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1 Introduction

COMMENT: Author: H. Orth

COMMENT: added the ”intro” from the
magnet TDR by AB

The physics of strong interactions is undoubtedly
one of the most challenging areas of modern sci-
ence. Quantum Chromo Dynamics (QCD) is re-
producing 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 cou-
pling constant rises steeply at nuclear scales (see
Fig. perturbative expansions diverge and a dif-
ferent theoretical approach is required. However,
the strong interaction keeps providing new exper-
imental observations, which were not predicted by
“effective” theories. The latter retain the funda-
mental symmetries of QCD, but have problems in
describing all the observed phenomena simultane-
ously.

1.0 T T l
o, perturbative QCD strong QCD ]
0.8 5 R 1
0.6 J
e
0.4 S g
g
c
o
Q
0.29 < Lé i
T T T T
10 10 107 10
distance [m]

Figure 1.1: Coupling constant of the strong interac-
tion as a function of distance. The data points represent
experimental values [?]. For distances between quarks
comparable to the nucleon size the interaction becomes
so strong that quarks cannot be further separated (con-
finement) and hadrons are formed. PANDA will investi-
gate the properties of the strong interaction in this key
region for the understanding of matter.

The physics of strange and charmed quarks holds
the potential to connect the two different energy
domains interpolating between the limiting scales
of QCD. In this regime only scarce experimental
data is available, most of which has been obtained
with electromagnetic probes.

One possible single issue that may greatly advance
our understanding of hadronic structure is the pre-
dicted existence of states outside of the two- and
three-quark classifications, which for example could
arise from the excitation of gluonic degrees of free-
dom. Recent findings from running experiments at
B-factories (see e.g. Refs [?, ?]) show that, indeed,
unexpected narrow states unaccounted for in the
naive 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 ex-
tract 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 tar-
gets 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 Darm-
stadt) experiment (see also Sec. [2 and Refs. [?, ?]),
which will be installed at the High Energy Storage
Ring for antiprotons of the upcoming Facility for
Antiproton and Ton Research (FAIR) [?], features
a scientific programme devoted to the following key
areas.

e Charmonium spectroscopy.

multi-

Exotic hadrons (hybrids,
quark states).

glueballs,

Open and hidden charm in nuclei.

e ~-ray spectroscopy of hypernuclei.

Hadron properties in the nuclear medium.

Structure of the nucleon.

Selected other topics will be studied with unprece-
dented accuracy.



1.1 Topics Addressed at PANDA

In the following major physics topics are briefly in-
troduced. See also Fig. for an overview. A de-
tailed discussion can be found in Ref. [?].

Charmonium Spectroscopy. The ¢¢ spectrum is of-
ten referred to as the positronium of QCD, be-
cause the properties of the states can be cal-
culated precisely within the framework of non-
relativistic potential models [?]. More recently, re-
sults from quenched Lattice QCD emerged describ-
ing the known spectrum rather well [?]. Recent
findings of states around 4 GeV/c (X(3872), Z(3931),
X(3940), Y(3940), Y(4260), Y(4320), to name only
a few) [?, ?, 7, ?] show that the spectrum, which
was believed to be well understood, in fact yields
much more than has been expected.

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 preci-
sion of 1077 relative to its mass. At full luminos-
ity PANDA will be able to collect several thousand
cc states per day. Thus properties and branching
ratios will be determined to a unprecedented preci-
sion.

Search for Gluonic Excitations (Hybrids and Glue-
balls). Ome of the main challenges of hadron
physics is the search for gluonic excitations, i.e.
hadrons in which the gluons can act as principal
components. In other words, the state cannot be
fully described in terms of quantum numbers by
solely taking its valence-quark content into account.
These gluonic hadrons fall into two main categories
described in the following. Glueballs are states
where only gluons contribute to the quantum num-
bers while hybrids consist of a valence gg pair and
one or more gluons which contribute to the overall
quantum numbers.

The additional degrees of freedom carried by gluons
allow these hybrids and glueballs to have JF¢ ex-
otic quantum numbers. In this case mixing effects
with nearby ¢g states are excluded and this makes
their experimental identification easier. The prop-
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.

PANDA - Target Systems

Multi-Quark States. These are states which can-
not 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 show up as states out-
numbering the multiplets and their clearest signa-
ture would be possible exotic quantum numbers.
They could be interpreted as hadronic molecules
or octet couplings. The well known states a(980)
and fo(975) are suspected to have admixtures of
KK 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 discus-
sion on the nature of the X(3872) and other states
recently found at the B-factories [?, ?].

Open and Hidden Charm in Nuclei. The study
of medium modifications of hadrons embedded in
hadronic matter is aimed at understanding the ori-
gin of hadron masses in the context of spontaneous
chiral symmetry breaking in QCD and its partial
restoration in a hadronic environment [?]. 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/) and D meson production
cross sections in P annihilation on a series of nuclear
targets. The comparison of the resonant JA) yield
obtained from P annihilation on protons and differ-
ent nuclear targets allows to deduce the J/p-nucleus
dissociation cross section, a fundamental parameter
to understand J/) 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 1/(4040)) and the well defined
production kinematics of D meson pairs would al-
low to carry out a significant charmed meson spec-
troscopy program which would include, for example,
the rich D and D, meson spectra.
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Figure 1.2: 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 /¢ 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.

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. ~Al-
though single and double A-hypernuclei were dis-
covered many decades ago, only 6 events of double
A-hypernuclei were observed up to now. The avail-
ability of p beams at FAIR will allow efficient pro-
duction 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. In addition to the spec-
troscopic studies described above, PANDA will be
able to investigate the structure of the nucleon us-
ing electromagnetic processes, such as Wide An-
gle Compton Scattering (WACS) and the process
pp — eTe™, which will allow the determination of
the electromagnetic form factors of the proton in
the timelike region over an extended ¢? region. In
addition the Drell-Yan process allows to access the

transverse nucleon spin structure.

