ◦C).

  

SiPM board

Trigger detector

90Sr source

Scintillator tile

Figure 6.6: Photograph of the experimental setup used
for single-tile performance evaluation in May 2016. The
scintillator tile (90 × 30 × 5 mm3) is readout from two
sides with four Hamamatsu SiPMs (S13360-3050PE)
connected in series on each side and coupled to the scin-
tillator by optical grease (BC-630). A 90Sr source with
1mm aperture is used to provide a collimated beam of
electrons. The trigger detector (5 × 5 × 5 mm3 BC-
420 readout with Hamamatsu S12572-050P) is placed
behind the prototype. Trigger and source are mounted
on an xy-stage to adjust the hit position.

By measuring the time difference ∆t = t1 − t2 be-
tween the two SiPM signals and the associated res-

olution σ∆t, the tile time resolution σt = σ∆t/2 can
be estimated. The integrated signal charge is pro-
portional to the number of detected photons Nph.
In order to determine the relation between the mea-
sured charge and the number of detected photons, 5

a single photon spectrum has to be recorded. For
this purpose the radioactive source was removed
from the experimental setup and a low intensity
pulsed laser was used instead. Due to the rather
low amplification of the voltage amplifier, an addi- 10

tional amplifier with a gain of 20 was used for this
measurement. Fig. 6.9 shows the recorded QDC
spectra for one channel for two different widths of
the QDC gate. For the longer gate width the indi-
vidual photoelectron peaks are difficult to separate. 15

However, it is still feasible to extract the required
information from the data. Considering the addi-
tional amplification by a factor 20, we find that a
single photo electron corresponds to about 2.3 QDC
channels for Channel 1 and 2.5 QDC channels for 20

Channel 2, which corresponds to about 0.22 pC and
0.24 pC.

In order to obtain optimum performance, parame-
ters such as electronics threshold or SiPM bias volt-
age need to be optimised. Fig. 6.10 and Fig. 6.11 25

show the results of a threshold and bias scan, re-
spectively. As expected, the electronics threshold
should generally be set low in order to trigger on
first arriving photons and reduce the influence of
time-walk effects. However, at very low thresholds 30

it is mainly the impact of noise that will deterio-
rate the time resolution. From the measurements
it can be noted that there is no improvement in
time resolution for thresholds below 40mV. Scan-
ning the SiPM bias voltage reveals that a stable 35

time resolution can be expected if the voltage is set
in the range of 230 – 250V, which corresponds to
57.5 – 62.5V per sensor or 10 – 20% (5.5 – 10.5V)
over-voltage per sensor. For this measurement the
threshold was set to a minimum of 10mV for 215V 40

and then increased relative to the pulse height. For
the following measurements the threshold level was
set to 30mV, which should be well above the noise
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Figure 6.7: Circuit diagram of the voltage amplifier board adapted from [3].

Figure 6.8: Oscilloscope screenshot showing the ana-
log SiPM signals (yellow and pink) after amplification.
The start (gate) signal for the TDC (QDC) is shown in
blue. The width of the QDC gate is adjusted to about
100 ns.

level, and the bias voltage was adjusted to 240V.

In the final assembly the scintillator tiles need to
be wrapped in some light-tight material. The scin-
tillator enclosure could be made for example of
an inner layer of some reflective material to in-5

crease the amount of collected light surrounded by
a layer of light-tight tape. Several wrapping materi-
als have been tested to evaluate the influence on the
time resolution and number of detected photons.
The results of these measurements are presented in10

Tab. 6.5. In the table, the time resolution and num-
ber of detected photons represent the mean values
of nine hit positions equally distributed across the
scintillator surface. The number of detected pho-
tons is given by Nph =

√
Nph1 ×Nph2, with Nph115

and Nph2 being the number of photons detected on
the left and right side of the scintillator, respec-
tively. Except for Teflon tape, where three layers
have been used, a single layer of wrapping material
was applied.20

The results indicate that the best time resolution
could be achieved with aluminised Mylar foil, which
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Figure 6.9: Single photon spectra for QDC channel
1 recorded with 30 ns (top) and 100 ns (bottom) wide
QDC gate. The most left peak corresponds to the
pedestal.

increased the amount of collected photons by a fac-
tor of 1.2 for both scintillator types. The number of
detected photons is generally higher for the EJ-228
scintillator due to its higher light yield on the one
hand and its emission spectrum on the other hand, 5

which fits better to the photon detection efficiency
of the SiPMs. However, the better time resolution
could be obtained with the EJ-232 scintillator. It
is interesting to note that wrapping the scintillator
with Teflon tape leads to a large amount of collected 10

light, which however deteriorates the time resolu-
tion due to the increased detection of late reflected
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Figure 6.10: Tile time resolution as a function of the
electronics threshold for EJ-228 (top) and EJ-232 (bot-
tom) scintillators. The SiPM bias voltage was set to
230V (top) and 240V (bottom), respectively.
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Figure 6.11: Tile time resolution in dependency of the
SiPM bias voltage for an EJ-228 scintillator.

photons.

For the final characterisation of the single tile, in-
cluding position dependence of the performance pa-
rameters, a fine scan with 1mm step size was per-
formed. The operating conditions were set to the 5

optimum values, i.e. 30mV threshold, 240V SiPM
bias voltage and Mylar foil as wrapping material.
The position scan shows that the amount of de-
tected photons is quite homogeneous across the
scintillator surface (see Fig. 6.12 right), which is 10

also reflected in a good uniformity of the time res-
olution (see Fig. 6.13). Along the rim of the long
sides of the scintillator one can notice a degrada-
tion of the time resolution. This effect is due to
electrons which hit the trigger detector but only 15

marginally strike the scintillator tile and therefore
deposit less energy, i.e. produce less light, lead-
ing to a smaller amount of detected photons at the
rim (see Fig. 6.12). Such an effect is also visible
at the edges and at certain positions along the rim 20

of the short sides (in between the SiPMs) of the
tile (see Fig. 6.13 and Fig. 6.12). In this case how-
ever, it is due to the fact that photons produced
at these positions cannot reach directly the nearby
SiPMs but are reflected or not detected at all. In 25

order to extract values for the average time reso-
lution and number of detected photons from this
measurement, the respective values for all hit posi-
tions are filled into a histogram and fitted with a
Gaussian function, as shown in Fig. 6.14. For the 30

EJ-232 scintillator tile we found an average time
resolution of σ ∼ 54 ps and an average of about 288
detected photons. In case of the EJ-228 scintilla-
tor we could achieve σ ∼ 60 ps and 300 detected
photons on average. 35

