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Preface

PANDA (anti-Proton ANnihiliation at DArmstadt) is planned to
be one of the four main experiments at the future international ac-
celerator complex FAIR, (Facility for Antiproton and Ion Research)
in Darmstadt, Germany. It is going to address fundamental ques-
tions of hadron physics and quantum chromodynamics using cooled
antiproton beams with a high intensity and and momenta between
1.5 and 15 GeV/c. PANDA is designed to reach a maximum lumi-
nosity of 2 x 1032 cm™2s. Most of the physics programs require an
excellent particle identification (PID). The PID of hadronic states
at the forward endcap of the target spectrometer will be done by a
fast and compact Cherenkov detector that uses the detection of in-
ternally reflected Cherenkov light (DIRC) principle. It is designed
to cover the polar angle range from 5° to 22° and to provide a sep-
aration power for the separation of charged pions and kaons up to
3standard deviations (s.d.) for particle momenta up to 4 GeV/c in
order to cover the important particle phase space. This document
describes the technical design and the expected performance of the
novel PANDA Disc DIRC detector that has not been used in any
other high energy physics experiment (HEP) before. The perfor-
mance has been studied with Monte-Carlo simulations and various
beam tests at DESY and CERN. The final design meets all PANDA
requirements and guarantees sufficient safety margins.

vii
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1 Executive Summary

The PANDA Experiment

PANDA [1] will be one of the main experiments for
the new international accelerator complex FAIR (Fa-
cility for Antiproton and Ion Research) in Darm-
stadt, Germany. A stored and cooled antiproton
beam of 1.5 - 15 GeV/c momentum, colliding with
a fixed proton or nuclear target, will allow for high
luminosity hadron production and formation ex-
periments. The annihilating baryons will produce
new particles at high rate and with various quan-
tum numbers, giving insight into the properties of
mesons and baryons and the strong interactions
of quarks and gluons. Recently discovered new
hadronic states, especially the Z% (4430) [2], which
is most likely an exotic state, will be mapped out
in detail and searches for other exotic matter, espe-
cially glueballs, will be performed.

To cope with high production rates and complex
hadronic final states, a 47 detector is designed with
excellent tracking, calorimetry, and particle identi-
fication. It will be read out in a triggerless mode.
The importance of the charm quark sector for the
study of exotic states requires the use of the PANDA
electromagnetic calorimeter for photon detection,
the micro vertex detector for the measurement of
sub-mm decay lengths, and the positive identifica-
tion of charged kaons.

The identification of charged particles is imple-
mented in three angular regions: The region of
the barrel EMC (polar angles 22° - 140°) will be
equipped with a Barrel DIRC (where DIRC stands
for Detection of Internally Reflected Cherenkov
light) [3]; the endcap EMC region (5° - 22°) with the
Endcap Disc DIRC (EDD) described here, and the
very forward region (< 5°) with an aerogel RICH
detector downstream of the forward spectrometer.
In addition time-of-flight counters are provided for
low momentum particle identification. Muons will
be identified by a dedicated muon detection system
which also serves as a hadronic calorimeter.

A compact, fast Disc DIRC

This document describes the proposed EDD for
PANDA. The requirement is to positively identify
kaons in the momentum range of 1 - 4 GeV/c, i.e. to
separate kaons from pions and protons. Muons are
identified in muon chambers.

DIRC detectors make use of internally reflected
Cherenkov light in a solid state radiator. Here a
transparent fused silica plate of 20 mm thickness is
employed. The photons are read out at the rim of
the plate. This design makes DIRC detectors very
thin, usually just a few centimeters, whereas other
RICH detectors typically occupy an order of magni-
tude more space along the path of the detected par-
ticles. The EDD is significantly more economic than
a RICH design as the forward endcap EMC and the
complete forward spectrometer can be moved closer
to the interaction point. Therefore, the transverse
size of the subsequent detectors can be reduced.

More than 10 years of R&D have been invested into
the current, novel design of a Disc DIRC. Several
versions have been investigated in order to mini-
mize cost and to maximize performance. The EDD
will be the first Disc DIRC in a physics experiment.
The PANDA requirements of the EDD are at the
limit of today’s technology. A major challenge is the
readout of individual Cherenkov photons with high
detection efficiency and at high rates in an environ-
ment with large background, high radiation dose,
tight spatial constraints, and a large magnetic field.
Only recently the technology of microchannel-plate
photomultipliers (MCP-PMTs) has advanced such
that the proposed EDD becomes feasible.