1.2 Experimental Approach

Conventional as well as exotic hadrons can be pro-
duced by a range of different experimental means.
Among these, hadronic annihilation processes, and
in particular antiproton-nucleon and antiproton-
nucleus annihilations, have proven to possess all
the necessary ingredients for fruitful harvests in the
hadron field.

e Hadron annihilations produce a gluon-rich en-
vironment, a fundamental prerequisite to copi-
ously produce gluonic excitations.

e 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 (produc-
tion experiments). The appearance of states in
production but not in formation is a clear sign
of exotic physics.

e 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 Ap/p =1075).

e Since exotic systems will appear only in pro-
duction experiments the physics analysis of



Dalitz plots becomes important. This requires
high-statistics data samples. Thus, high lu-
minosity is a key requirement. This can be
achieved using an internal target of high den-
sity, large numbers of projectiles and a high
count-rate capability of the detector. The lat-
ter 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.

e 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 47 coverage is mandatory to be able
to study exclusive reactions with many decay
particles. The physics topics as summarised in
Fig.[1.2]imply that the momentum range of the
antiproton beam should extend up to 15 GeV/c

with luminosities in the order of 1032 cm 25!

To take full advantage of the HESR beam features,
a compact, high resolution and high angular cover-
age spectrometer was designed. To cope with the
need of 2 Tm bending power both at a very wide an-
gular range in the laboratory reference frame, two
magnets are necessary. A solenoid magnet provides
the required bending power for particles exiting at
5—140° in vertical direction and at 10—140° in hor-
izontal direction, whereas a dipole magnet provides
bending power for particles exiting at angles smaller
than 5° in vertical direction and 10° in horizontal
direction.

PANDA - Target Systems



2 Requirements on the PANDA Internal Targets

COMMENT: Author: A. Khoukaz,
H. Orth, M. Biischer, V. Varenzo

2.1 Requirements

The experimental requirements for the internal tar-
get for PANDA are manifold and change with the
different aspects to be investigated in the proposed
measurements. In detail the following aspects have
to be considered in the choice of the applied target
type:

Target material

For most of the production and reaction studies,
measurements in fundamental interactions, i.e. the
scattering of anti-protons and protons, are required.
Therefore, the main target material will be hydro-
gen and deuterium, where in the latter case the
deuterons act as an effective neutron target. How-
ever, since also measurements on heavier nuclei are

foreseen, the use of other materials such as Ny, Oo,
He, Ne, Ar ,Xe etc. will be desirable.

Purity of the target material

The investigation of challenging reactions like e.g.
the production of exotic particles in fundamen-
tal nucleon-anti-nucleon interactions implies that a
highest purity of the applied target material has to
be apparent. Any pollution of the target with other
materials would result in disturbing background re-
actions which have to be understood in the later
data analysis. To avoid inaccuracies caused by such
background it is highly desirable to provide tar-
gets with both highest purity. Since proton and
deuteron targets are of high interest for PANDA,
the optimum target would provide pure hydro-
gen/deuterium in a gaseous, liquid or solid phase.
Fiber targets such as CHy would not be accept-
able since they contain additional elements (car-
bon). Furthermore, liquid hydrogen/deuterium in
vacuum chambers is commonly provided in target
cells, which have the disadvantage of window ma-
terial causing background reactions. Additionally,
they have usually a too high areal density in or-
der 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
At PANDA anti-protons with only a limited pro-

duction rate will be stored and accelerated. Due to
this, residual gas background in the PANDA vac-
uum system has to be reduced as good as possi-
ble in order to avoid anti-proton losses outside the
interaction region. Additionally, such residual gas
background would cause disturbing background in
the recorded data. Due to this restriction a use of a
conventional (supersonic) gas-jet beam is excluded
since here a large broadening of the target beam
even shortly after its production is observed. Thus,
the most convenient types of target for PANDA are
given by beams of cluster-jets and pellets. Both
fulfill the previously mentioned requirements.

Areal target density
Since PANDA is designed as an fixed target exper-
iment at the internal anti-proton beam, the areal
target density has to be significantly below p = 1016
nucleons/cm? in order to avoid large beam heat-
ing effects which will not be compensable by the
foreseen anti-proton beam cooling systems. Fur-
thermore, the target must be thin enough to avoid
multi-scattering and interactions of the ejectiles in
the target material. On the other hand depending
on the reaction type to be investigated the target
has to provide sufficient density in order to allow for
the design luminosity of Ly,es = 2- 1032 cm™2s571.
This design luminosity is limited by the anti-proton
production rate Nz—jr < 2-107 p/s which corresponds
to the upper limit of the average anti-proton con-
sumption in experiment:

Nf >Ny . (2.1)
The anti-proton consumption itself is given by the
luminosity L and total cross section osp;. At an
HESR beam momentum of p = 1.5 GeV /c the total
cross section for interaction with a proton target
amounts to oy, &~ 100 mb. Therefore, the maxi-
mum mean luminosity is given by

Liaz = N - 011 2 2-10%%em™2s—1.  (2.2)
This in turn sets an upper limit on the reasonable
areal target density in experiment:

Lmam

_omar 2.3
Nbeam ' fbeam ( )

Ptarget,maxr =

with Npeam as the number of stored particles in the
ring and fpeqm as the revolution frequency of the
anti-protons. With Nyeq,n = 10! anti-protons and



fream = 443 kHz, the maximum useful target beam
density is equivalent to

Ptarget,maz = 4.5 - 10" atoms/cm?. (2.4)
Adjustable target density

Depending on the experimental conditions an ad-
justment of the luminosity below the maximum pos-
sible will be necessary. This might be achieved by
two methods:

e Reduction of the anti-proton intensity.

e Reduction of the target beam density.

Although both solutions will lead to a reduction of
the luminosity, the latter method, i.e. the adjust-
ment of the target beam density to an optimum
vale, is the preferable way. This is due to the fact
that a reduced target density coincides with reduced
beam heating and smearing effects. In addition,
this solution allows for a reduced probability of sec-
ondary interactions of the reaction products in the
targets as well as less gas load to the scattering
chamber which in turn minimizes interactions on
residual gas. Furthermore, due to the consumption
of anti-protons during an accelerator cycle a corre-
sponding increase of the target density will be ad-
vantageous in order to obtain constant event rates
and thus a constant luminosity during a cycle.