For the described tile layout it should be possi-
ble to deduce information regarding the hit posi-
tion from the time difference between two SiPM
signals. As it can be seen from Fig. 6.15 there
is indeed a clear correlation between the particle 40

hit position and the time difference, which can be
used for such purpose. By taking a slice of the 2-
dimensional time difference histogram at position
y = 15mm for example (see Fig. 6.16) and fitting
with a linear function, we can estimate the effective 45

speed of light in the scintillator from the slope to
veff = 1.01 × 108 m/s. With an average time res-
olution of about 54 ps (sigma) along this slice this
translates into a position resolution of about 5.5mm
(σ) or 12.9mm (FWHM), respectively. 50
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Wrapping material Time resolution [ps] Number of detected photons
No wrapping 55.0± 0.3 288± 2
Aluminised Mylar foil 52.7± 0.3 355± 2
Tyvek hardstructure 1057D 55.0± 0.3 394± 3
Enhanced specular reflector (ESR) 55.2± 0.3 355± 3
Teflon tape 59.4± 0.3 408± 4
aluminium foil 54.2± 0.3 344± 3

Wrapping material Time resolution [ps] Number of detected photons
No wrapping 61.3± 0.3 371± 2
Aluminised Mylar foil 59.7± 0.3 445± 3

Table 6.5: Time resolution of EJ-232 (top) and EJ-228 (bottom) plastic scintillator tiles for various wrapping
materials.
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Figure 6.13: Time resolution obtained from a position
scan of a 90×30×5mm3 EJ-232 scintillator tile readout
by Hamamatsu SiPMs attached to opposite sides (y-
axis), 4 SiPMs in series per side.

6.1.2 Tests at Various Particle Beams

In addition to the detector simulation studies and
measurements in the laboratory, the different tile
concepts were tested during several test beam cam-
paigns.5

Test of SciTil Prototypes at Jülich in 2014

The beam test was carried out in January/February
2014 at the JESSICA beam line of the Cooler
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Figure 6.14: Histogram filled with time resolution val-
ues obtained in the position scan to extract the mean
time resolution.

Synchrotron (COSY) at Forschungszentrum Jülich,
Germany. Detailed information on this test beam
experiment can be found in Ref. [1] and Ref. [4].
During 2 weeks of beam time the various detector
layouts (SciTil and SciRod) and several SiPMs and 5

plastic scintillator materials have been evaluated,
using a defocused beam of protons (∼ 5 cm×5 cm)
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with momenta of about 1.5GeV/c and 2.7GeV/c,
respectively, and an intensity of 104 – 105 per sec-
ond. Several experiments from different collabora-
tions were running in parallel at JESSICA, as one
can see in Fig. 6.17, which shows a picture of the5

actual beam line.

The primary intention of the beam test was to check
the feasibility of reaching a time resolution in the
order of 100 ps sigma in an ionising particle beam
with the prototype tile detector. Secondly, it was10

intended to quantitatively compare different detec-
tor solutions and concepts to further optimise the fi-
nal design. Therefore, two independent setups were
used, which could be tested in parallel. Several
types of SiPMs were tested in combination with dif-15

ferent plastic scintillators.

A picture of the prototype detector is shown in
Fig. 6.18. It consisted of two plastic scintilla-
tor tiles read-out with SiPMs from two opposing
sides mounted in a light-tight aluminium box. The20

SiPMs were coupled to the scintillators using BC-

630 optical grease to maximise the light collection.
We considered plastic scintillators from Eljen and
SiPMs with 3× 3 mm2 sensitive area from KETEK
and Hamamatsu, respectively. The analog SiPM
signals were amplified using Amp-0604 preampli- 5

fiers from Photonique. Finally, the waveforms were
digitised with a CAEN V1742 Waveform Digitiser
(5GS/s) and stored for offline data analysis. A time
walk correction using pulse height information was
applied. We did not include cooling for the pho- 10

todetectors, the temperature inside the JESSICA
hall was about 12 ◦C during night when the data
were taken.

Looking at the average number of detected photons
(Fig. 6.19), one can see that about a factor 1.3 more 15

photons could be detected with the KETEK SiPM.
The number of detected photons depends on the
PDE of the photodetectors within the wavelength
range emitted by the scintillators. The KETEK
SiPMs are optimised for maximum efficiency in the 20

blue wavelength range, while the spectral sensitiv-
ity of Hamamatsu MPPCs is shifted more towards
higher wavelengths. It is difficult to compare the
absolute PDE values of the two devices since these
values are strongly dependent on the operating pa- 25

rameters.

In the test beam experiment we observed that
the scintillator tiles read-out with KETEK SiPMs
in general show a slightly better time resolution
than the tiles attached to sensors from Hama- 30

matsu. Fig. 6.20 shows the obtained results on the
time resolution using different types of SiPMs from
KETEK. Except for the PM3360TS type in combi-
nation with an EJ-228 scintillator all configurations
show a time resolution σ < 100 ps. The best value 35

that could be achieved is σ = 82.5 ± 1.7 ps with
PM3360TS sensors attached to an EJ-232 plastic
scintillator. One can realise that the tile time res-
olution strongly depends on the over-voltage of the
photodetectors. Increasing the bias voltage leads 40

to improved time resolution but at the same time
increases the influence of dark-noise, cross-talk and
after-pulses, which at some point deteriorate the
timing performance. The same trend could be
observed when employing Hamamatsu photodetec- 45

tors, as shown in Fig. 6.21. In this case a time
resolution of σ = 96.3 ± 0.9 ps was reached with
the S12572-025C type attached to an EJ-228 scin-
tillator. Using an EJ-232 material showed a nearly
identical result. 50
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SciRod-SiPM

SCI2
SCI3

Beam

Figure 6.17: The actual beam line at JESSICA. The proton beam is entering from the left. We tested SciTil and
SciRod prototypes (SciTil-SiPM and SciRod-SiPM). Three large plastic scintillators (SCI1, SCI2 and SCI3) were
used as trigger detectors for the data acquisition. SCI1 served also as a reference detector for TOF measurements.

  

Plastic scintillator tile

SiPMs

Lemo connectors

Figure 6.18: Picture of the SciTil detector prototype.
The plastic scintillator tiles are mounted in a light-tight
box with 3×3mm2 SiPMs attached. A black sheet is
inserted between the two tile layers to avoid cross-talk.

Beam test at CERN T9 in 2015

The wide SciRod counters with four SiPMs con-
nected in series were tested at the CERN T9 beam-
line. A hadron-rich beam of 2 to 10 GeV/c was
used, which contained mainly pions, kaons, and pro-5

tons with some electron and muon contaminations.
Two TOF stations were set up to identify the mass
of the beam particles by measuring their time of
flight (TOF) over a distance of ∼ 29 m. Each
TOF station consisted of one wide SciRod counter10
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Figure 6.19: Photon spectra measured with Hama-
matsu MPPCs in blue and KETEK SiPMs in red. Due
to the finite input range of the V1742, the maximum
measurable pulse height is limited to about 950mV, i.e.
about 145 and 265 detected photons. The entries below
5 photons correspond to noise and dark-count events.

