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This document forms part of the PANDA Technical Design Report and covers the cluster-jet and
the pellet targets. The former one is already fully developed and will be the day-1 PANDA target for commissioning and medium luminosity experiments. Higher effective target densities can
be achieved with a frozen pellet target including a pellet tracking system for vertex reconstruction.
The technical design of the pellet generator will be described in a forthcoming appendix to this document.
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Università di Trieste and INFN Sezione di Trieste, Trieste, Italy
R. Birsa, F. Bradamante, A. Bressan, A. Martin
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1

1 Executive Summary
Further requirements result from other signals of interest: final states with muons occur in J/ψ decays,
semi-leptonic charm meson decays and the DrellYan process. Measuring wide angle Compton scatPANDA is a next generation hadron physics detec- tering requires detection of high energy photons.
tor planned to be operated at the future Facility for Investigating hypernuclei requires the detection of
Antiproton and Ion Research (FAIR) at Darmstadt, hyperon cascades. The measurement of proton form
Germany. It will use cooled antiproton beams with factors relies on an efficient e± identification and
a momentum between 1.5 GeV/c and 15 GeV/c in- discrimination against pions.
teracting with various internal targets.
For the reconstruction of invariant masses a good
At FAIR the antiprotons will be injected into momentum resolution in the order of δp/p ∼ 1 % is
HESR, a slow ramping synchrotron and storage ring desirable. Low cross-section processes and precision
with excellent beam energy definition by means of measurements lead to a high rate operation at up
stochastic and electron cooling. This allows to mea- to 20 million interactions per second. To perform
sure masses and widths of hadronic resonances with several measurements in parallel an efficient event
an accuracy of 50 − 100 keV, which is 10 to 100 selection is needed.
times better than achieved in any e+ e− -collider experiment. In addition states of all quantum numbers can be directly formed in antiproton-proton
annihilations whereas in e+ e− -collisions states with General Setup
quantum numbers other than J P C = 1−− of a virtual photon can only be accessed by higher order To achieve almost 4π acceptance and good momenprocesses with corresponding lower cross section of tum resolution over a large range, a solenoid magproduction reactions with much worse mass resolu- net for high pT tracks (target spectrometer) and a
tion. In the PANDA experiment, the antiprotons dipole magnet for the forward-going reaction prodwill interact with an internal target, either a hydro- ucts (forward spectrometer) are foreseen (Fig. 1.1).
gen cluster-jet or a high frequency frozen hydrogen The solenoid magnet is super-conducting, provides
pellet target, to reach a peak luminosity of up to a field strength of 2 T and has a coil opening of
2 × 1032 cm−2 s−1 . For reactions with heavy nuclear 1.89 m and a coil length of 2.75 m. The target
targets thin wires or foils are inserted in the beam spectrometer is arranged in a barrel part for angles
halo.
larger than 22◦ and an endcap part for the forward
◦
◦
The experiment is focusing on hadron spectroscopy, range down to 5 in the vertical and 10 in the horin particular the search for exotic states in the izontal plane.

1.1 The PANDA Experiment

charmonium mass region, on the interaction of
charmed hadrons with the nuclear medium, on
double-hypernuclei to investigate the nuclear potential and hyperon-hyperon interactions as well as on
electromagnetic processes to study various aspects
of nucleon structure.

The dipole magnet has a field integral of up to 2 Tm
with a 1.4 m wide and 70 cm high opening. The forward spectrometer covers the very forward angles.

Both spectrometer parts are equipped with tracking, charged particle identification, electromagnetic
calorimetry and muon identification. To operate
From these goals a list of physics benchmarks can the experiment at high rate and with different parbe derived defining the requirements for the PANDA allel physical topologies a self-triggering readout
detector system. For precision spectroscopy of char- scheme was adopted. The front end electronics
monium states and exotic hadrons in the charmo- continuously digitizes the detector data and aunium region, full acceptance is required to perform tonomously finds valid hits. Physical signatures like
a proper partial wave analysis. Final states with energy clusters, tracklets or ringlets are extracted
many photons can occur, leading to a low pho- on the fly. Compute nodes make a fast first selecton threshold as a central requirement for the elec- tion of interesting time slices which then is refined
tromagnetic calorimeters. To reconstruct charmed with further data in subsequent levels. Data logging
mesons, a vertex detector and the identification of happens only after online reconstruction. This alkaons is necessary.
lows full flexibility in applying selection algorithms

2

PANDA - Target TDR, March 2012

Target Spectrometer

Muon Detectors

Forward Spectrometer
Dipole Magnet
Forward RICH

Superconducting Solenoid
Electromagnetic Calorimeters
GEM
DIRC
Central Tracker
p-Beam

Drift Chambers

Muon/Hadron ID

Micro Vertex Detector

Figure 1.1: Overview of the PANDA spectrometer.

based on any physics signatures detectable by the tube chambers with a tube diameter of 1 cm will
spectrometer.
be employed.
In addition physics topics with identical target and
beam settings can be treated in parallel.
Particle Identification
Tracking detectors
The silicon vertex detector consists of two inner layers of hybrid pixel detectors and two outer layers
with silicon strip detectors. The pixel layers consist
of a silicon sensor coupled to a custom-made selftriggering readout ASIC realized in 0.13 µm CMOS
with 100×100 µm2 pixel size and cover 0.15 m2 with
10.3 × 106 channels. The strip part is based on
double-sided silicon strips read by a self-triggering
128-channel ASIC with discriminator and on-chip
digitization and covers 0.5 m2 with 1.7 × 105 channels.

Charged particle identification is required over a
large momentum range from 200 MeV/c up to almost 10 GeV/c. Different physical processes are
employed.

The main part of charged particles is identified by
various Cherenkov detectors. In the target spectrometer two detectors based on the detection of
internally reflected Cherenkov light (DIRC) are under design, one consisting of quartz rods for the
barrel region, the other one in shape of a disc for
the forward endcap. Novel readout techniques are
under study to achieve correction or compensation
For the tracking in the solenoid field low-mass straw of dispersion in the radiator material. In the fortubes arranged in straight and skewed configura- ward spectrometer a ring imaging Cherenkov detion are foreseen. The straws have a diameter of tector with aerogel and C4 F10 as radiators has been
1 cm and a length of 150 cm and are operated with foreseen.
Ar/CO2 at 1 bar overpressure giving them rigidity Time of flight can be partly exploited in PANDA,
without heavy support frames.
since no dedicated start detector is available. HowTracks at small polar angles (5◦ < θ < 22◦ ) are ever timing detectors based on fast plastic scintilmeasured by large planar GEM detectors. Further lators will hermetically cover the interaction point.
downstream, in the forward spectrometer, straw These detectors will measure track timing relatively
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with time resolution in the order of 100 ps allowing a very fast recognition of event topology. A
hodoscope consisting of 5500 fast scintlllator tiles
(SciTil) is mounted directly to the outer surface of
the barrel DIRC. Very similar tile hodoscopes will
cover both the backward and the forward end-cap
calorimeter allowing also to discriminate between
charged and neutral particles. A scintillator wall
consisting of large scintillator panels is mounted behind the dipole magnet closing the 4pi geometry of
event time-stamping
The energy loss within the trackers will be employed
as well for particle identification below 1 GeV/c
since the individual charge is obtained by analog
readout or time-over-threshold measurement.
The detection system is complemented by muon
detectors based on drift tubes located inside the
segmented magnet yoke, between the spectrometer
magnets and at the end of the spectrometer. Muon
detection is implemented as a range system with interleaved absorbing material and detectors to best
distinguish muons from pions in the low momentum
range of PANDA.

Calorimetry
In the target spectrometer high precision electromagnetic calorimetry is required over a large energy
range from a few MeV up to several GeV. Leadtungstate is chosen for the calorimeters in the target spectrometer due to its good energy resolution,
fast response and high density, allowing a compact
setup.
Good identification and reconstruction of multiphoton and lepton-pair channels are of utmost importance for the success of the PANDA experiment.
Low energy thresholds and good energy and spatial
resolution are important assets to achieve high yield
and good background rejection. Due to the high luminosity, fast response and radiation hardness are
additional requirements which have to be fulfilled.
To achieve the required very low energy threshold,
the light yield has to be maximized. Therefore improved lead-tungstate crystals are employed with a
light output twice as high as used in CMS. These
crystals are operated at −25◦ C which increases the
light output by another factor of four. In addition, large area APDs are used for readout, providing high quantum efficiency and an active area
four times larger than used in CMS.
The largest sub-detector is the barrel calorimeter
with 11360 crystals of 200 mm length. In the backward direction 592 crystals provide hermeticity at

worse resolution due to the presence of readout and
supply lines of other detectors. The 3600 crystals
in the forward direction face a much higher range of
particle rates across the acceptance of the calorimeter in the forward endcap. A readout with vacuum
phototriodes is foreseen to be able to safely operate at the higher particle rates and correspondingly
higher radiation load.
The crystal calorimeter is complemented in the
forward spectrometer with a shashlik type sampling calorimeter consisting of 1404 modules of
55 × 55 mm2 cell size covering 2.97 × 1.43 m2 .
Internal Targets
This document presents the details of the technical
design of the cluster-jet target for the PANDA experiment. It also contains the status of design for a
frozen pellet target and the design ideas of a pellet
tracking system for finding event vertices.
The requirements for the PANDA internal target are
manifold. The most severe limitation comes from
the requirement of being a very dilute and localized clump of matter within the ultra-high vacuum
of a storage ring.The overall area density of target
material corresponds to a monolayer of atoms. In
case of a gaseous target material which is being described here the use of even the thinnest windows
is prohibited. A solution for that can be realized by
a jet of nano- to micro-sized condensed matter particles (clusters, droplets or pellets) traversing the
stored antiproton beam. The optimal choice of the
target density is bound by limiting the consumption rate to the antiproton production rate. This
requirement limits the integrated luminosity L for
the experiment. At present the design goal amounts
2
to L = 4 × 1015 atoms/cm . Of course homogenous
volume target density, and absence of time structure are basic requirements. The adjustment of this
target density while the stored antiprotons are consumed in between refilling cycles of the HESR will
be very helpful for very stable data taking conditions. The interaction point in a cluster-jet target
can only be defined transversely through the focal
size of the stored beam. Longitudinally the reaction
may take place anywhere along the intersection between beam and cluster stream which typically will
give about 10 mm uncertainty for the vertex position. In contrast, a pellet target operated in not
too high frequency mode may allow to measure the
interaction point up to 100 µm precision using an
optical pellet tracking system.
Table 1.1 presents an overview of the properties of
the cluster-jet and pellet target for PANDA. The
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effective target thickness
target thickness adjustable
volume density distribution
size transversal to p beam
size longitudinal to p beam
target particle size
mean vertical particle distance
target material

cluster target
1 × 1015 atoms/cm2
yes (0–max)
homogeneous
2–3 mm
15 mm
nm scale
≤ 10 µm
H2 , D2
heavier gases optional

pellet target
5 × 1015 atoms/cm2
yes (by reduction of pellet rate)
granular
≤3 mm
≤3 mm
20 µm
2–20 mm
H2 , D2 , N2 ,Ar
heavier gases optional

Table 1.1: Overview of the properties of the cluster-jet and pellet target beam for PANDA. The data are based
on already achieved results.

data are based on already achieved results. Moreover, due to current intensive experimental efforts
further improvements are expected for the near future.

1.2 Internal Targets
1.2.1 Cluster-Jet Target
The cluster-jet beam for the internal target in the
HESR is produced by expansion of pre-cooled gas
in a convergent-divergent Laval-type nozzle with
micron-sized throat into vacuum. During the passage of the gas through the nozzle the gas adiabatically cools down and forms a supersonic stream of
atoms or molecules. Under appropriate conditions,
depending on the type of gas, condensation can take
place and nano-particles, the so-called clusters, are
created. The size of such clusters is strongly influenced by the experimental conditions such as the
pressure and the temperature of the gas before entering the nozzle. Furthermore, the throat diameter
and the shape of the supersonic part of the nozzle
influences both the size of these particles and the
total cluster yield. Cluster beams can travel over
several meters of distance in vacuum without disturbance of the direction or shape and have high
densities.

where the nozzle throat is replaced by a commercially available micro-orifice. Depending on the experimental conditions and requirements, minimum
nozzle throat diameters of 10 − 100 µm are commonly used.
In case of hydrogen as target material typical operating parameters of conventional cluster target installations are temperatures in the order of T0 =
25 − 35 K and pressures of p0 ≤ 10 bar. Hence,
the used hydrogen is still in a gaseous phase before
entering the nozzle. Being dependent on the experimental conditions the size of clusters amounts
to typically 103 − 105 atoms per cluster. Thus a
cluster-jet beam corresponds to good approximation to a target beam with homogeneous volume
density. The Münster-type cluster-jet targets operates in a regime where the hydrogen is already in the
fluid phase before entering the nozzle p0 ≤ 25 bar
Subsequently. densities are accessible much higher
compared to conventional cluster-jet sources. This
in turn enables the production of cluster beams
which meet the requirements at PANDA. Due to
this highly increased cluster-jet density it is possible to directly observe the target beams behind the
production nozzle.

Based on the recent development and optimization
of a high intensity cluster-jet a prototype for the
PANDA cluster-jet source was build-up and set into
operation at the University Münster. A cross section of this cluster source is shown in Fig. 5.13.
The CERN-type nozzle with diameters between
The design and the manufacturing process of noz- 11 µm and 40 µm is mounted on top of a copper
zles with hight yield for clusters has been developed holder, which itself is connected to a two-stage cryoat CERN. It relies on engineering expertise, which genic cold head (type MD10, Oerlikon-Leybold) of
is being tried to recover in the CERN workshops. high cooling power. As shown by previous clusterTrumpet-shaped CERN nozzle from former produc- jet target installations, the appliance of such cold
tion are still in use. Methods to fabricate suited new head systems using closed helium circuits are highly
nozzles by electro-erosions are under study. Alter- suited for such purposes since they combine high
natively, so-called composite nozzles will be built,
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cooling power, large maintenance intervals and sim- discrete character of the targets may cause large
ple operation.
variations in the thickness on a short time scale.
The jet leaving the nozzle is tailored first by a conical skimmer stage followed by a collimator stage
before entering the cluster-jet vacuum pipe. The
aperture of the collimator may be shaped differently from just being a circular opening. Differential pumping with large capacity pumping systems
in between these stages takes care that a minimum
of background gas enters into the storage ring vacuum. Angular adjustments of the nozzle head as
well as lateral movements of the skimmer and collimator allow perfect alignment of the cluster-jet
onto the interaction point. The gas input pressure will be precisely controlled by a capacitively
sensing pressure gauge. The temperature will be
monitored with low temperature Si-sensors and controlled via feedback into a heater system close to
the nozzle. Diagnostic tools for the cluster beam
shape, the cluster flux, velocity and mass distribution have been developed. These tools allow one
to thoroughly characterize the cluster target properties and make it possible to control them during
the experiment with high degree of reproducibility.
The interaction region of the PANDA experiment is
separated from the cluster-jet source and the beam
dump by two vacuum valves Theses valves serve
also as interface point for attaching other target
sources. Directly below the interface valve in the
cluster-jet line two additional differentially pumped
vacuum stages are placed, which allow to further
reduce the residual gas load to the PANDA scattering chamber. These stages are pumped by turbo
molecular pumps with a separate fore vacuum system. The bottom interface valve connects to the
entrance part of the target beam dump. It consist
of three differential pumping stages, evacuated by
two turbo molecular pumps with drag stages each.
The fore vacuum for the complete turbo molecular
pump arrangement will be provided by a common
roots vacuum pump and a final fore pump. The final beam dump stage will be realized by an off-axis
turbo molecular pump. In case of operation with
the pellet source this pump will be replaced by a
pellet catcher pot.

1.2.2 Pellet Target

The basic part of a pellet target is the triple-point
chamber in which a jet of a cryogenic liquid is injected through a thin nozzle into a gas of the same
element or helium close to triple-point conditions.
Periodic excitations of the nozzle by a piezoelectric
transducer impose jet oscillations along its surface.
The axially symmetric jet disintegrates into drops
downstream the nozzle when the perturbation amplitude becomes equal to the jet radius. The triplepoint chamber, ensures that an extremely regular
drop flow can be produced under optimal conditions
without disturbances from evaporation. The drops
then pass through a thin injection capillary into vacuum. During that traversal they further cool due
to surface evaporation below the melting point, and
a regular flux of frozen pellets is produced.
The position of individual pellets can be reconstructed by using a pellet tracking system based on
optical detection devices. For such information to
be useful it is required that there is one and only one
pellet in the beam region at the time of interaction.
Unfortunately, in this case even a small randomness in pellet occurrences leads to large variations
in the target thickness. To reach the highest luminosity a thick target with smooth time structure is
required. This is incompatible with pellet tracking
and is instead obtained by simultaneously having
many smaller pellets in the interaction region.
The first operational pellet target was built in Uppsala and used at the CELSIUS accelerator. It is
still in operation and is now used together with the
WASA facility at COSY-Jülich. This target system
is used regularly with high availability (> 90 %) in
several weeks long experimental runs and provides
25 − 30 µm sized pellets of hydrogen or deuterium.
The pellets are generated with an exact frequency
in the range 40−110 kHz at 2.7 m distance from the
interaction region. By collimation a useful intensity
of 5 − 20 k pellets/second and a beam diameter of
3 mm is obtained at the antiproton beam crossing.
The pellet velocity is around 70 m/s. The effective
2
target thickness is around 1015 atoms/cm but the
time structure is basically stochastic which causes
large thickness variations on a time scale from 10 µs
to a few ms.

The WASA pellet target concept fulfills many of the
requirements at PANDA. Further developments are
Two of the main merits of using frozen pellets as necessary to meet the specific requirements for an
internal targets in storage rings are the very high antiproton storage ring, such as the divergence and
effective target thicknesses and the possibility to steadiness of the pellet stream in particular for the
know the position of individual pellets accurately highest-luminosity experiments where a pellet tarat the time of interaction. A difficulty is that the get develops a superiority relative to clusters. The
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size and rate of the pellets needs be optimized for pellet stream of relatively high intensity, typically
PANDA physics demands.
10 − 20 k pellets/s. To achieve this, the beam diTherefore a new generation of pellet target gener- vergence should not be too small since the beam
ator is being developed by a joint effort of FZJ, has to have some reasonable extension at the pellet
ITEP and MPEI using cryogenic liquids for drop detectors. The relative velocity spread in the beam
production. This technique should provide the ex- must be below 2 %, preferably as small as possible.
tremely regular pellet beams that can meet the re- A velocity spread σv /v ≈ 1 % has been measured at
quirements for PANDA. The development on this the UPTS
improved pellet target has shown encouraging data
for more versatile droplet production. As yet, experimental data characterizing the pellet stream for
a PANDA experiment are not available.
This technical design report for targets will give details on the present pellet target development which
may lead to an important tool for the highest luminosity experiments at PANDA. A separate pellet
target TDR as appendix to this document will follow as soon as the research going on in Moscow and
Jülich has finished developments.
Pellet Tracking

A good system for detection of individual pellets
is clearly a prerequisite for efficient tracking. Different systems have been tried over the years and
the one presently used and being developed in Uppsala is based on fast line-scan cameras and lasers.
An accurate and efficient tracking system requires
many measurement points and the data may have
been registered over a period of hundred milliseconds. This makes the read-out and processing of
the data from the LS-cameras a major challenge.
Multi-camera read-out hardware with primary data
selection by FPGAs and higher level processing will
be developed for this purpose.

The pellet tracking system is an ongoing development within the work package ’FutureJet’ of FP7An optical pellet tracking system based on lasers
HP3. A full description of pellet tracking will be
and fast line-scan cameras is being developed at Upincorporated into the pellet target TDR.
psala University. It should give accurate position
coordinates for pellets that are in the accelerator
beam region at the time of a hadron reaction event.
Prototyping and testing are done at the TSL pel- 1.3 Auxiliary Systems
let test station in Uppsala, where the pellet-beam
parameters are similar to those in WASA.
Target Beam Dump
At PANDA an accurate knowledge of the pellet position is needed for studies e.g. of some Charmo- The target material, either the solid hydrogen pelnium and Hyperon decays. Such position informa- lets or the hydrogen cluster stream, crosses the
tion is also useful for background rejection and may whole Target Spectrometer and is collected in a
be crucial for studies of rare reactions. A position dump. It has been designed to be compatible for
resolution σ(x, y, z) < 0.2 mm in the interaction po- both the pellet and the cluster-jet target operation.
sition is desirable for event reconstruction. In the
following description a coordinate system where the The cluster or pellet beam is absorbed by a kind
y-axis is directed parallel to the pellet beam and of ’collector” and the beam pipe vacuum is mainthe z-axis along the accelerator beam is used. Pel- tained by a multi-stage differential pumping system
let detectors can be placed at the pellet generator equipped with hybrid turbo molecular pumps. Oil
and at the dump at a distance of 2 − 2.5 m from the free roughing pumps provide best vacuum condireaction region. A pellet trajectory can be extrap- tions and several diagnostic devices especially for
olated to the reaction region using the knowledge the pellet target will be integrated.
of pellet speed and direction. It needs a pellet de- The target beam dump for the PANDA experiment
tection accuracy of better than 50 µm in position is based on the vacuum chamber which was built for
(xyz) and better than 1 µs in time to reach the de- the JETSET (PS202) experiment at CERN. This
sired position accuracy at the reaction region. Cru- vacuum chamber has two horizontal internal walls
cial parameters are the efficiency and reliability of with holes through which the target beam can pass.
the tracking i.e. to have a high fraction of pellets The beam crosses the vacuum chamber off- axis
with useable interaction position information. This such that the cluster- jet stream collides with the
puts demands on both the tracking system and the blades of a turbo molecular pump installed at the
pellet stream properties and it requires efficient de- very end. This gimmick causes the largest part of
tection and identification of individual pellets in a the hydrogen to be sucked away directly.
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The target beam dump, to be operated with the
cluster-jet generator, will be equipped with VARIAN Turbo-V 1001 turbo molecular pumps. The
efficiency of this system was measured introducing
a leakage realized via a calibrated leak valve placed
in the first differential pumping stage. The pressure
measurements in the stages show, that the designed
beam dump suppress gas back flow sufficiently. A
dedicated measurement with clusters will be performed on the cluster-jet apparatus at GSI.
Vacuum system
The vacuum system of PANDA has to fulfill several requirements from both the accelerator and
the PANDA detection system. In order to minimize the disturbance of the reaction products the
pipes of the antiproton beam line around the interaction point should be as thin as possible and be
made out of low Z material. Furthermore the subdetectors should be placed as close as possible to
the interaction point in order not to loose tracking
information. This means that the vacuum tubes of
the interaction region should have small diameters.
Both demands are very difficult to reconcile with
good vacuum conditions.
The vacuum system has to have good pumping capability for reaching low pressures for a long lifetime of the antiproton beam. The material should
be clean with low outgassing rates and the complete system must guarantee mechanical stability
and safety. In the interaction zone, titanium tubing
for the least amount of radiation length will be use.
Elsewhere stainless steel tubing with the thinnest
possible wall thickness will be taken.
Gas Supply System
The gas supply and purification system for the
PANDA target will be used for the cluster-jet as
well as for the pellet target. The target device has
to be operated with H2 gas with high purity to
avoid blocking of the cryogenic nozzle by impurities
like H2 O, O2 or N2 when operated at temperatures
below 30 K. For this purpose H2 of standard purity (e.g. 99.999 %) will be used and in a second
step cleaned to a level much below the ppm impurity content. One of the most common and reliable
techniques for purifying hydrogen is the permeation
of hydrogen gas through a hot palladium-silver alloy. The high permeation rates for hydrogen allow
a separation from all other gases by several orders
of magnitude. Nitrogen is used for the shut-down
procedure to replace the hydrogen on the input side.

This procedure will increase the lifetime of the palladium diffusion unit.
For security reasons, both the N2 and H2 gas bottles have to be placed in a special gas cabinet. The
size of this gas cabinet should be sufficiently large to
contain at least four hydrogen bottles (50 l, 200 bar)
and one nitrogen bottle in parallel. The gas pressure of all bottles will be monitored to guarantee a
continuous hydrogen flow during experiment. After
the purification stage the gas will be led through a
gas flow monitor and control system and enters the
cluster or pellet source unit. At this stage, a micropore filter is included into the gas feeding system to
efficiently remove micro-particles.
Finally the gas passes the cooling stages of the
cryogenic cold head with a capacitance manometer
(Baratron) connected. Thus the hydrogen gas pressure is monitored directly before passing through
the nozzle for producing a cluster-jet beam or entering the device to produce pellets.
Deuterium Recuperation
If longer periods with deuterium cluster beams are
planned, the gas supply system has to be enlarged
by a D2 recuperation system for economical reasons.
A similar system is used with cluster-jet targets at
COSY. This system collects the D2 gas exhausted
by the vacuum pump at the cluster-jet source and
supplies it to an oil-free compressor which finally
provides the D2 gas with a pressure of up to 20 bar.
The collected gas is led via the purification unit to
the internal target unit and is injected again. Of
course due to gas losses mainly in the purification
process new gas has always to be added. For a further reduction of the operational cost, a D2 generator will be used which generates D2 gas from liquid
D2 O. Some of the available commercial hydrogen
generators are working with a palladium electrode,
which then already delivers deuterium gas with high
purity.
Slow Control System
The PANDA target system may be viewed consisting essentially of four subsystems: the source, either for pellets or clusters, the two differential
pumping stages, one for the production and one
for the dump, and the hydrogen supply line,
which supplies the target source. Each of these subsystems features valves, pumps, pressure and temperature gauges and other equipment, which must
be monitored and driven automatically during target operation.

8

PANDA - Target TDR, March 2012

A proper control system is being developed to cope
with these issues. This control system must fulfill
the following requirements:
 ensure safe operation for flammable gases;
 protect the detector and the accelerator apparatuses against system failures;
 switch on the various sub-systems in the right
sequence and with the right dependencies;
 drive the production stage in the smoothest
way, possibly compensating for the antiproton
loss keeping the luminosity constant.

A large amount of hydrogen must be stored and
used in the PANDA Hall. All the monitoring devices, valves and electronics in proximity of the
hydrogen supply lines must be compliant with the
German regulations about flammable gases.
A set of hydrogen detectors has been foreseen to
monitor accidental leaks. The overall control system must be capable to promptly handle any alarm.
A set of fire detectors has been foreseen. causing
the evacuation of the Hall in case of fire and the
shut down of every system and the antiproton beam
dump.
These safety systems are connected to the target
slow control, even if the general safety alarms and
valves are directly triggered via a hardwired relay
logic. The main issue for our slow control system
is the reliability in flammable gas atmosphere. The
proposed safety rating for the control electronics is
Class I, Division 2 rating for hazardous locations
i.e. flammable (not explosive) gas atmosphere,.

by the control system, and, to a certain extent also
automatically driven to try to compensate the loss
of antiprotons in the storage ring, to keep the luminosity fairly constant. This has been shown to
be possible at E835 experiment at FermiLab, with
a very similar target apparatus.
The proposed programmable logic controller to
drive the PANDA target system is the CompactRIO
from National Instruments. This is an advanced
controller, featuring a real-time OS, that can be
programmed essentially in the very same way as a
normal LabView virtual instrument. CompactRIO
is a low-cost reconfigurable control and acquisition
system designed for applications that require high
performance and reliability. The system combines
an open embedded architecture with small size,
extreme ruggedness, and hot-swappable industrial
I/O modules. NI CompactRIO is powered by reconfigurable I/O (RIO) FPGA technology.
National Instruments provides a full range of software and hardware tools both for data acquisition,
data analysis and automation. The whole target
system can be driven using National Instruments
hardware and software, in the well-known LabView
environment. This can be achieved using essentially
three elements: a PC, a programmable logic controller and the software that runs on both.