Homogeneous volume target density

The use of a cooled anti-proton beam at PANDA
will lead to an accelerator beam diameter of Ppeqm
< 100 pm. Therefore, the target beam at the inter-
action 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 angu-
lar spread of the target particles will require for 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
structures on a microscopic time scale, which cor-
responds to the equivalence of both the mean lumi-
nosity L and the peak luminosity Lycar,. However,
any significant granularity of the target beam will
lead to a larger factor for the ratio Lpeqk/ L which in
turn might cause unacceptable dead times or ineffi-
ciencies of both the data acquisition system and the
detector components. Therefore, in order to guar-
antee a constant luminosity even on a microscopic
time scale the absence of a time structure of the
target beam is necessary.

Pointlike interaction zone
The investigation of short-living particles and their
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decay particles might require the reconstruction of
the interaction vertex point with a precision much
below 1 mm. For this purpose the knowledge of the
beam-target interaction region with even a better
resolution will be required. However, this request
can only be fulfilled if a target with a high gran-
ularity is used (see previous topic) in combination
with an additional tracking system to reconstruct
the position of the target particle at the time of the
interaction.

It is obvious that a single target system cannot ful-
fill all those wishes simultaneously. However, both
a cluster-jet target as well as a pellet target meet a
large fraction of the listed requirements and mutu-
ally complement each other. Therefore, to exploit
the capacities of the PANDA experiment to a max-
imum it is foreseen to provide both a cluster-jet
as well as a pellet source which will be installed al-
ternatively depending on the experimental program
to be investigated. A comparison of the different
advantages and disadvantages of both a cluster-jet
target and a pellet target is presented in table [2.1]
Details on the properties of both types of targets
will be given in the corresponding chapters.

Table 2.1: Comparison of the advantages of a cluster-
jet target and a pellet target.

cluster pellet
target material SPISY DD
areal target density @ DD
adjustable target density GD S
homogeneous target density ® SIS
absence of time structures @ SIS
pointlike interaction zone SIS S

2.2 Additional Types of Targets for
PANDA



3 Organisation and Management

| COMMENT: Author: A. Khoukaz \

The two main internal targets for PANDA, the
cluster-jet target and the pellet target, are build
by eight groups from universities and research in-
stitutes in Germany, Italy, Russia, and Austria.

3.1 Work Packages and
Responsibilities

Seven distinct main work packages have been iden-
tified. These comprise the design and construction
of the following items.

1. The cluster-jet source. The overall responsibil-
ity is taken by WWU, Miinster.

2. The pellet source. The overall responsibility is
taken by FZJ+JCHP, Jilich.

3. The pellet tracking system. The overall re-
sponsibility is taken by IKP+TSL, Uppsala.

4. The target beam dump. The overall responsi-
bility is taken by INFN, Genova.

5. The vacuum pipe system inside the solenoidal
magnet. The overall responsibility is taken by
FZJ+-JCHP, Jiilich.

6. The gas supply system. The overall responsi-
bility is taken by SMI, Austria.

7. The slow control system. The overall responsi-
bility is taken by NN, NN.

Additionally, the following related working pack-
ages have been identified:

1. The mechanical interface. The overall respon-
sibility is taken by FAIR4GSI, Darmstadst.

2. The safety system. The overall responsibility
is taken by FAIR, Darmstadt.

A detailed list of work packages has been worked
out, and responsibilities have been identified, which
have been approved by all groups.
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Task Responsible ‘
Cluster Jet Source
Design, construction WWU, GSI
Assembly and tests WWU
Transport to FAIR WWU
Assembly at FAIR WWU, GSI
Commissioning at FAIR WWU, GSI
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
Commissioning at FAIR FZJ, ITEP, MPEI
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
Commissioning at FAIR UU, FZJ

Target Beam Dump
Design, construction INFN, GSI, WWU, FZJ
Assembly and tests INFN, GSI
Transport to FAIR GSI
Assembly at FAIR GSI

Vacuum Pipe System
Design, construction FZJ, WWU, GSI
Assembly and tests FZJ, GSI
Transport to FAIR FZJ
Assembly at FAIR FZJ

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 SMI, INFN, GSI
Programming SMI, INFN, GSI
Assembly and tests SMI, INFN, GSI
Transport to FAIR SMI, INFN, GSI
Commissioning at FAIR SMI, INFN, GSI

Table 3.1: List of work packages.
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4  Cluster Jet Target
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COMMENT: Author:
H. Orth

A. Khoukaz,

4.1 Production of Cluster Beams

Cluster-jet beams for internal storage ring experi-
ments at are commonly produced by expansion of
pre-cooled gases in fine Laval-type nozzles into vac-
uum. During the passage of the gas through such
a nozzle the gas cooles down according to adiabatic
cooling supported by the Joule-Thomson effect of
real gases and can form a supersonic beam. Under
appropriate conditions, depending on the type of
gas, condensation can take place and nano-particles
can be created, the so-called clusters. The size of
such clusters is strongly influenced by the experi-
mental conditions such as the pressure and the tem-
perature of the gas before entering the nozzle. Fur-
thermore, the diameter as well as the shape of the
used nozzle influences both the size of these parti-
cles and the total cluster yield.

Due to the fact that the produced clusters are typ-
ically in the nanometer scale they reveal important
features for the usage as target particles in stor-
age ring experiments. One of the most important
aspects is the fact that, due to the large mass com-
pared to incoming molecular gas, nearly no angular
smearing of the particle trajectories are observable
caused by scattering with residual gas. Therefore,
cluster jet beams can travel over several meters of
distance in vacuum chambers without disturbance
of the direction or shape. This is in clear contrast
to (supersonic) gas jet beams which are strongly
affected by residual gas and expose a strong spa-
tial widening already after few centimeters, which
in turn is associated with a corresponding decrease
in beam density by orders of magnitude.