(labeled SciRod1 and SciRod2) and one Cherenkov
radiator read out by a PHOTONIS Planacon two-
inch microchannel-plate PMT (labeled MCP1 and
MCP2). The SciRod of the upstream TOF station
was a 50 × 30 × 5 mm3 BC418 scintillator read out 5

by four KETEK PM3350TP-SB0 SiPMs at oppo-
site sides, that of the downstream TOF station was
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Figure 6.20: Final results on the time resolution
of various plastic scintillator tiles read-out with two
KETEK SiPMs of different type. The lines are added
to guide the eye.
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Figure 6.21: Final results on the time resolution of
various plastic scintillator tiles read-out with two Hama-
matsu MPPCs of different type. The lines are added to
guide the eye.

composed of a 30 × 30 × 5 mm3 BC418 scintillator
read out by four KETEK PM3375TP-SB0 SiPMs
at opposite sides. The scintillators were wrapped
in aluminium foil and the whole scintillator/SiPM
configuration was placed inside a light-tight alu-5

minium box (see Fig. 6.22).

The SiPM raw signals were amplified and fed into
a FPGA-based 16 channel PaDiWa (Panda Dirc
Wasa) discriminator board. The timing signals
were then processed by the multihit TDCs of the10

FPGA-based HADES TRBv3 (Trigger and Read-
out Boards version 3) [5, 6] which additionally de-
livers a rough pulse height information by apply-
ing a time-over-threshold technique. These DAQ
boards have a flexible design and provide a time15

precision down to ∼10 ps per single TDC channel.
Each channel can save the time information of up
to 127 hits per trigger and digest burst hit rates of
up to 66 Hz.

The measured TOF distributions for three differ-20
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Figure 6.22: SciRod setup at the CERN T9 beamline.
Upper left: the scintillator is sandwiched between two
small boards which contain the 4 KETEK SiPMs con-
nected in series. Upper right: the wrapped scintillator
and some plastics pieces to hold the scintillator in place.
Lower: one of the TOF stations with an aluminium box
containing the SciRod in front of the Cherenkov counter
(radiator/MCP-PMT combination); the beam centroid
is placed at about the centre of the aluminium box. At
the left side two amplifier boxes as seen in Fig. 6.7 are
visible which provide also the bias voltage to the SiPMs.

ent beam momenta are shown in Fig. 6.23 for the
time difference between the downstream and up-
stream SciRod counters. The data are corrected
for time drifts and time walk effects and contain
the full statistics for a beam momentum over the 5

whole data taking period of almost 3 weeks. From
these plots it is obvious that a pion/kaon separation
up to 5 GeV/c is possible, while pions and protons
can be distinguished up to 10 GeV/c. Electrons
and pions are indistinguishable at the given condi- 10

tions. The plotted Gaussian fit provides the TOF
resolution for the electron/pion peak and results in
a sigma of 117 – 122 ps almost independent of the
beam momentum.

The setup of the two individual TOF stations with 15

an independent MCP-PMT and a SciRod counter
for each station allows the measurement of six in-
dependent time differences (resolutions): MCP1 -
SciRod1 (σT1), MCP2 - SciRod2 (σT2), MCP2 -
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Figure 6.23: Time-of-Flight distributions for three different beam momenta measured with the two wide SciRod
counters of the size 50 × 30 × 5 mm3 (upstream) and 30 × 30 × 5 mm3 (downstream). The particle flight path
was ∼29 m. The Gaussian fit (red curve) at the electron/pion peak provides the TOF resolution.

SciRod1 (σSM ), SciRod2 - MCP1 (σMS), MCP2 -
MCP1 (σMM ), and SciRod2 - SciRod1 (σSS). This
provides six independent TOF resolutions which
can be used to determine the time resolution of each
counter separately. An additional parameter tak-5

ing into account the average time spread caused by
beam and electronics effects was necessary to sta-
bilise the solutions.

The six squared TOF resolutions are displayed in
Fig. 6.24 for a beam momentum of 3 GeV/c. Each10

bin of the histogram represents one of the above
mentioned six time differences. Each squared TOF
resolution corresponds to the displayed equation
which contains the time resolutions of the individual
counters and a beam/electronics resolution. With15

Minuit [7] this histogram is fitted by a specially tai-
lored function which contains the time resolutions
σM1, σM2, σS1, σS2, and σbeam of the counters as
five free parameters. From the data in Fig. 6.24 it
is clear that the fit works very well which is actu-20

ally the case for all beam momenta. These fits pro-
vide the time resolutions for each of the four coun-
ters and the beam parameter as shown in Fig. 6.25.
We observe that these resolutions are almost inde-
pendent of the beam momentum and the particle25

type, while the beam/electronics time resolution de-
pends on the momentum. This is expected because
low-momentum particles experience more multiple
scattering in the detector materials inside the beam
than those of large beam momenta. The time res-30

olutions for the wide SciRods were measured to be
σ = 55 – 70 ps which is roughly consistent with the
laboratory measurements.
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Figure 6.24: Histogram with the squared TOF reso-
lutions obtained from the six time difference distribu-
tions at 3GeV/c by fitting the electron/pion peak with
a Gaussian. The measured data are represented by the
blue bars while the Minuit fit is displayed as the his-
togram with the red line.

Beam Test at CERN T10 in 2016

A Barrel TOF single tile prototype of the current
geometry (90 × 30 × 5 mm3) was exposed to a
6GeV/c cocktail secondary beam at CERN T10
beamtime in June 20161. With a very limited time 5

and almost no time to optimise the operation con-
dition, we reached σt = 70ps time resolution.

1. A parasitic measurement to the ALICE FIT group
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Figure 6.25: Time resolutions of the beam parameter σbeam [upper right] and of the individual detectors of the
TOF stations σS1 [upper left], σS2 [lower left], σM1 [upper middle], σM2 [lower middle] for different particle types:
protons (from 0 – 10GeV/c) and, shifted by 15GeV/c, pions (from 15 – 25GeV/c). Average time resolution
in ps for all particles [left box], the protons [upper right box], and the pions (with some muon and electron
contamination) [lower right box].

6.2 Rate Capability

There are different possibilities to connect the four
SiPMs of a single tile which have different implica-
tions for the rate capability of the tile. To measure
the rate capability the SiPMs were irradiated by5

short laser pulses, in the order of ps, with a wave-
length of 405 nm. The light is attenuation to the ex-
pected intensity of 300 photons per event. This light
is then diffused by a diffractive diffuser producing
an equally illuminated square which hits the SiPMs.10

The SiPMs are placed in a metal box which is placed
in another metal box containing the preamplifier.
This setup is chosen to reduce the noise picked up
the sensors and can be seen in Fig. 6.26.