A two-layers LabView code is foreseen to drive the
target control system. The “bottom” layer will run
on the CompactRIO, reading and writing on all the
I/O lines present on it and handling the safety procedures. This layer will be kept as simple as possible, reducing as far as possible the numerical operations to achieve the maximum speed. Apart from
safety procedures, the only required operation on
The slow control system must protect the detec- this layer will be the luminosity compensation via
tor and the accelerator against system failure. This target parameters optimization. The “top” layer
translates into continuous monitoring of all the will run on the PC. This software will perform three
components of the target itself, looking for alarms tasks. The first task is to provide a GUI for the shift
and reacting in very short time to them. Therefore, crew. The second one is to register the parameters
the control system must be based on an industrial for off-line analysis. The last one is to make a substandard working with a real-time operating sys- set of these parameters available in real-time for the
tem, able to react to the inputs in a deterministic machine control system.
way and in a well defined time.
The GUI will be realized in a way that every ’shifter’
This controller will be interfaced to the PANDA could read and understand the status of the target
DAQ and to the accelerator control centre to al- and perform the calibrations if needed. All other
low the recording of luminosity data for the physics operations, like density adjustment, beam alignanalyses. The data must be stored and made avail- ment or beam recovery after a target emergency
able for online analyses too. The main parameter shutdown, are foreseen to be performed by an exfor the target is its thickness, which depends on pert for the target.
several parameters, like temperature and pressure
of the hydrogen gas before the nozzle or the frequency of the droplets for the pellet target. All
these parameters must be monitored and adjusted
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2 Introduction
The physics of strong interactions is undoubtedly
one of the most challenging areas of modern science. Quantum Chromo Dynamics (QCD) is reproducing the physics phenomena only at distances
much shorter than the size of the nucleon, where
perturbation theory can be used yielding results of
high precision and predictive power. As the coupling constant rises steeply at nuclear scales (see
Fig. 2.1) perturbative expansions diverge and a different theoretical approach is required. However,
the strong interaction keeps providing new experimental observations, which were not predicted by
“effective” theories. The latter retain the fundamental symmetries of QCD, but have problems in
describing all the observed phenomena simultaneously.
1.0
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perturbative QCD
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nucleon radius
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Figure 2.1: Coupling constant of the strong interaction as a function of distance. The data points represent
experimental values [1]. For distances between quarks
comparable to the nucleon size the interaction becomes
so strong that quarks cannot be further separated (confinement) and hadrons are formed. PANDA will investigate the properties of the strong interaction in this key
region for the understanding of matter.

arise from the excitation of gluonic degrees of freedom. Recent findings from running experiments at
B-factories (see e.g. Refs [2, 3]) show that, indeed,
unexpected narrow states unaccounted for in the
naı̈ve quark models exist. Experiments focussed on
the abundant production and systematic studies of
these states are needed. Preferably, these should
be performed using hadronic probes because the
cross sections are expected to be very large in such
systems. Results of high statistical precision are
a decisive element to be able to identify and extract features of these exotic states. Hadron beams
are advantageous also for the production of hadrons
with non-exotic quantum numbers, as these can be
formed directly with high cross sections. Phase
space cooling of the antiproton beam furthermore
allows high precision determination of the mass and
width of such states. Using heavier nuclei as targets enables us to investigate in-medium properties
of hadrons and to produce hypernuclei, even those
containing more than one strange quark, copiously.
The PANDA (Antiproton Annnihilation at Darmstadt) experiment (see also Sec. 3 and Refs. [4, 5]),
which will be installed at the High Energy Storage
Ring for antiprotons of the upcoming Facility for
Antiproton and Ion Research (FAIR) [6], features a
scientific programme devoted to the following key
areas.
 Charmonium spectroscopy
 Exotic hadrons (hybrids, glueballs, multiquark states)
 Open and hidden charm in nuclei
 γ-ray spectroscopy of hypernuclei
 Hadron properties in the nuclear medium
 Structure of the nucleon.

The physics of strange and charmed quarks holds
the potential to connect the two different energy Selected other topics will be studied with unprecedomains interpolating between the limiting scales dented accuracy.
of QCD. In this regime only scarce experimental
data is available, most of which has been obtained
with electromagnetic probes.
2.1 Topics Addressed at PANDA
One possible single issue that may greatly advance
our understanding of hadronic structure is the predicted existence of states outside of the two- and
three-quark classifications, which for example could

In the following major physics topics are briefly introduced. See also Fig. 2.2 for an overview. A detailed discussion can be found in Ref. [7].
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Figure 2.2: Mass range of hadrons that will be accessible at PANDA. The upper scale indicates the corresponding
antiproton momenta required in a fixed-target experiment. The HESR will provide 1.5 to 15 GeV/c antiprotons,
which will allow charmonium spectroscopy, the search for charmed hybrids and glueballs, the production of D
meson baryon pairs for pairs and the production of hypernuclear studies.

in terms of quantum numbers by solely taking its
valence-quark content into account. These gluonic
The cc spectrum is often referred to as the positro- hadrons fall into two main categories described in
nium of QCD, because the properties of the states the following. Glueballs are states where only glucan be calculated precisely within the framework of ons contribute to the quantum numbers while hynon-relativistic potential models. More recently, re- brids consist of a valence qq pair and one or more
sults from quenched Lattice QCD emerged describ- gluons which contribute to the overall quantum
ing the known spectrum rather well. Recent find- numbers.
ings of states around 4 GeV/c (X(3872), Z(3931), The additional degrees of freedom carried by gluons
X(3940), Y(3940), Y(4260), Y(4320), to name only allow these hybrids and glueballs to have J P C exa few) [8, 9, 10, 11] show that the spectrum, which otic quantum numbers. In this case mixing effects
was believed to be well understood, in fact yields with nearby qq states are excluded and this makes
much more than has been expected.
their experimental identification easier. The propCharmonium Spectroscopy

PANDA will not only be able to measure those
states in a different production channel, which may
reveal more unexpected states, but also allow for
scans over the width of those states with a precision of 10−5 relative to its mass. At full luminosity PANDA will be able to collect several thousand
cc states per day. Thus properties and branching
ratios will be determined to a unprecedented precision.

erties of glueballs and hybrids are determined by
the long-distance features of QCD and their study
will yield fundamental insight into the structure of
the QCD vacuum. Antiproton-proton annihilations
provide a very favourable environment to search for
gluonic hadrons.
Multi-Quark States

These are states which cannot be assigned to an arrangement of tree quarks or a quark-antiquark pair
as the classical baryons and mesons. Similarly to
the gluonic excitations mentioned above they would
One of the main challenges of hadron physics is show up as states outnumbering the multiplets and
the search for gluonic excitations, i.e. hadrons in their clearest signature would be possible exotic
which the gluons can act as principal components. quantum numbers. They could be interpreted as
In other words, the state cannot be fully described hadronic molecules or octet couplings. The well
Search for Gluonic Excitations (Hybrids and
Glueballs)
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known states a0 (980) and f0 (975) are suspected to
have admixtures of K K̄ components. Here, however, mixing is large and clear statements on their
nature are difficult to draw. In the charmonium
region all states are narrower and positive identification is much more likely. This can also be seen
from the current discussion on the nature of the
X(3872) and other states recently found at the Bfactories [8, 9].

6 events of double Λ-hypernuclei were observed up
to now. The availability of p beams at FAIR will
allow efficient production of hypernuclei with more
than one strange hadron, making PANDA competitive with planned dedicated facilities. This will
open new perspectives for nuclear structure spectroscopy and for studying the hyperon-nucleon and
in particular the hyperon-hyperon interaction.
Electromagnetic Processes

Open and Hidden Charm in Nuclei
The study of medium modifications of hadrons embedded in hadronic matter is aimed at understanding the origin of hadron masses in the context
of spontaneous chiral symmetry breaking in QCD
and its partial restoration in a hadronic environment [12]. So far experiments have been focussed on
the light quark sector. The high-intensity p beam
of up to 15 GeV/c will allow an extension of this
program to the charm sector both for hadrons with
hidden and open charm. The in-medium masses of
these states are expected to be affected primarily
by the gluon condensate.
Another study which can be carried out in PANDA
is the measurement of J/ψ and D meson production
cross sections in p annihilation on a series of nuclear
targets. The comparison of the resonant J/ψ yield
obtained from p annihilation on protons and different nuclear targets allows to deduce the J/ψ-nucleus
dissociation cross section, a fundamental parameter
to understand J/ψ suppression in relativistic heavy
ion collisions interpreted as a signal for quark-gluon
plasma formation.
Open charm spectroscopy
The HESR running at full luminosity and at p momenta larger than 6.4 GeV/c would produce a large
number of D meson pairs. The high yield (e.g. up
to 100 charm pairs per second around the ψ(4040))
and the well defined production kinematics of D
meson pairs would allow to carry out a significant
charmed meson spectroscopy program which would
include, for example, the rich D and Ds meson spectra.
Hypernuclear physics
Hypernuclei are systems in which up or down
quarks are replaced by strange quarks. In this way
a new quantum number, strangeness, is introduced
into the nucleus. Although single and double Λhypernuclei were discovered many decades ago, only

In addition to the spectroscopic studies described
above, PANDA will be able to investigate the structure of the nucleon using electromagnetic processes,
such as Wide Angle Compton Scattering (WACS)
and the process pp → e+ e− , which will allow the
determination of the electromagnetic form factors of
the proton in the timelike region over an extended
q 2 region. In addition the Drell-Yan process allows
to access the transverse nucleon spin structure.

2.2 Experimental Approach
Conventional as well as exotic hadrons can be produced by a range of different experimental means.
Among these, hadronic annihilation processes, and
in particular antiproton-nucleon and antiprotonnucleus annihilations, have proven to possess all
the necessary ingredients for fruitful harvests in the
hadron field.
 Hadron annihilations produce a gluon-rich environment, a fundamental prerequisite to copiously produce gluonic excitations.
 The use of antiprotons permits to directly form
all states with non-exotic quantum numbers
(formation experiments). Ambiguities in the
reconstruction are reduced and cross sections
are considerably higher compared to producing
additional particles in the final state (production experiments). The appearance of states in
production but not in formation is a clear sign
of exotic physics.
 Narrow resonances, such as charmonium
states, can be scanned with high precision in
formation experiments using the small energy
spread available with antiproton beams (cooled
to ∆p/p = 10−5 ).
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 Since exotic systems will appear only in production experiments the physics analysis of
Dalitz plots becomes important. This requires
high-statistics data samples. Thus, high luminosity is a key requirement. This can be
achieved using an internal target of high density, large numbers of projectiles and a high
count-rate capability of the detector. The latter is mandatory since the overall cross sections
of hadronic reactions are large while the cross
sections of reaction channels of interest may be
quite small.
 As reaction products are peaked around angles
of 0◦ a fixed-target experiment with a magnetic spectrometer is the ideal tool. At the
same time a 4π coverage is mandatory to be
able to study exclusive reactions with many
decay particles. The physics topics as summarised in Fig. 2.2 imply that the momentum
range of the antiproton beam should extend up
to 15 GeV/c with luminosities in the order of
1032 cm−2 s−1

B+− → K +− π + π − J/ψ decays, Phys. Rev.
Lett. 91, 262001 (2003).
[4] PANDA Collaboration, Technical Progress
Report, Technical report, FAIR-ESAC, 2005,
http://www-panda.gsi.de.
[5] K. T. Brinkmann, P. Gianotti, and
I. Lehmann, Exploring the mysteries of
strong interactions: The PANDA experiment,
Nucl. Phys. News 16, 15 (2006),
http://www-panda.gsi.de.
[6] FAIR Project, Baseline Technical Report,
Technical report, GSI, Darmstadt, 2006,
ISBN: 3-9811298-0-6, EAN:
978-3-9811298-0-9,
http://www.fair-center.eu/fileadmin/
fair/publications_FAIR/FAIR_BTR_1.pdf.
[7] M. Lutz et al., Physics Performance Report
for PANDA: Strong Interaction Studies with
Antiprotons, (2009).
[8] J. Bai et al., Phys. Rev. Lett. 84, 594200
(2000).

To take full advantage of the HESR beam features,
two internal targets for hydrogen and other gaseous
[9] J. Bai et al., Phys. Rev. Lett. 88, 101802
materials have been developed. A cluster-jet source,
(2002).
which delivers a very homogeneous stream of matter crossing the antiproton beam and a pellet-jet [10] S. Uehara et al., Phys. Rev. Lett. 96, 082003
(2006).
source, which delivers higher densities. The apparatus consists of a compact, high resolution and
[11] K. Abe et al., Phys. Rev. Lett. 94, 182002
high angular coverage spectrometer surrounding the
(2005).
interaction point. Coping with the need of 2 Tm
bending power both at a very wide angular range [12] G. E. Brown and M. Rho, Chiral symmetry
in the laboratory reference frame, two magnets are
restoration and the Georgi vector limit, Phys.
necessary. A solenoid magnet provides the required
Lett. B338, 301 (1994).
bending power for particles exiting at 5 − 140◦ in
vertical direction and at 10 − 140◦ in horizontal direction, whereas a dipole magnet provides bending
power for particles exiting at angles smaller than
5◦ in vertical direction and 10◦ in horizontal direction.
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3 Experimental Overview
This chapter introduces the facility and the storage ring at which the PANDA experiment will be
located. A brief overview over the detector and its
components is given before concluding with the requirements which are imposed specifically to the internal targets in chapter 4.

3.1 Facility for Antiproton and Ion
Research – FAIR
The Facility for Antiproton and Ion Research
(FAIR) will be an accelerator facility leading the
European research in nuclear and hadron physics
in the coming decade. It will address a wide range
of physics topics in the fields of nuclear structure,
nuclear matter, studies using high energy and very
slow antiprotons, atomic and plasma physics. Several topics in applied science and accelerator development will be addressed as well. FAIR builds
on the experience and technological developments
from the existing GSI facility, and incorporates new
technological concepts. In this document we briefly
summarise aspects relating to the production of antiprotons for the use by the PANDA experiment.
Please refer to Refs. [1, 2] for more details.

Figure 3.1: Layout of the FAIR complex. Shown are:
synchrotrons with bending powers up to 18, 100 and
300 Tm the SIS 18, 100 and 300, respectively; the Collector Ring CR; the Accumulator Ring RESR; the low
and high energy experimental storage rings NESR and
HESR, respectively; and the Super Fragment Separator
SFRS.

The existing GSI accelerators will be upgraded by
the addition of a proton-linac and used as injectors for the newly built complex of storage rings
to form FAIR. An overview of the layout is given
in Fig. 3.1. To the left, the existing GSI facility
is shown. New proposed beam lines and accelerator structures are shown in red. This facility will
provide intense secondary beams of antiprotons and
rare isotopes which will be used for research at the
main experimental setups labelled in green.
PANDA will make use of antiprotons, which will
be produced as follows. Protons will be accelerated to 70 MeV in a new linear accelerator and injected in several turns into the existing synchrotron
SIS18 and accelerated to 2 GeV with a repetition
rate of 5 Hz. After four SIS18 cycles and subsequent transfers to the SIS100 synchrotron, the protons will be accelerated to 29 GeV with a ramp rate
of 4 T/s. Up to 2 × 1013 protons will be compressed
into a single short bunch of less than 50 ns length
in order to minimise the heating in the antiproton
production target. The proton bunch will be directed onto a nickel target of about 60 mm length
followed by a magnetic horn. The cycle of proton
acceleration will be repeated every 10 s. (An upgrade allowing for a cycle time of 5 s is foreseen.)
This scheme is expected to produce a bunch of at
least 1 × 108 antiprotons in the phase space volume
which can be accepted by the magnetic separator
and the Collector Ring (CR). The CR will be used
for pre-cooling of the antiprotons. Thereafter, the
antiprotons will be moderately compressed to a single bunch and transferred to the RESR storage ring.
The accumulator ring RESR is part of an upgrade
program and only the collector ring CR is going
to be available for antiproton collection and beam
cooling from the beginning [3]. The antiprotons will
be accumulated to high intensities in the RESR by
a dedicated stochastic cooling system with a rate
that matches the speed of cooling in the CR. The
antiprotons will then be transferred at a momentum of 3.8 GeV/c to the High Energy Storage Ring
(HESR), which hosts PANDA and will be discussed
in detail in the following.
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Figure 3.2: Layout of the High Energy Storage Ring HESR. The beam is injected into the lower straight section.
Stochastic cooling and electron cooling is foreseen. The location of the PANDA target is indicated with an arrow
at the bottom of the figure.

3.2 High Energy Storage Ring –
HESR
The HESR is dedicated to supply PANDA with
high-quality anti-proton beams over a broad momentum range from 1.5 to 15 GeV/c. In storage
rings the complex interplay of many processes like
beam-target interaction and intra-beam scattering
determines the final equilibrium distribution of the
beam particles. Electron and stochastic cooling
systems are required to ensure that the specified
beam quality and luminosity for experiments at
HESR [4, 5, 6, 7, 8, 9] is achieved. Two different operation modes have been worked out to fulfil these
experimental requirements (please see also Ref. [9]
and references therein.)

3.2.1 Lattice Design and Experimental
Requirements

will be grouped into four families, to allow a flexible adjustment of transition energy, horizontal and
vertical betatron tune, and horizontal dispersion.
One straight section will mainly be occupied by the
electron cooler. The other straight section will host
the experimental installation with the internal target station, RF cavities, injection kickers and septa.
Stochastic cooling pickup and kicker tanks will also
be located in the straight sections, opposite to each
other.
Special requirements for the lattice are low dispersion in straight sections and small betatron amplitudes in the range between 1 and 15 m at the internal interaction point (IP) of the PANDA detector.
In addition, the betatron amplitude at the electron
cooler must be adjustable within a large range between 25 and 200 m. There are by now three defined
optical settings: Injection, γtr = 6.2, γtr = 13.4.
Both betatron tunes will roughly be 7.62 for different optical settings and natural chromaticities will
be ranging in horizontal from −12 to −17 and in
vertical from −10 to −13. Examples of the optical functions of the γtr = 6.2 lattice are shown in
Fig. 3.3.

The HESR lattice is designed as a racetrack shaped
ring with a maximum beam rigidity of 50 Tm (see
Fig. 3.2). The basic design consists of FODO cell The large aperture spectrometer dipole magnet also
structures in the arcs. The arc quadrupole magnets deflects the antiproton beam. To compensate for
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Figure 3.3: Optical functions of HESR lattice for γtr
= 6.2. Plotted are the horizontal dispersion, horizontal
and vertical betatron function. The electron cooler is
located at a length of s = 222 m, and the target at
s = 509 m, where a kink in the horizontal dispersion is
generated by the PANDA dipole chicane.

parameters have been determined for a cooling system utilising pickups and kickers with
a band-width of 2 − 4 GHz and the option for
an extension to 4 − 6 GHz. Since stochastic
filter-cooling is specified above and stochastic time-of-flight cooling below 3.8 GeV/c, the
whole HESR momentum range is covered by
the stochastic cooling system. New highsensitivity pickups for stochastic beam cooling
have been designed and built for the HESR.
They have been successfully tested with COSY
beam and have proven their predicted performance.
 A new 2 MV electron cooler is built in close collaboration with the Budker Institute for Nuclear Physics and will be installed at COSY
in 2011 [10]. Technical developments for this
electron cooler are important steps towards
the 4.5 MV electron cooler. The HESR electron cooler layout will strongly benefit from
the experiences of the electron cooler operation
at COSY. The measurement of beam cooling
forces and other features of magnetized electron cooling at high energies are essential for
the planned HESR electron cooler. For the
start-up phase of the HESR this 2 MV electron
cooler is also well suited for beam cooling and
accumulation at injection energy.

this two further dipole magnets surrounding the
setup of the PANDA experiment will be used to create a beam chicane. To provide space for PANDA,
the two chicane dipoles will be placed 4.6 m upstream and 13 m downstream the PANDA IP. This
gives a boundary condition for the placement of the
quadrupole elements closest to the experiment. For
symmetry reasons, they have to be placed at ±14 m
with respect to the IP. The asymmetric placement
of the chicane dipoles will result in the experiment Table 3.1 summarises the specified injection paaxis occurring at a small angle with respect to the rameters, experimental requirements and operation
modes. Demanding requirements for high intensity
axis of the straight section.
and high quality beams are realized in two operSpecial equipment like multi-harmonic RF cavities,
ation modes: high luminosity (HL) and high reselectron and stochastic cooler will enable a high
olution (HR), respectively. The HR mode is deperformance of this antiproton storage ring to be
fined in the momentum range from 1.5 to 9 GeV/c.
achieved, and therefore make high precision experTo reach a relative momentum spread down to a
iments feasible. Due to the modularized construcfew times 10−5 , only 1010 circulating particles in
tion concept of FAIR, the planned 4.5 MV electron
the ring are anticipated. The HL mode requires
cooling system is postponed to a later stage. Key
an order of magnitude higher beam intensity with
tasks for the HESR design work to fulfil these rereduced momentum resolution to reach a peak luquirements are:
minosity of 2 × 1032 cm−2 s−1 in the full momentum
range up to 15 GeV/c. This mode is only possible
 Design and testing of multi-harmonic RF cav- in the full FAIR version.
ities. Two identical cavities will be installed
in the HESR. Both cavities will not only be
used to accelerate/decelerate antiprotons in 3.2.2 Closed Orbit Correction and Local
the HESR but also to build a barrier bucket
Orbit Bumps
during the experiment, and a moving barrier
bucket during the accumulation.
Closed orbit correction and local orbit bumps at
dedicated locations at the accelerator ring are cru Development and testing of high-sensitivity cial to meet requirements for the beam-target interstochastic cooling pickups for the frequency action in terms of maximized ring acceptance and
range 2 − 4 GHz. The main stochastic cooling optimum beam-target overlap [10].
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Experimental Requirements
Ion species
Antiprotons
p̄ production rate
2 × 107 /s (1.2 × 1010 per 10 min)
Momentum / Kinetic energy range 1.5 to 15 GeV/c / 0.83 to 14.1 GeV
Number of particles
1010 to 1011
Betatron amplitude at IP
1 – 15 m
Betatron amplitude E-Cooler
25 – 200 m

High resolution (HR)

High luminosity (HL)

Operation Modes
Peak Luminosity of 2×1031 cm−2 s−1 for 1010 p̄
assuming ρtarget = 4 × 1015 atoms/cm2
RMS momentum spread σp /p ≤ 4 × 10−5 ,
1.5 to 8.9 GeV/c
Peak Luminosity up to 2×1032 cm−2 s−1 for 1011 p̄
assuming ρtarget = 4 × 1015 atoms/cm2
RMS momentum spread σp /p ∼ 10−4 ,
1.5 to 15 GeV/c,

Table 3.1: Experimental requirements and operation modes (for FAIR full version).

There are a few positions in the straights of the
HESR where orbit bumps will have to be used, e.g.
at the target. Therefore, all closed orbit correction
dipoles in the straights are designed to provide an
additional deflection strength of 1 mrad. Investigations have shown that this is sufficient to set angle
The goal of the orbit correction scheme is to reduce and position of the circulating beam in the desired
maximum closed orbit deviations to below 5 mm ranges.
while not exceeding 1 mrad of corrector strength.
The inverted orbit response matrix method was
utilised to obtain the necessary corrector strengths.
In this simulation the correction scheme consists of
64 beam position monitors and 48 orbit correction
dipoles. In order to verify the possibility to improve 3.3 The PANDA Detector
the closed orbit, Monte-Carlo methods have been
used. More than 10000 different sets of displacement and measurement errors have been applied. The main objectives of the design of the PANDA
For all defined optical settings the effectiveness of experiment are to achieve 4π acceptance, high
the developed closed orbit correction scheme could resolution for tracking, particle identification and
calorimetry, high rate capabilities and a versatile
be demonstrated.
readout and event selection. To obtain a good moAdditionally, the influence of the electron cooler
mentum resolution the detector will be composed
toroids had to be investigated. Toroids are used in
of two magnetic spectrometers: the Target Specbeam guiding systems of the electron cooler to overtrometer (TS), based on a superconducting solenoid
lap the electron beam with the antiproton beam.
magnet surrounding the interaction point, which
Since antiprotons are much heavier than electrons,
will be used to measure at large angles and the Forthe deflection of the antiprotons by toroids is much
ward Spectrometer (FS), based on a dipole magnet,
smaller. The deflection angles are different for the
for small angle tracks. A silicon vertex detector
two transverse directions. To compensate this dewill surround the interaction point. In both specflection four additional correction dipoles have to
trometer parts, tracking, charged particle identificabe included in the HESR lattice around the electron
tion, electromagnetic calorimetry and muon idencooler. The inner ones need to be placed very close
tification will be available to allow to detect the
to the toroids to keep orbit deviations as small as
complete spectrum of final states relevant for the
possible.
PANDA physics objectives.
The most serious causes of closed orbit distortions
are angular and spatial displacements of magnets.
Alignment and measurement errors of beam position monitors also contribute to closed orbit distortions. Both types of errors have been included in
the simulations.
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Figure 3.4: Side view of the Target Spectrometer (TS) of PANDA. To the right of this the Forward Spectrometer
(FS) follows, which is illustrated in Fig. 3.8.

3.3.1 Target Spectrometer

the request of minimal distance from the interaction
point to the vertex tracker, leaves only a very reThe Target Spectrometer will surround the interac- stricted space for the target installations. In order
tion point and measure charged tracks in a highly to reach the design luminosity of 2 × 1032 cm−2 s−1
homogeneous (better than ±2 %) solenoidal field of a target thickness of about 4 × 1015 hydrogen atoms
2 T. In the manner of a collider detector it will con- per cm2 is required assuming 1011 stored antitain detectors in an onion shell like configuration. protons in the HESR ring.
Pipes for the injection of target material will have to These conditions pose a real challenge for an intercross the spectrometer perpendicular to the beam nal target inside a storage ring. At present, two
pipe.
complementary techniques for the internal target
The Target Spectrometer will be arranged in three
parts: the barrel covering angles between 22◦ and
140◦ , the forward end cap extending the angles
down to 5◦ and 10◦ in the vertical and horizontal planes, respectively, and the backward end cap
covering the region between about 145◦ and 170◦ .
Please refer to Fig. 3.4 for an overview.

Target
The compact design of the detector layers nested
inside the solenoidal magnetic field, combined with

are being developed further: the cluster-jet target
and the pellet target. Both techniques are capable
of providing sufficient densities for hydrogen at the
interaction point, but exhibit different properties
concerning their effect on the beam quality and the
definition of the interaction point. In addition, internal targets also of heavier gases, like deuterium,
nitrogen or argon can be made available.
For non-gaseous nuclear targets the situation is different, in particular in the case of the planned
hyper-nuclear experiment. In these studies, the
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whole upstream end cap and part of the inner detector geometry will be modified.
Cluster-Jet Target. The expansion of pressurised
cryogenic gas into vacuum through a Laval-type
nozzle leads to a condensation of atoms forming
a narrow supersonic jet of hydrogen clusters. The
cluster size varies from 103 to 106 atoms tending
to become larger at higher inlet pressure and lower
nozzle temperatures. Such a cluster-jet with density of 1015 atoms/cm2 acts as a very diluted target
since it may be seen as a localised and homogeneous
monolayer of atoms being passed by the antiprotons
once per revolution.
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experiment at HERA, the proton electron collider
of the DESY laboratory at Hamburg.
The winding construction proposed for the solenoid
is based on the well proven technique used for the
superconducting coils used since the beginning of
the eighties in the high energy physics and nuclear physics experiments. We propose to use the
same technology used for superconducting solenoids
like CELLO and ZEUS (DESY), ALEPH, DELPHI,
ATLAS, CMS (CERN), BABAR (SLAC), CDF
(FERMILAB), BELLE (KEK), FINUDA, KLOE
(LNF INFN).

Micro-Vertex Detector
Pellet Target. The pellet target features a stream
of frozen micro-spheres, called pellets, traversing
the antiproton beam perpendicularly. Typical parameters for pellets at the interaction point are in
the order of 1.0 × 104 s−1 , the pellet size around
20 µm, and the velocity of about 60 m/s. At the interaction point the pellet train has a lateral spread
and an interspacing of a few mm.

The design of the micro-vertex detector (MVD) for
the Target Spectrometer is optimized for the detection of secondary vertices from D and hyperon
decays and maximum acceptance close to the interaction point. It will also strongly improve the
transverse momentum resolution. The setup is depicted in Fig. 3.5.

Solenoid Magnet
The magnetic field in the Target Spectrometer will
be provided by a superconducting solenoid coil with
an inner radius of 105 cm and a length of 2.8 m.
The maximum magnetic field needs to be 2 T. The
field homogeneity is foreseen to be better than 2 %
over the volume of the vertex detector and central
tracker. In addition the transverse component of
the solenoid field should be as small as possible, in
order to allow a uniform drift of charges in the time
projection
chamber. This is expressed by a limit of
R
Br /Bz dz < 2 mm for the normalised integral of
the radial field component.
In order to minimise the amount of material in front
of the electromagnetic calorimeter, the latter will
be placed inside the magnetic coil. The tracking
devices in the solenoid will cover angles down to
5◦ /10◦ where momentum resolution is still acceptable. The dipole magnet with a gap height of 1.4 m
provides a continuation of the angular coverage to
smaller polar angles.

Figure 3.5: The Micro Vertex Detector (MVD) of the
Target Spectrometer surrounding the beam and target
pipes seen from downstream. To allow a look inside the
detector a three-quarters portraits is chosen.

The concept of the MVD is based on radiation hard
silicon pixel detectors with fast individual pixel
readout circuits and silicon strip detectors. The
layout foresees a four layer barrel detector with an
inner radius of 2.5 cm and an outer radius of 13 cm.
The proposed PANDA Target Spectrometer The two innermost layers will consist of pixel detecsolenoid is comparable by dimensions and field to tors and the outer two layers will consist of double
the solenoid built in the late eighties for the ZEUS sided silicon strip detectors.
The cryostat for the solenoid coils is required to
have two warm bores of 100 mm diameter, one
above and one below the target position, to allow
for insertion of internal targets.
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Six detector wheels arranged perpendicular to the
beam will achieve the best acceptance for the forward part of the particle spectrum. While the inner
four layers will be made entirely of pixel detectors,
the following two will be a combination of strip detectors on the outer radius and pixel detectors closer
to the beam pipe.
Additional Forward Disks
Two additional silicon disk layers are considered
further downstream at around 40 cm and 60 cm to
achieve a better acceptance of hyperon cascades.
They are intended to be made entirely of silicon
strip detectors. Even though they are not part of
the central MVD it is planned, as a first approach,
to follow the basic design as dened for the strip
disks of the MVD. However, an explicit design optimization still has to be performed. Two of the
critical points to be checked are related to the increased material budget caused by these layers and
the needed routing of cables and supplies for these
additional disks inside the very restricted space left
by the adjacent detector systems.
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surrounding detectors will be filled with further individual straws. In total there will be 4200 straws
around the beam pipe at radial distances between
15 cm and 42 cm with an overall length of 150 cm.
All straws have a diameter of 10 mm. A thin and
light space frame will hold the straws in place, the
force of the wire however is kept solely by the straw
itself. The Mylar foil is 30 µm thick, the wire is
made of 20 µm thick gold plated tungsten. This
design results in a material budget of 1.3 % of a
radiation length.
The gas mixture used will be Argon based with CO2
as quencher. It is foreseen to have a gas gain no
greater than 105 in order to warrant long term operation. With these parameters, a resolution in x
and y coordinates of less than 150 µm is expected.