In Fig. a drawing of a CERN-type nozzle is
shown. This design was and still is used success-
fully in many devices for production of supersonic
and cluster-jets beams [II, 2, [3, 4]. Depending on
the experimental conditions and requirements, min-
imum opening diameters of 11-100 pm are com-
monly used. The formation of supersonic beams
and the production of cluster-jets can be described
in a pT-diagram, displaying the pressure of the ex-
panding gas inside of the nozzle as function of the
temperature. In Fig. such a situation is shown
qualitatively for starting parameters pg and Ty as

1£0,05 840,05

(5:1)

0,020,002
or 0,015+ 0,002

or 0,025 0,002

$30 g6 } £0,5° H60i03¢9i0.\

90°

740,05 110,05

Figure 4.1: Sketch of the used Laval-type nozzles pro-
duced at CERN.

the pressure and temperature of the gas before en-
tering the nozzle. During the expansion, which can

Miinster

—_—

critical point

Cluster-Targets

pressure [bar]|
s
T

10 - gaseous -

20 30 40
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Figure 4.2: Vapour pressure curve for hydrogen gas as
function of the gas temperature and of the gas pressure.
The dotted curve represents the adiabatic expansion of
a gas with an initial temperature Ty and pressure FPp.
The preferred region of operation of cluster-jet targets
of the Miinster type is indicated.

be described in good approximation by an adia-
batic process, both the pressure and the temper-
ature of the gas decrease drastically. Depending on
the geometry of the nozzle and the starting param-
eters pp and Ty the adiabatic curve can cross the
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vapour pressure curve. In this regime the previously
gaseous target material enters the fluid phase and
condensation can take place, which in turn causes
an additional pressure decrease. In case of hydro-
gen as target material typical starting parameters
of conventional cluster-jet target sources are tem-
peratures in the order of T = 25-35 K and pres-
sures of p < 10 bar, which means that the used
hydrogen is still in a gaseous phase before enter-
ing the nozzle. Being dependent of the experimen-
tal conditions the size of clusters amounts to typ-
ically 103-10° atoms per particle. Thus a cluster-
jet beam corresponds to good approximation to a
target beam with homogeneous volume density. A
speciality of the Miinster-type cluster-jet targets,
which are routinely used in storage ring experiments
[1, [4], is the operation in a regime where the gas is
already in the fluid phase before entering the nozzle
(see Fig. . By this much higher target densities
are accessible compared to conventional cluster-jet
sources. This in turn enables for the production
of cluster-jet 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. In Fig. a
photography of such an intense cluster-jet beam is
shown. The beam, illuminated by an LED in the
vacuum system, leaves the nozzle (not visible) and
moves from the left to the right. Also not visible
are the collimators which are placed behind the noz-
zle and determine the shape and size of cluster-jet
beam at the later interaction point.

Figure 4.3: Image of a hydrogen cluster-jet beam di-
rectly after passing the nozzle. The cluster-jet is illumi-
nated by a photo-diode array in the vacuum chamber.

The high-intense cluster-jet source for PANDA will
typically be operated in the fluid phase before en-
tering the nozzle to obtain highest target beam
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densities. However, similar to conventional cluster-
sources the PANDA cluster-jet generator can be op-
erated in a wide range of gas temperatures and gas
pressures. Due to this the areal target beam den-
sity at the later interaction point can be adjusted
according to the experimental requirements. This
situation is demonstrated in Fig.[£.4] presenting the
hydrogen atom flow F at the scattering chamber
as function of the nozzle temperature and the gas
input pressure. In the gaseous regime of opera-
tion before entering the nozzle comparatively low
densities are achieved. However, when passing the
vapour pressure curve, indicated by the white line in
Fig. highest particles flows are observed, which
is equivalent to highest target beam densities. The
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Figure 4.4: Hydrogen atom flow through the scatter-
ing chamber as function of the nozzle temperature and
the gas input pressure.

presented hydrogen atom flow F' in the scattering
chamber can directly be translated into an areal
target density

= 4.1
4% v’ ( )

with v as the velocity of the cluster-jet beam.
Therefore, with the knowledge of the cluster veloc-
ities the particle flow can directly be transformed
into an volume density of the cluster-jet beam at
the scattering chamber. Details on the determina-
tion of the velocities will be given in section

Since cluster-jet beams are produced by expansion
of pressurized and pre-cooled gas through fine noz-
zles, highest purity of the used gas is of utmost
importance. The presence of any micro-particles
would lead to an irreversible blocking of the nozzle.
Furthermore, since for the operation at PANDA hy-
drogen and deuterium gas are of highest relevance
to provide effective proton and deuteron targets,
any contamination with other gases like oxygen, ni-
trogen etc. would lead to reversible blocking of the
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Figure 4.5: Schematic drawing of a gas supply system for the cluster-jet source.

cooled nozzle (T' < 30K) during operation. The
latter kind of blocking can be remedied by heating
of the nozzle system, however, since such a warm-
up procedure corresponds to an effective luminos-
ity reduction, the gas supply system must guaran-
tee highest quality. In Fig. a block diagram
of a gas supply system is shown which is routinely
used for the cluster-jet targets at COSY [5] and
in Minster and which fulfils the described require-
ments. In this arrangement hydrogen/deuterium
gas is fed to a purifier system based on a heated pal-
ladium 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 pres-
sure 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 feed it into a gas
compressor. Here the gas is pressurized again to
the nominal value and fed to the palladium puri-
fier. The deuterium gas itself can either be provided
conventionally by gas bottles or by a Ds-generator.
The latter device, operated with heavy water, con-
verts D5 O electrolytically into Dy gas, which in turn
is lead to the compressor unit. Details on the gas
supply system for PANDA are given in sectionlj

4.2 Cluster Beam Properties

The precise knowledge of the properties of cluster-
jet beams as well as of the individual clusters itself
is an important input for both the development and
optimization of cluster-jet sources and the later op-
eration in storage ring experiments. Especially in-
formation on the size and velocity distributions of
the clusters are of high interest since they are di-
rectly correlated with the absolute density of the
cluster-jet beam at the interaction point as well as
with its homogeneity.