The EDD design uses a very limited number of com-
ponent types, has a modular structure, a rigid op-
tical setup, and can be fabricated by external com-
panies to a large extend. This way, we aim to
achieve a stable and reliable operation even with a
limited manpower during construction, operation,
and maintenance. The EDD consists of four iden-
tical quadrants, each of them is a fully functional
PID detector that is mechanically, optically, and
electronically separated from the other quadrants.
A common holding cross aligns the quadrants me-
chanically. It is mounted on the holding structure
of the forward endcap EMC.

The Quadrant

Each quadrant consists of a radiation hard, preci-
sion polished synthetic fused silica plate that forms
the active area of the detector. Charged particles
that traverse the radiator produce Cherenkov light.
About half of the Cherenkov photons undergo mul-
tiple total reflections off the surfaces until they leave
the plate at the outer rim. Attached to the rim



are light guide bars and focusing elements (FELSs)
which guide and focus the photons onto position-
sensitive MCP-PMTs. The position registered by
the photon sensor in the focal area of the FEL is
used to extract the Cherenkov angle and, thus, the
velocity of the particle that traverses the radiator.
The precise timing of the MCP-PMT signal relative
to the timing of other photons is used to separate
the signal from background and to disentangle the
photon pattern with different numbers of reflections
at the rim of the radiator plate.

The radiator plate is an irregular hexagon and has
three outer edges which are equipped with eight op-
tical readout modules (ROMs) each. A ROM con-
sists of an MCP-PMT, three FELs, and three con-
necting light guide bars. The radiator, the light
guide bar, and the focusing element are optically
bonded with high precision and form a rigid me-
chanical unit.

The Readout Module

Each of the 96 ROMs of the EDD is a separate
readout unit. The MCP-PMT which is attached
to each ROM has an anode structure with at least
3 x 100 pixels. The pixels with a pitch of not more
than 0.5 mm measure the Cherenkov angle. The
three columns are assigned to the three light guide
bars and constitute the azimuthal resolution of the
EDD. Each MCP-PMT anode surface is attached to
a small PCB that holds several ASICs (Application
Specific Integrated Circuits) which discriminate and
digitize the analog MCP-PMT signals. A front-end
board contains the low voltage control and concen-
trates the data from the ASICs onto an optical fiber
link which brings the signals out of the experimental
area to the PANDA DAQ system.

Major Components

The detector consists of 4 identical rigid opti-
cal units (radiator and FELs) in a common rigid
mechanical frame and 96 identical opto-electronic
readout modules calles ROMs (consisting of three
FELs, MCP-PMT with front-end electronics, and
an optical fibre). The specifications of the elements
present a challenge. The critical items are the op-
tical elements, the MCP-PMTs, and the readout
electronics.

The optical elements will be manufactured by suit-
able optical companies according to the specifica-
tions. The assembly and the quality control will
partly be done by the Cherenkov group in dedicated
optical labs and by companies.

1 EXECUTIVE SUMMARY

Until recently, MCP-PMTs had a very limited life-
time due to degradation effects of the photocathode
after large exposure. New developments by several
companies solved the lifetime problem to the extent
that today’s MCP-PMTs can stand integrated an-
ode currents of more than 15C/cm? [4]. In our de-
sign the integrated charge will be limited by adding
an optical band or long-pass filter in front of the
MCP-PMTs to reduce the incident photon rate.
Current developments also provide an option where
the sensitivity of the MCP-PMT photocathodes is
shifted towards higher wavelengths. The drawback
of the reduced photon statistics is partially compen-
sated by a reduction of the dispersion effects on the
photon patterns. Currently, three companies are
developing MCP-PMTs with the required spatial
resolution. First prototypes have been developed
and are currently being evaluated.