Central Tracker
The charged particle tracking devices must handle
the high particle fluxes that are anticipated for a
luminosity of up to several 1032 cm−2 s−1 . The momentum resolution δp/p has to be on the percent
level. The detectors should have good detection
efficiency for secondary vertices which can occur
outside the inner vertex detector (e.g. KS0 or Λ).
This will be achieved by the combination of the silicon vertex detectors close to the interaction point
(MVD) with two outer systems. One system will
cover a large area and is designed as a barrel around
the MVD. This will be a stack of straw tubes (STT).
The forward angles will be covered using three sets
of GEM trackers similar to those developed for the
COMPASS experiment at CERN. The two options
for the central tracker are explained briefly in the
following.
Straw Tube Tracker (STT). This detector will consist of aluminised Mylar tubes called straws, which
will be self supporting by the operation at 1 bar
overpressure. The straws are to be arranged in planar layers which are mounted in a hexagonal shape
around the MVD as shown in Fig. 3.6. In total
there are 24 layers of which the 8 central ones are
tilted to achieve an acceptable resolution of 3 mm
also in z (parallel to the beam). The gap to the

Figure 3.6: Straw Tube Tracker (STT) of the Target Spectrometer with beam and target pipes seen from
upstreams.

Forward GEM Detectors. Particles emitted at angles below 22◦ which are not covered fully by the
Straw Tube Tracker will be tracked by three stations of Gas Electron Multiplier (GEM) detectors
placed 1.17 m, 1.53 m and 1.89 m downstream of the
target. The chambers have to sustain a high counting rate of particles peaked at the most forward
angles due to the relativistic boost of the reaction
products as well as due to the small angle pp elastic
scattering. With the envisaged luminosity, the expected particle flux in the first chamber in the vicinity of the 6.2 cm diameter beam pipe will be about
8 × 104 cm−2 s−1 . Gaseous micro-pattern detectors
based on GEM foils as amplification stages are chosen. These detectors have rate capabilities three
orders of magnitude higher than drift chambers. In
the current layout there will be three double planes
with two projections per plane.
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Cherenkov Detectors and Time-of-Flight
Charged particle identification of hadrons and leptons over a large range of angles and momenta is an
essential requirement for meeting the physics objectives of PANDA. There will be several dedicated systems which, complementary to the other detectors,
will provide means to identify particles. The main
part of the momentum spectrum above 0.5 GeV/c
will be covered by Cherenkov detectors. Below the
Cherenkov threshold of kaons several other processes have to be employed for particle identification. In addition a time-of-flight barrel will identify
slow particles.
Barrel DIRC. At polar angles between 22◦ and
140◦ , particle identification will be performed by
the detection of internally reflected Cherenkov
(DIRC) light as realized in the BaBar detector [11].
It uses flat, rectangular cross section Cherenkov radiator bars made from synthetic fused silica to generate Cherenkov light and transport it by total internal reflection to the photon detectors. The DIRC
barrel is formed by 16 bar boxes, each containing
5 bars with a cross-section of 1.7 cm × 3.2 cm and
a length of 240 cm, surrounding the beam line at
a radial distance of approximately 48 cm. Photons
are focused via doublet lenses on an array of microchannel plate photomultiplier tubes (MCP-PMTs)
which are insensitive to the magnetic field. Each of
the approximately 15,000 MCP-PMT pixels has a
size of 6.5 mm × 6.5 mm and measures the photon
arrival time with 100 ps precision.
Forward End-Cap DIRC. A similar concept can be
employed in the forward direction for particles between 5◦ and 22◦ polar angle. The same radiator, fused silica, is to be employed however in
shape of a disc. At the rim around the disk the
Cherenkov angle will be measured either directly
by focussing elements or indirectly using time-ofpropagation (ToP). In the first option focusing will
be done by mirroring quartz elements reflecting
onto MCP PMTs. Once again two spatial coordinates plus the propagation time for corrections
will be read. In the ToP design this angle is reconstructed by using the known path of the photon
and its time of propagation. This will be achieved
by using fast photon detectors behind alternating
dichroic mirrors that transmit and reflect different
parts of the light spectrum. The disc will be 2 cm
thick and will have a radius of 110 cm. It will be
placed directly upstream of the forward end cap
calorimeter.
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Scintillator Tile Barrel (Time-of-Flight). For slow
particles at large polar angles, particle identification
will be provided by a time-of-flight (TOF) detector
positioned just outside the Barrel DIRC, where it
can also be used to detect photon conversions in the
DIRC radiator. The detector is based on scintillator
tiles of 28.5 × 28.5 mm2 size, individually read out
by two Silicon Photomultipliers per tile. The full
system consists of 5,760 tiles in the barrel part and
can be augmented also by approximately 1,000 tiles
in the forward direction just in front of the endcap
disc DIRC. Material budget and the dimension of
this system are optimized such that a value of less
than 2 % of one radiation length, including readout
and mechanics and less than 2 cm radial thickness
will be reached, respectively. The expected time
resolution of 100 ps will allow precision timing of
tracks for event building and fast software triggers.
The detector also provides well timed input with a
good spatial resolution for online pattern recognition.

Electromagnetic Calorimeters
Expected high count rates and a geometrically compact design of the Target Spectrometer require
a fast scintillator material with a short radiation
length and Molière radius for the construction of
the electromagnetic calorimeter (EMC). Lead tungsten (PbWO4 ) is a high density inorganic scintillator with sufficient energy and time resolution for
photon, electron, and hadron detection even at intermediate energies [12, 13, 14].
The crystals will be 20 cm long, i.e. approximately
22 X0 , in order to achieve an energy resolution below 2 % at 1 GeV [12, 13, 14] at a tolerable energy
loss due to longitudinal leakage of the shower. Tapered crystals with a front size of 2.1 × 2.1 cm2 will
be mounted in the barrel EMC with an inner radius of 57 cm. This implies 11360 crystals for the
barrel part of the calorimeter. The forward end cap
EMC will be a planar arrangement of 3600 tapered
crystals with roughly the same dimensions as in the
barrel part, and the backward end cap EMC comprises of 592 crystals. The readout of the crystals
will be accomplished by large area avalanche photo
diodes in the barrel and vacuum photo-triodes in
the forward and backward end caps. The light yield
can be increased by a factor of about 4 compared to
room temperature by cooling the crystals down to
-25◦ C. The arrangement of the barrel and forward
end cap calorimeters is shown in Fig. 3.7.
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Figure 3.7: Barrel and forward end cap of the Electro-Magnetic Calorimeter (EMC) with its mounting structures
and cooling pipes. These structures will be mounted directly inside the cryostat and forward end of the flux return
yoke.

The EMC will allow to achieve an e/π ratio of
103 for momenta above 0.5 GeV/c. Therefore, eπ-separation will not require an additional gas
Cherenkov detector in favour of a very compact geometry of the EMC. For further details please refer
to Ref. [15].
Muon Detectors
In the barrel region the yoke is segmented and will
consist of 13 layers in total: the innermost layer
will have a thickness of 6 cm equal to the outermost
one, in between 11 layers of 3 cm thickness will be
located. The gaps for the detectors will be 3 cm
wide. This is enough material for the absorption of
pions in the momentum range in PANDA at these
angles. In the forward end cap more material is
needed. Since the downstream door of the return
yoke has to fullfil constraints for space and accessibility, the muon system will split in several layers.
Six detection layers will be placed around five iron
layers of 6 cm each within the door, and a removable muon filter with additional five layers of 6 cm
iron is located in the space between the solenoid
and the dipole. This filter has to provide cut-outs
for forward detectors and pump lines and has to
be built in a way that it can be removed with few
crane operations to allow easy access to these parts.

The integration with the muon system was the most
challenging requirement for the instrumented flux
return yoke design.
As detector within the absorber layers rectangular
aluminum drift tubes will be used as they were constructed for the COMPASS muon detection system.
They are essentially drift tubes with additional capacitive coupled strips read out on both ends to
obtain the longitudinal coordinate.
Hypernuclear Detector
The hypernuclei study will make use of the modular structure of PANDA. Removing 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. While the detection of anti-hyperons and
low momentum K + can be ensured by the universal detector and its PID system, a specific target
system and a γ-detector are additional components
required for the hypernuclear studies.
Active Secondary Target. The production of hypernuclei proceeds as a two-stage process. First hyperons, in particular ΞΞ̄, are produced on a nuclear
target. In some cases the Ξ will be slow enough to
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Figure 3.8: Artistic side view of the Forward Spectrometer (FS) of PANDA. It is preceded on the left by the
Target Spectrometer (TS), which is illustrated in Fig. 3.4.

be captured in a secondary target, where it reacts
in a nucleus to form a double hypernucleus.
The geometry of this secondary target is determined
by the short mean life of the Ξ− of only 0.164 ns.
This limits the required thickness of the active secondary target to about 25 − 30 mm. It will consist
of a compact sandwich structure of silicon micro
strip detectors and absorbing material. In this way
the weak decay cascade of the hypernucleus can be
detected in the sandwich structure.

3.3.2 Forward Spectrometer
The Forward Spectrometer (FS) will cover all particles emitted in vertical and horizontal angles below ±5◦ and ±10◦ , respectively. Charged particles
will be deflected by an integral dipole field of 2 Tm.
Cherenkov detectors, calorimeters and muon counters ensure the detection of all particle types. Please
refer to Fig. 3.8 for an overview.
Dipole Magnet

Germanium Array. An existing germanium-array
with refurbished readout will be used for the γspectroscopy of the nuclear decay cascades of hypernuclei. The main limitation will be the load due
to neutral or charged particles traversing the germanium detectors. Therefore, readout schemes and
tracking algorithms are presently being developed
which will enable high resolution γ-spectroscopy in
an environment of high particle flux.

A dipole magnet with a maximum bending power
of 2 Tm will provide the necessary field strength in
order to perform a momentum analysis of charged
particles with 1% resolution in the Forward Spectrometer. The antiproton beam will be deflected by
2.3◦ (40 mrad). Two correcting magnets at both
ends of the PANDA-spectrometer will compensate
this deflection. The gap of the dipole has to cover
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the entire angular acceptance of the Target Spectrometer of ±10◦ and ±5◦ in the horizontal and in
the vertical directions, respectively. It will be 3 meters wide and between 0.8 (entrance) and 1.0 meters
(exit) high. The overall length in beam direction
will be 2.5 meters, only. The acceptance is chosen
such that the detectors downstream of the magnet
will cover a dynamic range of a factor 15 for charged
particles. For particles with lower momenta, detectors will be placed within the yoke opening.

Forward Trackers
The deflection of particle trajectories in the field of
the dipole magnet will be measured with three pairs
of tracking drift detectors. The first pair will be
placed in front, the second within and the third behind the dipole magnet. Each pair will contain two
autonomous detectors as described below. Thus,
in total, 6 independent detectors will be mounted.
Each tracking detector will consist of four doublelayers of straw tubes (see Fig. 3.9), two with vertical
wires and two with wires inclined by a few degrees.
The optimal angle of inclination with respect to vertical direction will be chosen on the basis of ongoing
simulations. The planned configuration of doublelayers of straws will allow to reconstruct tracks in
each pair of tracking detectors separately, also in
case of multi-track events.

Figure 3.9: Double layer of straw tubes with preamplifier cards and gas manifolds mounted on rectangular
support frame. The opening in the middle of the detector is foreseen for the beam pipe.

Forward Particle Identification
RICH Detector. To enable the π/K and K/p separation also at the highest momenta a RICH detector
is proposed. The favoured design is a dual radiator RICH detector similar to the one used at HERMES [16]. Using two radiators, silica aerogel and
C4 F10 gas, provides π/K/p separation in a broad
momentum range from 2 to 15 GeV/c. The two different indices of refraction are 1.0304 and 1.00137,
respectively. The total thickness of the detector is
reduced to the freon gas radiator (5 % X0 ), the aerogel radiator (2.8 % X0 ), and the aluminum window
(3 % X0 ) by using a lightweight mirror focusing the
Cherenkov light on an array of photo-tubes placed
outside the active volume.
Time-of-Flight Wall. A wall of slabs made of plastic
scintillator and read out on both ends by fast phototubes will serve as time-of-flight stop counter placed
at about 7 m from the target. In addition, similar
detectors will be placed inside the dipole magnet
opening, to detect low momentum particles which
do not exit the dipole magnet. With the expected
time resolution of σ = 50 ps π/K and K/p separation on a 3 σ level will be possible up to momenta
of 2.8 GeV/c and 4.7 GeV/c, respectively.
Forward Electromagnetic Calorimeter
For the detection of photons and electrons a
Shashlyk-type calorimeter with high resolution and
efficiency will be employed. The detection is based
on lead-scintillator sandwiches read out with wavelength shifting fibres passing through the block and
coupled to photo-multipliers. The technique has
already been successfully used in the E865 experiment [17] and it has been adopted for various other
experiments like PHENIX
and LHCb. An energy
√
resolution of 4 %/ E [18] has been achieved. A
view of a 3 × 3 matrix of Shashlyk modules with
lateral size of 110 mm × 110 mm and a length of
680 mm (= 20X0 ) is shown in Fig. 3.10. To cover
the forward acceptance, 351 such modules arranged
in 13 rows and 27 columns at a distance of 7.5 m
from the target are required.
Forward Muon Detectors
For the very forward part of the muon spectrum,
a further range tracking system consisting of interleaved absorber layers and rectangular aluminium
drift-tubes is being designed, similar to the muon
system of the Target Spectrometer, but laid out for
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The detectors will be located inside a vacuum chamber to minimize scattering of the antiprotons before traversing the tracking planes. The luminosity
monitor can be located in the space between the
downstream side of the forward muon system and
the HESR dipole needed to redirect the antiproton
beam out of the PANDA chicane back into the direction of the HESR straight stretch (i.e. between
z = +11 m and z = +13 m downstream of the target).

Figure 3.10: 3 × 3 matrix of prototype Shashlyk modules as they should be employed for the PANDA Forward
Electromagnetic Calorimeter.

higher momenta. The system allows discrimination
of pions from muons, detection of pion decays and,
with moderate resolution, also the energy determination of neutrons and anti-neutrons. The forward
muon system will be placed at about 9 m from the
target.

As pilot simulations show, at a beam momentum of 6.2 GeV/c the proposed detector measures antiprotons elastically scattered in the range
0.0006(GeV)2 < −t < 0.0035 (GeV)2 , which spans
the Coulomb-nuclear interference region. Based
upon the granularity of the readout the resolution
of t could reach σt ≈ 0.0001 (GeV)2 . In reality
this value is expected to degrade to σt ≈ 0.0005
(GeV)2 when taking small-angle scattering into account. At the nominal PANDA interaction rate of
2
2 × 107 /s there will be an average of 10 kHz/cm in
the sensors. In comparison with other experiments
an absolute precision of about 3 % is considered feasible for this detector concept at PANDA, which will
be verified by more detailed simulations.

3.3.3 Luminosity monitor
In order to determine the cross section for physical
processes, it is essential to determine the time integrated luminosity L for reactions at the PANDA interaction point that was available while collecting a
given data sample. In the following we concentrate
on elastic antiproton-proton scattering as the reference channel. For most other hadronic processes
that will be measured concurrently in PANDA the
precision is rather poor with which the cross sections are known.
The basic concept of the luminosity monitor is to
reconstruct the angle of the scattered antiprotons
in the polar angle range of 3 − 8 mrad with respect to the beam axis. Due to the comparativley
large transverse dimensions of the interaction region
when using a pellet or a cluster-jet target, there is
only a weak correlation of the position of the antiproton at e.g. z = +10.0 m to the recoil angle.
Therefore, it is necessary to reconstruct the angle
of the antiproton at the luminosity monitor.

3.3.4 Data Acquisition
In PANDA, a data acquisition concept is being developed to be as much as possible matched to the
high data rates, to the complexity of the experiment
and the diversity of physics objectives and the rate
capability of at least 2 × 107 events/s.

In our approach, every sub-detector system is a
self-triggering entity. Signals are detected autonomously by the sub-systems and are preprocessed. Only the physically relevant information
is extracted and transmitted. This requires hitdetection, noise-suppression and clusterisation at
the readout level. The data related to a particle
hit, with a substantially reduced rate in the preprocessing step, is marked by a precise time stamp and
buffered for further processing. The trigger selecA possible realisation of the luminosity monitor tion finally occurs in computing nodes which access
could be a sequence of double-sided silicon strip the buffers via a high-bandwidth network fabric.
detector planes located as far downstream and as The new concept provides a high degree of flexiclose to the beam axis as possible. These planes, bility in the choice of trigger algorithms. It makes
separated by e.g. 20 cm along the beam direction, trigger conditions available which are outside the
will be arranged radially to the beam axis.
capabilities of the standard approach.
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3.3.5 Infrastructure

25

eastern wall. The temperature of the building will
be moderately controlled. More stringent requirements with respect to temperature and humidity
The target for antiproton physics will be located in
for the detectors have to be maintained locally. To
the straight section at the east side of the HESR.
facilitate cooling and avoid condensation, the TarAt this location an experimental hall with 43 m ×
get Spectrometer will be kept in a tent with dry air
29 m floor space is planned. To allow for access
at a controlled temperature.
during HESR operation the beam line is shielded
by a concrete radiation shield of 2 m thickness on
both sides and is covered on top by concrete bars of
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4 Requirements on the PANDA Internal Targets
4.1 Requirements on the Cluster-Jet
and Pellet Targets
The requirements for the PANDA internal target
are manifold and change according to the different
physics investigated in the proposed experiments.
The most severe limitation comes from the requirement of being a very thin (dilute) and localized
clump of matter within the ultra-high vacuum of
a storage ring. In case of a gaseous target material
the use of even the thinnest windows is prohibited.
A solution for that can be realized by a jet of nanoto microsized condensed matter particles (clusters,
droplets or pellets) traversing the stored antiproton
beam. In the following the more specific aspects of
the proper choice for a target type will be characterized:

in order to be acceptable as target for internal beam
experiments at storage rings. Therefore, beams of
gaseous or solid state hydrogen/deuterium will be
best suited for such experiments.
Vacuum conditions

The antiproton production rate at the FAIRcomplex including cooling, transfer and storage in
the RESR will be limited to 2×107 /s (full FAIR version). These precious objects should solely be used
up in reactions at the target vertex. Residual gas
background in the PANDA vacuum system has to
be reduced as good as technically achievable in order to avoid antiproton losses elsewhere in the ring.
Additionally, such residual gas would cause physics
background from reactions with undefined vertex.
Due to this restriction a use of a conventional (supersonic) gas-jet beam is excluded since here a large
Target material
broadening of the target beam even shortly after
its production cannot be avoided. Thus, the most
For most of the resonant formation and meson proconvenient types of target for PANDA are given by
duction primary antiproton reactions, a pure proton
beams of cluster-jets and pellets. Both fulfill the
target is required. Therefore, the main target mapreviously mentioned requirements.
terial will be hydrogen. Deuterium would be used
as an effective neutron target. However, since also
measurements of antiproton annihilation within the Areal target density
nuclear medium are foreseen, heavier target materials such as 4 He, N2 , Ne, Ar, Xe, Kr etc. will be Since PANDA is designed as an fixed target experidesirable.
ment at the internal antiproton beam, the areal tar-

get density has to be significantly below ρ = 1016
nucleons/cm2 in order to avoid large beam heating
Purity of the target material
effects hardly removable by the foreseen anti-proton
For the investigation of the fundamental nucleon- beam cooling systems. Furthermore, the target
antinucleon interactions in a clean environment a must be thin enough to avoid multi-scattering as
pure target material has to be selected. Any pol- well as secondary interactions of the ejectiles in the
lution of the target with other materials would re- target material. On the other hand depending on
sult in disturbing background reactions which have the reaction type to be investigated the target has
to reach the deto be understood in the later data analysis. To to provide sufficient density in order
32
sign
luminosity
of
L
=
2
×
10
cm−2 s−1 . This
max
avoid problems caused by such background monois bounded by the antiproton proelemental targets are mandatory. A pure proton design luminosity
+
duction
rate
Ṅ
≤
2 × 107 p̄/s.
p̄
target, which is of primary interest in PANDA for binary antiproton-proton annihilation, is provided by With Nbeam = 1011 anti-protons and fbeam =
hydrogen in a gaseous, liquid or solid phase. Fiber 443 kHz, the maximum useful target beam density
targets such as CH2 would not be acceptable since is equivalent to
they contain additional elements (carbon). Further2
more, liquid or gaseous hydrogen in vacuum chamρtarget,max = 4.5 × 1015 atoms/cm ,
(4.1)
bers is commonly provided in target cells, which
have the disadvantage of window material. Addi- which is compatible with the requirement for cooltionally, they have usually a too high areal density ing the beam.
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the interaction vertex point with a precision well
below 1 mm. For this purpose the knowledge of the
Depending on the experimental conditions an ad- beam-target interaction point on a level of the exjustment of the luminosity below the maximum pos- perimental resolution will be required. This request
sible will be necessary. This might be achieved by can be fulfilled if a target with a high granularity is
two methods:
used (see previous topic) in combination with an additional tracking system to reconstruct the position
 Variation of the antiproton intensity.
of the target particle at the time of the interaction.
Target particle tracking might be accomplished by
 Reduction of the target beam density.
a dedicated tracking system or by reconstruction of
multi-scattering events.
Although both solutions will lead to a reduction of
the luminosity, the latter method, i.e. the adjust- It is obvious that neither target system can fulfill
ment of the target beam density to an optimum all those wishes simultaneously. However, both a
value, is the preferable way. This is due to the cluster-jet target as well as a pellet target meet a
fact that a reduced target density coincides with large fraction of the listed requirements and mutureduced beam heating and smearing effects. In ad- ally complement each other. Therefore, to exploit
dition, this solution allows for a reduced probability the capacities of the PANDA experiment to a maxof secondary interactions of the reaction products in imum it is foreseen to provide both a cluster-jet as
the targets as well as less gas load to the scattering well as a pellet source which will be installed alterchamber which in turn minimizes interactions on natively depending on the experimental program to
residual gas. Furthermore, due to the consumption be investigated. Details on the properties of both
of antiprotons during an accelerator cycle a corre- types of targets will be given in the corresponding
sponding increase of the target density will be ad- chapters.
vantageous in order to obtain constant event rates
and thus a constant luminosity during a cycle.
Adjustable target density

4.2 Further Types of Targets
Homogeneous volume target density
The use of a cooled antiproton beam at PANDA can
lead to an accelerator beam diameter of ∅beam ≤
100 µm. In this case the target beam at the interaction region should be as homogeneous as possible.
A significant granularity such as it is apparent in
case of a pellet beam in combination with an angular spread of the target particles will require an
extended accelerator beam in the order of the mean
distance between the individual target particles.
Absence of time structures
Under ideal conditions a target exposes no time
structure on a microscopic time scale, which corresponds to the equivalence of both the mean luminosity L̄ and the peak luminosity Lpeak . However,
any significant granularity of the target beam will
lead to a larger factor for the ratio Lpeak /L̄ which
in turn might cause unacceptable dead times or inefficiencies of both the data acquisition system and
the detector components.
Pointlike interaction zone
The investigation of short-lived particles and their
decay products might require the reconstruction of

Single Filament Superfluid 4 He Target
One promising approach that aims at further increasing the target density consists in the expansion
of a cryogenic liquid into vacuum using significantly
lower source temperatures than previously. In recent experiments with liquid helium beams an extreme narrowing of the beam angular divergence,
by more than two orders of magnitude, was observed by either lowering the source temperature
or by increasing the source pressure [1]. This behavior was considered as evidence for a continuous
transition between cavitation induced fragmentation and Rayleigh breakup of the liquid jet. In the
former case an explosive fragmentation of the liquid occurs, delivering a droplet beam with broad
distributions of droplet sizes and directions. In the
latter case the liquid propagates as a continuous
filament until it spontaneously breaks up into a
stream of nearly monodisperse droplets. The possibility to set the beam angular divergence allows,
in turn, adjusting the spatial density at some given
distance downstream from the nozzle. An average
target spatial density in the range 1013 − 1015 cm−3
can readily be deduced from the measured angular
spectra. Motivated by these experimental studies,
extensive investigation on the production of cryogenically cooled liquid beams of both hydrogen and
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helium were recently carried out at the experimental storage ring (ESR) at GSI. Target area densities
of up to 1015 cm−2 for both helium and hydrogen
at a distance of about 0.6 m downstream from the
beam source could be demonstrated during these
preliminaries studies [2]. Thus this type of target
represents an interesting development even for highest helium densities.
Nuclear Targets
It is foreseen to employ nuclear targets for the exploitation of p-nucleus reactions.
A feasible scheme for a solid target is a thin fiber
that partly overlaps with the beam. Such targets
have been used as internal targets at the IUCF
Cooler [3] and at COSY [4].
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5 Organisation and Management
5.1 Contributing Institutions

targets and their infrastructure. A pellet target prototype — developed jointly with ITEP and MPEI
The two main internal targets for PANDA, the — is available at the FZ-Jülich allowing for detailed
cluster-jet target and the pellet target, as well as optimization studies and on pellet production. A
the common control and supply systems are build large knowledge in different techniques of particle
by eight groups from universities and research insti- detection is concentrated at the institute.
tutes in Germany, Italy, Russia, Austria and Sweden. These contributing institutions have longstanding experiences with the design, construction OEAW, Stefan Meyer Institute, Vienna, Austria
and operation of the different components.
The Stefan Meyer Institute for subatomic Physics of
the Austrian Academy of Sciences (OEAW - SMI)
has a long standing experience in building and runWWU, IKP University Münster, Germany
ning target and detector systems for hadron physics
The group of the IKP Münster has built up two experiments. SMI is and has been involved in the
complete cluster-jet target facilities for the COSY development of cryogenic hydrogen targets, includaccelerator. The COSY-11 measurements were per- ing the gas handling and gas analytic for experiformed with great success using this target until the ments at LNF-DAFNE (Italy), GSI (Germany), PSI
end of the experiment, i.e. in the time period from (Switzerland) and TRIUMF (Canada). SMI has
1995-2007. The COSY-ANKE target is in operation a mechanical and electronic workshop, specialized
since 1999 and provides very high quality hydrogen in the design and construction of items for hadron
and deuterium cluster beams. A third complete tar- physics experiments.
get facility is available in Münster where systematic
cluster-beam tests are performed and very high densities have been achieved. Additionally this group is TSL and IFA, Uppsala University, Sweden
responsible for operating the WASA-at-COSY pellet target. Münster is currently managing the EU In Uppsala the first running pellet target in an internal beam experiment was taken into operation
FP7 Hadronphysics3 activity FUTUREJET.
1999 at the CELSIUS accelerator at the TSL. It is
now used in the WASA-at-COSY experiment. A
second pellet target facility (UPTS) was set up and
GSI, Gesellschaft für Schwerionenforschung
used for detailed pellet studies e.g. for the PANDA
Darmstadt, Germany
experiment. Presently, a pellet tracking system is
GSI operates the heavy ion storage ring (ESR) since being developed with the aim to allow for precise inmore than 10 years, for which an internal gas-jet teraction point information, which would improve
target for the noble gases (He, Ar, Kr, Xe) has been the efficiency of charmonium and hyperon studies
developed and routinely used since then. In 2004, at PANDA.
the cluster-jet target formerly used at Fermilab, has
been moved to GSI and upgraded on site for higher
densities. GSI has collected ample practice in target INFN Genova, Italy
design for heavy ion experiments. This expertise is
available at GSI for the users. It is part of the local This group has a long and documented experience
infrastructure maintained by an integrated target of cluster-jet targets. It has developed and built
several targets for the experiments: CERN ISR
laboratory.
(R704), CERN LEAR (PS 202, PS 210) and FNAL
AA (E760, E835).
FZJ, IKP Forschungszentrum Jülich, Germany
The Forschungszentrum Jülich operates the COSY ITEP, Russia
accelerator with its internal beam facilities ANKE
(cluster-jet target) and WASA-at-COSY (pellet tar- The ITEP is very experienced in the construction
get). FZJ is well experienced in the preparation of of cryostats as they are used e.g for Moscow-Jülich
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pellet target facility. The ITEP low-temperature
laboratory is available for the proposed activities.

1. The vacuum pipe system inside the PANDA
region. The overall responsibility is taken by
FZJ, Jülich.

MPEI, Russia

2. The mechanical interface. The overall responsibility is taken by FAIR +GSI, Darmstadt.

At the MPEI detailed simulations on the jet, drop
and pellet formations which are important for the
understanding and optimization of pellet targets are
performed. Experimental tests of models on waterdrop formation will be performed at a dedicated
drop generator.
NCBJ, National Centre for Nuclear Research, Poland
This group has a long experience in the designing
and building electronic systems for large scale experiments, e.g. the LHCb experiment at CERN.
They produced several vital elements of the Data
Acquisition System, in particular the Timing and
Fast Control (TFC) of the LHCb experiment. The
NCBJ group will have a leading role in establishing
the slow control system for the cluster-jet target for
PANDA. There is also an important contribution
of this group to computer simulations for different
subsystems of PANDA.