The mass flow G, through a Laval-type nozzle is
dependent on the properties of the nozzle and the
used gas and can be written as

r+1

Mol - K 2 2(r=1)
G =A™ -y -1/ : . (4.2
PN TRT, <n+1> (42)

with the minimum cross-sectional area inside the
nozzle A*, the pressure, temperature and molar
mass of the incoming gas pg, Ty andM,,.;, as well
as the adiabatic exponent x = ¢,/c,. Assuming an
ideal gas expanded into vacuum by using a Laval-
type nozzle, the incoming gas is converted into an
almost monoenergetic gas beam with a maximum

velocity of
2K R- TO
Umaz = \/ ' .
k—1 Mmol

By feeding the nozzle with hydrogen in a gaseous
phase, the clusters are produced and embedded in-

(4.3)
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side the nozzle in a gas beam. Therefore, the veloc-
ity 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. [4:6] a calculation for the gas beam velocity
during the passage through a Laval-type nozzle is
shown as function of the distance from the mini-
mum opening inside the nozzle. As can be seen the
gas is strongly accelerated shortly after the mini-
mum diameter and reaches its maximum velocity
already a after few millimeters. This increase of
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Figure 4.6: Calculation of the gas beam velocity dur-
ing the passage through a Laval-type nozzle with a di-
ameter of d = 28 pm. The temperature of the gas before
entering the nozzle amounts to 25 K. The smallest di-
ameter of the nozzle is located 1 mm after the nozzle
entrance.

the velocity is directly connected with a strong de-
crease of the gas pressure as well as of the tem-
perature of the gas beam. The maximum velocity,
given by eqn. depends for an ideal 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 de-
vice has been built-up at the University of Miinster
which allows to ionize single clusters by an pulsed
electron beam and to detect them using a chan-
neltron [6]. In Fig. a measurement is shown
for a cluster beam produced at a nozzle tempera-
ture of T = 50 K. As can be seen the the cluster
beam exposes a finite velocity distribution, reflect-
ing the cluster production processes as well as the
particle interactions inside the nozzle. Additionally,
the mean velocity is slightly below the value calcu-
lated by eqn. and indicated by the dashed line.
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Figure 4.7: Cluster beam velocity distribution ob-
tained at a nozzle temperature of 25 K and a gas input
pressure of 8 bar. The maximum possible velocity is
indicated by the dashed line.

Although the deviation from v,,,, as well as the
observed velocity width are here obviously of mi-
nor 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 [6]. In Fig. [4.8
the measured cluster-jet velocities are displayed as
function of the nozzle temperature which directly
corresponds to the temperature Ty of the incoming
hydrogen. While above T' = 30 K the measured ve-
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theoretical velocity (real gas, preliminary, scaled by 10 %) ———
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Figure 4.8: Cluster velocities (in units of m/s) as func-
tion 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 an ideal gas. At lower tempera-
tures the properties of a real gas/fluid have to be taken
into account to describe the measured velocities.
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locities can be described well by eqn.[4.3]for an ideal
gas, the situation changes significantly at lower tem-
peratures where the incoming hydrogen is already
in a fluid and/or supersaturated phase. More de-
tailed calculations [7] considering the properties of a
real gas/fluid expose that the velocity is also depen-
dent on the gas input pressure and succeed to de-
scribe the measured distributions. The agreement
between these calculations and the experimental re-
sults proof that the cluster velocities agree in good
approximation with the gas beam velocities.

An further important property of a cluster-jet beam
are the shape and the homogeneity of the beam
at the region of interaction with the storage ring
beam. While conventional (supersonic) gas-jet ex-
pose a gaussian spatial density profile in combina-
tion with a rapid density decrease with propagation
direction, cluster-jets show (a) a homogeneous vol-
ume density distribution, (b) a sharp boundary, and
(c) a constant angular divergence determined by the
collimators used at the cluster-jet source. This sit-
uation is presented in Fig. [1.9] displaying the areal
density profiles of a cluster-jet beam in both direc-
tions transverse to the spread direction of the target
beam, measured 2.1 m behind the nozzle. The ob-
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Figure 4.9: Density profiles of a hydrogen clster-jet
beam recorded with a monitor system located at the
virtual PANDA interaction zone. The cluster-beam has
been scanned in both directions transverse to the spread
direction of the target beam. Due to the finite width of
the scanning rods the sharp boundary of the cluster-jet
beam appears as a smeared distribution.

served areal density distributions are in good agree-
ment with the expectations assuming a cylindrical
beam with constant volume denity. Therefore, even
after several meters of passage through a vacuum
system the cluster-jet beam preserves its properties
which makes it perfectly suited as a target beam for
storage ring experiments.
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4.3 Cluster Beam Densities

Among many other parameters the absolute areal
density of a target beam at the interaction point is
an important quantity in a storage ring experiment.
Here several aspects have to be taken into account:

e Target beam time structure

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

e Accelerator beam heating and beam cooling
power

e Lifetime of the accelerator beam

e Adjustability of the target beam density during
the experiment

e Required luminosity

One of the advantages of a cluster-jet target is the
homogeneous volume density distribution which re-
sults in an absence of time structures in a storage
ring experiment. This aspect is of high importance
since any significant microscopic time structure in
the target density would lead to a corresponding ef-
fect in luminosity. Furthermore, the absolute areal
target density can be adjusted easily during oper-
ation, which allows to operate the target at den-
sities which are optimized to phase space cooling
devices for the accelerator beam. Additionally, the
possibility to adjust the target density within sec-
onds/minutes allows to increase the density dur-
ing the accelerator cycles in order to compensate
beam anti-proton beam losses and to provide con-
stant event rates. The possibility to vary the target
density is demonstrated in Fig. [£.10] showing the
areal target beam density at the interaction point
in the scattering chamber as function of the nozzle
temperature. Obviously the absolute target density
and thus the luminosity can be adjusted continu-
ously over several orders of magnitude. A similar
effect can be achieved by changing the gas input
pressure. It is important to note that these density
variations can be performed during target opera-
tion.

The currently available absolute target density in
combination with PANDA-geometry is presented in
Tab. (”Miinster”) and compared to cluster-jet
target facilities operated at CELSIUS, FERMILAB
and COSY. The main challenge of a cluster-jet tar-
get for the PANDA experiment is the comparatively
large distance between the nozzle and the interac-
tion point of d = 2.1 m which is a factor of 3-8
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Table 4.1: Comparison of operation parameters and
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obtained target densities of different cluster-jet targets.

Note that the densities observed in Miinster are obtained at a distance of more than two meters behind the

nozzle, i.e. in PANDA geometry.