Figure 6.26: Setup used to illuminate different SiPM
configurations.

Comparing the amplitudes of signals for different15

laser pulse rates gathered for a serial and a hybrid
connection as well as a single SiPM as shown in
Fig. 6.27 one can see no large differences in the rate
capability.
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Figure 6.27: Measurement of a serial as well as a hy-
brid connection of Hamamatsu SiPMs compared to a
single stand-alone SiPM from Hamamatsu.

Both, a serial and a hybrid connection fulfil the fore- 5

seen requirements and do not drop significantly for
a rate of 40 kHz.
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6.3 Super-Module

6.3.1 Signal Crosstalk

The cross talk was measured by inducing a sinu-
soidal signal in the longest connection (S30) of the
grounded board. This line running the signal is5

called the aggressor. The victims, lines in which
a signal is induced, were the vertical and horizon-
tal neighbours (S24 and S29). As seen in 4.13 the
connections in the railboard are shielded, still some
crosstalk is measurable.10

A scan of the frequency dependant crosstalk from
500MHz down to 10 kHz for a vertical and horizon-
tal neighbour can be seen in Fig. 6.28, where the
ratio of aggressor amplitude to victim amplitude is
given in dB (20 · log

(
AV

AA

)
).15

Figure 6.28: Crosstalk levels as a function of the ag-
gressor frequency for a horizontal and vertical neigh-
bour.

A second measurement with the signal of a 100µm
Hamamatsu SiPM illuminated by a variably atten-
uated and diffused laser was performed at a repeti-
tion rate of 70 kHz. For a signal amplitude of 1.3V
crosstalk pulses with an amplitude of 2.5mV are20

visible. This corresponds to a -54 dB of crosstalk.

The signal had a rise time of 0.9 ps which cor-
responds to 280 MHz. At this frequency the si-
nusoidal measurement showed a crosstalk level of
around 37 dB. This shows a significantly lower25

crosstalk for the non periodic SiPM signals.

Figure 6.29: Crosstalk measurement with 1.5V SiPM
signals on the aggressor line (red). The crosstalk was
measured on a vertical neighbour read out on the sensor
side (yellow) and the FEE side (blue).

6.3.2 Signal Attenuation

These first test were performed on a rail board
prototype half the length of the envisioned full
railboard. To measure the attenuation of a sig-
nal after running through the board measurements 5

were done with SiPM signals with an amplitude of
around 300mV and a risetime of about 1.3 ns. By
running the signal through the board these values
change; the amplitude decreases and the risetime in-
creases linearily as can be seen in figures 6.30. The 10

attenuation is partly due to the resistance of the
internal connections of the board and partly due to
energy lost to other lanes on the board (crosstalk).

The crosstalk is also able to explain the increase in
risetime. As one can see in Fig. 6.28 the level of 15

crosstalk increases for higher frequencies, attenuat-
ing the high frequncy components of the risetime
stronger than the slower ones.

6.4 Radiation Hardness

6.4.1 Expected Radiation Dose in 20

PANDA

In section 3.2.4 we estimated the average expected
dose to be equivalent to 9.13 · 1010 n (1 MeV)/cm2.
This average value can be assumed to be the ab-
sorbed dose for all dual modules. This can be 25

achieved by periodically cycling the dual module
position, moving tiles from highly irradiated posi-
tions further to the back where the expected dose is
much lower. This can easily be done during during
maintenance breaks using the simple plug-in plug- 30

out possibility of the MMCX connectors on the rail-
board. In the following section, we discuss the ex-
pected influence to the detector performance.
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Figure 6.30: Attenuation and risetime of SiPM signals
after travelling through the railboard.

6.4.2 Radiation Damage Caused by
Different Particle Species and
Energies

Damage to our silicon detector can be divided into
two categories. Firstly damage to the Surface by5

Ionising Energy Loss (IEL) is primarily caused by
photons and charged particles. A buildup of charge
in the non-conducting oxide layer is caused. This
buildup is reversible to a great extent. Secondly
damage to the bulk material (crystal) due to Non10

Ionising Energy Loss (NIEL) is primarily caused
by massive particles such as neutrons, protons and
pions. These penetrate the material and displace
atoms in the Si lattice which produces a buildup of
crystal defects. These displaced atoms are called15

Primary Knock-on Atoms (PKA) and can produce
large clusters of dislocated atoms.

These defects lead to a macroscopic deterioration of
the detector performance. Depending on the posi-
tion of the energy levels different effects can occur.20

• Change of effective doping concentration by
producing acceptor like defects which modifies
the depletion (breakdown) voltage.

• Increase of charge carrier trapping which leads
to a loss of charge (signal). 5

• Easier thermal excitement of electrons and
holes that causes an increase of the leakage cur-
rent (dark current).

There are a large number of radiation hardness
studies of semiconductor particle detectors, also of 10

SiPMs done by different particle species and ener-
gies. In order to be able to compare those results,
we convert them to 1 MeV neutron equivalent dose
(neq/cm2) by the following hypotheses.

NIEL Hypothesis In order to be able to compare 15

the damage components have sustained, the dam-
age has to be somewhat normalisable. The ab-
sorbed energy alone is not sufficient in this respect
since the radiation damage depends on the energy
and type of incident particles. 20

Studies have led to the assumption that damage ef-
fects produced by radiation are proportional to the
so called displacement damage cross-section, also
called the damage function. This cross-section is
basically equivalent to the non ioniscing energy loss 25

(NIEL) and this proportionality of the damage to
the NIEL value is referred to as the NIEL scaling hy-
pothesis. This hypothesis is however not completely
accurate as it does not consider atom transforma-
tions nor annealing effects and is therefore not ex- 30

act. Nevertheless, it is common to scale the damage
effects of different particles using the NIEL hypoth-
esis. As normalisation one uses 1 MeV neutrons
and instead of using the integrated flux of a partic-
ular particle the equivalent fluence Φeq (integrated 35

equivalent flux) of 1 MeV neutrons is used.

Damage Function The cross section for a dislo-
cation (damage function D(E)) can be calculated
using the recoil energy ER of the PKA and the so-
called Lindhard probability function P (ER): 40

D(E) = Σvσv(E) ·
∫ Emax

R

0

fv(E,ER)P (ER)dER

(6.1)

Index ν runs over all possible interactions between
the incoming particle with energy E and the silicon
atoms leading to a dislocation of a lattice atom. σν
is the cross section corresponding to the reaction
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with index ν and fν(E,ER) the probability of a par-
ticle with energy E to produce a PKA with energy
ER. Integration is over all recoil energies. Below
the displacement threshold the partition function is
set to zero: P (ER < Ed,min) = 0.5

For silicon the relation between D and NIEL is 100
MeV mb = 2.144 keV cm2.