5.2 Work Packages and
Responsibilities
Seven distinct main work packages have been identified. These comprise the design and construction
of the following items.
1. The cluster-jet source. The overall responsibility is taken by WWU, Münster.
2. The pellet source. The overall responsibility
is taken by FZJ, Jülich in collaboration with
ITEP and MPEI, both Moscow.
3. The pellet tracking system. The overall responsibility is taken by TSL+IFA, Uppsala.
4. The target beam dump. The overall responsibility is taken by INFN, Genova.
5. The gas supply system. The overall responsibility is taken by SMI, Vienna.
6. The slow control system. The overall responsibility is taken by NCBJ, Warsaw.
Additionally, the following related working packages have been identified:

3. The safety system. The overall responsibility
is taken by FAIR+GSI, Darmstadt.
A detailed list of work packages has been worked
out, and responsibilities have been identified, which
have been approved by all groups. The procurement and construction of components can be done
by the contributing groups provided that funding is
granted.
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Task

Responsible
Cluster Jet Source

Design, construction
Assembly and tests
Transport to FAIR
Assembly at FAIR
Commissioning at FAIR

WWU, GSI
WWU
WWU
WWU, GSI/FAIR
WWU, GSI/FAIR

Pellet Source
Design, construction
FZJ, ITEP, MPEI
Nozzle production
FZJ, ITEP
Assembly and tests
FZJ, ITEP, MPEI
Transport to FAIR
FZJ
Assembly at FAIR
FZJ, GSI/FAIR
Commissioning at FAIR
FZJ, ITEP, MPEI, GSI/FAIR
Pellet Tracking System
Design, construction
UU, FZJ
Assembly and tests
UU, FZJ
Prototype operation at WASA-at-COSY
UU, FZJ
Assembly at FAIR
UU, FZJ, GSI/FAIR
Commissioning at FAIR
UU, FZJ, GSI/FAIR
Target Beam Dump
Design, construction
INFN, GSI, WWU, FZJ
Assembly and tests
INFN, GSI
Assembly at PANDA
INFN, GSI
Gas Supply System
Design, construction
SMI, WWU, GSI, FZJ
Assembly and tests
SMI
Transport to FAIR
SMI
Assembly at FAIR
SMI
Slow Control System
Design, construction
NCBJ, WWU, SMI, INFN, GSI
Programming
NCBJ, WWU, SMI, INFN, GSI
Assembly and tests
NCBJ, WWU, SMI, INFN, GSI
Commissioning at FAIR
NCBJ, WWU, SMI, INFN, GSI
Table 5.1: List of work packages.
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6 Cluster-Jet Target
6.1 Production of Cluster Beams

Cluster-jet beams for internal storage ring experiments are commonly produced by expansion of
pre-cooled gases in convergent-divergent Laval-type
nozzles with micron-sized throat into vacuum. During the passage of the gas through such a nozzle the
gas cools down according to adiabatic cooling supported by the Joule-Thomson effect of real gases
and forms a supersonic beam. Under appropriate
conditions, depending on the type of gas, condensation can take place and nanoparticles are created,
the so-called clusters. The size of such clusters is
strongly influenced by the experimental conditions
such as the pressure and the temperature of the gas
before entering the nozzle. Furthermore, the throat
diameter and the shape of the supersonic part of
the nozzle influences both the size of these particles
Figure 6.1: Sketch of the used trumpet-shaped nozzles
and the total cluster yield.
produced at CERN.

pressure / bar

Due to the fact that the produced clusters are typically in the nanometer scale they reveal important
features for the usage as target particles in stor25
age ring experiments. One of the most important
aspects is the fact that, due to the large mass comsupercritical fluid
20
Münster
pared to incoming molecular gas, nearly no angular
Cluster
Targets
smearing of the particle trajectories caused by scat15
tering with residual gas are observable. Therefore,
C
solid
liquid
cluster beams can travel over several meters of dis10
tance in vacuum chambers without disturbance of
gas
the direction or shape and have high densities. This
5
is in clear contrast to (supersonic) gas jet beams
which are strongly affected by residual gas and deT
0
velop a more spatial widening already after few cen0
10
20
30
40
50
60
temperature / K
timeters behind the nozzle, which in turn is associated with a corresponding decrease in beam density
Figure 6.2: Vapour pressure curve for hydrogen gas as
by orders of magnitude.
In Fig. 6.1 a drawing of a trumpet-shaped CERN
nozzle [1] is shown. This design was and still is
used successfully in many devices for production
of supersonic and cluster-jets beams [2, 3, 4, 5, 6].
Depending on the experimental conditions and requirements, minimum nozzle throat diameters of
10 − 100 µm are commonly used. The formation
of supersonic beams and the production of clusterjets can be described in a pT diagram, displaying
the pressure of the expanding gas inside of the nozzle as function of the temperature. In Fig. 6.2 such
a phase diagram is shown for hydrogen. During

function of the gas temperature and of the gas pressure.
The region of operation with highest target density of
cluster-jet targets of the Münster type is indicated.

the expansion, which can be described in good approximation by an adiabatic process, both the pressure and the temperature of the gas decrease drastically. Depending on the geometry of the nozzle
and the stagnation parameters p0 and T0 the adiabatic curve can cross the vapour pressure curve. In
this regime the previously gaseous target material

36
enters the liquid phase and condensation can take
place, which in turn causes an additional pressure
decrease. In case of hydrogen as target material
typical operating parameters of conventional cluster
target installations are temperatures in the order of
T0 = 25−35 K and pressures of p0 ≤ 10 bar. Hence,
the used hydrogen is still in a gaseous phase before
entering the nozzle. Being dependent on the experimental conditions the size of clusters amounts
to typically 103 − 105 atoms per cluster. Thus a
cluster-jet beam corresponds in good approximation to a target beam with homogeneous volume
density. A specialty of the Münster-type cluster-jet
targets, which are routinely used in storage ring experiments [2, 5], is the operation in a regime where
the hydrogen is already in the fluid phase before
entering the nozzle (see Fig. 6.2). By this much
higher target densities are accessible compared to
conventional cluster-jet sources. This in turn enables the production of cluster beams which meet
the requirements at PANDA. Due to this highly increased cluster-jet density it is possible to directly
observe the target beams behind the production
nozzle.
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target beam densities. However, similar to conventional cluster-sources the PANDA cluster-jet generator can be operated in a wide range of gas temperatures and gas pressures. Subsequently, the target beam density at the later interaction point can
be adjusted according to the experimental requirements. This situation is demonstrated in Fig. 6.4,
presenting the hydrogen atom flow F at the scattering chamber as function of the nozzle temperature
and the gas stagnation pressure. In the gaseous
regime of operation before entering the nozzle comparatively low densities are achieved. However,
when passing the vapour pressure curve, indicated
by the white line in Fig. 6.4, highest particles flows
are observed, which is equivalent to highest target
beam densities.
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Figure 6.3: Image of a hydrogen cluster-jet beam directly after passing the nozzle. The cluster-jet is illuminated by an array of white LEDs in the vacuum
chamber.
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The presented hydrogen atom flow F in the scattering chamber can directly be translated into a target
density
F
(6.1)
ρV = ,
v
with v as the velocity of the cluster-jet beam.
Therefore, with the knowledge of the cluster velocities the particle flow can directly be transformed
In Fig. 6.3 a photography of such an intense cluster- into an volume density of the cluster-jet beam at
jet is shown. The beam, illuminated by an LED in the scattering chamber. Details on the determinathe vacuum system, leaves the nozzle (not visible) tion of the velocities will be given in section 6.2.
and moves from the left to the right.

4

Figure 6.4: Hydrogen atom flow through the scattering chamber as function of the nozzle temperature and
the gas stagnation pressure.

Since cluster-jet beams are produced by expansion
of pressurized and pre-cooled gas through fine nozzles, highest purity of the used gas is of utmost
importance. The presence of any micro-particles
Also not visible are the collimators which are placed would lead to an irreversible blocking of the nozzle.
behind the nozzle and determine the shape and Furthermore, since for the operation at PANDA hythe size of the cluster beam at the later inter- drogen and deuterium gas are of highest relevance
action point. The high-intense cluster-jet source to provide effective proton and deuteron targets,
for PANDA will typically be operated in the liquid any contamination with other gases like oxygen, niphase before entering the nozzle to obtain highest trogen etc. would lead to reversible blocking of the
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cooled nozzle (T ≤ 30 K) during operation. The
latter kind of blocking can be remedied by heating
of the nozzle system, however, since such a warmup procedure corresponds to an effective luminosity
reduction, the gas supply system must guarantee
highest quality.

600

400

6.2 Cluster Beam Properties
200

The precise knowledge of the properties of clusterjet beams as well as of the individual clusters itself
is an important input for both the development and
the optimization of cluster-jet sources and the later
operation in storage ring experiments. Especially
information on the velocity and the size distributions of the clusters are of high interest since they
are directly correlated with the absolute density of
the cluster-jet beam at the interaction point as well
as with its homogeneity.
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Figure 6.5: Calculation of the gas beam velocity during the passage through a Laval-type nozzle with a diameter of d = 28 µm. The temperature and the pressure of the gas before entering the nozzle amount to
T = 50 K and p = 10 bar. The smallest diameter of the
nozzle is located 1 mm after the nozzle entrance (position = 0 mm).

6.2.1 Cluster Velocity
The mass flow Gm of gas through a Laval-type nozzle is dependent on the properties of the nozzle
and of the used gas and can be written in onedimensional approximation for a perfect gas as
∗

Gm = A · p0 ·

r

Mmol · κ
·
R · T0



2
κ+1

κ+1
 2(κ−1)

, (6.2)

with the minimum cross-sectional area inside the
nozzle A∗ , the pressure p0 , temperature T0 , molar
mass Mmol of the incoming gas and the universal
gas constant R, as well as the heat capacity ratio
κ = cp /cv . Assuming a perfect gas expanded into
vacuum through a Laval-type nozzle, the incoming
gas is converted into an almost monoenergetic gas
beam with a maximum velocity of
r
2κ
R · T0
vmax =
·
.
(6.3)
κ − 1 Mmol
By feeding the nozzle with hydrogen in a gaseous
phase, the clusters are produced and embedded inside the nozzle in a gas beam. Therefore, the velocity of the produced clusters can be described in first
approximation by the velocity of the conventional
gas beam which surrounds the cluster-jet.
In Fig. 6.5 a calculation for the gas beam velocity
during the passage through a Laval-type nozzle is
shown as function of the distance from the minimum opening inside the nozzle. As can be seen the
gas is strongly accelerated shortly after the minimum diameter and reaches its maximum velocity

already after a few millimeters. This increase of
the velocity is directly connected with a strong decrease of the gas pressure as well as of the temperature of the gas beam. The maximum velocity, given
by Eq. 6.3, depends for a perfect gas only on the
input temperature of the gas. However, since hydrogen and deuterium are real gases it is expected
that the gas velocities and thus the cluster velocities
differ from this simple approximation. In order to
measure the velocities of individual clusters and to
compare them with calculations, a time-of-flight device has been built-up at the University of Münster
which allows to ionize single clusters by a pulsed
electron beam and to detect them using a Channeltron [7]. In Fig. 6.6 a measurement is shown
for a cluster beam produced at a nozzle temperature of T = 50 K. As can be seen from this figure,
the cluster beam exposes a finite velocity distribution, reflecting the cluster production processes as
well as the particle interactions inside the nozzle.
Additionally, the mean velocity is slightly above the
value calculated by Eq. 6.3 and indicated by the
dashed line. Although the deviation from vmax as
well as the observed velocity width are obviously of
minor relevance, this situation might change when
the target source is operated in the fluid phase before entering the nozzle. Therefore, detailed studies
on the velocities and velocity distribution of hydrogen cluster beams have been performed [7, 8, 9]. In
Fig. 6.7 the measured cluster-jet velocities are displayed as function of the nozzle temperature which
directly corresponds to the temperature T0 of the
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Figure 6.6: Cluster beam velocity distribution obtained at a nozzle temperature of 50 K and a gas input pressure of 8 bar. The maximum possible velocity
is indicated by the dashed line.

distributions. In Fig. 6.7 three calculated curves
based on a quasi one dimensional model using the
van der Waals equation of state and assuming an
isentropic expansion are shown. For the displayed
curves the mean fluid velocity was calculated at
three different distances behind the throat of the
nozzle. The comparison between these calculations
and the experimental results show that the cluster
velocities agree in good approximation with the gas
beam velocities. This indicates that the production
process of the clusters is different above or below
the pressure dependant boiling temperature. Above
the boiling point the hydrogen is gaseous and the
clusters are produced through condensation. Below
this point the hydrogen is liquid so that the clusters
are formed by breakup of the liquid into a spray of
droplets.

velocity / (m/s)

incoming hydrogen. The displayed errorbars in- 6.2.2 Beam Profile and Size
clude only the statistical uncertainties. The systematic uncertainties are in the order of 10 − 20 % Further important properties of a cluster beam are
in case of temperatures below the boiling point at a nearly homogeneous volume density distribution,
30 K and around 1 % for higher temperatures.
a well defined boundary, and a constant angular
divergence determined by the collimators used at
the cluster-jet source. This situation is presented
1400
MCT2, 8 bar isobar
in Fig. 6.8 displaying a profile of a cluster-jet beam
van der Waals gas, z = 0.5 mm
1200 van der Waals gas, z = 1.0 mm
for one direction transverse to the propagation divan der Waals gas, z = 2.0 mm
rection of the target beam, measured by a scanning
perfect gas
1000
rod system 2.1 m behind the nozzle. The observed
800
profile is a folding of the real density distribution
and the properties of the scanning system with rods
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of 1 mm thickness. The measured data can be de240
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Figure 6.7: Cluster velocities (in units of m/s) as function of the nozzle temperature, obtained at a gas input
pressure of p = 8 bar. In the gaseous regime (T > 30 K)
the cluster velocity can be described well by model calculation assuming a perfect gas. At lower temperatures
the properties of a real gas/fluid have to be taken into
account to describe the measured velocities.

While above T = 30 K the measured velocities can
be described well by Eq. 6.3 for a perfect gas, the situation changes significantly at lower temperatures
where the incoming hydrogen is already in a liquid phase. More detailed calculations [8, 10] considering the properties of a real gas/fluid expose
that the velocity is also dependent on the gas input pressure and succeed to describe the measured
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Figure 6.8: Density profile of a hydrogen cluster-jet
beam recorded with a monitor system located at the
virtual PANDA interaction zone. The cluster-beam has
been scanned in one direction transverse to the spread
direction and can be described well by a radial volume
density distribution, shown in the inlay, according to a
Fermi function type (dashed line).
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Figure 6.9:
Influence of the cluster beam density
parameter R and s at the interaction point, i.e. 2.1 m
behind the nozzle (PANDA geometry) as function of the
gas pressure for measurements at a gas input temperature of T = 25 K. Obviously there are only minor
changes of the geometry of the target beam apparent.
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The deviation from a constant radial volume density distribution, indicated by the solid line, is introduced by the parameter s and is a reflection of
the cluster production properties in the nozzle, interactions of clusters with residual gas in the nozzle
chamber as well as a possible scattering of clusters
at the skimmers. The parameter R represents the
radius of the cluster beam at the interaction point.
At distances from the nozzle corresponding to the
PANDA interaction point, i.e. 2.1 m behind the nozzle, measurements on the influence of these target
beam parameters have been performed. The results, presented in Fig. 6.9, clearly show that the
geometrical structure of the target is nearly unchanged in this region of typical and relevant temperatures and pressures. A further important feature is that the cluster beam preserves its properties
even after several meters of flight through vacuum
making it perfectly suited as a target beam for storage ring experiments.

2

exp(− Rs ) + 1
. (6.4)
exp( r−R
s )+1

 Compatibility of the peak/mean event rate
with the data acquisition system as well as with
the detector components

target density / (atoms/cm )

ρtarget (r) = ρtarget (r = 0) ·

 Time structure of the target beam
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scribed well by the assumption of a radial volume
density distribution according to a Fermi function
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Figure 6.10: Volume and areal density of the clusterjet beam at the interaction point (above at 17 bar, below at 25 K) in the scattering chamber as function of
the gas input temperature and pressure. The absolute
target density and thus the luminosity can be adjusted
continuously over several orders of magnitude.

One of the advantages of a cluster-jet target is
the homogeneous volume density distribution
Among many other parameters the value of the which results in an absence of time structures in
areal density of a target beam at the interaction a storage ring experiment. This aspect is of high
point is an important quantity in a storage ring ex- importance since any significant microscopic time
periment. Here several aspects have to be taken structure in the target density would lead to a
into account:
corresponding effect in luminosity. Furthermore,

6.2.3 Cluster Beam Density
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the absolute areal target density can be adjusted
easily during operation, which allows to operate
the target at densities which are optimized to phase
space cooling devices for the accelerator beam.
Additionally, the possibility to adjust the target
density within seconds/minutes allows to increase
the density during the accelerator cycles in order to
compensate anti-proton beam losses and to provide
constant event rates. The possibility to vary the
target density is demonstrated in Fig. 6.10 showing
both the volume and areal target beam density at
the interaction point in the scattering chamber as
function of the gas input temperature and pressure.
Obviously the absolute target density and thus
the luminosity can be adjusted continuously over
several orders of magnitude by changing these
parameters. Here the effect on the temperature is
much enhanced while a variation of the gas input
pressure allows for finer density changes.
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Figure 6.12: Stability of the cluster beam density on
a time scale of seconds. The displayed vacuum pressure distribution, caused by stopping a certain part of
the cluster beam in the scattering chamber, is directly
proportional to the target thickness.

To investigate the target thickness fluctuation on a
time scale of seconds, a movable rod of the monitor device was placed in the scattering chamber
(PANDA geometry) in the center of the high density cluster beam and the resulting chamber pressure was recorded in intervals of 3.5 seconds for
approximatively one hour. The resulting pressure
distribution is presented in Fig. 6.12.
Due to the negligible residual gas background and
the fact that the cluster beam velocity is also found
to be stable on this time scale,
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It is important to note that these density variations
can be performed during target operation.
The long term stability of the cluster beam density
as function of time is demonstrated by Fig. 6.11.
Here the target was operated over five hours at high
2
target thickness, i.e. above 1015 atoms/cm . At a
distance corresponding to the later PANDA interaction point the absolute target thickness (filled circles) was observed to be constant within the uncertainties. For this measurement the beam profiles at
the scattering chamber have been recorded and can
also be used to determine the long term stability of
the target beam position. From Fig. 6.11 (crosses)
it can be seen that this parameter is constant with
a precision of better than 50 µm.

1
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Figure 6.11: Long term stability of the density (filled
circles) and position (crosses) of the cluster beam at the
interaction region.
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Figure 6.13: Reproducibility of the target beam properties. The hydrogen input temperature was changed
in intervals of one hour from 35 K (blue crosses) to
22 K (black bullets). For 20 hours the target was set
into a standby mode (red cross: 50 K, 4 bar) and then
switched back into operation (22K, 17 bar).
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nozzle diameter
gas temperature
gas pressure
distance from nozzle
target thickness

CELSIUS
100 µm
20 − 35 K
1.4 bar
0.32 m
1.3 × 1014 cm−2

E835
FERMILAB/GSI
37 µm
20 − 32 K
< 10 bar
0.26 m
> 1 × 1015 cm−2

ANKE and
COSY-11
11 − 16 µm
22 − 35 K
18 bar
0.65 m
 1 × 1014 cm−2

Münster
11 − 28 µm
20 − 35 K
> 18 bar
2.1 m
> 1×1015 cm−2

Table 6.1: Comparison of operation parameters and obtained target densities of different cluster-jet targets.
Note that the densities observed in Münster are obtained at a distance of more than two meters behind the nozzle,
i.e. in PANDA geometry.

the observed pressure is directly proportional to the
cluster beam density. Therefore, it can be concluded that even at high densities the cluster beam
density is constant with an accuracy of better than
∼ 3.5 % (RMS). It is important to note that this
number is an upper limit since the vacuum gauge
used for this measurements already has a reproducibility of ∼ 2.5 % (RMS) at constant temperature and pressure settings.
To demonstrate the reproducibility of the target
beam properties especially at high target beam densities, where distinct structures behind the nozzle
have been observed (see Sect. 6.5), the operation
of the prototype target was altered repeatedly in
intervals of one hour from a low to a high density
mode. In detail at constant hydrogen input pressure
of 17 bar the nozzle temperature was switched from
35 K (low density) to 22 K (high density). As can be
seen from Fig. 6.13 (blue crosses and black bullets)
the target returns in the same state of operation
without any further adjustment. In addition, after
setting down the target for 20 hours into a standby
mode (red cross, 50 K, 4 bar) it was switched back
to operation (22K, 17 bar) and again the full target performance was achieved without further optimization.

order of magnitude to provide same target densities at that distance. Systematic studies on the
improvement of the cluster yield showed that such
high cluster yields can be obtained by special operation of the cluster source [5, 7, 8] and areal target densities of ρareal = 8 × 1014 atoms/cm2 have
been reached routinely. Very recently an improved
version of the prototype for the cluster source for
PANDA allowed for even higher densities, i.e. ρareal
= 1.6 × 1015 atoms/cm2 and even higher numbers
might be accessible [6]. This improved version of
the prototype was used as design basis for the final
PANDA cluster source (see Sect. 6.5).

6.3 Cluster Beams of Heavier Gases

During recent systematic investigations on the optimization of cluster-jet sources for storage ring experiments [7, 8, 11, 12] the main focus was set on
the production of hydrogen cluster beams. These
studies on this single type of gas is motivated by
the high interest of most experimental programs to
investigate reactions and production processes in elementar interactions on nucleons, i.e. protons [13].
Since the chemical and physical properties of hydroThe currently available absolute target density in gen and deuterium are quite similar, the recently
combination with PANDA-geometry is presented in prepared cluster-sources are at same time highly
Tab. 6.1 (”Münster”) and compared to cluster-jet suitable to produce and prepare deuteron clustertarget facilities operated at CELSIUS, FERMILAB jets, which in turn might serve as effective neutron
and COSY. The main challenge of a cluster-jet tar- targets. The capability with respect to deuterium
get for the PANDA experiment is the comparatively cluster-jets has already been shown in storage ring
large distance between the nozzle and the interac- experiments [14] and such beams are routinely used
tion point of d = 2.1 m which is a factor of 3 − 8 i.e. in high-luminosity meson production experilarger than in previous experiments. Since the den- ments [14, 15].
sity ρvolume scales with the distance l according to
Since studies on heavier nuclear targets are also
under discussion at PANDA an operation of the
1
ρvolume ∼ 2 ,
(6.5) PANDA cluster-jet source with heavier gases as clusl
ter material is foreseen. Due to the much higher
this increase of distance requires an increase of the condensation temperature, in practice the producefficiency of the target beam source by at least one tion of such heavy gas clusters turn out to be
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even easier to realize than the formation of hydrogen/deuteron clusters. Clusters of CO2 for example can be already produced at room temperature
without cooling. Already in the past cluster-jets of
heavy gases such as Xenon have been produced and
used in storage ring experiments [3, 16]. In order
to allow the operation of the PANDA cluster source
with heavier gases the integrated cooling and heating devices will be adjusted to operate the clusterjet targets with gases like H2 , D2 , O2 , N2 , Ne, Ar,
Kr and Xe.

6.4 Cluster Beam Prototype Source
Based on the recent intensive studies on the development and optimization of high-intense clusterjet sources for storage ring experiments [7, 11] a
prototype for the PANDA cluster-jet source was
build up and set into operation at the University
Münster. A cross section of this cluster source is
given by the CAD-drawing shown in Fig. 6.141 . The
CERN-build nozzle with diameters between 11 µm
and 40 µm is mounted on top of a copper holder,
which itself is connected to a two-stage cryogenic
coldhead (type MD10, Oerlikon-Leybold) of high
cooling power in combination with only moderate
vibrations. As has been shown by previous clusterjet target installations, the use of such coldhead
systems based on closed helium circuits are highly
suited for such purposes since they combine high
cooling power, large maintenance intervals and simple operation. Different to conventional coldheads
the chosen type allows for an adjustment of the
compressor power which can be changed according
to the experimental requirements.
In order to combine high thermal conductivity as
well as gas tightness, the nozzle is sealed with a
thin indium foil to the copper holder. The used gas
is led through thin copper pipes which are cooled
down by both stages of the coldhead and is fed to
the nozzle. Due to the high cooling power of the applied coldhead this arrangement is capable to cool
down the nozzle as well as the gas to below 20 K in
operation. One heating cartridges is integrated in
the copper nozzle holder with a total heating power
of Pheat = 50 W. Operated by an external control
unit this heating device is capable to stabilisize the
temperature of the nozzle/gas with a precision of
less than 0.1 K. Additionally, the gas input pressure is adjusted by a pressure control unit which
allows for stable conditions. By this it is possible
to guarantee stable target thicknesses during the
experiments.
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To avoid heat transfer between the two coldhead
stages as well as from the warm stage to the outer
flanges the corresponding pipes are made by stainless steel which has a much lower heat conductivity as copper. Furthermore, for the same reasons
the complete gas pipe arrangement as well as the
cold stages of the cryogenic system are placed inside an insulation vacuum stage which is evacuated
by two turbomolecular pumps. This insulation vacuum chamber is separated from the next vacuum
stage, the so-called skimmer chamber, by a membrane bellow arrangement.
In the skimmer chamber the outlet of the nozzle
is located which means that most of the gas flow
into the vacuum system is present here. To enable vacuum pressures at this stage of 10−1 mbar
at maximum, one rotary vane pump with a pumping speed of up to 9800 m3 /h located close to the
cluster source will be used at PANDA. The design
of the vacuum system foresees also the possibility
to use a second rotary vane pump in parallel if
further pumping speed will be required. The produced cluster-jet beam, surrounded by a conventional supersonic gas-jet, is shot onto a skimmer to
subtract the gas beam from the clusters. For the
final cluster-jet beam preparation a second skimmer, the collimator, is used in the following collimator vacuum stage. The collimator stage itself is
pumped by two turbomolecular pumps. Both skimmers with orifice diameters below d = 1 mm separate the neighbouring differential vacuum chambers from each other and allow for an effective reduction of the residual gas background. From here
on the cluster-jet beam passes the complete target
beam pipes with a constant opening angle, defined
by the geometry of the nozzle/skimmer/collimator
arrangement.
In order to switch the target beam on or off within
seconds during experimental runs at PANDA, a nozzle shutter (not visible) will be installed in the skimmer chamber between the nozzle outlet and the first
skimmer. Additionally, two camera systems will be
fixed to windows at vacuum flanges in order to monitor the cluster-jet beam in the skimmer chamber
during operation.
In Fig. 6.15 a photography of the completely
mounted inner part of the prototype for the PANDA
cluster source is shown. Clearly visible are the copper and stainless steel gas pipes arranged around
the cryogenic coldhead. The cables are used both
for temperature readout as well as for the power
1. Note that in the final installation at PANDA the cluster
source is mounted upside down with respect to the presented
orientation.

43

PANDA - Target TDR, March 2012

cluster-jet beam

collimator
chamber

collimator

skimmer
chamber

skimmer
nozzle
heating
coldhead
(10...300K)

insulation
vacuum chamber

gas pipes

Figure 6.14: Sketch of the cluster-jet prototype source for the PANDA experiment. The (warm) gas can be
cooled down to T ∼ 10 K by a two-stage cryogenic coldhead and passes a Laval-type nozzle. The resulting clusterjet beam, surrounded by a conventional supersonic gas-jet, is shot onto a skimmer to subtract the gas beam.
For the final cluster-jet beam preparation a second skimmer, the collimator, is used in the collimator vacuum
stage. From here on the cluster-jet beam passes the complete target beam pipes with a constant opening angle,
defined by the geometry of the nozzle, skimmer, collimator arrangement. To avoid losses of cooling power due
to unsufficient vacuum conditions the complete coldhead device including the gas pipes are located in a vacuum
chamber separated from the nozzle chamber. Close to the nozzle an electric heating is mounted to allow for a
temperature adjustment. Both the skimmer as well as the collimator are mounted on movable tables which can
be moved with a micrometer precision. By this the position of the cluster-jet beam can be adjusted online during
operation.
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supply of the heat cartridge. The two thick pipes
at the lower left side of the coldhead are the connectors for the helium compressor unit.
Since both the shape as well as the diameter of the
cluster-jet beam at the later interaction point at
PANDA will be determined by the properties of the
used skimmers, special care has to be taken with
respect to their mechanical properties and their arrangement relative to the nozzle. To avoid pertubations at the point where the cluster/gas beam
hits the skimmer it is advantageous to use a skimmer shape which guides the peeled off gas beam.
In addition the wall material at the skimmer tip
has to be as thin and sharp cut as possible to minimize effects of disturbing reflections. In practice
special skimmers made by nickel are used directly
after the nozzle which have at the very top a wall
thickness of only d = 10 µm. The opening diameter
at this point can be varied according to the experimental conditions and is typically in the order of
skimmer = 500 µm.

Figure 6.15: The complete mounted prototype of the
PANDA cluster beam production head with the nozzle
on the very top. Clearly visible are the gas pipes which
are conneted to the coldhead. The cables are used for
the electric connection of the nozzle heating system as
well as for the silicon diodes used for the gas temperature measurement.

Figure 6.16: Skimmer with a minimum opening diameter of 700 µm mounted ontop of a table. With this
device the skimmer can be adjusted in both direction
perpendicular to the cluster-jet axis with on a micrometer scale. An identical device is used for the collimator.