The heart of the front-end electronics is a modi-
fied version of the TOFPET ASIC [5]. This com-
mercially available ASIC is suitable for our appli-
cation concerning charge sensitivity, rate, and time
resolution. In a common effort of several PANDA
groups the chip is modified for PANDA applications.
The same chip is planned to be used for the Barrel
Time-of-Flight detector[6] and a similar version of
the chip is planned for the MVDI7]. In all cases the
digital part of the chip needs modifications which
are currently being designed and tested.

Performance

Different versions of the EDD have been studied in
detailed simulations and a sophisticated pattern re-
construction program has been developed where the
particle type can be determined from time-ordered
photon signals of the MCP-PMT anodes using like-
lihood methods. All known effects of the optical
transmission including focusing, scattering, absorp-
tion, quantum efficiencies of the photocathode, and
degradation of the surfaces are included in the sim-
ulation. Minimum bias events at full PANDA lumi-
nosity and dark count rates of the MCP-PMTs have
been included. The optimized version of the EDD
shows a performance that meets the requirements
of PANDA. The design will deliver the required sep-
aration power between pions and kaons in most of
the phase space for momenta up to 4 GeV/c.

Lab and Beam Tests

The individual optical and electronic components
of the EDD have been tested intensively in the lab.
Small-scale prototypes have been evaluated success-
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fully in test beam experiments. At mixed hadron
beams at CERN the capabilities of the EDD have
been demonstrated by providing a clean separation
for pions and protons at 3 GeV /c on a single photon
level. Furthermore, it was shown that the measured
single photon resolutions and the number of de-
tected Cherenkov photons agree with Monte Carlo
simulations.
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2 The PANDA Experiment and its

Concept

(@4

PID

2.1 The PANDA Experiment

2.1.1 The Scientific Program

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

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

e the investigation of states that are assumed
to have more exotic configurations like multi-
quark states, charmed hybrids and glueballs;

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

e the ~-ray spectroscopy of hypernuclei, in par-
ticular double-A states.

In charmonium spectroscopy, for example, theoret-
ical calculations differ significantly above the DD
threshold and do not properly predict several re-
cently discovered states. Experimentally, a fair
number of states and their properties at higher en-
ergy are not well established.

Charmonia states have been observed in eTe™ inter-
actions as well, where only 1™~ states are directly
formed, which limits the number of resonances that
can be accurately scanned by ramping the acceler-
ator energy. In pp reactions more meson states can
be directly formed, and an excellent mass resolu-
tion of 0 =20keV allows an accurate determination
of the width of a resonance.

Further states (spin exotics) can be studied using
the production mechanism.

2.1.2 High Energy Storage Ring

The combination of the High Energy Storage Ring
(HESR) and PANDA aims at both high reaction
rates and high resolution to be able to study rare
production processes and small branching ratios.
With up to 10'! stored antiprotons for beam mo-
menta from 1.5 to 15GeV/c and high density tar-
gets the anticipated antiproton production rate of
2107 s7! governs the experiment interaction rate

PLINAC
b

> Experimentierhalia 1

Super - FRS

!
| NESR

Figure 2.1: Schematic of the future FAIR layout incor-
porating the current GSI installations on the left; on the
right the future installations, among them the SIS 100
synchrotron, the storage and cooler ring complex in-
cluding CR and HESR, and the Super FRS experiments
(reproduced from [3]).

in the order of cycle-averaged 1107 s~!. The stored
antiprotons do not have a bunch structure, and with
10-20% allocated to a barrier bucket, the antipro-
tons are continuously spread over 90-80% of the
HESR circumference.

Figure 2.2: The HESR ring with the PANDA exper-
imental area at the bottom (marked in red) and the
electron cooler installation at the top. Standard oper-
ation has the antiproton injection from RESR (during
the modularized startup phase from CR) from the left.
Protons may be incected at reversed field polarities.

Two complementary operating modes are planned,
named high luminosity and high resolution. The
high luminosity mode with a momentum resolution
of Ap/p = 107*, stochastic cooling and a pellet tar-
get density of 4-10'° cm~2 will have a luminosity of
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L=2-10%cm2s~!. For the high resolution mode
Ap/p = 4-107° will be achieved with electron cool-
ing for momenta up to p = 8.9 GeV/c. This mode
will operate in conjunction with a cluster jet target
to limit the energy broadening caused by the tar-
get. The cycle-averaged luminosity is expected to
be L=1-103" cm—2s~ .