Fig. 6.31 shows the damage function according to
the NIEL hypothesis for various particles as func-
tion of the energy. D(E) in the plot below is divided10

by 95 mb to be normalised to the damage caused
by 1 MeV neutrons.

Figure 6.31: Damage function for multiple particles.
D(E) is normalized to the damage by 1 MeV neutrons
by dividing by 95 mb. Taken from Ref [8].

Hardness Factor With the help of the displace-
ment damage cross sectionD(E) (damage function)
it is possible to define a hardness factor κ for each15

particle (radiation), allowing to compare the dam-
age efficiency of different radiation sources with dif-
ferent particles and individual energy spectra Φ(E).
κ is defined as the irradiation damage of the partic-
ular particle compared to the irradiation damage of20

mono-energetic neutrons with 1 MeV and the same
fluence:

κ =

∫
D(E)Φ(E)dE

d(Eneutron=1MeV )

∫
Ψ(E)dE

(6.2)

D(En = 1 MeV) is fixed to be 95 MeV mb. The
integrated equivalent flux Φeq (1 MeV neutrons) can
therefore be calculated as:25

Φeq = κ · Φ = κ

∫
Φ(E)dE (6.3)

For a reliable comparison of different irradiation ex-
periments it is therefore essential to have a good
knowledge about the different energy distributions.

6.4.3 Annealing

We can expect to see an effect of room temperature
self-annealing with a time constant in the order of
days with a reduction of half of the dark current [9].
With the experiment running for multiple years one 5

can expect the sensors to self-anneal.

6.4.4 Existing Radiation
Measurements of SiPMs

There have been many publications on the on vari-
ous aspects of radiation damage on silicon detec- 10

tors. The following is a short summary of rel-
evant publications to the radiation hardness of
SiPMs. Further studies not mentioned here directly
are [10, 11, 12, 13, 14, 15, 16, 17, 18, 19].

Y. Musienko et al. 2009 [20] measured an irra- 15

diation effect using the 82 MeV protons at PSI
up to 1 · 1010 protons/cm2, which is equivalent to
≈ 2 · 1010 neq/cm2. Used sensors are SiPMs (1 ×
1 mm2) from CPTA/Photonique, MePhI/Pulsar,
FBK-IRST, Zecotek, Hamamatsu SiPM parameters 20

were measured before and 90 days after irradiation.
Their results are summarised as following.

• significant increase in leakage current and dark
count rate for all devices

• no change of breakdown voltage and quenching 25

resistor

• relative change of PDE < 10%

• significant reduction (> 10%) of signal ampli-
tude for some devices

P. Bohn et al. 2009 [21] measured an irradiation 30

effect using the 212 MeV protons at Massachusetts
General Hospital up to 3 · 1010 protons/cm2, which
is equivalent to ≈ 2.4·1010 neq/cm2. Irradiated sen-
sors are SiPMs (1 mm2 to 6.2 mm2) from CPTA,
FBK, Hamamatsu. SiPM current was measured 35

continuously during irradiation. Other parameters
were measured during pauses in between irradiation
steps. Their results are summarised as following:

• significant increase in leakage current and dark
count rate for all devices 40

• significant reduction (4%-49%) of signal ampli-
tude

• loss of photon counting capability at max flu-
ence

• SiPMs remained functional as photon counters 45
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• annealing at room temp→ reduction of leakage
current by factor 2 in 100 days

T. Matsumura et al. 2009 [22] measured an irradia-
tion effect using the 53.3 MeV protons at Research
Center for Nuclear Physics, Osaka up to 2.8 · 1010

5

protons/cm2, which is equivalent to ≈ 4.8 · 1010

neq/cm2. Irradiated sensors are SiPMs (1×1 mm2)
from Hamamatsu (MPPC S10362-11-050C). SiPM
current was measured continuously during irradi-
ation. Other parameters were measured during10

pauses in between irradiation steps. Their results
are summarised as following:

• significant increase in leakage current

• loss of photon counting capability at highest
fluences15

• no significant change in the gain up to 9.1 · 109

neq/cm2

A. H. Heering [23] measured an irradiation effect us-
ing the 212 MeV protons at Massachusetts General
Hospital with up to 3 · 1013 protons/cm2, which is20

equivalent to ≈ 8 · 1012 neq/cm2. New SiPMs from
Hamamatsu with different pixel sizes (15U-50U) are
irradiated. Their results are summarised as follow-
ing:

• SiPMs with high cell density and fast recovery25

time can operate up to 8 · 1012 n/cm2

• gain change < 25%

• smaller cells lead to less defects per cell for the
same dose per cm2

• limiting factor for radiation tolerance are the30

cell density and the cell recovery time

A. Heering et al. 2016 [24] measured an irradia-
tion effect using 6 · 1012 62 MeV protons / cm2

from the LIF beam line in 2014 at UCL Belgium
and 1.3× 1014 23 GeV protons / cm2 at CERN PS35

which is equivalent to 1.2 · 1013 1 MeV neqcm2 and
2.2 ·1014 1 MeV neqcm2. Irradiated sensors were 10
µm Hamamatsu SiPM arrays and an 1 mm2 FBK
12 µm HD sample. The SiPMs were irradiated in
March 2014 and December 2014 and measured after40

annealing. Their results are summarised as follow-
ing:

• samples were still operational

• very high noise

• breakdown voltage shift 4 V after 2.2 · 1014

1 MeV neqcm2 (linear with applied dose) for
the HPK array, 0.5 V for the FBK SiPM.

• 25% decrease of PDE from 10% to 7.5% for
FBK SiPM 5

Yu. Musienko et al. 2015 [25] measured an irradia-
tion effect using 1 ·1012 62 MeV protons / cm2 from
the LIF beam line in Belgium which is equivalent
to 2 ·1012 1 MeV neqcm2. Hamamatsu and KETEK
SiPMs with a diameter of 2.8 mm and a pixel size of 10

15 µm were measured after annealing for 1000 min
at 60◦C. Their results are summarised as following:

• dark current rise at 3 V over-voltage:
Hamamatsu 0.02 µA → 600 µA;
KETEK 0.04 µA → 540 µA 15

• change of gain and PDE by: 38% (Hama-
matsu) and 16% (KETEK)

• breakdown voltage shift: 175 mV (Hama-
matsu) and 50 mV (KETEK)

Yi Qiang et al. 2012 [9] measured an irradiation 20

effect using 3.7 · 109 neq/cm2 created by a 1 GeV
electron beam hitting a thin lead target at Jeffer-
son Lab. A Hamamatsu SiPM array with 50 µm
pixels and a SensL SiPM array with 35 µm pixels
were measured. Their results are summarised as 25

following:

• dark current increase by a factor of 10 for SensL
(160 to 1600 µA) and a factor of 25 for Hama-
matsu (8 to 200 µA)

• signal amplitude drop of ∼10% 30

• signal width was relatively stable

• signal amplitude and dark current recovered
with a time constant ∼ 10 days. Amplitude
recovered completely and half the damage to
the dark current recovered. 35

A study performed by V. Kaplin et al. 2014 [26]
simulated the effects of an increased dark current by
illuminating a stintillator, read out by 6 6 × 6 mm
SensL or KETEK SiPMs, with diffused LED light.
A drop of the signal amplitude as well as a worsen- 40

ing of the time resolution can be seen with increas-
ing current. Their main findings were:

• for a current increase of a factor 100 the ampli-
tude drops between 10% and 20% (Fig. 6.32)
due to occupied pixels 45
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• for a current increase of a factor 100 the time
resolution deteriorates by a factor between 3.4
and 3.8 (Fig. 6.33)

• according to Yi Qiang et al. 2012 a current in-
crease of a factor of 100 corresponds to around5

8 · 1010 neq/cm2

Figure 6.32: Ratio of the signal amplitude with and
without LED irradiation vs. externally increased SiPM
current [26].