In Fig. 6.16 a photography of the skimmer mounted
on top of the skimmer holder is shown. This support part itself is placed on a movable xy-table
which allows to adjust the position of the skimmer
in both directions perpendicular to the cluster-jet
axis on a micrometer scale. The adjustment is done
via two stepping motor devices which are connected
by special vacuum feedthroughs. In addition, an
identical device is used for the collimator. Therefore, a variation of the skimmer position and thus
of the cluster-jet beam during target operation is
possible. Such adjustments are typically required
for fine alignment directly after (re-)installation of
the cluster source. Not visible here is an integrated membrane bellow which guarantees the vacuum tightness of this device.
Since the dimensions of the second skimmer (collimator) defines the shape and size of the cluster-jet
beam at the interaction point special opening geometries can be chosen to meet experimental conditions. In Fig. 6.17 a CAD-drawing of a slit collimator is shown whose opening has been produced by a
special laser cut process. In this special case a slit
opening of 70 µm × 700 µm has been manufactured
for a special storage ring experiment [17] in order to
provide a cluster-jet beam at the interaction zone
with a horizontal width of e.g. dx = 1 mm and a
length in accelerator beam direction of dz = 10 mm.
A microscopic view of such a skimmer opening is
presented in Fig. 6.18 above. With the measured
beam profiles it is possible to calculate the expected
volume distribution at the interaction point (see
also Fig. 6.18 below). At PANDA the use of such
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collimators with special geometry will be of high interest. Since the cluster-jet beam exposes a homogeneous volume density and the HESR anti-proton
beam shrinks after acceleration and cooling to diameters below ∅p̄ = 100 µm, the extension of the
cluster beam transversal to the HESR anti-proton
beam can be in the order of ∅jet = 1 mm or even below. Due to this the material transport through the
PANDA scattering chamber into the target beam
dump can be reduced by approximatively one order
of magnitude. This in turn will lead to improved
vacuum conditions in the interaction region.

120 µm

0.7

6.5 From the Prototype to PANDA

0.6
0.5
0.4

With the previously described prototype of the
cluster source for the PANDA experiment, target
densities of up to ρareal = 8 × 1014 atoms/cm2
have been reached routinely. Optical investigations of the jet beam directly behind the Laval nozzle resulted in the observation of distinct brightness structures in cases where the nozzle was fed
with liquid/supercritical hydrogen [9, 18]. These
structures, which indicate the existence of a locally
limited high density core beam, were found to be
stable over hours/days but are not necessarily on
the nozzle axis. Due to this the prototype target
was equipped in a modified version with a spherical alignment system which allows to tilt the complete coldhead system relative to the skimmer during target operation. In Fig. 6.19 the results of
three measurements are presented where different
coldhead/nozzle angles relative to the fixed skimmer axis were adjusted (upper figures) and the corresponding target beam profiles in the scattering
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Figure 6.18: Above: Microscopic view of the collimator produced by a laser cut process, below: volume
distribution of the cluster beam at the interaction point.

chamber were recorded. It is clearly visible that the
highest target thickness is achieved in cases where
the core beam was extracted by the skimmer. Moreover, by the use of this tilting device it was possible to further increase the maximum target beam
thickness to significantly above ρareal = 1 × 1015
atoms/cm2 [6]. Due to these results it was decided
to equip the final PANDA cluster source with such
a tilting device and two cameras. In Fig. 6.20 the
center part of the cluster source with the spherical
joint of the tilting system is presented. For demonstration the system was tilted by 3◦ , corresponding to approximately half of the nozzle opening angle. In Fig. 6.21 a complete sketch of the cluster-jet
source for the PANDA experiment is shown. Different to the previously described prototype target
source this design includes a step motor controlled
arrangement which allows for a remote adjustment
of the coldhead during target operation. It is important to note that the position of the skimmer and
collimator chambers including the orifices are not
affected by the tilting system. By this the alignFigure 6.17: CAD-drawing of a slit collimator pro- ment of the cluster target relative to the PANDA
scattering chamber is not affected by such a nozzle
duced by a special laser cut process.
adjustment.
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Figure 6.19: Preparation of a cluster beam with highest thickness by tilting of the Laval nozzle. At low nozzle
temperatures and high gas input pressures (e.g. 22 K and 17 bar), a clear core beam is observed directly behind
the nozzle (left, not visible). By means of a tilting device this core beam can be shot onto the tip of the skimmer
(right). The lower diagrams show the corresponding density profiles at the interaction point. Obviously the bright
structures correspond to regions with highest beam densities. The sharp boundary in front of the skimmer caused
by the illumination with a laser beam which is adjusted to hit only the cluster beam and not the skimmer.
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Figure 6.20: Sketch of the tilting system for the PANDA cluster-jet source. The complete coldhead arrangement
with the Laval-type nozzle is placed on a spherical bearing and can be tilted in two dimensions (here: tilted by
3◦ ). The center point of this tilting system is located at the position of the minimum diameter of the nozzle.
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Figure 6.21: Sketch of the cluster-jet source for the PANDA experiment. The complete coldhead arrangement
can be tilted by a step motor drive with remote control during operation.
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6.6 Gas Supply System
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Figure 6.22: Schematic drawing of a gas supply system for the cluster-jet source.

In Fig. 6.22 a block diagram of a gas supply system
is shown which is routinely used for the cluster-jet
targets at COSY [19, 20, 21] and in Münster [9, 22]
and which fulfills the requirements concerning highest gas purity, stability of the gas input parameters,
low maintenance intervals and cost effectiveness in
case of operation with expensive gases (i.e. deuterium). In this arrangement hydrogen gas is fed
to a purifier system based on a heated palladium
membrane. By this, gas of ultra-high purity can be
provided leading to stable nozzle operations over
weeks. In addition micro-filters are used in the gas
lines close to the nozzle.

To prepare cluster-jet beam conditions according to
the experimental requirements, gas flow and pressure controls are used in addition to a temperature
control system. After expansion of the gas in the
nozzle the used gas is finally removed by vacuum
pumps. In case of operation with comparatively
expensive deuterium a recuperation system is used
which cleans the pumped gas and feeds it into a
gas compressor. Here the gas is pressurized again
to the nominal value and fed to the palladium purifier. The deuterium gas itself can either be provided
conventionally by gas bottles or by a D2 -generator.
The latter device converts D2 O electrolytically into
D2 gas, which in turn is led to the compressor unit.
Details on the gas supply system for PANDA are
given in section 11.
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6.7 Pumping and Vacuum System
In Fig. 6.23 a realization of the vacuum system for
the cluster-jet target for the PANDA experiment
is presented. The highest gas load (≈ 5 ln /min)
and pressure is present in the skimmer stage of the
cluster source where the nozzle is located and the
cluster-jet beam is produced. In order to guarantee pressures in the order of 10−1 mbar and below,
this stage is pumped by a two-cascade roots pump
system (RP) with a pumping speed of above 7000
m3 /h and two forepumps (VP). The symmetric arrangement of vacuum flanges at the skimmer stage
(see e.g. Fig. 6.14 and Fig. 6.24) at opposite sides of
the nozzle is motivated by the fact that in measurements at the cluster-jet target station in Münster
showed that an asymmetric pumping at only one
side results in transversal forces on the cluster-jet.
This in turn leads to an unwanted shift of the target
position at the interaction point. Since this effect
is caused by the pressure in this vacuum stage, the
observed shift increases with the cluster-jet density.
Instead, it could be shown that the use of a symmetric pumping leads to no such effects. Furthermore,
the symmetric arrangement of two vacuum flanges
allows for the parallel operation with two rotary
vane pumps if higher pumping speeds are required.

which are evacuated by the vacuum system of the
skimmer stage. Finally, the cluster beam passes the
collimator stage which is separated again from the
following stages by a conical aperture (opening diameter e.g. 700 µm).
Vacuum valves allow to separate different pumping units from the vacuum stages and allow for a
simultaneous evacuation and venting of the complete vacuum system of the cluster source by one
pumping line. This is important in order to avoid
mechanical stress due to large pressure differences
between neighboring vacuum chambers.
The interaction region of the PANDA experiment is
separated from the cluster-jet source and the beam
dump by two vacuum valves (V). Directly below the
upper valve two additional differentially pumped
vacuum stages are placed (stage 1 and stage 2),
which allow for the reduction of the residual gas
load to the PANDA scattering chamber. This stages
are pumped by turbomolecular pumps (TP) with a
separate forevacuum system.

The lower part of Fig. 6.23 shows the realization of
the target beam dump. The first part of the target
beam dump will consist of three differential pumpAvoiding losses in cooling power, the main part ing stages, evacuated by two turbomolecular pumps
of the surface of the cold head as well as the gas (TP) with drag stages each. The forevacuum for the
pipes are located in a separate insulating vacuum complete turbomolecular pump arrangement will be
stage, which itself is pumped by a turbomolecu- provided by a common roots vacuum pump (RP)
lar pump (TP). The skimmer vacuum stage is used and a final forepump (VP). The final beam dump
here as forevacuum system. The cluster-jet beam stage will be realized by an off-axis turbomolecular
passes the skimmer stage and enters the collima- pump. In case of operation with the pellet source
tor stage which is connected by a conical aperture this pump will be replaced by a pellet catcher pot
with a diameter of 500 µm. This vacuum cham- (see sections 9 and 10).
ber is pumped by two turbomolecular pumps (TP),

50

PANDA - Target TDR, March 2012

V13
mass flow
delimiter

pressure
regulator
N2gas

V7
mass flow
controller

V6

pressure
controller

H2-purifier

pressure
regulator

pnozzle
≈ 17 bar

H2gas

temperature
controller

V8

V9

pinsulation

cluster-jet source

mass flow
delimiter

V12

V14

insulation vacuum
chamber

V10

TP1

pRP1

300 l/s
Laval nozzle

V4a

RP2

V3a

V1a

V1b
7000 m3/h

skimmer

collimator
chamber

2x 2000 l/s

V2a

2000 m3/h

VP2
300 m3/h

pRP2

TP2
V4c

pCC

VP1
300 m3/h

RP1

skimmer chamber
pSC
≈ 10-1 mbar

N2gas

pVP1

V11

≈ 10-6 mbar

pressure
regulator

V4b

V3b

V2b
pVP2

TP3

≈ 10-4 mbar
collimator

vent
V5

TP4
pstage1
≈ 10-5 mbar

stage 1

V16

RP3

VP3

V15

2x 300 l/s

pstage2

TP5

stage 2

1000 m3/h

≈ 10-5 mbar

vent

65 m3/h

antiprotons

V17

V20

V23

mass flow
delimiter

V24

cluster beam dump

TP6
≈ 10-6 mbar

first
beam dump stage

2x 510 l/s

TP7

pressure
regulator
N2gas

V21
V22

TP8
-5

≈ 10 mbar

second
beam dump stage

2x 900 l/s

TP9

TP10
≈ 10-5 mbar

third
beam dump stage

2x 900 l/s

V19a

V19c

V19b

RP4

1000 m3/h

VP4

V18a

V18b

200 m3/h

TP11

TP12
900 l/s

Figure 6.23: Schematic drawing of the vacuum system for the cluster-jet target.

vent

PANDA - Target TDR, March 2012

51

6.8 Integration in PANDA

Figure 6.24: Conceptional drawing of the integration of the cluster-jet source at PANDA. The support frame of
the target source will be connected to the iron yoke.

In Fig. 6.24 the integration of the PANDA clusterjet source is illustrated. In the iron yoke of the superconducting solenoid magnet two large openings
will be available. One for the target beam source
1000 mm × 1200 mm rectangular and for the beam
dump a round opening with 1000 mm diameter.
This guarantees that the distance from the interaction point to the cluster source and to the dump
remains below two meters. The two large roots vacuum pumps for the pumping system of the skimmer
stage are arranged above the magnet and close to
the cluster-jet source in order to provide optimum
vacuum conditions at this stage by minimization of
pumping speed losses due to conductance effects.
The corresponding system of forepumps (not visible) is connected by a longer vacuum pipe to this arrangement of roots pumps. The support frame (not
drawn) of the target source will be connected to the
iron yoke for alignment reasons. Different to this,
the frame for for the pumping stages (not shown
in this figure) will be mechanically decoupled from
the iron yoke in order to avoid vibration transfer.In
Fig. 6.25 a cross section of the cluster-jet target at

the PANDA magnet is presented. The openings in
the magnet yoke allow for a distance between the
nozzle and the interaction zone of l = 2 m. Both the
vacuum system of the cluster source as well as the
one of the beam dump system (Fig. 6.25, bottom)
will be separable from the HESR vacuum system
by UHV vacuum valves located inside of the openings in the magnet yoke. By this, regeneration or
maintenance works at the target system(s) will be
possible with minimum interference of the vacuum
system of the accelerator.
In Fig. 6.26 a drawing of the installed cluster-jet
target with the electronic and working platform at
the PANDA magnet is shown. This platform will
be needed for both types of target (cluster, pellet)
and allows for direct access in case of maintenance
works as well as adjustment works during normal
operation. Also visible are here the two forepumps
connected by vacuum pipes to the roots pump system. Similar to the roots pumps these devices will
be mechanically decoupled from the iron yoke in
order to avoid vibration transfer.
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Figure 6.25: Longitudinal cross section of the cluster-jet target at the PANDA magnet. The distance between
the nozzle and the interaction zone amount to l = 2 m.
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Figure 6.26: Conceptional drawing of the installed cluster-jet target with the electronic and working platform
at the PANDA magnet.
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6.9 Maintenance and Service
Intervals
construction group
gas supply system

cluster beam source

cluster beam dump

component(s)
gas cabinets
deuterium generator
deuterium compressor
palladium purifier
nozzle coldhead
cryogenic compressor
roots pumps
turbomolecular pumps
forepumps
pressure control
temperature control
vacuum gauges
roots pumps
turbomolecular pumps
forepumps
vacuum gauges

maintenance interval
> 1 year
> 1 year
> 1 year
> 1 year
1 year
1 year
> 1 year
> 1 year
1 year
> 2 years
> 2 years
> 1 year
> 1 year
> 1 year
1 year
> 1 year

Table 6.2: Maintenance and service intervals of the different components foreseen for the PANDA cluster target
installation.

The PANDA installation is foreseen to be operated
continuously for several months during a year. Due
to practical reasons such as the given limited antiproton production rate there will be no direct access
to the detector and target system hardware during
the experimental runs. Therefore, for an efficient
operation of the PANDA experiment maintenance
and service intervals of the construction groups and
their individual components have to be in an approporiate time scale in order not to interfere with
these boundary conditions.

In table 6.2 the maintenance and service intervals
are displayed for the cluster target installation for
PANDA. The numbers quoted for commercial components such as vacuum pumps are taken from the
individual product information, while information
for special constructions are based on the broad
experience of the participating institutions with
cluster-jet targets at internal beam experiments.

55

PANDA - Target TDR, March 2012

Bibliography
[1] R. Knopp and N. Mezin, Technical report,
CERN, 1996, Note technique EST-MF 96-05.
[2] H. Dombrowski et al., Nucl. Instrum. Meth.
A386, 228 (1997).
[3] C. Ekström, Nucl. Phys. A626, 405 (1997).
[4] H.-H. Adam et al., Annual Report 1998/99,
Institut für Kernphysik, Westfälische
Wilhelms-Universität Münster, 83.
[5] A. Khoukaz et al., Eur. Phys. J. D5, 275
(1999).
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7 Pellet Target
7.1 Introduction
Two of the main merits of using frozen pellets as
internal targets in storage rings are the very high
effective target thicknesses and the possibility to
know the position of individual pellets accurately
at the time of interaction. A difficulty is that the
discrete character of the targets may cause large
variations in the thickness on a short time scale.
The pivotal part of a pellet target is the triple-point
chamber (TrPC), see Fig. 7.1. In that chamber a jet
of a cryogenic liquid is injected through a thin nozzle (with hole diameter roughly equal to the pellet
diameter) into a gas of the same element (or a mixture with helium) close to triple-point conditions.
Periodic excitation of the nozzle by a piezoelectric
transducer imposes jet oscillations along its surface.
The axially symmetric jet then disintegrates into
drops downstream the nozzle when the perturbation
amplitude becomes equal to the jet radius. From
the TrPC, which makes sure that an extremely regular drop flow can be produced under optimal con- Figure 7.1: Production of hydrogen droplets and subditions without disturbances from evaporation [1], sequent injection into vacuum in the triple-point chamthe drops pass through a thin tube, the vacuum in- ber of the WASA pellet target.
jection capillary (VIC), into vacuum. During that
traversal they cool, due to surface evaporation, by
a few Kelvin below the melting point, and a regular
flux of frozen pellets is produced [1].
and used at the CELSIUS accelerator [4]. It is
The position of individual pellets can be recon- still in operation and is now used together with the
structed by using a pellet tracking system based on WASA facility at COSY-Jülich. This target system
optical detection devices. For such information to is used regularly with high availability (> 90%) in
be useful it is required that there is one and only one several weeks long experimental runs and provides
pellet in the beam region at the time of interaction. 25 − 30 µm sized pellets of hydrogen or deuterium.
Unfortunately, in this case even a small randomness The pellets are generated with an exact frequency
in pellet occurrences leads to large variations in the in the range 40−110 kHz at 2.7 m distance from the
target thickness.
interaction region. By collimation a useful intensity
To reach the highest luminosity a thick target with of 5 − 20 k pellets/second and a beam diameter of
smooth time structure is required. This is not com- 3 mm is obtained at the accelerator beam crossing.
patible with pellet tracking and is instead obtained The pellet velocity is around 70 m/s. The effective
by having many (small) pellets in the interaction target thickness is around 1015 atoms/cm2 but the
time structure is basically stochastic which causes
region all the time.
Pioneering work on the generation of fluxes of mi- large thickness variations on a time scale from 10 µs
crospheres from cryogenic materials for internal tar- to a few ms.
get experiments has been made at Uppsala University and at the TSL, Uppsala [2, 3], at the Institute
of Theoretical and Experimental Physics (ITEP),
the Moscow Power Engineering Institute (MPEI),
and at the Forschungszentrum Jülich (FZJ) [1]. The
first operational pellet target was built in Uppsala

The WASA pellet target concept fulfills to a large
extent the requirements at PANDA but it is clear
that further developments are necessary to meet all
the specific conditions, in particular for the highestluminosity experiments. For example, the pellet
generator has to be located outside the PANDA
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detection system, i.e. 3.5 m away from the interaction zone as compared to 2.7 m at WASA. Also
the vacuum requirements are more demanding at
PANDA. This puts stringent conditions on the divergence and steadiness of the pellet stream. The
size and rate of the pellets should be optimized for
the PANDA physics demands.

between pellets should match the vertical accelerator beam size and be bigger than the tracking accuracy in the vertical direction (the latter presently
being the main limitation, see Sect. 7.6). In the
PHL mode, the accelerator beam vertical size is a
compromise between accuracy in interaction point
(from the beam-target overlap) and reduction of
To meet all the conditions, a new generation of pel- target fluctuations by having many pellets in the
let target generators is being developed by a joint interaction region at the same time.
effort of FZJ, ITEP and MPEI (see Sect. 7.4). Due To have good vacuum conditions (at the interaction
to a novel and patented [5, 6] cooling technique and region) the level of inter-pellet collisions must be
with a careful optimization of drop-production pro- kept low. This is most crucial in the PHL mode
cesses, the generators should provide the extremely and requires relatively large beam divergence, small
regular pellet beams that can meet the requirements pellet size and small velocity spread.
for PANDA. An optical pellet tracking system based Pellets of other elements than hydrogen (e.g. nitroon lasers and fast line-scan (LS) cameras is being gen, oxygen, neon and argon) are also possible as
developed at Uppsala University. It should give ac- targets but a main technical challenge is that their
curate position coordinates for pellets that are in size must be half or less to give similar target thickthe accelerator beam region at the time of a hadron ness (in terms of g/cm2 ) with the other parameters
reaction event. Prototyping and testing are done at in Table 7.1 the same. For the possibility of pellet
the TSL pellet test station in Uppsala (UPTS) [7] tracking this may be a problem, but since they also
where the pellet-beam parameters are similar to may have different optical properties than hydrothose in WASA.
gen, measurements are needed to determine if they
can be detected by the tracking detectors.

7.2 Modes of Operation
Some of the main features of two modes of pellet target operation are illustrated by the example
parameter values for hydrogen pellets given in Table 7.1. In the pellet tracking (PTR) mode, useful
tracking information is available for most interaction events (see Sect. 7.6). The pellet high luminosity (PHL) mode gives a high target thickness,
uniform in time, for obtaining the highest luminosity (Fig. 7.2).

7.3 Pellets as Targets: From WASA
to PANDA

The WASA pellet target concept is the basis for pellets as targets at PANDA. But in order to meet all
the specific conditions, in particular for the highestluminosity experiments, further developments are
necessary as already mentioned. In the following
subsections a comparison between the requirements
at PANDA and the performance at WASA/UPTS
In PTR mode the pellet size must be big enough (W/U) and the status, achievements and plans
to have efficient pellet detection and in PHL mode for the necessary developments being done at the
the size must be small to allow for many pellets in Moscow-Jülich (M/J) pellet generators are briefly
the interaction region. The exact velocity is not presented.
crucial but in the PTR mode a lower velocity is
preferable for pellet detection. As mentioned, the
variations in target thickness are on a time scale
7.3.1 Target Operation
from 10 µs to some ms. This is mainly due to the
spread in velocity that occurs during vacuum injec1. Reliability and service intervals are important
tion and at WASA a σv /v ≤ few % has been estifactors for highest possible availability. WASA
mated and at UPTS a σv /v ≈ 1 % has been measured (see Sect. 7.5.2). The spread in velocity must
operates for weeks at > 90 % availability. A
few hours warm-up are needed occasionally for
be below the per-mille level to significantly reduce
H2 and regularly about every 40 hours for D2 .
such random fluctuations (see Figs. 7.2 and 7.3).
A nozzle change takes a few days and may be
As indicated in Table 7.1, the pellet tracking technique requires a relative velocity spread below 2 %
needed a few times per year. To a certain extent these changes can be scheduled. Since
to work efficiently. In the PTR mode the distance
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Pellet diameter
Pellet frequency
Average pellet velocity
Total spread in pellet rel. velocity
Average distance between pellets
Effective target thickness
Pellet stream diameter
Accelerator beam vertical diameter
Average no. of pellets in acc. beam

PTR mode
≥ 20 µm
≈ 15 k plt/s
≈ 60 m/s
σ ≤ 2%
≥ 4 mm
≤ 2 × 1015 at./cm2
≈ 3 mm
≥ 3.5 mm
≈1

PHL mode
≤ 15 µm
≥ 150 k plt/s
≈ 60 m/s
as small as possible
 4 mm
≥ 4 × 1015 at./cm2
≤ 3 mm
≤ 3.5 mm (σ ≤ 1 mm)
≈ 10

Table 7.1: Basic parameters for the two operation modes of pellet targets at PANDA. The pellet parameter
values for the PTR mode have been reached at WASA/UPTS. Drop production for both operation modes have
been achieved with the Moscow-Jülich pellet target but without direct pellet observation.

Figure 7.2: Number of pellets in the accelerator beam region plotted in 20 µs time bins for different pellet rates
and velocity spreads. The results are from a simulation for a pellet velocity of 60 m/s and an accelerator beam
diameter of 4 mm. The upper panels correspond to PTR mode and the lower panels to PHL mode. The left plots
are for a velocity spread of σv /v = 1 %, the central plots for σv /v = 0.1 % and the right plots for σv /v = 0.01 %.

small nozzles are more likely to get permanently blocked by impurities, ultra-clean hydrogen gas from a palladium purifier with a
purity better than 99.99999 % is used. Another
approach found in literature [8] proposes the
injection of a liquid hydrogen jet, embedded in
a focussing gas flow, directly into the VIC. By
this larger nozzles might be used.
2. At PANDA the system should be easy to operate and the tuning should be straightforward
and not too time consuming. At W/U there
is a push-button closed cooling system. Five
hours are needed for initial cool down from
room temperature and few additional hours are
needed for adjustement of operation parameters. At M/J, systems for automatic supply

of cryogenic liquids for cooling are in operation for nitrogen and under commissioning for
liquid helium. The working frequency range of
the generator is 10−150 kHz, but typically only
a few frequency settings result in stable droplet
generation.

3. The pellet beam position at the interaction region should be tunable with a precision better
than 0.1 mm at PANDA. At W/U, tuning of the
beam position and direction with that accuracy
is achieved by the fixation of the pellet generator on coordinate tables that for WASA are
remotely controlled. At M/J an automatic adjustment system with remote operation is under construction.
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of gases. Pellets from nitrogen and argon of
the same size as for hydrogen have also been
achieved.
2. I a pellet target the pellet diameter depends
mainly on the nozzle opening. It can be varied to some extent by changing driving pressure
and generation frequency. At W/U pellets with
diameters of 25 − 35 µm are run regularly. So
far 20 − 50 µm pellets are achievable for regular production at M/J and preliminary results
exist for 10 − 20 µm.
Figure 7.3: Relative variation in target thickness vs.
pellet rate in a time slot of 20 µs obtained from a simulation for a pellet velocity of 60 m/s and an accelerator
beam diameter of 4 mm, 2.7 m below the VIC.

4. PANDA needs fast target on/off, as at WASA
where this operation takes a tenth of a second
using a remotely controlled shutter.
5. Controlled variation of the pellet intensity
might be useful for some tests concerning accelerator and detector performance. At WASA
sub-second variation is obtained by remotely
controlled offsetting of the pellet beam at a
collimator. At M/J it is not planned to have
this possibility, but it can be developed and
installed if needed.
6. The new PANDA pellet generator of the M/J
type will be realized such that most of the infrastructure (supply systems for target gases,
pumping and vacuum system, beam dump etc.)
of the cluster-jet target can be utilized. It will
also fit into the space that is reserved for the
cluster-jet target including its infrastructure.
For target cooling liquid helium and nitrogen
will be needed that can be supplied in commercial transport dewars.

3. Pellets should give a higher luminosity than the
cluster-jet (or an accurate interaction position
by pellet tracking) to be of interest. A high
target thickness of 4 × 1015 at./cm2 is certainly
needed for many studies. At WASA a typical
intensity of 10 − 15 k/s (collimated from 40 −
80 kHz) gives a target thickness of 1015 at./cm2
for 25 µm pellets.
4. The spread in pellet velocity influences intensity fluctuations, vacuum conditions and possibility of pellet tracking. At PANDA better
conditions than at WASA are needed i.e. as
low velocity spread as possible. At M/J one
expects lower numbers for σv /v because of less
disturbing vibrations than at W/U. Further developments to get down to 0.1 % are planned.
5. The beam divergence must be “just right”
to give high intensity and low gas load (see
Sect. 7.3.3,1.). At PANDA, the divergence
should be optimal, maybe tunable, e.g. by
distortion in the case of a too dense beam.
At W/U the typical natural divergence after
vacuum injection is σ ≈ 1 mrad for H2 and
≈ 0.5 mrad for D2 . According to our studies, one source of divergence is the influence
from disturbing vibrations in the droplet generation. Because of less vibrations at M/J than
at WASA, one expects to reach lower numbers.

7.3.2 Parameters of the Pellet Beam
7.3.3 The Interaction Region
1. As target material, hydrogen is absolutely the
first priority. Heavier elements may be interesting if the target thickness can be made thin
enough in terms of area density. At WASA, H2
and D2 are used regularly. Heavier elements
have not been tried so far. At M/J, pellet production from H2 has been demonstrated and
tests with deuterium are planned. To be able
to produce the deuterium from heavy water additional equipment is needed. The construction is designed to operate with a wide range

1. Interactions outside the pellet beam should
be kept low. Evaporation of pellets due to
heat radiation and interaction with the accelerator beam gives unavoidable contributions. The contribution due to halo pellets
from intra-beam pellet-pellet interactions and
(other) slow pellets from collimation and dump
should be minimized. The amount of intrabeam interactions depends primarily on the
beam divergence and the velocity spread. At
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PANDA the very slim design of the piping
and vacuum system requires minimization of
all “not unavoidable” sources of gas load. At
WASA, about 10 times higher level of background gas than expected [7, 9] was seen both
at CELSIUS and at COSY. The expected “unavoidable contributions” corresponds to a few
percent loss of pellet mass. From simulations,
about 1 % of “primary” pellets are estimated
to collide between the collimator and the accelerator beam crossing. By secondary effects
this may cause a gas load corresponding to several percent loss of pellet mass which might be
the cause of the discrepancy. At M/J the plan
is to get down to a pellet velocity spread of
σv /v ≤ 0.1 %. For a divergence σ of 0.2 mrad
(that would give a beam diameter of 2.5 mm
at the accelerator beam) it is estimated from
simulations that about 3 % of the primary pellets would collide between the collimator and
the accelerator beam crossing. This is a higher
fraction than at WASA and this effect must
be investigated more carefully and eventually
handled properly. In addition to minimizing
intra-beam pellet-pellet interactions, an optimized beam cross section (e.g. oval) could be
provided by collimation.

extrapolated to the reaction region using the knowledge of pellet speed and direction. It needs a pellet
detection accuracy of better than 50 µm in position
(xyz) and better than 1 µs in time to reach the desired position accuracy at the reaction region. Crucial parameters are the efficiency and reliability of
the tracking i.e. to have a high fraction of pellets
with useable interaction position information. This
puts demands on both the tracking system and the
pellet stream properties and it requires efficient detection and identification of individual pellets in a
pellet stream of relatively high intensity, typically
10 − 20 k pellets/s. To achieve this, the beam divergence should not be too small since the beam
has to have some reasonable extension at the pellet
detectors. The relative velocity spread in the beam
must be below 2 %, preferably as small as possible.
A velocity spread σv /v ≈ 1 % has been measured
(indirectly) at the UPTS (see Sect. 7.5.2).
A good system for detection of individual pellets
is clearly a prerequisite for efficient tracking. Different systems have been tried over the years and
the one presently used and being developed in Uppsala is based on fast LS-cameras and lasers [10].
An accurate and efficient tracking system requires
many measurement points and the data may have
been registered over a period of hundred milliseconds. This makes the read-out and processing of
the data from the LS-cameras a major challenge.
Multi-camera read-out hardware with primary data
selection by FPGAs and higher level processing will
be developed for this purpose.