E835 ANKE and
CELSIUS FERMILAB/GSI COSY-11 Miinster
nozzle diameter 100 mm 37 mm 11-16mm 11-28 mm
gas temperature 20-35 K 20-32 K 22-35 K 20-35 K
gas pressure 1,4 bar <10 bar 18 bar > 18 bar
distance from nozzle 0,32 m 0,26 m 0,65 m 2,1 m
target density 1.3-10'* cm ™2 > 10" cm™2 >1-10% ecm™? 810 cm™2
10000 4.4  Cluster Beams of Heavier Gases
T 1000 | During recent systematic investigations on the op-
= timization of cluster-jet sources for storage ring ex-
% periments [6l [7, 8, @] the main focus was set on
s 100 the production of hydrogen cluster beams. These
% studies on this single type of gas is motivated by
- 0 | the high interest of most experimental programs to
investigate reactions and production processes in el-
ementar interactions on nucleons, i.e. protons [I0].
15 m 60 80 100 120 Since the chemical and physical properties of hydro-

nozzle temperature [K]

Figure 4.10: Areal density of the cluster-jet beam at
the interaction point in the scattering chamber as func-
tion of the nozzle temperature. The absolute target
density and thus the luminosity can be adjusted contin-
uously over several orders of magnitude.

larger than in previous experiments. Since the vol-
ume density pyorume Scales with the distance [ ac-
cording to

1

2 (4.4)

Poolume ™~

this increase of distance requires an increase of the
effectiveness of the target source by at least one
order of magnitude to provide same target densi-
ties at that distance. Systematic studies on the
improvement of the cluster yield showed that such
high cluster yields can be obtained by special oper-
ation of the cluster source [4, [0 [7] and areal target
densities of parear = 8- 10'* atoms/cm? have been
reached. Current improvements on the prototype
for the cluster source for PANDA are expected to
lead to even higher numbers.

gen and deuterium are quite similar, the recently
prepared cluster-sources are at same time highly
suitable to produce and prepare deuteron cluster-
jets, which in turn might serve as effective neutron
targets. The capability with respect to deuterium
cluster-jets has already been shown in storage ring
experiments [I1] and such beams are routinely used
i.e. in high-luminosity meson production experi-
ments [11], [12].

Since studies on heavier nuclear targets are also
under discussion at PANDA an operation of the
PANDA cluster-jet source with heavier gases as clus-
ter material is foreseen. Due to the much higher
condensation temperature, in practice the produc-
tion of such heavy gas clusters turn out to be
even easier to realize than the formation of hydro-
gen/deuteron clusters. Clusters of COg for example
can be produced without cooling already at room
temperature. Already in the past cluster-jets of
heavy gases such as Xenon have been produced and
used in storage ring experiments [2, [I3]. In order
to allow the operation of the PANDA cluster source
with heavier gases the integrated cooling and heat-
ing devices will be adjusted to operate the cluster-
jet targets with gases like Hy, Dy, O2, Ny, Ne, Ar,
Xe.
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4.5 Cluster Beam Source for
PANDA

Based on the recent intensive studies on the devel-
opment and optimization of high-intense cluster-jet
sources for storage ring experiments [6, [§] a proto-
type for the PANDA cluster-jet source was build-up
and set into operation at the University Miinster.
A cross section of this cluster source is given by the
CAD-drawing shown in Fig. The CERN-type
nozzle with diameters between 11 ym and 40 pm is
mounted on top of a copper holder, which itself is
connected to a two-stage cryogenic coldhead (type
MD10, Oerlicon-Leybold) of high cooling power in
combination with only moderate vibrations. As has
been shown by previous cluster-jet target installa-
tions, the use of such coldhead systems using closed
helium circuits are highly suited for such purposes
since they combine high cooling power, large main-
tenance 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 re-
quirements.

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 down below 20
K in operation.

Two heating cartridges are integrated in the copper
nozzle holder with a total heating power of Ppeqt =
50 W. Operated by an external control unit this
heating device is capable to stabilisize the temper-
ature of the nozzle/gas with a precision of less than
0.1 K. Additionally, the gas input pressure is ad-
justed by an external control unit which allows for
stable pressure conditions. By this it is possible to
guarantee stable target thicknesses during the ex-
periments.

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 stain-
less steel which has a much lower heat conductivity
as copper. Furthermore, for same reasons the com-
plete gas pipe arrangement as well as the cold stages
of the cryogenic system are placed inside an insu-
lation vacuum stage which is evacuated by a tur-
bomolecular pump. This insulation vacuum cham-
ber is separated from the next vacuum stage, the
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so-called skimmer chamber, by a membrane bellow
arrangement.

In the skimmer chamber the outlet of the nozzle
is located which means that here most of the gas
flow into the vacuum system is present. To enable
vacuum pressures of Pskimmer < 1071 mbar at max-
imum at this stage, two rotary vane pumps located
close to the cluster source will be used at PANDA.
The produced cluster-jet beam, surrounded by a
conventional supersonic gas-jet, is shot onto a skim-
mer 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 col-
limator vacuum stage. The collimator stage itself is
pumped by two turbomolecular pumps.

Both skimmers with diameters below d = 1 mm sep-
arate the neighbouring differential vacuum cham-
bers from each other and allow for an effective re-
duction 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 noz-
zle shutter (not visible) will be installed in the skim-
mer chamber between the nozzle outlet and the first
skimmer. Additionally, a camera system will be
fixed to a window at one of the vacuum flanges in
order to monitor the cluster-jet beam in the skim-
mer chamber during operation.

In Fig. a photography of the completely
mounted inner part of the prototype for the PANDA
cluster source is shown. Clearly visible are the cop-
per and stainless steel gas pipes arranged around
the cryogenic coldhead. The cables are used both
for temperature readout as well as for the power
supply of the heat cartridges. The two thick pipes
at the lower left side of the coldhead are the con-
nectors 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 ar-
rangement relative to the nozzle. To avoid turbu-
lences 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 ad-
dition the wall material at the skimmer tip has to

1. Note that in the final installation at PANDA the cluster
source is mounted upside down with respect to the presented
orientation.
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Figure 4.11: Sketch of the cluster-jet 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 cluster-
jet 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.