Figure 6.33: Change in the FWHM time resolution
vs. externally increased SiPM current [26].

Summary Summarising the literature study one
can say that the experiments basically show what is
expected from theory. The leakage or dark current
increases linearly with the dose. This increase is10

mostly due to an increase in the dark count rate
which leads to pile up and pedestal noise. This
produces a loss of the photon counting ability.

The increase of dark current which as mentioned is
linked to the dark-count rate will be the limiting15

factor of the SiPM radiation hardness. A summary
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Figure 6.34: Summary of the current increase after
irradiation in Hamamatsu sensors normalised to a sen-
sor size of 1 mm2 found in literature. The plot above
depicts the relative dark current increase vs. the sub-
jected dose. The lower plot shows the absolute value of
the measured dark current after irradiation and various
annealing times.

of measured values can be seen in figure 6.34 with
our expected dose marked at 9 · 1010 neq/cm2.

The increase in dark current is hard to normalise.
Different SiPM producers with different pixel sizes
were used at various bias and over-voltages and af- 5

ter different amounts of annealing.

The current we expect for PANDA after 10 years
would between around 8 µA/cm2 and 40 µA/cm2 as
marked in Fig. 6.34. Considering the more conser-
vative estimation of around 40 µA per mm2, scaled 10

to the 3×3 mm2 of the sensors that will be installed
in the Barrel TOF, we expect a current of 360 µA.

If we compare this value to the current measured
and the corresponding deterioration of the time res-
olution expected by V.A. Kaplin [26], we expect a 15
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deterioration of the time resolution by 31% or 67%
depending on which sensor we take as a reference.

Both sensors have a relatively long recovery time
above 200 ns. The foreseen Hamamatsu SiPMs
however have a much shorter recovery time [27, 28]5

approximately 20 ns for 25µm pixel pitch device,
50 ns for 50µm pixel pitch device and 100-200 ns
for 100µm pixel pitch device. As mentioned prior
a fast recovery time of pixels reduces the effects of
the radiation damage, which is why we can expect10

to see less of an impact as mentioned before.

These values however should be taken with caution
since they are based on a rough estimation of the
current after irradiation and a study trying to simu-
late the current increase by illuminating the SiPMs15

with random LED light. They give us an idea of
the time resolution loss we might expect but need
to be verified by our own measurement.

6.4.5 Existing Radiation
Measurements of the20

Scintillator

The chosen scintillator EJ-232 has no published
study for its radiation hardness. Similar compounds
based on the same material (Polyvinyltoluene or
PVT) such as the NE-110 however have been stud-25

ied [29, 30]. Fig. 6.35 shows the damage to the
attenuation length vs the dose for different dose
rates and respectively after annealing, measured in
a 5 mm thick disc and a diameter of 30 mm. The
reduction of the radiation length for the 8.4 krad ex-30

pected for 10 years of operation of our scintillating
tiles is in the region of 7%. With the long running
time of the experiment it can even be expected that
annealing effects will show and no damage at all will
be visible.35

A preliminary measurement of the Scintillator (EJ-
232) after irradiation with up to 1360 Gy of Co60

gamma radiation has been performed and can be
seen in figure 6.36 compared to a measurement of
NE-110 [30]. As one can see there is only a slight40

drop in transmittance in the range of the 84 Gy that
are expected for 10 years of operation of the PANDA
experiment. Additional measurements however still
need to be performed with different types of radia-
tion such as protons or neutrons.45

6.4.6 Conclusion and Open Issues

There are a sizeable number of studies dealing with
the radiation hardness of SiPMs, published as a
journal paper or a presentation at a conference.

expected
Dose

Figure 6.35: Relative light attenuation leghth l/l0 for
NE-110scintillator plates versus the absorbed dose D:
(1) - for a dose rate of 6 rad/s. Measurements were
carried out immediately after the irradiation; (2)- after
20 days of recovery; (3) - for a dose rate of 0.32 rad/s.
Measurements were carried out immediately after the
irradiation; (4) - after 20 days of recovery [29].
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Figure 6.36: Overlay of transmittance measurements
of the previously described NE-110 [30] and our scin-
tillator the EJ-232 after different levels of Co60gamma
irradiation with the respective wavelengths of maximum
emission marked.
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They are not always consistent each other, actu-
ally comparing different measurements (different
particle spieces, different beam energies, different
sensors, different operation conditions and optimi-
sations, annealing effect, ...) requires non-trivial5

assumptions and there is ambiguity interpreting
data. However, as a whole, the current genera-
tion of SiPMs seems to be able to withstand the
Barrel TOF dose. One study claims that SiPM re-
mains functional even up to 1014 protons and neu-10

trons [25].

No direct study of the radiation effect on time reso-
lution has been found, except for the indirect mea-
surement by Kaplin et al. [26] who let the leakage
current increase represent the radiation effect and15

emulated the increase of leakage current (=radia-
tion effect) with a continuous illumination of SiPM
with LED light.

One of the most important characteristics of SiPM
for a timing application is the signal rise time. It20

is considered that the avalanche generation pro-
cess is primarily not affected by the radiation dam-
age. Other secondary effects, gain decrease, effec-
tive gain decrease by excessive DCR, higher thresh-
old due to multi photo-electron dark noise, noise25

pile-up to the signal rise time, .. will influence the
timing performance, however, a reliable estimation
of these effects to the time resolution is difficult.

Moreover, as SiPM is still a new kind of sensor
technology, major new products hit the market ev-30

ery 1-2 years. Radiation hardness of the device is
certainly a concern of the manufacturers as well
and a newer product may exhibit a better radia-
tion resilience. A study must continue unavoidably
if newer products become available before the final35

freeze of the Barrel TOF R&D and mass produc-
tion.

The loss of light in the scintillator seems to be be-
low 10%. A loss of this magnitude will affect the
time resolution but the detector will still remain40

operational.