2.1.3 Targets

The PANDA Target Spectrometer is designed to al-
low the installation of different targets [1, 4]. For
hydrogen as target material both Cluster Jet and
Pellet Targets are being prepared. A major tech-
nical challenge is the distance of 2.5 m between the
target generation and the accelerator beam and the
distance of 5m between the target generation and
the target dump.

The cluster jet should give a constant thickness as
a function of time whereas a pellet beam with its
granular structure may give density variations on
the 10 — 100 us timescale. The cluster jet gives
a larger interaction region and is anticipated to
cause more background gas than the pellets for sim-
ilar target thickness, the latter according to results
from comparative studies made at CELSIUS and at
COSY.

An extension of the targets to heavier gases such as
deuterium, nitrogen or argon is planned for comple-
mentary studies with nuclear targets.

2.1.4 Luminosity Considerations

The luminosity is proportional to the number of
stored antiprotons and is limited by the antiproton
production rate. To first approximation the cycle
averaged reaction rate should equal the antiproton
production rate. Due to injection time and dump-
ing of beam particles at the end of a cycle the time
averaged reaction rate will be lower. Figure 2.3 il-
lustrates beam preparation periods with target off
and data taking periods with target on. The red
curve shows the luminosity at constant target thick-
ness which is proportional to the decreasing number
of antiprotons during data taking. Measures to im-
plement a target density increasing with time are
studied in order to achieve constant luminosity.

Some variations of the instantaneous luminosity on
short time scales of milliseconds and below will oc-
cur due to the target. The newly developed PANDA
cluster jet target is expected to give small varia-
tions. In the case of a pellet target, variations of
the instantaneous luminosity may occur. These are
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Figure 2.3: Time dependent macroscopic luminos-
ity profile L(t) in one operation cycle for constant
(solid red) and increasing (green dotted) target density
Ptarget [D]. Different measures for beam preparation are
indicated. Pre-cooling is performed at 3.8GeV/c. A
maximum ramp of 25m7T /s is specified for beam ac-
/deceleration.

depending on antiproton beam profile, pellet size
and distributions of pellet velocity and spacing be-
tween pellets.

The design goal of the pellet target in high lumi-
nosity (PHL) mode is to always have more than 10
small pellets (with diameters | 10 um) in the beam
region. In this mode, the velocity spread is not
very crucial and one could have a stochastic time
distribution of pellets. This would cause luminosity
variations below 30% [4].

In pellet tracking (PTR) mode the pellet velocity
spread should be below the per cent level for highly
effective tracking. In this mode there will most of
the time be only one pellet in the interaction region
and its position will be known with high accuracy.
At the pellet tracking development station (UPTS),
the velocity spread is a few per mille and for this
case only occasionally there would be two or more
pellets in the beam region [4].

Target density fluctuations and background level
will be taken into account when optimizing target
settings in order to avoid that the maximum total
interaction rate will exceed the 10 MHz mark.

2.2 The PANDA Detector

Figure 2.4 shows the PANDA detector as a partial
cut-out. PANDA is a fixed target experiment and
consists of two parts, the Target Spectrometer and
the Forward Spectrometer. The antiproton beam is
scattered off a pellet or cluster jet target. PANDA
will be measuring pp reactions comprehensively and
exclusively, which requires simultaneous measure-
ments of leptons and photons as well as charged
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Figure 2.4: Side view of PANDA with the target spectrometer (TS) on the left side, and the forward spectrometer
(FS) starting with the Dipole magnet center and right. The antiproton beam enters from the left.

and neutral hadrons, with high multiplicities.

The physics requirements for the detectors are:

e cover the full solid angle of the released parti-
cles,

e detect the momenta of the charged reaction
products,

e measure the energy of photons,

e measure decay vertices of strange and charm
particles,

e identify particle types over the full range of mo-
menta of the reaction products.

2.2.1 Target Spectrometer

The Target Spectrometer components, subdivided
into backward endcap, barrel and forward endcap
regions, are housed within the yoke of a supercon-
ducting solenoid magnet [6]. The Target Spectrom-
eter is almost hermetically sealed to avoid solid an-
gle gaps and provides little spare space inside. Parts
of the return yoke iron are laminated to allow the
insertion of muon detectors into the gaps. Most
components are located inside the magnetic field of
the solenoid magnet.