2. The pellet beam size at the interaction region
limits the uncertainty in interaction position
in the absence of pellet tracking information.
At PANDA a beam diameter around 3 mm is
needed and one may want even smaller size
when PTR is not possible. At WASA a colli- More technical details and a design of the whole
mator is used to have a beam diameter of 3 mm. pellet tracking system are presented in Sect. 7.6.
There it is necessary due to the narrow pellet
pipe with inner diameter of 5 mm. At M/J diameters < 3 mm (un-collimated) are expected,
but have not been measured directly yet.

7.3.4 Pellet Tracking
At PANDA an accurate knowledge of the pellet position is needed for studies e.g. of some Charmonium [10] and Hyperon decays [11]. Such position
information is also useful for background rejection
and may be crucial for studies of rare reactions. A
position resolution σ(x, y, z) < 0.2 mm in the interaction position is desirable for event reconstruction. In the following description a coordinate system where the y-axis is directed parallel to the pellet beam and the z-axis along the accelerator beam
is used. Pellet detectors can be placed at the pellet
generator and at the dump at a distance of 2−2.5 m
from the reaction region. A pellet trajectory can be

7.4 The Moscow-Jülich Pellet
Generator
7.4.1 Overview

The groups from FZJ, ITEP and MPEI have built
three pellet generators [12, 13]. The generator at
FZJ is the most advanced one and considered as
the prototype generator for PANDA. It comprises
a cryostat with baths of liquid N2 and He (see
Figs. 7.4 and 7.5). Liquefaction of H2 is achieved
in three stages: first cooling with liquid N2 , further
cooling in a heat exchanger by evaporated helium,
and final cooling in the condenser by cold helium
gas. From the condenser, the liquid passes through
the vibrating nozzle and reaches the TrPC.
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Figure 7.4: Sketch and photo (central part) of the FZJ pellet generator. The cryostat (total height ∼0.8 m,
not drawn to scale) comprises the cooling liquids (N2 and He) as well as the heat exchanger and the upper part
of the condenser. The condenser houses a few cm3 of the cryogenic liquid which is driven through a nozzle into
the TrPC by overpressure. Constant pressure in the TrPC is maintained by an auxiliary gas feeding.

In brief, the current achievements with the M/J target are:
 A vibration-less cooling technique which provides “ideal” jets of cryogenic liquids has been
developed [5, 6]. This allows one to produce
mono-disperse drop fluxes with minimum divergence.
 The working parameters for the satellite-free
and mono-disperse jet breakup have been established (see Fig. 7.6 and Table 7.2 for examples).
 The drop generator can be operated with various cryogenic liquids, like H2 , D2 , N2 , Ar,
Kr and Xe. Stable pellet production has been
demonstrated for H2 , N2 and Ar.

7.4.2 Cooling System

Regular, satellite-free and mono-disperse droplet
production can be achieved if unwanted vibrations
of the nozzle are kept as small as possible (to a level
of about 10 nm). Such stringent demands can be
fulfilled when cooling liquids are used instead of mechanical devices like cold heads. Also turbulent liquid flows and boiling inside the nozzle or condenser
must be avoided. In order to fulfill these requirements a new cooling method, based on cryogenic
liquids, has been developed. The schemes of H2
and Ar droplet production are shown in Fig. 7.5. In
the first cooling stage hydrogen gas (as an example)
passes through a bath of liquid nitrogen. The second cooling stage in the heat exchanger and the final
liquefaction in the condenser are realized with cold
evaporated helium. Smooth heat exchange between
the gases inside the condenser provides a small temperature gradient and avoids turbulent flows and
boiling.

 The vacuum injection capillary (“sluice”) between TrPC and vacuum has been optimized
and has a circular cross section with a radius An important issue for the stability of the droplet
that decreases exponentially in flight direction. production in our cooling scheme is to maintain

63

PANDA - Target TDR, March 2012

H
H gas

T=300 K
2

2

Ar gas

T=300 K Ar

He THe=45.6 K

N2

T=77 K
He

N2

He

Ar

N2

THe=4.5 K

THe=16.2 K

T=81 K

heater
heater

T=16.9 K

condenser

THe=5.05 K

T=87 K

T=12 K

H2 droplets

Ar droplets

Figure 7.5: Hydrogen droplets are produced with nitrogen and helium as cooling media. In case of argon droplet
production, inexpensive technical nitrogen and argon as cooling liquids are to be used; for nitrogen droplets (not
shown here) nitrogen is used in both reservoirs.

a constant temperature of the cooling helium vapors in the condensor. This temperature depends
strongly on the liquid helium cooling-bath level inside the cryostat. Thus, for stabilization of the vapor temperature — and finally of the sizes of the
droplets and pellets — it is necessary to maintain
a constant liquid helium level. A dedicated system, comprising a helium siphon and an automatic
helium valve, will provide the required constant helium level.

droplet production process the piezo-electric transducer allows one to excite sinusoidal nozzle vibrations in a wide frequency range of f = 1 − 150 kHz.
Stable droplet production has so far been demonstrated for f ≈ 3 − 150 kHz.

310 µm

290 µm

7.4.3 Performance of the Prototype Pellet
Generator
During test measurements two different nozzle
types have been utilized, glass nozzles in brass housings and such made from stainless steel. The former, with inner diameters of 7 − 30 µm at the nozzle tip, have the advantage of a smooth internal
surface and allow one to look inside the channel
during operation. The 16 − 30 µm steel nozzles offer high shape reproducibility and smaller lengthto-diameter ratios of the holes, allowing operation
with lower jet-driving pressures. The results shown
here have been obtained with glass nozzles and pressures of ∼ 0.4−0.9 bar for H2 and ∼ 1.0−1.5 bar for
N2 ; higher pressures lead to higher jet velocities. In
order to allow for systematic investigations of the

Figure 7.6: Satellite-free and monodisperse disintegration of N2 (left), H2 (middle) and Ar (right) jets. In
the upper edge of the photos the tip of the vibrating
nozzle can be seen.

Figure 7.6 shows the breakup of N2 , H2 and Ar
jets in the TrPC; for certain choices of the jet and
TrPC parameters (see Table 7.2 and Ref. [1] for details), stable satellite-free and mono-disperse drop
production has been achieved.
When the drops leave the TrPC through a 1st sluice
into a subsequent chamber (p=o(10−1 ) mbar), they
freeze to pellets due to strong surface evaporation,
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and are accelerated by the gas flow from the TrPC.
Then the pellets pass a 2nd sluice and a 2nd chamber (o(10−6 ) mbar), and finally reach in the prototype setup a dummy scattering chamber through a
thin tube ( ∼ 2 cm), which is currently located
1.2 m downstream of the TrPC. In order to minimize turbulences of the gas flow in the 1st sluice it
has a circular cross section with a radius that decreases exponentially to 600 µm in flight direction.
For pellet observation two CCD cameras have been
positioned at the outlet of the 1st sluice or at the
dummy chamber.

TrPC pressure (mbar)
TrPC temperature (K)
Jet temperature (K)
Nozzle frequency f (kHz)
Jet diameter 2R0 (µm)
Jet velocity vjet (m/s)

N2
300
74
77.2 − 77.0
26
17
2.6

able to align the nozzle axis with that of the transition tube into the vacuum, at room temperature
(for pre-adjustment) and at liquid-helium temperature (fine adjustment during operation).

7.5 Diagnostics Systems
7.5.1 TrPC Monitoring with CCD Cameras

H2
130
17
20.0 − 19.8
38
12
2.4

Table 7.2: Parameters of the H2 and N2 jets that are
shown in Fig. 7.6.

So far, stable H2 , N2 and Ar pellet production with
diameters of 20−40 µm (the pellet diameter is about
two nozzle diameters), and a pellet rate of a few
10 kHz has been observed. Deviations from the
mean pellet diameter are below 1 % (10 %) over periods of few seconds (hours). The average velocity
of 30 µm pellets amounts to ∼ 70 m/s. The radial
displacement of the pellets from their nominal flight
path in a dummy chamber (at a distance of more
than one meter from the drop generator) of about
±200 µm has been extrapolated from the angular
pellet distributions measured behind the 1st sluice.
This value is dominated by the experimental resolution.

Figure 7.7: CCD camera system for monitoring of
the drop production in the triple-point chamber.

Figure 7.7 shows the camera system that is used for
the monitoring of the drop formation at the prototype target. The system comprises two CCD photocameras with an stroboscopic illumination system.
Their digitized images are used to determine and
adjust the jet parameters. Two additional digital
video-cameras arranged under an angle of 90◦ are
used for the definition of the parameters necessary
for stable monodisperse jet disintegration. With the
help of an on-line software the drop sizes, their velocities and the location of the jet axis in space are
defined. A typical display is shown in Fig. 7.8.

From the jet and drop parameters in the TrPC together with the measured pellet velocity, the pelletto-pellet distance in the scattering chamber can be
calculated (assuming that all drops reach the chamber as pellets). For the H2 jet from Fig. 7.6 and Table 7.2 one obtains a value of 1.65 mm which will be
experimentally verified during future tests at FZJ.
For comparison, at the WASA target typical values
of 7 mm have been achieved.
Based on the layout and experience of the prototype pellet generator the PANDA pellet target will
be built. This new target will comprise a new adjustment system for the vibrating nozzle which will Figure 7.8: Screen shot of the CCD-camera based
be installed and tested in 2011. Such a system, monitoring software for jet and droplet observation in
which is routinely used at the W/U targets will be the TrPC.
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The measured parameters of the jet axis are used
to align it with that of the first sluice with an accuracy of few µm. Tests with hydrogen pellets have
shown that during target cooling from room to operational temperatures, thermal expansion leads to
a displacement of the generator and sluice axes.
This effect is measured with a software that uses
CCD-camera images and automatically recognizes
these components. This information will then be
used as input for the alignment system for the fine
adjustment.

7.5.2 Pellet Beam Monitoring with
LS-Cameras
Simple systems of one or two fast LS-cameras are
useful for pellet beam diagnostics. Pellet frequency
structures, beam profiles and time variations down
to a time scale of a few 10 µs are easily obtained with
one camera. With synchronized operation of two
LS-cameras it is possible to determine the true twodimensional cross section of the pellet beam from
measurements of positions in orthogonal directions
of individual pellets [14]. If the pellet frequency is
not too high it is also possible to make accurate esti- Figure 7.10: Result from a pellet time correlation
mates of the pellet velocity and the velocity spread measurement at the UPTS. The upper plot shows signal
in the beam.
time differences between the lower and upper cameras.
The lower plot shows the expectation from a simulation.

This has been done at the UPTS using a pellet
tracking test set-up (Fig. 7.9) with two levels of
measurement, each with a laser and a LS camera.
The cameras are synchronized and the time difference between pellet signals from the two levels are
shown in Fig. 7.10, upper graph. On top of a combinatorial background, a peak in the time difference
spectrum due to the case when the signals come
from the same pellet is visible. This agrees well with
results from a simulation including the known detection inefficiences (Fig. 7.10, lower graph). From
this measurement a velocity around 80 m/s with a
spread of a few m/s is extracted (σv /v ≈ 1 %). The
level of the combinatorial background is given by
the combination of the high pellet rate (> 30 k/s),
the velocity spread and the relatively long distance
between the measurement levels. In a recent measurement at the new tracking chamber prototype
Figure 7.9: Pellet tracking test set-up at the UPTS. where the distance between the detection levels is
Synchronized LS-cameras (visible to the left) at two lev- smaller and the pellet rate was lower (∼ 5 k/s), the
combinatorial background level is much lower as exels are used for pellet velocity measurements.
pected (Fig. 7.11).
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Figure 7.11: Results from pellet time correlation measurements at the UPTS. The upper plot shows the same
data as in Fig. 7.10 with different scales on the axes.
The lower plot shows a result from the first measurements at the new tracking chamber (Fig. 7.13).

Figure 7.12: Droplet and pellet velocity vs. H2 driving
pressure.

A low velocity spread is crucial for reaching an optimal pellet target performance. Therefore it is interesting to study the possible influence from different
effects. In this context, some velocity measurements
were also done with slightly varied conditions for
the pellet generation. By changing the driving pressure, i.e. the pressure in/above the liquid H2 nozzle, and the nozzle vibration frequency the droplet
size and velocity were varied. The droplet velocity
was fairly independent of frequency and increased
almost linearly with driving pressure (Fig. 7.12, upper graph). Lower pressure or higher frequency
was seen to result in smaller droplets as expected.
Smaller droplets result in faster pellets (Fig. 7.12,
lower graph). At these conditions (e.g. with estimated pellet sizes of 25−35 µm) a relative change in
diameter, δø/ø ≈ 1 % gives a change in velocity of
∆v/v ≈ 1.5 %. In another measurement the carrier
gas flow through the VIC was varied by changing
the pressure in the TrPC (operated with a mixture

The pellet velocities as a function of transverse position in the pellet beam were also studied. E.g.
in a beam of total divergence of ±1.5 mrad, the velocities at different positions differed by a few per
mille only. This means that in this case, the angular
dependence of velocities was not the main contribution to the total velocity spread.

of He and H2 gas, typically at ≈ 25 mbar). As expected, an increase in pressure resulted in faster
pellets. In this case a ∆p/p ≈ 1 % gives a change in
velocity of ∆v/v ≈ 0.3 %.

7.6 Pellet Tracking System
The EC FP7-HP2-WP19 milestone report “Design
ideas for pellet tracking systems for PANDA and
WASA” (December 2009) [14] is the basis for the
design presented here. In that report, the general conditions for a layout of a complete system
at PANDA, a reduced system at WASA and for a
prototype at UPTS together with basic technical
parameters of the pellet detection components are
given. The UPTS prototype tracking chamber with
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cameras and lasers is shown in Fig. 7.13. It is placed
below a collimator for the possibility to reduce the
pellet frequencies to below 20 k/s, which would allow the tracking of individual pellets. The performance of the system (i.e. measured pellet velocity and direction) can be checked by measurements
at the existing detection positions below the pellet
generator and by the well defined beam position at
the VIC exit. From the experience with this prototype, optimized designs of systems for PANDA and
WASA will be done.

Two LasirisTM Structured light diode laser modules
with a single line beam profile have been tested.
The first was of type MFL with 25 mW output
power at a wavelength of 690 nm and the second
an SNF laser with 40 mW output power at 656 nm.
The latter, which is used currently at a working distance of 185 mm and with an opening angle of 1 (or
5) degrees, gives a line length of 3 (or 16) mm and a
line thickness around 50 µm (see Ref. [14] for further
details). The investigations were done both in a
table-top test-stand and with pellets. Synchronized
operation of two LS-cameras was demonstrated by
using an external signal to trigger the line scans. A
method based on LEDs for monitoring of synchronized multiple-camera set-ups was tested.

7.6.2 Time Resolution and Camera Cycle
Dead Times
The time resolution for a single camera is given by
the exposure time duration. With the present cameras the specified shortest exposure time is 5 µs but
it has turned out that shorter times down to 2 µs
also work. For a final system this may still be too
long if one aims at σ = 0.15 mm vertically in interaction position precision. Another major problem is
the long dead time, for the present cameras at least
8 µs in this case. This is due to the read-out time
which is about 8.5 µs, depending on the number of
pixels to be read out.
Figure 7.13: The tracking chamber prototype installed
at the UPTS about 2 m below the pellet generator. Two
LS-cameras are seen to the right and two lasers to the
left. The detection levels are separated by 8 cm. Behind
the cameras there is a frame with transparent wires for
use in the laser alignment procedure. In the chamber
section at the top, there is a collimator with a hole of
ø = 2 mm.

7.6.1 LS-Cameras and Lasers

With the current camera technology but specially
designed with only 100 pixels the read-out time
would decrease to 2 µs. Then the minimum camera
period time could be 3 µs and the dead time fraction would still be significant. With two specially
designed cameras measuring the same coordinate
at the same level and synchronized with their cycles
shifted half a period one would then have a time bin
of 0.5 − 1 µs, i.e. a σ = 0.25 µs (Fig. 7.14), which
is in the region of the final goal for PANDA. Recently a new camera (model AViiVATM EM4 CL)
with similar characteristics as the model M2, but
with a shortest period time of 4.8 µs and a readout
time of 3.2 µs has appeared on the market. With
the present camera performance of 14 µs period and
10 µs exposure time one would get σ ∼ 1 µs which
could give a vertical position at the interaction region slightly below σ = 1.5 mm, i.e. a minimal
requirement for a tracking system to be useful together with an accelerator beam with 4 mm in diameter.

At present, LS-cameras (model AViiVAT M M2
CL) with optics and a read-out system based
on commercially available frame grabbers (Matrix
VisionT M model mvTITAN-CL) are used. The
cameras were shown to operate well with cycle times
longer than 13 µs and maximum exposure times,
3 − 4 µs shorter. Each camera has a CCD with
one line of 512 pixels, each 14 µm squared. At the
working distance for pellet detection of 250 mm and A 25 µm diameter pellet with velocity 60 m/s can be
with a camera lens of focal length 50 mm each pixel seen by the camera only during 1 µs. This means
corresponds to ∼ 40 µm square.
that the light pulses from the pellets are shorter
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than the dead time in the camera cycle and for a
single camera this causes a detection inefficiency
that must be handled. The two-camera arrangement with shifted cycles and exposure times longer
than the dead times would also solve the problem
with inefficiencies due to the dead time as seen in
Fig. 7.14.

beam pipe are planned for lasers and tracking detectors. A possible layout of such a section with
eight cameras is shown in Fig. 7.15. One section
is placed at the pellet generator and one at the
dump. Each section contains four levels of ports
with glass windows. Simulation studies with realistic pellet beam parameters including a velocity
spread σv /v = 1 % and a pellet frequency around
15 k/s show that the distance between measurement
positions must not be above 5 cm for high efficiency
in velocity determination and around 20 cm for obtaining the required accuracy in the interaction position determination. Therefore the levels in each
section are separated by 50 − 100 mm. Two levels
are for x position and two for z position determination. The velocity and direction determination can
then be done over a path length of 50 − 225 mm.
Figure 7.14: Example how the measuring cycles
At each level there would be positions for lasers,
(white part = exposure, dark part = dead time) of two
cameras can be shifted by half a cycle relative to each for LS-cameras and also for “normal” CCD camother, in order to minimize the overall dead time and eras, the latter for additional monitoring of the pelincrease the time resolution. The response of the two let stream. A radial space of 0.5 m is needed for
cameras can be compared so as to divide the cycle in to the tracking equipment. To have two tracking sections gives redundancy with improved accuracy and
4 bins.
extended possibilities for tuning and checking. Important checks concern efficiency and alignment.

7.6.3 Illumination Conditions
Important for high pellet detection efficiency are
also good illumination conditions, like geometry,
laser intensity and structure of the laser beam. Development work on this is going on at the UPTS.
The illumination conditions obtainable with the
present equipment may be acceptable but there is
room for improvements. For example, the laser
beam intensity can be increased by using more optimal laser optics. There also exist lasers of suitable
type with slightly higher power that could be used.
The illumination geometry can still be improved
and more lasers can be included. Ways to further
optimize the alignment between the laser beam(s)
and the camera are being investigated. The shape
of the amplitude spectra for pellet signals must also
be better understood. For efficient detection of pellets in a pellet stream of 1 − 6 mm in diameter at
PANDA, it is necessary that the plane defined by
the laser line(s) and the plane seen by the cameras
are well aligned within ∼ 10 µm over the whole extension of the stream. This requires rigid support
structures and an accurate and flexible system for
alignment.

Figure 7.15: CAD drawing of a tracking section with
eight cameras and eight lasers as suggested for PANDA.
The rectangular frames are for alignment. The height
of the section is 40 cm and the diameter of the whole
system is 1 m.

7.6.5 Global Alignment and Tuning

The accuracy of the absolute alignment between
the measuring positions within the tracking sections
A full system must be based on a large number of should be ≤ 0.01 mm and the accuracy of the abLS-cameras. Two 0.4 m long sections of the pellet solute alignment of the tracking sections relative to

7.6.4 A System for the PANDA Set-up
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the interaction region must be ≤ 0.1 mm in order
not to limit the resolution in interaction position
determination. This needs accurate mechanical machining of the tracking sections and accurate survey of the complete target set-up. Also other elements, like VIC exit, skimmer and other aperture
limitations that should be taken into account in the
tracking must be carefully aligned. The alignment
parameters can finally be tuned by using suitable
beam particle-pellet interactions. The tracking section at the pellet dump should be very useful for
checking alignment and tuning the tracking procedure (also without accelerator beam). The information from all tracking detector positions should
finally be used in the tracking for best accuracy.
Depending of the accessibility of the tracking sections in the real set-up, it might be necessary to
consider remote control for adjustment of the laser
and camera positions.

A board that could be suitable for the task has been
developed within the WASA group in Uppsala [15].
The board is intended as an intelligent trigger for
the WASA experiment. The board, which has recently been brought into operation, is equipped to
receive data from up to 16 optical links with a maximum speed of 1.6 Gbytes/s. A VIRTEX 5 FPGA
receives the data from all links and can be programmed to perform any desired calculations e.g.
to find the time and position of detected pellets.
To use the board in the PTR system an adapter
which converts the serial data from the camera to
a suitable format for the optical links needs to be
developed. Some feasibility studies have been performed and an adapter to an FPGA development
board has been built and successfully tested. Each
camera can produce up to about 120 MByte/s of
data giving a total of ∼ 2 GByte/s for a 16 camera
system. The FPGA should also provide all signals
to synchronize the different cameras to each other
and receive the experiment time stamp for later synchronization with recorded events. Finally the time
7.6.6 Multi-Camera Operation, Read-Out
and positions for pellet passages at each measurement position, amounting to a few MByte/s, can
and Data Processing
be stored in memory also available on the board.
A full scale pellet tracking system for PANDA would Read-out is provided via VME or the specially dehave many LS-cameras, in the present design six- veloped LVDS bus available in WASA. However the
teen, which produce in total a few Gbyte/s of pixel construction consists of a base board that handles
information. To process this amount of data on- communication with a read-out crate and a detachline, is probably not feasible using a normal com- able mezzanine that contains the data processing
puter with read-out of the individual cameras but part. This means that an adaption to a future readrequires the use of a dedicated electronics board. out with a different standard only requires a new
A scheme for such a read-out system is shown in base board. The pellet position in the interaction
area at the time of a particular event is aimed to
Fig. 7.16.
be calculated in the offline data analysis by using
the the following procedure. The mean velocity (v0 )
and the velocity spread in the pellet stream must
be known (see Sect. 7.5.2) and then the following
scheme for processing of the data can be applied:
1. First determine “roughly” time, position, direction and velocity of a pellet candidate with
v0 as a hypothesis and using information from
the first levels in the upper tracking section.
2. Extrapolate the pellet track to the other measurement positions and pick up matching information. Improve the velocity determination.
The relevant data are recorded over a time interval of 50 − 100 ms, which it takes for a pellet
to pass all the measurement points.
Figure 7.16: Schematic layout of a multi-camera readout and synchronization system. Adapter cards, one
per LS-camera, receive and decode the camera-link data
with the pellet information.

3. Use all info (including geometrical constraints
like the point of exit from the VIC) to reconstruct the full pellet track. Determine the time
and path for passage through the interaction
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region. It would take 50 − 100 µs for a pellet to
pass the accelerator beam.

[13] M. Büscher et al., The Moscow-Jülich
frozen-pellet target, in AIP Conf. Proc.,
volume 814, page 614, 2006.

4. Store the information for all pellet tracks,
sorted by the expected time of passage through [14] H. Calen et al., FP7 HP2 WP19 (Futurejet)
the interaction region.
milestone report, 2009,
http://www.physics.uu.se/np.
For each recorded hadronic interaction event, the
stored pellet track information is checked for the [15] P. Marciniewski and P. Plucinski,
Forschungszentrum Jülich, IKP Annual
pellet candidates that could have been in the interreport, 2009.
action region at the time of an event and the pellet
position information can then be used in the event
reconstruction.
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8 Beam Target Interaction
8.1 Luminosity Considerations for
Different Hydrogen Targets

from 1540 s to 7100 s. Beam lifetimes at low momenta strongly depend on the beam cooling scenario and the ring acceptance.

Beam losses are the main restriction for high luminosities, since the antiproton production rate is
limited. Three dominating contributions of beamtarget interactions have been identified: Hadronic
interaction, single Coulomb scattering and energy
straggling of the circulating beam in the target. In
addition, single intra-beam scattering due to the
Touschek effect has also to be considered for beam
lifetime estimates [2, 3]. Beam losses due to residual
gas scattering can be neglected compared to beamtarget interaction, only if the vacuum is better than
10−9 mbar. As will be demonstrated in chapter 10
the current design of the vacuum system does not
provide sufficiently low pressures at PANDA. Thus,
additional pumpings speed very close to the interaction region and clearing electrodes will be needed.
The relative antiproton consumption rate
given by the expression
−1
(τcons
) = nt σcons f0

−1
τcons

is

(8.2)
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as given in Table 8.1 for different beam momenta.

Average Luminosity / cm -2 s -1

In this chapter beam parameters and luminosities
are discussed for the full FAIR version. In the first
phase the FAIR start version will be modularized 8.1.1 Hydrogen Pellet Target
with a stepwise approach as described in Ref. [1]
which will lead to lower numbers of antiproton proThe dependence of the cycle averaged luminosity on
duction rate and beam cooling power.
the cycle duration is shown for different antiproton
The theoretical upper limit Lprod for the lumi- production rates in Fig. 8.1 for a target density of
nosity depends on the antiproton production rate ρ = 4 × 1015 atoms/cm2 .
dNp̄ /dt = 2 × 107 /s and consumption cross section
σcons
32
1 10
dNp̄ /dt
15
-2
(8.1)
Lprod =
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where nt is the target thickness and f0 the revolution frequency. In Table 8.1 the upper lim0
its for beam consumption rates and correspond0
5000
10000
15000
20000
Cycle Duration / s
ing lifetimes are listed for a transverse beam emittance of 1 mm × mrad, a longitudinal ring acceptance of ∆p/p = ±10−3 , 1011 circulating particles Figure 8.1: Cycle averaged luminosity vs. cycle duin the ring, as well as betatron amplitudes at the ration at 1.5 GeV/c (top) and 15 GeV/c (bottom). Assuming unlimited maximum number of particles inside
cooler/target of 100 m/1 m, respectively.
the HESR ring one obtains the dashed lines with a pro-

For beam-target interaction, the beam lifetime is duction rate of 1 or 2 × 107 p̄/s (blue or red, respecindependent of the beam intensity, whereas for the tively). In a more realistic scenario the number of parTouschek effect it depends on the beam equilibria ticles which can be stored is limited to 1011 (solid lines).
and beam intensity. Beam lifetimes are ranging
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Hadronic cross section σhadr /mb
Heating process
Hadronic interaction loss rate / s−1
Single coulomb loss rate / s−1
Energy straggling loss rate / s−1
Touschek effect loss rate / s−1
Total relative loss rate / s−1
1/e beam lifetime tp̄ / s
Beam preparation time / s
Optimum cycle duration / s
Lprod / 1032 cm−2 s−1
L̄max / 1032 cm−2 s−1

1.5 GeV/c
100

8.9 GeV/c
57

15 GeV/c
51

1.8 × 10−4
2.9 × 10−4
1.3 × 10−4
4.9 × 10−5
6.5 × 10−4
∼ 1540
120
4820
0.82
0.53

1.2 × 10−4
6.8 × 10−6
4.1 × 10−5
2.3 × 10−7
1.7 × 10−4
∼ 6000
140
1400
3.22
01.69

1.1 × 10−4
2.4 × 10−6
2.8 × 10−5
4.9 × 10−8
1.4 × 10−4
∼ 7100
290
2230
3.93
1.59

Table 8.1: Upper limit for relative beam loss rates, 1/e beam lifetimes tp̄ , and luminosities Lprod and L̄max
for a H2 pellet target with a density of ρ = 4 × 1015 atoms/cm2 and assuming an antiproton production rate of
2 × 107 s−1 .

With limited number of antiprotons of 1011 , as specified for the high-luminosity mode, cycle averaged
luminosities of up to 1.6 × 1032 cm−2 s−1 can be
achieved at 15 GeV/c for cycle times of less than
one beam lifetime. If one does not restrict the
number of available particles, cycle times should
be longer to reach maximum average luminosities
close to 3 × 1032 cm−2 s−1 . This is a theoretical upper limit, since the larger momentum spread of the
injected beam would lead to higher beam losses during injection due to the limited longitudinal ring
acceptance. For the lowest momentum, more than
1011 particles cannot be provided in average, due
to very short beam lifetimes. As expected, cycle
average luminosities are below 1032 cm−2 s−1 .