In addition to select a radiation-hard device, one
can design the detector to have its time resolution
well below the requirement. In our laboratory test,
we reached about 50 ps time resolution at the best45

case. With the current design, we try to assure
75 ps time resolution. These values are well below
the original design goal of 100 ps. This will afford
a certain margin until the Barrel TOF performance
deteriorates to an unsatisfactory level.50

Another possible preparation one can do is to design
a simple and robust system with low maintenance
cost as well as low construction cost. With this,

even in a disgraceful scenario, a part or a whole
detector can be replaced.

6.4.7 Opportunities for a Dedicated
Measurement

A brief summary of irradiation facilities with ade- 5

quate proton beam energies for the radiation hard-
ness studies of the detector elements can be found
in table 6.6. The best suited facility seems to be the
Proton Irradiation Facility (PIF) at PSI in Villigen
in Switzerland. 10

The PIF, in addition to the specs listed in the table,
provides a Gaussian beam profile with a FWHM of
10 cm for an irradiated area with a diameter of up
to 9 cm. The dose or flux can be determined with a
5% accuracy. Furthermore it supplies an XY table 15

and a data acquisition system that allows automatic
runs with user pre-defined irradiation criteria.

We are already in contact with the facility and know
it from previous experiments.

EU initiative of a comprehensive SiPM irradiation 20

study
Following successful funding applications of
HadronPhysics2, HadronPhysics32 in the ear-
lier European framework program (FP6, FP73),
a funding application, HadronPhysicsHorizon 25

(HPH)4, has been submitted to the the Hori-
zon2020 Framework Programme. One of the work
packages, SiPM2020, is specialised in a radiation
resilience study of SiPM. The work package plans
to perform studies of the resilience of SiPM against 30

ionising radiation using both hadronic as well as
electronic particle beams. In addition, irradiation
with nuclear reactor neutrons and very strong
x-ray sources is planned. Such experiments can be
performed at European laboratories (INFN, GSI, 35

PSI, Gießen, Mainz, Prague, and many others).
The plan is to take samples of sensors from dif-
ferent producers perform initial characterisation
and expose them to the radiation fields with
gradually increasing strength. In between bench 40

tests will allow to monitor the performance changes
as a function of integrated applied dose. At the
threshold of serious changes of the behaviour or
damage of performance also microscopic techniques
of solid-state physics investigating defects in crystal 45

structure e.g. Positron Annihilation, Muon Spin
Rotation or others will be applied. In addition,
such sensors will be returned to the producer for
further comparison with the parameters of a virgin
sensor. In the ideal case damages can thus be 50

2. HadronPhysics3 http://www.hadronphysics3.eu.
3. European Union’s Research and Innovation funding

programme for 2007-2013 https://ec.europa.eu/research/
fp7/.
4. http://horizon.hadronphysics.eu/

http://www.hadronphysics3.eu
https://ec.europa.eu/research/fp7/
https://ec.europa.eu/research/fp7/
http://horizon.hadronphysics.eu/
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Facility Location Energy [MeV] Max. Flux
[p/(s·cm2)]

Time to ex-
pected dose

Proton Irradiation
Facility (PIF)

PSI in Villigen, Switzerland 6 – 230 2·109 ∼ 1 min

Light Ion Irradia-
tion Facility (LIF)

Centre de Recherches du Cy-
clotron, Louvain-la-Neuve, Bel-
gium

14.4 – 65 2·108 ∼ 5 min

Radiation Effects
Facility (RADEF)

Jyväskylä, Finland 6 – 60 1010 few seconds

Proton Irradiation
Facility (PAULA)

Uppsala, Sweden 20 – 180 up to 1012 few seconds

Table 6.6: Summary of irradiation facilities with adequate proton beam energies for radiation hardness studies
of the detector elements. The time to the expected dose in the last column refers to the expected integral dose
of Barrel TOF in 10 years of operation as estimated in Eq. 3.1 and Eq. 3.2. The quoted time give theoretical
minimum time to reach the desired dose. In actual measurements, a reduced beam intensity will be used in order
to allow evaluations of SiPM characteristics at intermediate doses and also to reduce uncertainty of the integrated
dose that originates from beam intensity fluctuation.

identified and the SiPM layout for production may
be modified in the direction of higher radiation
resilience. The innovation potential of this project
could be further increased if the hardness against
radiation could be enhanced similar to integrated5

electronics for use in space missions and accelerator
neighbourhood. The groups involved are either
responsible for irradiating the sensors, measuring
the changes in the performance by standard means
of characterisation or detect the intrinsic damage10

mechanisms in the sensors by other diagnostic
means commonly used in semiconductor tech-
nology. Proposing new radiation hard intrinsic
structures and implementation into new devices by
the industrial partners could be foreseen as well.15

The coordinator of this work package is one of the
author of this document. The project, therefore,
will share the interest of SiPM radiation hardness
from the requirements of the PANDA Barrel TOF
detector and outcome will be very valuable for the20

Barrel TOF design.
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7 Project Management

7.1 Responsibilities

List of institutions participating in the PANDA Bar-
rel TOF group is

• Stefan-Meyer-Institut für Subatomare Physik
(SMI) der Österreichischen Akademie der Wis-5

senschaften, Vienna, Austria

• GSI Helmholtzzentrum für Schwerionen-
forschung GmbH, Darmstadt, Germany

• II. Physikalisches Institut, Justus Liebig-
Universität Gießen, Gießen, Germany10

• Friedrich Alexander Universität Erlangen-
Nürnberg, Erlangen-Nürnberg, Germany

• Gauhati University, Assam, India

These institutions share the responsibilities for the
Barrel TOF detector as following. SMI, Vienna15

serves a coordination role of the project and is re-
sponsible for the whole R&D. Design work will be
lead by SMI. SMI contributes to further optimisa-
tions of hardware as well as software development.
Erlangen-Nürnberg shares the task of hardware op-20

timisations. GSI, Darmstadt is responsible for the
mechanical structure, which holds the Barrel TOF
super-modules. Front-end electronics and DCS will
be developed jointly with SMI and Gießen. Quality
assessment of photosensors and scintillator tiles, as-25

sembly of the super-module and its quality control
will be shared with SMI, Erlangen and GSI. Assam
will contribute to a physics simulation study using
the Barrel TOF detector.

7.2 Schedule30

The project can be divided into six phases:

1. 2017: Submission of the TDR to FAIR.

2. 2017-2018: Radiation hardness test of SiPM
and other components. Development of front-
end electronics and final beam test of the Bar-35

rel TOF prototype.

3. 2019: Industrial fabrication of components.

4. 2020: Assembly of super-modules and mechan-
ical components as well as quality assurance
test.40

5. 2021: Installation into PANDA when hall is
available and PANDA detector is ready for in-
stallation.