The silicon microvertex detector (MVD) [7] closely
abuts the beam pipe surrounding the target area.

It provides secondary vertex sensitivity for particles
with decay lengths on the order of 100 um.

The central tracker features the straw tube tracker
and several GEM tracking stations in the forward
endcap part [5].

Two detectors of internally reflected Cherenkov
light (DIRC) are to be located with the target spec-
trometer. The possibility of using thin radiators
and placing the readout elements outside the accep-
tance favors the use of DIRC designs as Cherenkov
imaging detectors for PID.

The lead tungstate (PWO) crystals of the electro-
magnetic calorimeters (EMC) [8] are read out with
avalanche photo diodes (APD) or vacuum pentodes.
Both, the crystal light output and the APD perfor-
mance improve with lower temperature. Thus, plan
is to operate the EMC at T =-25°C.

2.2.2 Forward Spectrometer

The Forward Spectrometer angular acceptance has
an ellipsoidal form with a maximum polar angle of
+10 degrees horizontally and +5 degrees vertically.

A dipole magnet is located at the most upstream
part of the Forward Spectrometer to provide bend-
ing power with a vertical B-field. The majority of
the detector systems (the exception being tracking
sensors) are located downstream and outside the
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dipole magnet.

An aerogel RICH detector will be located be-
tween the dipole magnet and the Forward EMC.
A Time-of-Flight wall covers slow particles below
the Cherenkov light threshold.

In the Forward Spectrometer, a Shashlyk type
electromagnetic calorimeter (scintillator fibers in a
lead matrix) is followed by a scintillator-absorber-
sandwich hadron calorimeter.

2.2.3 Data Acquisition

The data flow and processing is geometrically sep-
arated into the front-end electronics (FEE) located
with the actual detector subsystems and comprises
analog electronics, digitization, and (depending on
subsystem) a first data concentrator stage.

After data transmission via optical fiber links the
data acquisition (DAQ) is located in the Count-
ing House, where the online analysis and data con-
centration (a factor 1000 according to the current
paradigm) is handled before the data is sent to stor-
age.

The overall data acquisition setup will have to
cope with peak rates above the mean data rate of
~200GB/s. Bursts on different timescales are due
to antiproton beam time structure, target density
fluctuations (in case of pellet target) and luminosity
decrease during the HESR operation cycle.

2.2.4 Infrastructure

The PANDA detector is located underground in
an experimental hall, encased in smaller tunnel-
like concrete structures, partially fixed, partially
made of removable blocks. Most subsystems con-
nect their FEE-components via cables and tubes
placed in movable cable ducts to the installations in
the counting house, where three levels are planned
to accommodate cooling, gas supplies, power sup-
plies and electronics. Electronic racks for only a few
subcomponents will be placed directly next to the
Target Spectrometer.

The EDD’s FEE and digitization will be located
inside the solenoid yoke of the target spectrometer.
Cooling, low and high voltage, a nitrogen flow sys-
tem and a laser calibration system will be supplied
from the counting house.

2.3 The Particle ldentification
System

The charged particle identification (PID) will com-
bine time-of-flight, tracking, dE/dx and calorime-
try information with the output from imaging
Cherenkov detectors.

The individual PANDA subsystems contributing to
the PID and the combination into global PID infor-
mation have been reviewed in the PID-TAG-report
[9]. The contents relevant for this EDD-TDR is in-
cluded below.

2.3.1 Tracking Detectors

Tracking information provides input to the DIRC
analysis, as the Cherenkov angle is measured be-
tween the Cherenkov photon direction and the ver-
tex of the radiating particle.

Tracking Detectors like the MVD and ST'T also pro-
vide information as the mean energy loss of charged
particles per unit length depends on the velocity
rather than the momentum. It is usually referred to
as dE/dx and is described by the Bethe Bloch equa-
tion which depends on the velocity rather than the
momentum of the charged particle. The dE/dx con-
tributes to low energy PID at typically p <1GeV/c
(see Figure 2.5).