τ 1 − e−texp /τ
L̄ = f0 Ni,0 nt
texp + tprep

(8.3)

where τ is the 1/e beam lifetime, texp the experimental time (beam on target time), and tcycle the
total time of the cycle, with tcycle = texp +tprep . Ni,0
is the number of available particles after the target
is switched on. One elegant way to provide constant event rates is given by the possibility to compensate the antiproton consumption during an accelerator cycle by the increase of the cluster/pellet
beam density. Alternatively, using a constant tarTo calculate the cycle average luminosity, machine get beam density the beam-target overlap might be
cycles and beam preparation times have to be spec- increased adequately to the beam consumption.
ified. After injection, the beam is pre-cooled to
equilibrium (with target off) at 3.8 GeV/c. The
beam is then ac-/decelerated to the desired beam
momentum. A maximum ramp rate of 25 mT/s is Beam equilibria with electron cooling
specified. After reaching the final momentum beam
steering and focusing in the target and beam cooler
The empirical magnetised cooling force formula by
regions takes place. The total beam preparation
V.V. Parkhomchuk is generally used for electron
time tprep ranges from 120 s for 1.5 GeV/c to 290 s
cooling [4], and an analytical description for intrafor 15 GeV/c. A typical evolution of the luminosity
beam scattering [5]. Beam heating by beam-target
during a cycle is plotted in Fig. 8.2 versus time in
interaction is described by transverse and longituthe cycle.
dinal emittance growth due to Coulomb scattering
In the high-luminosity mode, particles should be re- and energy straggling [6, 7]. Beam equilibria with
used in the next cycle. Therefore the used beam is electron cooled beams in the HESR have been intransferred back to the injection momentum and vestigated in detail [8]. In the High Resolution
merged with the newly injected antiprotons. A (HR) mode RMS relative momentum spreads are
bucket scheme utilizing broad-band cavities is fore- ranging from 7.9 × 10−6 (1.5 GeV/c) to 2.7 × 10−5
seen for beam injection and the refill procedure. (8.9 GeV/c), and 1.2 × 10−4 (15 GeV/c) [9]. Due
During acceleration 1 % and during deceleration 5 % to the modularized construction concept of FAIR,
beam losses are assumed. The cycle average lumi- the planned 4.5 MV electron cooling system is postnosity reads
poned to a later stage.
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Figure 8.2: Time dependent macroscopic luminosity during the cycle L(t) versus time in cycle. Different
measures for beam preparation are indicated.

With cluster targets beam lifetimes are roughly 2.5
to 5 times larger compared to pellet targets. As
Beam equilibria have been simulated based on a for the pellet target Lprod does not depend on the
Fokker-Planck approach. Applying stochastic cool- target thickness. Theoretically, maximum luminosiing with a band-width of 2 − 6 GHz one can achieve ties could be achieved with a much larger number
a RMS relative momentum spread of 5.1 × 10−5 of circulating antiprotons. The dependence of the
(3.8 GeV/c), 5.4 × 10−5 (8.9 GeV/c) and 3.9 × 10−5 cycle averaged luminosity on the cycle duration is
(15 GeV/c) for the HR mode [10]. In the High shown for different antiproton production rates in
Luminosity (HL) mode RMS relative momentum Fig. 8.3. The same beam preparation times have
spread of roughly 10−4 can be expected. Transverse been applied for both target types.
stochastic cooling can be adjusted independently to
As expected, cycle averaged luminosities are
ensure sufficient beam-target overlap.
roughly a factor of two to five smaller for clusThe relative momentum spread can be further im- ter targets compared to pellet targets if the maxproved by combining electron- and stochastic cool- imum number of antiprotons in the HESR is liming.
ited to 1011 . Cycle averaged luminosities of 3.7 ×
1031 cm−2 s−1 can be achieved at 15 GeV/c and
2.9 × 1031 cm−2 s−1 at 1.5 GeV/c for maximum an8.1.2 Hydrogen Cluster Target
tiproton production rate. By increasing the maximum number of antiprotons in the HESR the cycle
Calculations have also been performed for a hydro- averaged luminosity using a cluster target can be
gen cluster target with an effective target thickness significantly enhanced up to the maximum possiof 8 × 1014 atoms/cm2 . Beam equilibria are ex- ble value L
prod shown in Table 8.2. An increased
pected to be equal to the case of pellet targets since number of antiprotons would result in higher inbeam heating is dominated by intrabeam scattering trabeam scattering rates and thus in larger beam
for the considered phase space densities.
momentum spread. Also the injection and accuIn Table 8.2 relative beam loss rates, beam lifetimes mulation process would lead to larger beam losses
and the maximum average luminosities with cluster during injection due to the limited longitudinal ring
target are summarized for different beam momenta. acceptance and cooling power.
These estimates are based on the same beam conditions and machine parameters as for pellet targets.
Beam equilibria with stochastic cooling
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Hadronic cross section σhadr /mb
Heating process
Hadronic interaction loss rate /s−1
Single coulomb loss rate / s−1
Energy Straggling
Touschek effect loss rate / s−1
Total relative loss rate / s−1
1/e beam lifetime tp̄ / s
Beam preparation time / s
Optimum cycle duration / s
Lprod / 1032 cm−2 s−1
L̄max / 1032 cm−2 s−1

1.5 GeV/c
100

8.9 GeV/c
57

15 GeV/c
51

3.6 × 10−5
5.8 × 10−5
2.6 × 10−5
4.9 × 10−5
1.7 × 10−4
∼ 5920
120
1280
0.82
0.29

2.4 × 10−5
1.4 × 10−6
8.2 × 10−6
2.3 × 10−7
3.4 × 10−5
∼ 29560
140
2980
3.22
0.38

2.2 × 10−5
4.8 × 10−7
5.6 × 10−6
4.9 × 10−8
2.8 × 10−5
∼ 35550
290
4750
3.93
0.37

Table 8.2: Upper limit for relative beam loss rates, 1/e beam lifetimes tp̄ , and luminosities Lprod and L̄max for
a H2 cluster target with a density of ρ = 8 × 1014 atoms/cm2 and assuming an antiproton production rate of
2 × 107 s−1 .
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Due to the five times lower target density the
achievable luminosity will be smaller compared to
the pellet operation. For the high luminosity mode
the cycle averaged luminosity is only reduced by
roughly a factor of two to five, depending on the
beam momentum and antiproton production rate.
The specified beam equilibria in the high-resolution
mode can also be reached with approximately the
same reduction of the cycle averaged luminosities.
Depending on the detector performance (maximum
acceptable luminosity and dead-time characteristics) the difference of the event rate between clusterjet and pellet target operation is expected to be
even smaller than the one for cycle averaged luminosities.
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Figure 8.3: Cycle averaged luminosity vs. cycle time
at 1.5 GeV/c (top) and 15 GeV/c (bottom). Assuming
a limited maximum number of particles of n = 1011 inside the HESR ring, one obtains two different luminosity
estimates for a production rate of 1 or 2 × 107 p̄/s (blue
or red, respectively).

Contrary to homogeneous cluster beams, a distinct
time structure of the luminosity distribution is expected for the granular volume density distribution
of a pellet beam (see Sect.7.2). The time structure
depends on the transverse and longitudinal overlap between single pellets and the circulating antiproton beam in the interaction region. Therefore,
details of the pellet beam distribution have to be
included in calculations of the time dependent luminosity distribution.
A first attempt to model the luminosity variations
at PANDA down to a time scale of microseconds
has been made within the BETACOOL code [11].
For benchmarking of the implemented algorithm,
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results of an experiment with the WASA pellet target at the COSY storage ring have been compared
to simulation results [12].

[10] H. Stockhorst et al., Calculations on
High-Energy Electron Cooling in the HESR,
in Proceedings of the Workshop on Beam
Cooling and Related Topics COOL2007, Bad
If the detector is overloaded its counting rate is no
Kreuznach, MOA2C05, p. 30, 2007.
longer proportional to the provided luminosity, but
depends on the capability of the readout and data [11] A. Smirnov et al., Effective luminosity
acquisition system. In such a case the ratio of peak
simulation for PANDA experiment at FAIR,
to mean luminosity can reach unacceptably large
in Proceedings of COOL2009, Lanzhou,
values.
China, THPMCP002, 2009.
If the single detectors are overloaded, the count rate
value is saturated and equal to the detector limit or [12] A. Smirnov et al., Simulation of pellet target
experiments with Betacool Code, in
the detectors cannot accept any event anymore —
Proceedings of RuPAC 2008, Zvenigorod,
the count rate is zero. The response of real detecRussia, http://cern.ch/AccelConf/r08/papers/
tors will certainly be in between these two ultimate
MOAPH04.pdf, 2008.
cases. According to this the detector and DAQ capabilities must be well above the maximum average
luminosity.
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2006, Jül-4206, ISSN 0944-2952.
[4] V. Parkhomchuk, Nucl. Instrum. Meth.
A441, 9 (2000).
[5] A. Sørensen, in CERN 87-10, 135, 1987.
[6] F. Hinterberger, T. Mayer-Kuckuk, and
D. Prasuhn, Nucl. Instrum. Meth. A275, 239
(1989).
[7] F. Hinterberger and D. Prasuhn, Nucl.
Instrum. Meth. A279, 413 (1989).
[8] O. Boine-Frankenheim, R. Hasse,
F. Hinterberger, A. Lehrach, and
P. Zenkevich, Cooling equilibrium and beam
loss with internal targets in high energy
storage rings, Nucl. Instrum. Meth. A560,
245 (2006).
[9] D. Reistad et al., Calculations on
High-Energy Electron Cooling in the HESR,
in Proceedings of the Workshop on Beam
Cooling and Related Topics COOL2007, Bad
Kreuznach, MOA2C05, p. 44, 2007.

76

PANDA - Target TDR, March 2012

77

PANDA - Target TDR, March 2012

9 Target Beam Dump
The target material, either the solid hydrogen pellets or the hydrogen cluster stream, crosses the
whole Target Spectrometer and is collected in a
dump. The Target Beam Dump has been designed
to be compatible for both the pellet and the clusterjet target operation.
The cluster or pellet beam is absorbed by a kind
of “collector” and the beam pipe vacuum is maintained by a multi-stage differential pumping system
equipped with turbomolecular pumps. A proper
forevacuum system has been designed to provide
best vacuum conditions. Several diagnostic devices,
especially for the pellet target, are integrated in the
Target Beam Dump.

9.1 Differential Pumping System
The Target Beam Dump that will be used in the
PANDA experiment is based on the vacuum chamber which was built for the JETSET (PS202) [1] experiment at CERN. The JETSET experiment was
installed on the LEAR antiproton ring, and featured an internal cluster-jet target with a free flight
between the production and the dump of about two
meters. The core of this Target Beam Dump is a differential pumping system consisting of three-stages.
The vacuum chamber has two horizontal internal
walls with holes through which the target beam can
pass. The beam does not cross the vacuum chamber
on its axis, but at a radius of 78 mm from it. This
has been designed for the cluster-jet target so that
the beam collides with the blades of a turbomolecular pump that is installed at the bottom of the
vacuum chamber. This causes the largest part of
the hydrogen to be evacuated directly through that
pump, greatly reducing the gas back-flow. Each
stage is equipped with two CF150 flanges to which
(see Fig. 9.1).

Figure 9.1: View of the target dump vacuum chamber.
The hydrogen jet enters through the upper flange and
exits through the lower hole (visible through the lateral
lower flange).

Turbo-V 1001 Navigator in the second and third
stages [2].
The choice of this model of turbomolecular pumps
was done because of its high pumping speed for hydrogen, even at relatively high pressure. A summary of the pumps performances is given in Table 9.1.

Pumping speed
Compression ratio
Max. foreline pressure

551
510 l/s
106
∼ 5 mbar

1001
900 l/s
106
∼ 10 mbar

To the holes of the different stages conical pipes will
be connected to further reduce the gas flow from the
dump to the beam pipe (see Fig. 9.2). The shape Table 9.1: VARIAN turbomolecular pumps parameand length of these pipes have been optimized to ters.
give the best insulation between the stages.
It is foreseen to use two turbomolecular pumps for
each stage, both for the cluster-jet target and for Each stage of the Target Dump will be equipped
the pellet target operations: two VARIAN Turbo-V with Leybold ITR90 [3] pressure gauges, to contin551 Navigator in the first stage and four VARIAN uously monitor the vacuum pressure
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the forevacuum corresponds roughly to a throughput of 7 mbar · l/s or 1.7 × 1020 molecules/s through
the leakage.
At this forevacuum pressure, the turbomolecular
pumps pumping speed suddenly drops to 0. In the
final configuration a more powerful forevacuum system is foreseen, so an increase in the performances
is expected.
In our measurements the leakage is realised via a
calibrated leak valve placed in the first differential
pumping stage. This means that the leakage represents not the total target throughput, but the backflow from the last pump. Since the total throughput
is of the order of 10 mbar · l/s, our test conditions
are expected to be worse than the working conditions of the PANDA target. Anyhow, a dedicated
measurement will be performed on the actual target
apparatus to optimize the forevacuum configuration
before the final installation.
Figure 9.2: Section of the target dump vacuum chamber. The conical pipes designed to reduce the gas backflow are visible on the right side.

9.2 Operation with the Cluster
Generator

9.3 Operation with the Pellet
Generator
To be operated in conjunction with the pellet generator, the turbomolecular pump on which the target
material arrives will be removed and replaced by a
properly designed pellet pot.
The pellet pot has two main purposes:

The Target Beam Dump, to be operated with the
cluster-jet generator, will be equipped with a VARIAN Turbo-V 1001 turbomolecular pump, on the
bottom of the vacuum chamber. Since the clusterjet travels about 78 mm far from the vacuum chamber axis, it will arrive directly on the blades of the
turbomolecular pump. There it will be destroyed
and efficiently pumped away. As described above,
the gas back-flow will be pumped away by three
differential pumping stages.

 don’t let the pellets bounce back to the interaction region;
 let the pellet evaporate in a small volume via
a large number of hits on the chamber walls.

This has been built for previous experiments at
WASA [4], where the original trap was based on
design ideas for cluster-jet dumps [5]. It was a
cryogenic dump with inner plates covered by acThe efficiency of this system was measured intro- tive charcoal in order to absorb the pellets. Later
ducing a leakage in the last stage. The forevacuum it turned out that the dump worked very well also
in the test was realised with a single rotary pump at room temperature with turbomolecular pumps
featuring a 25 m3 /h pumping speed. This value is instead of cryopumps.
used to retrieve the throughput through the leak- The pellets pass through a small hole, collide with a
age. A summary of the performed measurements is short cone and gain a significant transverse momenshown in Fig. 9.3.
tum. Around the cone, there are several plates with
The main feature of the beam dump is the vacuum holes in the middle: the pellet bounces between the
gradient between the first and the last stage. It plates until it is completely evaporated. A view of
comes out that the ratio between the pressures in this structure is shown in Fig. 9.4.
the first and last stage is ≈ 800. This means that
when a pressure of 1 mbar is measured in the forevacuum line, a pressure below 10−5 mbar is measured in the first stage. A pressure of 1 mbar in

This structure, made of the central cone and the
plates, is called the pellet pot. The pot is contained
in a vacuum vessel with two flanges to which two
turbomolecular pumps can be attached.
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Figure 9.3: Vacuum in the various dump stages as a function of the roughing vacuum. The measurement has
been performed with a pump per stage (upper lines), two pumps in the last stage and one in the first two (mid
lines) and with all the pumps running (lower lines).

Figure 9.4: Pellet pot section and top view. On the left the section is shown: the central spike is visible. On
the right the top view is shown: on the side the pumping hole is visible.
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The design optimization of the pellet pot for the
PANDA experiment is being performed. The main
aspects that must be optimized are the cone shape
and the diameter of the entrance hole. These features affect directly the trap effectiveness and consequently the gas back-flow to the interaction region.

and with the cluster-jet target, with minor modifications. The installation procedure reflects this
flexibility.

Since the beam channel is not centered in the differential pumping stage, the pellet pot will not be
aligned with the axis of the pumping stage. The
alignment of the pumping stage channel with the
centre of the pellet pot plates is crucial for the
proper functioning of the pot.

rel will be the forevacuum stage. It will be slid in
position using a roller, lifted and suspended to the
solenoid support structure. Here the control lines
will be attached and the pumps output will be connected to the vapour drain.

evacuation down to about one millibar. A roots
pump will further lower the pressure to a fraction
of mbar, ensuring a good compression between the
outlet of the turbomolecular pumps and the inlet of
the rotary vane pump. This construction ensures
that all the pumps involved work with proper inlet
and outlet pressure and throughput.

The dump vacuum chamber, featuring the 6 turbomolecular pumps of the differential pumping stages
will be installed as a whole. Again, it will be slid
under the solenoid barrel and fixed to the support
structure, independently from the other parts. The
attachment system will be designed in a way to allow the precise alignment of the flange of the target
dump with the one of the target pipe. The turbomolecular pumps outlets will then be connected to
the roughing line via flexible pipes. After the mechanical attachment, all the cabling to and from the
control system will be connected.

We foresee to have, before starting the installation procedure, the solenoid magnet completely
mounted, with all the detectors inside and the tarThe design will also be optimized to achieve the eas- get pipe mounted completely. In addition, we foreiest installation procedure. As it will be described see to have all the cabling from the target control
in Sec. 9.5, the dump will be installed under the system to the dump patch panel already installed.
solenoid flux return yoke where the space is very The mounting procedure is foreseen to be viable
limited. To allow an easy and safe switch between both with the target spectrometer in the operation
the cluster and pellet configuration, a very similar position and in the parking position.
interface will be needed.
The first part to be placed under the solenoid bar-

After the forevacuum pumps placement, the roughing line will be installed. This will consist of a rigid
100 mm pipe manifold featuring all the flanges for
the turbomolecular pumps of the dump. Also this
9.4 Forevacuum System
part will be slid under the solenoid and suspended
to the support structure. The connection with the
A properly designed forevacuum system provides first forevacuum pump will be done with a flexible
evacuation to the target dump down to a fraction of pipe. The manifold is designed in a way to let two
millibar. This system must provide sufficient pump- sides completely accessible for the vacuum chamber
ing speed for the expected gas load, which is of the installation.
order of 1 mbar · l/min of hydrogen or deuterium.
The pellet tracking system, described in SecThe forevacuum for the target dump is designed in tion 7.3.4, will be attached to the target pipe and
the same way as the one for the target generator. A suspended independently to the solenoid yoke. It
forevacuum system made of two stages is foreseen. will be hosted in a proper recess that has been foreA rotary vane pump will be used for the preliminary seen in the yoke itself.

9.5 Installation and Maintenance
The target dump will be installed under the
solenoid flux return yoke. Proper clearance for installation and operations has been foreseen; anyhow, the solenoid support structure leaves a vertical allowance of ∼ 80 cm, which is not sufficient to
install the dump as a whole.
As shown in the previous section, the target dump
is designed to be compatible both with the pellet

As last step, the seventh turbomolecular pump or
the pellet pot will be installed, depending on the
chosen production stage. Both will be suspended
to the dump vacuum chamber via a CF200 flange.
The outlet of the last pump will be connected to the
roughing line via a flexible pipe: two flanges have
been foreseen in the roughing manifold for the two
solutions.
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Figure 9.5: View of the target dump as a whole. On the left the cluster-jet configuration is presented and on
the right the pellet one.

The main foreseen maintenance procedure will be
the change between cluster-jet and pellet target,
and, consequently, the interchange between the direct turbomolecular pump and the pellet pot in the
target dump. According to the installation procedure, this is the last part to be mounted, so it is
foreseen to proceed with the interchange without
dismounting any other part of the dump. A view of
the target dump, in the two different configurations,
is presented in Fig. 9.5.
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10 Vacuum System
The following chapter is based entirely on the work
carried out in the framework of a doctoral thesis.
Many details have been omitted here and can be
found in Ref. [1]. Basis of the estimates and calculations presented here is the currently assumed design of the PANDA vacuum system. The obtained
results imply that additional pumping speed close
to the interaction point has to be installed. Furthermore, means for handling trapped ions have to
be provided in order to to avoid beam instabilities
[2].

10.2.1 Target Line and Dump Line

For the further discussion one may consider the system to be consisting of three separate lines: the
target line, the dump line and the antiproton beam
pipes. These lines meet at the interaction point (IP)
forming the interaction cross.

lines, will be made out of high grade stainless steel
(EN 1.4429 or AISI 316LN, light blue in Fig. 10.1)
with wall thicknesses between 1 − 3 mm. Close
to the interaction zone and downstream of the IP
inside the TS the material is changed to titanium

The target line connects the target generator with
the IP. The dump line connects the IP to the target beam dump. Both lines are marked red in
Fig. 10.2. The target line starts with an electropneumatic gate valve with DN40CF connections.
This serves as the interface to both targets. Next to
the valve is a differentially pumped vacuum chamber, which reduces the residual gas load to the
interaction point. This stage is pumped by two
turbo-molecular pumps. The target line is then
reduced in diameter by a cone. This pipe system leads the target beams through tubes with
10.1 Introduction
decreasing inner diameters (ID) of 90 mm, 60 mm,
40 mm and 20 mm until the IP. Below the interThe vacuum system of PANDA has to fulfill sev- action cross (see Fig. 10.3) the dump line contineral requirements from both the side of the accel- ues with increasing ID of 20 mm, 40 mm, 60 mm,
erator and the side of the PANDA detection sys- 90 mm and 150 mm. At the end of the last tube
tem. In order to minimize the disturbance of the will be another electro-pneumatical gate valve with
reaction products the pipes of the antiproton beam DN160CF flanges, which interfaces a pellet tracking
line around the interaction point should be as thin chamber (see Sect. 7.3.4) and the target dump (see
as possible and be made out of low Z material. Sect. 9).
Furthermore the sub-detectors should be placed as
close as possible to the interaction point in order
not to loose tracking information. This means that 10.2.2 Antiproton beam line
the vacuum tubes of the interaction region should
have small diameters. Both demands are very diffi- The antiproton beam line (marked blue in Fig. 10.2)
is the part of the accelerator beam line around
cult to reconcile with good vacuum conditions.
which the PANDA detector will be placed. Since
The vacuum system has to have good pumping ca- PANDA will be set up between two chicane dipoles
pability for reaching low pressures for a long life- 4.6 m upstream and 13 m downstream of the target,
time of the antiproton beam. The material should these magnets will also be the limits for this part of
be clean with low outgassing rates and the com- the beam line. The connection to the main HESR
plete system must guarantee mechanical stability beam line will be through gate valves with modiand safety.
fied DN100CF flanges. Additional gate valves will
be placed just downstream the Target Spectrometer (TS) and downstream the dipole magnet. These
are necessary, because it is foreseen that the TS and
10.2 Design of the Vacuum System the Forward Spectrometer (FS) will be moved into
a parking position for maintenance work, whereas
The PANDA vacuum system has been designed the dipole will remain fixed in place. In this way
based on these requirements within the tight ge- one can break the vacuum e.g. in the TS only and
ometrical constraints of the detector. Figure 10.1 continue pumping in the FS.
shows the 3D-CAD model of the PANDA beam lines Most of the tubes used in the antiproton beam line,
with cluster-jet target and dump.
but not necessarily those of the target and dump
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Figure 10.1: CAD model of the full PANDA vacuum system including cluster-jet target and dump. Colour code:
light blue - stainless steel, brown - titanium, pink - pumps, green - gate valves.

(EN 3.7035 or Grade 2, brown in Fig. 10.1) with
wall thicknesses of 0.2 − 0.7 mm. The main reason
for the use of titanium is the reduced influence on
the reaction products.
In order to reconcile the demand from the subdetectors, calling for small diameters of the pipes,
with the requirement of high vacuum conductance,
the pipes of the antiproton beam line will have different diameters at different positions. For reason of
beam dynamics one has to avoid step-wise changes
in the inner diameter by the use of cones between
the tubes. Full opening angles of these cones of 30◦
(15◦ against axis) or less will not disturb the beam.

10.2.3 Interaction zone
The most crucial part of the beam lines is the area
where all three lines meet around the interaction
point. Here the pressure along the antiproton beam
line has its maximum.

10.2.4 Pumping system
In order to keep the vacuum conditions as good as
possible, the vacuum system needs sufficient pumping speed close to the interaction zone. Conventional pumps, such as turbomolecular or ion getter pumps, cannot be installed close to the interaction point. The space is occupied by other detector systems, as can be seen in Figs. 10.2 and
10.3. Therefore pumps will be installed at only
three pumping stations along the antiproton beam
line, see Fig. 10.4. The pumping systems of the targets and the target beam dump have been shown in
Figs. 6.23 and 9.5.
Two turbomolecular pumps (TP) will be installed
in the first pumping station upstream the Target
Spectrometer. Another pumping station might be
installed between the beginning of the PANDA area
and the this first pumping station, so that the upstream pressure reaches the design value of the accelerator (< 10−9 mbar). The second pumping station will be located between the PANDA solenoid
and the dipole. The turbopumps will be placed
above and below the forward tracking detectors.
These pumps will be connected to the main beam
line via two 550 mm long connection tubes. A third
pumping station including a turbomolecular pump
and an ion getter pump (IGP) at the end of the
Forward Spectrometer will complete the beam line
pumping system.

This part of the vacuum system consists of a pipecross and a cone, which opens up the inner diameter
(see Fig. 10.3). Both parts will be made out of
titanium. Three arms of the pipe cross will have
an inner diameter of 20 mm and a wall thickness of One adequate oil-free roughing pump (SP) per
0.2 mm. For conductance reasons a cone opens the station will generate the fore vacuum.
inner diameter in the upstream direction to 150 mm.
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Figure 10.2: Cross section of the Target Spectrometer with detector components in light gray. The target and
dump lines are marked in red. The antiproton beam line, as well as the cluster-jet target and the target beam
dump, is marked in blue. The dimensions are given in mm. The diameters refer to inner diameters of the tubes.

Figure 10.4 also shows the positions of some
vacuum gauges (G). Only the most important ones
are depicted.

10.3 Calculations of gas loads and
pressure profiles
The design of the PANDA vacuum system is an evolution of a basic layout which has been presented in

Fig. 4.45 of [3]. Many optimizations and changes
of this first layout have been carried out and have
been accompanied by calculations of pressure profiles, gas flows and the resulting sum of the thickness
(or areal density) of the residual gas. What-if scenarios were computed and the effects of the design
changes to the pressure profile were studied.
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the base values of the total pressure in the beam
lines.
There will be one O-ring (Viton) sealed bayonet
coupling in the target line, one in the dump line,
and maybe one O-ring sealed coupling in the antiproton beam line downstream of the IP. To account for possible contributions to the vacuum three
of N2 each
leaks with a leak rate of 1 × 10−5 mbar×l
s
(as substitute for air) were assumed.

Figure 10.3: Artistic view of the PANDA interaction
region with a cross section of the interaction cross and
the MVD. Inner (ID) and outer (OD) diameters are
indicated.

10.3.1 Calculations
The calculations were carried out with the programs
VAKTRAK and VAKLOOP. Both programs were
written by V. Ziemann of Uppsala University and
are free for use. The theory behind the calculations is described in [4], which can also be downloaded for free. Both computer codes generate onedimensional equilibrium pressure profiles in conduction limited vacuum systems.

10.3.2 Base pressure without targets
In every vacuum element gases and vapours reside
on and in the interior walls. These gases desorb
slowly and add to the volume gas that is to be removed by the pump.
Outgassing rates heavily depend on the type of material used (steel, alloys, aluminum, glass), the seals
(metal or elastomer gaskets), the treatment of the
material during fabrication and before mounting
(baking, ultrasonic bath, chemical cleaning) and the
system’s history (careful venting, long exposures to
atmosphere).
The pressure profile of the base total pressure (i.e.
without running the targets) was calculated for outgassing of the PANDA vacuum pipes with outgassing of H2 and H2 O as main contributions. The
geometry used was the complete PANDA setup
(target-, dump- and p̄-lines) with cluster-jet target.

Figure 10.5 shows the resulting pressure profiles of
the total pressure for the target/dump line (left
plot) and the antiproton beam line (right plot) and
the contributions of H2 , H2 O and N2 . One can see
the pressure reduction in each stage of the target
beam dump and the negative effect on the pressure due to low effective pumping in the tubes with
small inner diameter. In the antiproton beam line
the positive effects of the upstream cone and the
second pumping station on the pressure profile are
clearly visible. Noticeable is that the maximum of
the pressure distribution due to outgassing does not
sit at the IP, but is shifted into the 40 mm tube.
The pressure in the PANDA section of the accelerator beam line rises up to 10−7 mbar, but decreases at both ends of the section to the upper
10−9 mbar region. Without running the targets the
three pumping stations of the PANDA vacuum system manage to provide a sufficient coupling to the
HESR vacuum (< 10−9 mbar). Without leakage effects the pressure along the vacuum line would be
better by one order of magnitude.

10.3.3 Expected gas influx from the
cluster-jet target
The influence of the running targets on the vacuum
situation is more severe than mere outgassing, since
gas is actively injected into the vacuum system. In
this and the following section the influence of the
targets on the pressure profiles in the target/dump
line and antiproton beam line is evaluated.
The pressure profiles of the hydrogen partial pressure during running the cluster-jet target have been
calculated and then summed up with the base total pressure to provide total pressure profiles for the
cluster-jet target. The geometry used was the complete PANDA setup (target-, dump-, and p̄-lines)
with the vacuum system of the cluster-jet target.

These calculations simulate the situation after 1 − 2 Following possible sources of gas influx into the sysdays of pumping the system without target beams tem have been considered, assuming a target thick2
15
on. Outgassing, permeation through seals and pos- ness of 4 × 10 atoms/cm :
sible leaks would be the main sources of gas in the
PANDA vacuum system. The pressures would be
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Figure 10.4: Schematic drawing of the vacuum and pumping system of the target and the antiproton beam lines
of PANDA. The given pumping speeds are the nominal values given by the manufacturers.