_—

be as thin and sharp cut as possible to minimize skimmers made by nickel are used directly after the
effects of disturbing reflections. In practice special nozzle which have at the very top a wall thickness
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Figure 4.12: 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 tempera-
ture measurement.

of only d = 10 pum. The opening diameter at this
point can be varied according to the experimental
conditions and is typically in the order of @ sximmer
= 700 pm.

In Fig. [I.13]a photography of the skimmer mounted
on top of the skimmer holder is shown. This sup-
port part itself is placed on a moveable xy-table
which allows to adjust the position of the skim-
mer in both direction perpendicular to the cluster-
jet axis with on a micrometer scale. The adjust-
ment is done via two step motor devices which are
connected by special feedthroughs. In addition, an
identical device is used for the collimator. There-
fore, 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 inte-
grated membrane bellow which guarantees the vac-
uum tightness of this device.

Since the dimensions of the second skimmer (colli-
mator) defines the shape and size of the cluster-jet
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Figure 4.13: Skimmer with a minimum opening di-
ameter of 700 pm 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 microm-
eter scale. An identical device is used for the collimator.

beam at the interaction point special opening ge-
ometries can be chosen to meet experimental con-
ditions. In Fig. a CAD-drawing of a slit colli-
mator is shown whose opening has been produced
by a special laser cut process. In this special case a

Figure 4.14: CAD-drawing of a slit collimator pro-
duced by a special laser cut process.

slit opening of 70 pm x 700 pm has been manufac-
tured for a special storage ring experiment [I4] in
order to provide a cluster-jet beam at the interac-
tion zone with a horizontal width of of dz = 1 mm
and a length in accelerator beam direction of dz =
10 mm. A microscopic view of this skimmer opening
is presented in Fig. At PANDA the use of such
collimators with special geometry will be of high in-
terest. Since the cluster-jet beam exposes a homo-
geneous volume density and the HESR anti-proton
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Figure 4.15: Microscopic view of the collimator pro-
duced by a laser cut process.

beam shrinks after acceleration and cooling to di-
ameters below @5 = 100 pm, the extension of the
cluster beam transversal to the HESR anti-proton
can be in the order of ¥, = 1 mm or even be-
low. 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.

4.6 Pumping and Vacuum System

In Fig. a realization of the vacuum system for
the cluster-jet target for the PANDA experiment
is presented. The highest gas load (a 41, /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~ mbar and below this
stage is pumped in parallel by two identical pump-
ing lines. Each of this lines consists of a high-power
roots vacuum pump (RP) which itself is pumped by
a second roots vacuum pump (RP) and, finally, by
a forepump (VP).

To avoid losses with respect to cooling power, the
main part of the surface of the cold head as well
as the gas pipes are located in a separate vac-
uum stage, the insulation vacuum stage, which
is pumped by a turbomolecular pump (TP). The
skimmer vacuum stage is used here as forevacuum
system. The cluster-jet beam passes the skimmer
stage and enters the collimator stage which is con-
nected by a conical aperture with a diameter of
700 pm. This vacuum chamber is pumped by two
turbomolecular pumps (TP), which are evacuated
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by a separate pumping station, consisting of a roots
vacuum pump (RP) and a forepump (VP). Finally,
the cluster-jet passes the collimator stage which is
separated again from the following stages by a con-
ical aperture (700 pm).

Vacuum vales allow to separate different pumping
units from the vacuum stages and allow for a si-
multaneous evacuation and venting of the complete
vacuum source by one pumping line. This is im-
portant in order to avoid mechanical stress due to
large pressure differences between neighboring vac-
uum 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 an additional differential pumped vac-
uum stage ist placed (intermediate stage), which al-
lows for the reduction of the residual gas load to the
PANDA scattering chamber. This stage is pumped
by a turbomolecular pump (TP), which in turn is
pumped by the forevacuum system of the collimator
stage.

The lower part of Fig. shows the realization
of the target beam dump. Here it is foreseen to
have a common solution which is designed for both
the operation of the cluster-jet source as well as
of the pellet source. The first part of the target
beam dump will consist of three differential pump-
ing stages, evacuated by two turbomolecular pumps
(TP) each. The complete turbomolecular pump ar-
rangement will be pumped by a roots vacuum pump
(RP) and a final forepump (VP). The final beam
dump stage will be evacuated by both a cryogenic
pump (CP) as well as by a turbmolecular pump
(TP). Depending on the used type of target source
(cluster-jet or pellet), the inlay of this final vacuum
chamber will be modified in order to guarantee opti-
mum vacuum conditions. More details on the target
beam dump as well as on the vacuum system will
be given in sections [7] and

4.7 Integration in PANDA

In Fig. the integration of the PANDA cluster-jet
source is illustrated. In the iron yoke of the super-
conducting solenoid magnet large openings (1000
mm x 1200 mm) have been foreseen in order to al-
low for the installation of the target source as close
as possible to the interaction point. Placed above
the magnet and close to the cluster-jet source the
two pumping lines for the skimmer stage are fore-
seen, each consisting of two roots vacuum pumps
and a forepump. The support frames for both the
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Figure 4.16: Schematic drawing of the vacuum system for the cluster-jet target.

target source as well as for the pumping stages (not Cross sections of the cluster-jet target at the
shown in this figure) will be connected to the iron PANDA magnet are presented in Figs. and
yoke in order to avoid mechanical excitations. Figs. 4.190 The openings in the magnet yoke al-
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Figure 4.17: Schematic viewing of the integration of the cluster-jet source at PANDA. The support frames of
both the target source as well as for the pumping stages (not shown in this figure) will be connected to the iron
yoke in order to avoid mechanical excitations.

Figure 4.18: Cross section of the cluster-jet target at Figure 4.19: Cross section of the cluster-jet target at
the PANDA magnet. The distance between the nozzle the PANDA magnet.
and the interaction zone amount to 1 = 2 m.
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5.1 Introduction

Pioneering work on pellet targets was made at Upp-
sala University and at the TSL, Uppsala. This has
resulted in an operational system for the WASA
detector facility which is now being used at COSY-
Jilich. However, further developments are neces-
sary to meet specific requirements in connection
with high-luminosity experiments at HESR. For ex-
ample, the pellet generator has to be located outside
the PANDA detection system, i.e. significantly fur-
ther away from the interaction zone as compared to
WASA.