6. 2022: Commissioning with cosmic rays and/or
beam. 5

The main milestones for the Barrel TOF are:

• Approval of TDR, expected in Q3/2017.

• Development of FEE and radiation hard-
ness test of SiPM and other components in
Q4/2017. 10

• Final validation of the design with test beam
in 2018.

• Purchase of photosensor and QA in 2018-2019.

• Signed contract for industry fabrication of
dual-module, expected in 2020. 15

• Final assembly of super-module and mechani-
cal support, expected in Q2/2021.

The schedule for installation and commissioning de-
pends on two additional milestones external to the
Barrel TOF project: 20

• Building milestone for availability of the
PANDA hall, currently projected for Q1/2021.

• PANDA detector ready for installation of Bar-
rel DIRC/Barrel TOF mechanical support,
currently projected for Q3/2021. 25

7.3 Production Logistics

Production of the Barrel TOF will be done with a
unit of super-module. The number of scintillator
tiles is 120 pieces per super-module, 1920 pieces
for the full barrel. The number of photosensors 30

is 960 pieces per super-module, 15360 pieces for
the full barrel. The number of sensor-module is
180 pieces per super-module, 2880 pieces for the
full barrel. After an initial optical screening of
photosensors, sensor-module are built by soldering 35

sensors and other parts on the sensor-board. Ba-
sic characteristics of SiPMs are evaluated by man-
ufacturer, namely the breakdown voltage, dark-
count-rate, and leakage current at given voltage.
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In case we choose the hybrid connection of SiPMs
on sensor-board, SiPMs need to be sorted accord-
ing to the breakdown voltage so that sensors on a
same sensor-board have a similar breakdown volt-
age. In case of serial connection, this is not nec-5

essary. Sensor-boards will be tested first optically,
and then a basic signal check with a typical oper-
ation voltage will be carried out. Faulty sensor-
modules (e.g. soldering error) will be discriminated
at this point.10

An assembly of dual-module will be outsourced.
Quality inspected sensor-modules are sent to an
outside company. The scintillating material will be
purchased via the company and delivered directly
there for further processing. The company has a15

very good contact to the material producer. The
raw material cost as well as a transport cost can be
saved here A risk of unstable material supply can
be hedged by having the company in the middle.
The company will take care cutting and polishing20

the raw material to the given dimension, glue the
sensor-board with an optical cement and wrap with
reflective material (Aluminised Mylar) and with a
light tight sheet.

In order to produce a 87×29.4×5mm3 scintillator25

tile, a company purchases a 5mm-thick sheet from
a material producer and processes only the sides.
Due to the production process of plastic scintillator
material, however, the casted plate usually has rel-
atively large tolerance, e.g. for a 5mm thick stan-30

dard cast sheet has a tolerance of +0.56
−0.46 mm, viz.

10% [1]. Even larger variation of thickness does
not seem uncommon, especially if the material is
produced in a large size, though this is usually pre-
ferred from cost point of view. In order to lower the35

tolerance, the following two measures can be taken.

• The scintillator tile manufacturing starts with
a 6mm thickness sheet. One of the large sur-
face (87×29.4mm2) is planed down to 5mm
with a diamond mill machine, by which a much40

better tolerance (<1%) is achieved. Drawbacks
of this option are an increase of material cost (if
the cost is proportional to the volume, it will be
about 20%), an increase of manufacturing cost
and on top of those an optical quality of the45

milled surface can be lower than the original
casted surface.

• We purchase the scintillating material with
5mm thickness but in a batch of small sizes. A
material producer will have a better control of50

the thickness. In addition we ask the material
producer to perform a 5-point thickness mea-
surement (4 corners and middle) and to provide

us only those that fulfil our requirement. This
option also has a drawback of increasing cost.

Both options are compared carefully including cost
estimates. We concluded that the second option fits
better to the needs of this project. 5

Railboards production, namely manufacturing of
the 2460×180mm2 multilayer PCB board and im-
plementation of MMCX connectors and FEE on it,
is also outsourced.

An assembly of super-module is then to insert 60 10

dual-modules onto the railboard with MMCX con-
nectors. This requires minimal manpower and time.
Once the super-module is fully assembled, all read-
out channel are powered and signal are examined by
using the embedded LED calibration system, cos- 15

mic rays and radioactive sources, with the data ac-
quisition software. This task will be shared by SMI
and Erlangen.

A completed super-module will be transported to
GSI and will be tested in order to assure there is no 20

damage during the transportation. After this, the
super-module is considered ready to be mounted in
the support structure (Fig. 4.1). The Barrel TOF
super-module installation into the barrel-shaped
support structure is done in coordination with the 25

Barrel DIRC group.

7.4 Cost

The estimated cost of the construction of the
PANDA Barrel TOF counter is about 0.45Me . The
cost of scintillator tile includes cutting and pol- 30

ishing, wrapping with reflective aluminised-myler
foil and a light-tight black sheet, as well as glu-
ing sensor-boards. Construction of dual-module
is, therefore, largely outsourced. An extra cost of
starting with a 6mm thick sheet for a better thick- 35

ness tolerance is included. The SiPM model in
the cost table refers to S13360-3050PE. All com-
ponents includes 10% of additional units as spares.
These fabrication costs were calculated based on
budgetary quotes obtained in the summer of 2016. 40

Cost of water pumps for water cooling and cost of
additional LED calibration system are not included.

7.5 Safety

The design and construction of the Barrel TOF, in-
cluding the infrastructure for its operation, will be 45

performed according to the safety requirements of
FAIR and the European and German safety rules.
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Detailed procedures for the assembly, installation,
and operation of the Barrel TOF will be provided to
ensure personnel safety and the integrity of the Bar-
rel TOF components and avoid interference with
other parts of the PANDA experiment. There are5

no hazardous gases or flammable components in the
Barrel TOF design. One of the primary hazards is
bias voltage. Depending on the connection scheme
we finally chose, the bias voltage can be up to ∼
240V.10

All electrical equipment in PANDA will comply
with the legally required safety code and concur
to standards for large scientific installations fol-
lowing guidelines worked out at CERN to ensure
the protection of all personnel working at or close15

to the components of the PANDA system. Power
supplies will have safe mountings independent of
large mechanical loads. Hazardous voltage supplies
and lines will be marked visibly and protected from
damage by nearby forces. All supplies will be pro-20

tected against over-current and over-voltage and
have appropriate safety circuits and fuses against
shorts. DC-DC converters have to be cooled to
avoid overheating and the power supply cables will
be dimensioned correctly to prevent overheating.25

All cabling and optical fibre connections will be ex-
ecuted with non-flammable halogen-free materials
according to up-to-date standards. A safe ground-
ing scheme will be employed throughout all electri-
cal installations of the experiment. Smoke detectors30

will be mounted in all appropriate locations.
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