Figure 10.5: Calculated pressure profiles of the base total pressure and the contributing partial pressures in the
PANDA target/dump line (left plot) and antiproton beam line (right plot). For clarity the CAD drawings of the
corresponding beam lines are displayed above the plots.

 Gas load from the cluster generator

when the cluster-jet target (having the desired target thickness) is in operation with the maximum gas
 Gas load from the dump
flow through the nozzle. The impact of the clusterjet is described by the red line. This is added to
 Cluster evaporation
the base total pressure, which was described in the
preceding subsection, to give the total pressure for
Not considered are effects from beam-target inter- PANDA with the cluster-jet target.
action as well as off-axis clusters.
The calculations showed that from the three clusterFigure 10.6 shows the resulting pressure profiles of jet contributions the influx from the generator is inthe total pressure for the target/dump line (left significant. Although the cluster evaporation rate
plot) and the antiproton beam line (right plot) is low this effect gives a noticeable contribution to
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Figure 10.6: Calculated pressure profiles of the total pressure in the PANDA target/dump line (left plot) and
antiproton beam line (right plot) when operating the cluster-jet target. The contribution of the cluster-jet to the
H2 partial pressure is shown in red. For clarity the CAD drawings of the corresponding beam lines are displayed
above the plots.

the H2 pressure in the target line between collimator and upper bayonet coupling. Further down until
the target dump and in the whole antiproton beam
line the backflow of gas from the destructed clusters
is by far the greatest of these three contributions.
The H2 backflow from the dump also dominates the
total pressure in the target/dump line. The pressure at the IP (6 × 10−7 mbar) could still increase
considerably when one also takes into account the
effects of beam-target interactions, which have not
been considered in these calculations.

10.3.4 Expected gas influx from the pellet
target
In this section the results of the calculations of the
hydrogen partial pressure profiles during running
the pellet target will be presented. Also these profiles were summed up with the base total pressure to
provide total pressure profiles for the pellet target.
The geometry used was the complete PANDA setup
(target-,dump- and p̄-lines) with the pellet tracking station below the pellet generator as starting
point and the target dump including the pellet pot.
Analogous to the cluster-jet target we considered
the following possible sources of gas influx into the
system (ordered according to their magnitude):
 Pellet evaporation
 Gas load from the dump
 Gas load from the pellet generator

Similar to the cluster calculations off-axis pellets
are not considered. Furthermore, beam-target interactions are neglected since recent measurements
with the WASA target and the COSY proton beam
showed no additional gas load from pellet heating
at a base pressure in COSY of few 10−7 mbar.
Figure 10.7 shows the resulting pressure profiles of
the total pressure for the target/dump line (left
plot) and the antiproton beam line (right plot) when
the pellet target (15k pellets/s, 30 µm diameter,
70 m/s) is in operation. The impact of the pellet
jet (red line) is added to the base total pressure to
give the total pressure for PANDA with the pellet
target.
The calculations showed that from the three incorporated contributions the influx from the pellet generator is negligible. Apart from the pressure inside
the target beam dump and the pellet pot also the
backflow of gas from the destruction of the pellets
has no influence on the H2 pressure. The gas flow
due to pellet evaporation is by far the dominating
contribution to the H2 partial pressure in the target/dump line as well as the antiproton line.
As can be seen in Fig. 10.7 the main part of this gas
load originates from the dump line. This situation
should be possible to be improved by a proper modification of the dump line just above the beam dump
to provide pumping similar to what is provided at
the generator side (to the left in Fig. 10.7). This
will also be of help in case of the cluster target (see
Fig. 10.6). However, the achievable reduction of the
pressure at the IP is expected to be less than an order of magnitude. The value of the pressure at the
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Figure 10.7: Calculated pressure profiles of the total pressure in the PANDA target/dump line (left plot) and
antiproton beam line (right plot) when operating the pellet target. The contribution of the pellet chain to the
H2 partial pressure is shown in red. For clarity the CAD drawings of the corresponding beam lines are displayed
above the plots. Note that the pumping in the dump line (right part of left plot) has not been optimized.

IP could still increase when one also takes into account the effects of off-axis pellets, which have not
been considered in these calculations.

10.3.5 Impact on the operation of PANDA
and HESR
The obtained pressure distributions described in the
former subsections have direct implications on both
the operation of the PANDA experiment and HESR
accelerator itself. The distribution of residual gas
along the antiproton beam pipe sums up to a resulting gas thickness which has to be compared to
the thickness of the target at the interaction point.
Several negative consequences would occur if the
density of the residual gas becomes too thick:
 A considerable number of antiprotons would
be annihilated outside the interaction region.
Also refilling of HESR would have to be done at
shorter intervals. If the antiproton production
cannot match their ‘destruction’ anymore, the
time for injection from CR into HESR would
have to be extended. This would decrease the
effective luminosities.

 These additional events from both sources have
to be added to the ‘physics events’ from the
interaction of antiprotons with nucleı.
 The increased event rate could cause overload
of sub-detectors in regard to their counting
rates, dead times and event resolution. Offbeam analysis can reduce this background by
adequate filters and cuts, but only to the level
where two events still do not overlap.
 Due to scattering of the accelerator beam on
the residual gas, these molecules can become
ionised and trapped in the potential of the antiproton beam (trapped ions, [2]). These ions
would swing in the potential around the IP and
can therefore be hardly pumped away. They
would disturb the antiprotons right at the most
critical point.

According to the performed calculations (see
Ref. [1]) the residual gas can add up in the region
of the MVD to an effective thickness in the order
of 10 % of the target thickness itself, which the lat2
ter one assumed to be 4 × 1015 atoms/cm . Here
the evaporation of target material was identified as
main source of this effect. A very important consequence of the high residual gas in this region is the
 Besides increased annihilation the antiproton occurance of trapped ions, which strongly influence
beam would also heat up due to scattering with the lifetime of antiprotons in the HESR. This probthe residual gas. This could pose problems for lem might be solved by the installation of clearing
the beam cooling during the measurement, es- electrodes near the IP. However, recent estimates
pecially in the high resolution mode. Because [2] show that this will only be possible with signifof increased scattering the annihilation of an- icantly improved vacuum conditions at the intertiprotons on the walls of the beam tubes could action point. This in turn requires a strongly increased pumping capacity directly at the IP. The
become higher than the measurement limit.
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only alternative to lumped pumping is pumping
within the pipes of the antiproton line. Cryo-pumps
or NEG coating could provide such pumping capability.

Reducing upstream pressure with a cryo-pump
The inner diameter of the pipes upstream of the
IP is big enough to place a specially designed cryopump near the upstream end of the big cone. The
cryo-sorbing surface could consist of one or more
layers of metal sheets of a length of some ten centimetres covered with activated charcoal. This surface could be cooled either by a vibrationless cold
head or by a flux of liquid He through cooling pipes.
In order not to reduce the vacuum conductance too
much the pump’s axis would coincide with the axis
of the antiproton line. Assuming that such a cryopump with a length of 300 mm and a pumping speed
of 5000 l/s can be placed right before the cone to the
IP, between z = −600 mm and z = −300 mm, it is
expected that the vacuum in the upstream beam
line can be improved by approximatively one order
of magnitude. However, the calculations show that
the vacuum at the IP and downstream is almost
not affected. Therefore, additional solutions for the
downstream part of the antiproton beam pipe have
to be identified.

Reducing downstream pressure
Since the use of a cryo-pump is not feasible in the
downstream part of the accelerator beam line, one
attempt would be to use the walls of the antiproton beam pipes (especially the pipes with 40 mm
and 64 mm inner diameter) inside the TS as a
high-vacuum pump by coating the tubes with nonevaporative getter (NEG), as it is used in the warm
sections of the LHC. Tests at SMI in Vienna [1]
with a model of the assumed PANDA beam pipe
system (see Fig. 10.8) and the anticipated gas load
showed that the high pumping speed of NEG would
indeed reduce the high pressure in the antiproton
beam line. Unfortunately different problems due
to the needed regenerations of the getter material
make an installation and operation of NEG coated
beam pipes in the PANDA TS very difficult. One
problem concerns the space requirements needed for
the heaters (including the insulation to temperature
sensitive detector elements) and another is the time
needed for regenerations, since the H2 gas influx
into the beam line downstream of the IP is very
high. Therefore, the use of non-evaporable getter

Figure 10.8: Prototype vacuum chamber of the
PANDA interaction region with NEG coated tubes.
This system was set up at SMI to study the feasibility
of using non-evaporative getter near the high density
internal targets of PANDA.

pumping in PANDA for reducing the pressure near
the interaction point is not realistic.
Since the pressure in the downstream part of the
antiproton beam line has to be improved significantly, other solutions have to be identified. One
possibility might be to increase the vacuum pipe
diameter as close as possible to the IP by using a
cone in the vacuum pipe similar to the one in the
upstream line. By this the conductance will be improved. Optimization studies on the layout of the
IP-region have to be performed in close cooperation of all affected groups of the PANDA and HESR
facilities.
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0944-2952, Jülich (2011).
[3] PANDA Collaboration, Technical Progress
Report, Technical report, FAIR-ESAC, 2005,
http://www-panda.gsi.de.
[4] V. Ziemann, Vacuum Tracking, SLAC-PUB
5962, (1992).

91

PANDA - Target TDR, March 2012

11 Gas Supply System
11.1 Gas Purifier
It should be stressed that gas purification is essential for a smooth running of the cluster-jet and the
pellet target systems as planned for PANDA, as impurities will freeze out in the nozzles and therefore
block the gas stream.
A schematic drawing of the gas supply and purification system for the PANDA target, used for the
cluster-jet as well as for the pellet target is presented in Fig. 11.1. The target device has to be
operated with H2 gas with high purity to avoid
blocking of the cryogenic nozzle by impurities like
H2 O, O2 or N2 when operated at temperatures below 30 K. For this purpose H2 of standard purity
(e.g. 99.999 %) will be used and in a second step
cleaned by proper measures to a level in the ppm
region. One of the most common and reliable techniques for purifying hydrogen is the permeation of
hydrogen gas through a hot palladium-silver alloy.
The high permeation rates for hydrogen allow a
separation from all other gases by several orders
of magnitude, a purification level below 0.5 ppm
will be reached. During normal operation a small
amount of hydrogen in the order of 3 to 5 % of the
total flow (through the palladium-silver alloy) will
be exhausted together with the remaining impurities captured by the hydrogen gas flow.

the hydrogen gas pressure directly before passing
through the nozzle for producing a cluster-jet beam
or entering the device to produce pellets.

11.2 Deuterium Recuperation
If longer periods with deuterium cluster beams are
planned, the gas supply system has to be enlarged
by a D2 recuperation system for economical reasons.
A similar system is used with cluster-jet targets at
COSY. This system collects the D2 gas exhausted
by the vacuum pump at the cluster-jet source and
supplies it to an oil-free compressor which finally
provides the D2 gas with a pressure of up to 20 bar.
The collected gas is led via the purification unit to
the internal target unit and is injected again. Of
course due to gas losses mainly in the purification
process new gas has always to be added. The flow
scheme is shown in Fig. 11.1. For a further reduction of the operational cost, a D2 generator will be
used which generates D2 gas from liquid D2 O. Some
of the available commercial hydrogen generators are
working with a palladium electrode, which then already delivers deuterium gas with high purity.
Such a system is currently being used at both the
COSY experiments ANKE and WASA-at-COSY [1,
2].

Nitrogen is used for the shut-down procedure to
replace the hydrogen on the input side to avoid Bibliography
that a large amount of hydrogen will be stored in
the palladium-silver alloy while the alloy is cooled
[1] H.-H. Adam et al., Deuterium Recuperation of
down. This procedure will increase the lifetime of
Cluster Targets at COSY, IKP Annual Report
the palladium diffusion unit.
(1999).
For security reasons, both the N2 and H2 gas bottles have to be placed in a special gas cabinet. The [2] T. Rausmann et al., Installation of an
electrolytical deuterium generator for the
size of this gas cabinet should be sufficiently large to
cluster targets at COSY, IKP Annual Report
contain at least four hydrogen bottles (50 l, 200 bar)
(2005).
and one nitrogen bottle in parallel. The gas pressure of all bottles will be monitored to guarantee a
continuous hydrogen flow during experiment. After
the purification stage the gas will be led through
a gas flow monitor and control system and enters
the cluster or pellet source unit. At this stage, a
micrometer filter is included into the gas feeding
system to efficiently remove micro-particles.
Finally the gas passes the cooling stages of the
cryogenic cold head with a capacitance manometer
(Baratron) connected to this gas line to monitor
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12 Slow Control System
The target system as a whole is controlled by an
automated system. This control system must drive
all the target parts during normal operation and
manage all the possible faults ensuring maximum
safety.

the Hall, the shut down of every system and the
antiproton beam dump.

These safety systems are connected to the target
slow control, even if the general safety alarms and
valves are directly triggered via a hardwired relay
logic. The main issue for our slow control system
is the reliability in flammable gas atmosphere. The
12.1 Requirements
proposed safety rating for the control electronics is
Class I, Division 2 rating for hazardous locations
The PANDA target system is formed essentially by [1], i.e. flammable gas atmosphere, not explosive.
four subsystems: the production stage, either
for pellets or clusters, the two differential pumping stages, one for the production and one for the 12.1.2 Protection against System Failures
dump, and the hydrogen supply line, which supThe slow control system must protect the detecplies the production stage. Each of these subsystor and the accelerator against system failure. This
tems features valves, pumps, pressure and tempertranslates into continuous monitoring of all the
ature gauges and other equipment, which must be
components of the target itself, looking for alarms
monitored and driven automatically during target
and reacting in very short time to them.
operation.
Therefore, the control system must be based on an
A proper control system is being developed to cope
industrial standard working with a real-time operwith these issues. This control system must fulfill
ating system, able to react to the inputs in a deterthe following requirements:
ministic way and in a well defined time.
 ensure safe operation for flammable gases;

This controller must be interfaced to the PANDA
DAQ and to the accelerator control centre, to al protect the detector and the accelerator appa- low the recording of luminosity data for the physics
ratuses against system failures;
analyses. The data must be stored and made available for online analyses, too. This is easily achieved
 switch on the various sub-systems in the right if the final interface is a PC connected to the ethsequence and with the right dependencies;
ernet.
 drive the production stage in the smoothest
way, possibly compensating for the antiproton
loss keeping the luminosity constant.

12.1.1 Flammable Gases
The main part of the PANDA physics program foresees a hydrogen target. This means that a large
amount of hydrogen must be stored and used in the
PANDA Hall. All the monitoring devices, valves
and electronics in proximity of the hydrogen supply
lines must be compliant with the German regulations about flammable gases.
A set of hydrogen detectors has been foreseen to
monitor accidental leaks. The overall control system must be capable of promptly handle any alarm
coming from these leakage detectors. A set of fire
detectors has been foreseen, too: in case of fire, a
major alarm is triggered, causing the evacuation of

12.1.3 Components Interfaces
As shown in the previous Chapters, the target features a lot of different components, needing diverse
input and output signals. A summary of the signals
that must be handled by the control system is:
 digital inputs and outputs to switch on and off
and to monitor the status of pumps, valves...;
 analogue inputs to monitor pressures and temperatures;
 analogue outputs to set work-points for pressure and temperature regulators;
 serial lines to communicate with particular instruments like PID controllers;
 complex signals to drive stepper motors.
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The stepper motors, since they are used for target
adjustment and profiling only, can be driven independently from the other components, which are
strictly involved in the safety issue. All other interfaces must be connected and driven by the realtime controller, which must provide sufficient redundancy, too, to be scalable in case of future improvements of the target. In addition, since the
interchange between pellet and cluster-jet target is
foreseen, also the compatibility with both production stages is required.
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essentially three elements: a PC, a programmable
logic controller and the software that runs on both.

12.2.1 The CompactRIO
The proposed programmable logic controller to
drive the PANDA target system is the CompactRIO.
This is an advanced controller, featuring a real-time
OS, that can be programmed essentially in the very
same way as a normal LabView virtual instrument.

The CompactRIO is a low-cost reconfigurable control and acquisition system designed for applica12.1.4 Target Driving
tions that require high performance and reliability. The system combines an open embedded arAs seen in the previous Chapters, the main parame- chitecture with small size, extreme ruggedness, and
ter for the target is its thickness. The target thick- hot-swappable industrial I/O modules. NI Comness depends on several parameters, like temper- pactRIO is powered by reconfigurable I/O (RIO)
ature and pressure of the hydrogen gas before the FPGA technology. A picture of the CompactRIO
nozzle or the frequency of the droplets for the pellet is shown in Fig. 12.1.
target.
The CompactRIO embedded system features an
This means that all these parameters must be con- industrial 400 MHz Freescale MPC5200 processor
trolled and adjusted by the control system, and, to that deterministically executes the LabVIEW Reala certain extent also automatically driven to try to Time applications on the reliable Wind River Vxcompensate the loss of antiprotons in the storage Works real-time operating system. LabVIEW has
ring, to keep the luminosity fairly constant. This built-in functions for transferring data between the
has been shown to be possible at E835 experiment FPGA and the real-time processor within the Comat FermiLab, with a very similar target apparatus. pactRIO embedded system.
A variety of I/O types are available, including voltage, current, thermocouple, RTD, accelerometer,
and strain gauge inputs; up to ±60 V simultaneousAll the requirements exposed in this Section drove sampling analog I/O; 12, 24, and 48 V industrial
us to follow two possible solutions, both based on digital I/O; 5 V/TTL digital I/O; counter/timers;
industrial grade programmable controllers. One pulse generation; and high voltage/current relays.
is based on National Instruments products, both Because the modules contain built-in signal conhardware and software, from the controller to the ditioning for extended voltage ranges or industrial
PC interface, and the other on a Siemens SIMATIC signal types, it is usually possible to connect wires
directly from the C Series modules to your sensors
controller.
and actuators.
The two solutions, with their advantages and drawbacks, are described in detail in the following Sec- The modules we plan to implement in our control
tions. A final decision on the control system that system are:
will be used during data taking will be taken after
 analogue input, for pressure and temperature
a deeper investigation of the operations of the two
gauges: two modules provide 64 channels,
proposed solutions.
among which 34 are foreseen to be used and
30 spares;

12.1.5 Conclusions

12.2 LabView Control System
National Instruments [2] provides a full range of
software and hardware tools both for data acquisition, data analysis and automation. The whole
target system can be driven using National Instruments hardware and software, in the well-known
LabView environment. This can be achieved using

 analogue output, to drive the pressure before
the nozzle: one module provide 4 channels,
among which 1 is foreseen to be used and 3
spares;
 digital input, to monitor valves and pumps status: two modules provide 64 channels, among
which 30 are foreseen to be used and 34 spares;
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Figure 12.1: The CompactRIO controller.

 digital output, to drive valves and pumps sta- The stepper motors will be driven via a National Intus: two modules provide 64 channels, among struments PCI board, model NI-PCI 7538, able to
which 30 are foreseen to be used and 34 spares; drive up to eight axes simultaneously. The NI PCI7358 includes eight 16-bit analog-to-digital convert serial RS232 lines, to communicate with PID ers for onboard data acquisition, as well as a host of
controllers and other instruments: one module advanced motion trajectory and triggering features.
provide 4 channels, among which 3 are foreseen The board is shown in Fig. 12.2.
to be used and 1 spare.
In addition, the PC will be equipped with a GPIB

board, to ensure the maximum compatibility with
This configuration provides sufficient flexibility and the broadest range of third-party instruments.
redundancy to be reasonably sure to fulfil any requirement that can come from the future developments of the target system.
The CompactRIO is expected to communicate directly to a PC, on which another LabView code will
be running. This PC will provide the storage for
slow control data and the interface to the outside
world. No direct access to the CompactRIO during operation is foreseen, to ensure the maximum
reliability to the system.

12.2.2 The Personal Computer
The PC has two main functions in this scheme:
it must provide the interface to the real-time controller and it must drive the stepper motors that
are used to optimize the beam position and direction and to monitor the beam shape.

Figure 12.2: The NI-PCI 7358 board.

12.2.3 The LabView Code

The interface to the CompactRIO is mainly a software tool and it will be described in detail in the A two-layers LabView code is foreseen to drive the
next Subsection.
target control system.

96
The “bottom” layer will run on the CompactRIO,
reading and writing on all the I/O lines present on
it and handling the safety procedures. This layer
will be kept as simple as possible, reducing as far
as possible the numerical operations to achieve the
maximum speed. Apart from safety procedures, the
only required operation on this layer will be the luminosity compensation via target parameters optimization.
The “top” layer will run on the PC. This software
will perform three tasks. The first task is to provide
a GUI for the shift crew. The second one is to register the parameters for off-line analysis. The last one
is to make a subset of these parameters available in
real-time for the machine control system.
The GUI will be realised in a way that every shifter
could read and understand the status of the target
and perform the calibrations if needed. All other
operations, like density adjustment, beam alignment or beam recovery after a target emergency
shutdown, are foreseen to be performed by a target
expert.
The software will store all the parameters of the
target, pressures, temperatures, flows, calibration
data etc. to allow, during off-line analysis, to have
the best knowledge of absolute target density during data production and to allow further studies for
target performances optimization.
The last task which will be performed by the PC is
to broadcast some crucial information, target status, beam density and so on, in real time. This
is needed, as an example, for the machine control
system to have smooth beam operations.
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13 Infrastructure
In Table 13.1 a list of required media, electrical
power and space for the PANDA target installations
are presented. Depending on the individual physical requirements at PANDA either the cluster target
or the pellet target will be used in the experimental
runs. In addition, while one target generator is in
use at the PANDA facility, the corresponding other
target generator is foreseen to be fully operational
at a testing area for optimization and maintenance
reasons. Therefore, the infrastructure available at
the PANDA hall must be compatible with the simultaneous operation of both target generator devices.

13.1 Space Requirements
The space requirements for the target sources listed
in the table are given for both the operation when
being installed at the PANDA detector as well as for
the operation at the test area. In case of the installation at the PANDA detector the required space
is dominated by the size of forevacuum pumps and
electronic racks, which have to be located close to
the PANDA magnet. Contrary, in case of a standalone operation of the target sources at the test
areas more space is needed for the target support
frames. In addition, for maintenance and optimization reasons the test areas have to be fully accessible
during beam operation at PANDA.

de-ionized water must be used here. Instead, standard clean water with the given specifications will
be required. For technical reasons most of the exhaust heat of the fore- and rotary vane pumps is
discharged by air cooling. However, due to the dimensions of the PANDA hall this heat load is not
expected to be of relevance.

13.4 Compressed Air
In case of compressed air all shutters and valves
used at the target stations will be chosen to be
operational with a pressure of 10 bar. A standard
distribution station equipped with separate valves
will be used for an individual supply of all vacuum
valves and shutters.

13.5 Compressed Gases

For safety reasons it is proposed to locate the compressed gas cylinders outside of the PANDA hall.
The pressures of required gases will be reduced to
below 30 bar by pressure regulators connected directly to the gas cylinders. Afterwards the gas will
be fed to the target stations at both the PANDA experiment and the test areas by stainless steel pipes.
For continuous target operation at least two hydrogen gas cylinders have to be present in parallel for
each target source. By this it will be possible to
13.2 Electrical Power
switch from one cylinder to the other as soon as
the first one gets empty. If deuterium is required
Close to the PANDA detector as well close to the as target material a dedicated gas generator opertest areas there must be distribution boxes for elec- ated with heavy water will be used. In addition one
tricity equipped with 400 V high power current con- deuterium gas cylinder will be needed as pressure
nectors (63 A, 32 A, 16 A CEE) as well as standard buffer for start-up and maintenance procedures.
230 V (16 A) sockets. The quoted electrical power Nitrogen gas cylinders will be required mainly for
is a conservative estimate based on the cluster and venting the vacuum stages after operation or in case
pellet prototype stations and will be specified in of safety relevant failures of the target components.
more detail soon.
In addition nitrogen gas will be used to bleed the ex-

13.3 Cooling Water
Cooling water is mainly needed for turbomolecular pumps as well as for compressors for cryogenic
coldheads. To avoid a damage of the foreseen commercial pumping and compressor components no

haust lines of the forepumps continuously to avoid
safety relevant gas mixtures. Due to safety rules
both nitrogen lines have to be completely independent and, therefore, at least two nitrogen cylinders
must be available at the same time.
Compressed helium gas will be needed only for the
operation of the pellet beam generator. Due to the
comparatively low consumption rate only one gas
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cylinder has to be connected to the target gas supply system.
In addition to the required gas cylinders it is recommended to foresee sufficient space for spare gas
cylinders as close as possible to the cylinders in operation.

13.6 Liquefied Gases
Depending on the final design of the pellet generator
also liquid gases might be required for a vibrationfree nozzle cooling. The given consumption rates
are based on numbers obtained using the prototype
target. Details and final numbers will be given in an
addendum to this TDR as soon as the pellet target
design is completed. However, in case of the pellet source the quoted numbers for electrical power
and cooling water consider also the alternative case
of operating the pellet generator with a cryogenic
coldhead cooling instead of using liquid gases.

13.7 Exhaust Lines
Thin (diameter ≈ 10 mm) stainless steel lines to the
outer roof of the PANDA hall are required for the
exhaust lines of the target forepumps. For safety
reasons these lines have to be grounded electrically.
Furthermore, during target operation access must
be denied within a safety radius of 5 meters in the
direct environment of the exhaust outlet.

PANDA - Target TDR, March 2012
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Table 13.1: Overview about the required media and areas for the PANDA target installations. The required
space corresponds to the operation at PANDA and at the test area, respectively.

Space requirements
height [m]
area [m2 ]
Electrical power
230 V [kW]
400 V [kW]
Cooling water
clean water
amount [l/min]
temperature [◦ C]
de-ionized water
amount [l/min]
temperature [◦ C]
Compressed air
pressure [bar]
Gases
H2
flammable
purity
amount
D2
flammable
purity
amount
heavy water
(+ gas generator)
N2
flammable
purity
amount
He
flammable
purity
amount
Liquefied gases
LHe [l/hour]
recuperation line
temperature [K]
LN2 [l/hour]
temperature [K]
Exhaust line
kind of gas
flammable
amount [l/min]

Cluster Source

Pellet Source

Beam Dump

5/5
8/25

5/5
8/25

1.2
2.5

3
45

5
45

3
5

yes
10
15
no
–
–

yes
10
15
no
–
–

yes
10
15
no
–
–

10

10

10

yes
5.0
2 gas cylinders
(50 l, 200 bar)

yes
5.0
2 gas cylinders
(50 l, 200 bar)

–
–
–

yes
2.7
1 gas cylinder
yes

yes
2.7
1 gas cylinder
yes

–
–
–
–

no
5.0
2 gas cylinders
(50 l, 200 bar)

no
5.0
1 gas cylinder
(50 l, 200 bar)

no
5.0
1 gas cylinder

–
–
–

no
5.0
1 gas cylinder
(50 l, 200 bar)

–
–
–

–
–
–
–
–

2–3
yes
4.2
2–3
77

–
–
–
–
–

H2 /D2
yes
10

H2 /D2
yes
2–3

H2 /D2
yes
≤1
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14 Timelines
The cluster-jet target has to be the first target
station to be completed since it is proposed that
this target is used for the commissioning phase of
PANDA as well as for the first experimental program. The reason for this decision is the fact that
only this target system allows for a continuous variation of the target density over orders of magnitude.
Especially during the first operation of the PANDA
detector this will enable the test of all components
starting with low event rates, which can then be increased continuously. Similarly, the commissioning
of the beam cooling systems foreseen at HESR can
be performed well with a cluster beam adjusted in
the beginning to low areal beam densities.

electronics are already in progress and should be
finished together with the design of the complete
tracking system in 2012. Until the end of 2014 the
production and test of the several sections of the
tracking station will be finished. The preparation
of the final software and mechanics for the assembly
in PANDA will be finished at the end of 2015.

The timeline of the pellet target envisages the final
transport and setup in Darmstadt in 2017. Since
this target should be used only with a fully commissioned PANDA detector and HESR, this deferred arrival in Darmstadt minimizes potential conflicts on
the usage of assembly and storage space. Fig. 14.3
displays the detailed timeline of the pellet target
The detailed timeline of the cluster-jet target is system.
shown in Fig. 14.1. The design of all components
of the gas cooling system is already approved and
the components are currently in production. The
same applies to the pumping system and the vacuum stages of the cluster source. The design of
the support frames for all the componets has been
started and is ongoing.
The full assembly of the cluster-jet target should be
finished in Münster at the end of 2012. Afterwards
the complete system including the beam dump and
the slow control should be tested in Münster. This
will guarantee a fully operational setup and in this
time it will be possible to integrate optimized components from the prototype target in Münster which
will be operated in parallel with the setup build for
PANDA. Based on the experience with the targets
operated in Münster and at GSI this test phase can
be finalized in Q2 2015.
The second half of 2015 should be used for the transport and assembly in a test hall in Jülich. Since the
solenoid magnet, the inner detectors, and the vacuum pipe of the target has to installed first, the
timeline can be adjusted at this stage to match it
to the advance of the other components. The transport and final installation in Darmstadt will depend
on the timeline of the other detector components
and the construction work for HESR and PANDA.
The design and construction of the pellet tracking
system should be finished in Q2 2016 so it can be
tested together with the pellet target in the preassembly at Jülich or in the final setup in Darmstadt. The detailed timeline of this system is shown
in Fig. 14.2. Prestudies with the test station in
Uppsala and the design of a multi-camera readout
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Figure 14.1: Timelines for the cluster-jet target.
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Figure 14.2: Timelines for the pellet tracking system.
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