Several GEM detector stations of the PANDA Tar-
get Spectrometer provide tracking information for
the forward and endcap polar angles. The tracking
information with an accuray of o~ 1mrad enters
into the analysis of the EDD.

2.3.2 EM Calorimeter

In the PANDA Target Spectrometer high precision
electromagnetic calorimetry is required for a large
energy range from a few MeV up to several GeV
[8]. Lead-tungstate is chosen for the calorimeters
in the target spectrometer due to its good energy
resolution, fast response and high density, allowing
a compact setup.

In addition to photon detection, the EMC is also
the most powerful detector for the identification of
electrons. The identification and measurement of
this particle species will play an essential role for
the physics program of PANDA.

The stopping power of an electromagnetic calorime-
ter is different for electrons, muons and hadrons.
‘While muons and hadrons loose only a certain frac-
tion of their kinetic energy by ionization processes,
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Figure 2.5: Energy loss by a 40% truncated mean algorithm for various particles versus the reconstructed
momentum (left) and corresponding separation power (right) in the STT detector [9].
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Figure 2.6: Simulated E/p versus track momentum
for electrons (green) and pions (black) in the momentum
range between 0.3 GeV/c and 5 GeV /c typical for Barrel
and Endcap EMC [8, 9].

electrons deposit their complete energy in an elec-
tromagnetic shower. The ratio of the measured en-
ergy deposit in the calorimeter to the reconstructed
track momentum (E/p) will be approximately one.
Due to the fact that hadronic interactions within
the crystals can take place, hadrons can have a
higher E/p ratio than expected from ionization.
Figure 2.6 shows the reconstructed E/p fraction for
electrons and pions as a function of momentum.

Furthermore, the shower shape of a cluster is help-
ful to distinguish between electrons, muons and
hadrons. Since the size of the crystals corresponds
to the Moliere radius of lead tungstate, the largest
fraction of an electromagnetic shower originating
from an electron is contained in a few crystals. A
hadronic shower with a similar energy deposit has
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Figure 2.7: Zernike moment z31 for electrons, muons
and hadrons [8].

smaller lateral extension. The differences are re-
flected in the shower shape of the cluster, which
can be characterized by single crystal to sum en-
ergy ratio, the lateral cluster moment and Zernike
moments. Figure 2.7 shows the different distribu-
tions for the Zernike moment z31.

The crystal calorimeters of the Target Spectrometer
are complemented in the forward direction with the
shashlik type sampling calorimeter of the Forward
Spectrometer consisting of 1404 modules of 55 x 55
mm? cell size covering 2.97 x 1.43 m?2.

2.3.3 Cherenkov Detectors

The endcap part of the Target Spectrometer cov-
ers forward angles up to ¥ = 22°, excluding an
inner elliptical acceptance of ¥, = 10° horizontal
and ¥, = 5° vertical half-angles. The Endcap Disc
DIRC (EDD) is will be located here.



10

A second DIRC, the Barrel DIRC covers the angular
range from 9 = 22° to 140°. The design [10] is based
on the DIRC of the BaBar experiment [11].

An aerogel RICH detector will be located between
the dipole magnet and the Forward EMC. Its design
can be similar to the RICH detector in HERMES
at DESY [12], possibly using four curved mirrors
instead of two or a pure proximity focusing design
using flat mirrors.

2.3.4 Time-Of-Flight Detectors

In the Forward Spectrometer a time-of-flight (TOF)
measurement is planned that covers slow particles
below the Cherenkov light threshold. For the target
spectrometer, a scintillator based TOF system with
a SiPM readout is foreseen.

2.3.5 Muon Detection

The return yoke for the solenoid magnet in the
PANDA Target Spectrometer is laminated to ac-
commodate layers of muon detectors. They form
a range stack, with the inner muon layer being able
to detect low energy muons. The cumulated iron
layer thickness in front of the outer layers provide
sufficient material to stop the high energy pions pro-
duced in PANDA.

2.3.6 Combined PID

The particle identification (PID) capability of sev-
eral subsystem combinations (different tracker de-
signs, with or without TOF, etc.) has been studied
in the PID-TAG working group. The combined PID
performance for particle pairs of (e, u, w, K, p) were
presented in [9].
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