This puts stringent demands on the divergence and
steadiness of the pellet stream. The size and rate
of the pellets should be optimized for HESR opera-
tion, i.e. the pellet size should be reduced to 10 um
or less and the pellet rate increased as much as pos-
sible, keeping an effective target thickness of the
order of a few times 10'® atoms/cm?. The aim is to
always have one, and only one, pellet intercepting
the circulating beam.

Central part of a pellet target is the triple-point
chamber (TPC). In that chamber a jet of a cryo-
genic liquid is injected through a thin nozzle (with
diameter roughly equal to the pellet diameter) into
the same gaseous material close to triple-point con-
ditions. Periodic excitation of the nozzle by a piezo-
electric transducer imposes jet oscillations along its
surface. The axially symmetric jet then disinte-
grates into drops downstream the nozzle when the
perturbation amplitude becomes equal to the jet ra-
dius. From the TPC — which makes sure that an
extremely regular drop flow can be produced un-
der optimal conditions without disturbances from
evaporation [I] — the drops pass through a thin
tube into vacuum. During that transition they cool,
due to surface evaporation, by a few Kelvin below
the melting point, and a regular flux of very stable
frozen pellets is produced.

Key issues for the improvement of pellet generators
are:

e Unwanted vibrations of the jet-producing noz-
zle must be suppressed in order to allow for
satellite-free and mono-disperse drop forma-
tion [IJ.

e The generator must be operated in a wide tem-
perature range in order to allow pellet produc-

tion from different cryogenic liquids.

o The geometry of the transition unit between
TPC and vacuum must be such that turbu-
lences in the rapidly flowing gas inside are min-
imized (and, thus, distortions of the produced
pellets).

Such a new generation of pellet targets has been de-
veloped by a joint effort of the Forschungszentrum
Jiillich (FZJ), the Institute of Theoretical and Ex-
perimental Physics (ITEP) and the Moscow Power
Engineering Institute (MPEI). Due to a novel and
patented [2] cooling technique and a careful opti-
mization of drop-production processes, the targets
provide extremely regular pellet beams.

5.2 The Moscow-Julich Pellet
Target

The groups from FZJ, ITEP and MPEI have built
three pellet generators [3 [4]:

1. The generator at FZJ is the most advanced
one. It comprises a cryostat with baths of lig-
uid Ny and He (see Fig. [5.1)). Liquefaction of
Hs is achieved in three stages: first cooling with
liquid Ny, further cooling in a heat exchanger
by evaporated He, and final cooling in the con-
denser by cold He gas. From the condenser,
the liquid passes through the vibrating nozzle
and reaches the TPC.

2. The target at ITEP has a simpler cooling
scheme (only one stage) and allows one to
study jet and pellet production from Ny, Ne,
Ar, Kr and Xe.

3. The MPEI drop generator is without cooling
and is used for developing the diagnostic sys-
tem that measures drop and pellet parameters.
It also allows one to test and develop models
on water drop production.

In brief, the results of the developments at
FZJ/ITEP/MPEI are:

e A patented [2] vibration-less cooling technique
which provides “ideal” jets of cryogenic liquids
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Figure 5.1: 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 cm® of
the cryogenic liquid which is driven through a nozzle
into the TPC by overpressure. Constant pressure in the
TPC is maintained by an auxiliary gas feeding.

has been developed. This allows one to pro-
duce mono-disperse drop fluxes with minimum
divergence.

e The working parameters for the satellite-free
and mono-disperse jet breakup have been es-
tablished (see Fig. and Table 5.1] for exam-
ples).

e The drop generator can be operated with var-
ious cryogenic liquids, like Ho, Do, Ny, Ar, Kr
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and Xe. Stable pellet production has so far
been observed for Hy, Ny and Ar.

e The transition unit (“sluice”) between TPC
and vacuum has a circular cross section with a
radius that decreases exponentially to in flight
direction.

5.2.1 Performance of the Prototype Pellet
Generator

During test measurements two different nozzle
types have been utilized, glass nozzles in brass hous-
ings and such made from stainless steel. The for-
mer, with inner diameters of 12-30 um at the nozzle
tip, have the advantage of a smooth internal surface
and allow one to look inside the channel during op-
eration. The 16-30 um steel nozzles offer high shape
reproducibility and smaller length-to-diameter ra-
tios 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 Hy and ~1.0-1.5 bar for Ny; higher pres-
sures lead to higher jet velocities. The piezo-electric
transducer allows one to excite sinusoidal nozzle vi-
brations in the range f=1-100kHz.

o
P -
- s .
& @ o
® . °
w e
. L [ ]
L ] = .
Figure 5.2: First observation of satellite-free and

monodisperse disintegration of Ny (left), Ha (middle)
and Ar (right) jets. In the upper edge of the photos the
tip of the vibrating nozzle can be seen.

Figure m shows the breakup of Ny, Hy and Ar
jets in the TPC; for certain choices of the jet and
TPC parameters (see Table [5.1] and Ref. [I] for de-
tails), stable satellite-free and mono-disperse drop
production has been achieved.

When the drops leave the TPC through a 1%¢ sluice
into a subsequent chamber (p=0(1072) mbar), they
freeze to pellets due to strong surface evaporation,
and are accelerated by the gas flow from the TPC.
Then the pellets pass a 29 sluice and a 24 chamber
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Table 5.1: Parameters of the Ha and N jets from

Fig. (.2}

N Ho
TPC pressure (mbar) 300 130
TPC temperature (K) 74 17
Jet temperature (K) 77.2-77.0 20.0-19.8
Nozzle frequency f (kHz) 26 38
Jet diameter 2Ry (pum) 17 12
Jet velocity vjer (m/s) 2.6 2.4
Initial perturbation § 0.02 0.02
Jet length (ym) 310 200

(0(10~*) mbar), and finally reach a dummy scatter-
ing chamber through a thin tube (& ~ 2 cm), which
is currently located 1.2 m downstream of the TPC.
In order to minimize turbulences of the gas flow in
the 1%¢ sluice it has a circular cross section with a ra-
dius that decreases exponentially to 600 pym in flight
direction. For pellet observation two CCD cameras
have been positioned at the outlet of the 15 sluice
or at the dummy chamber.

So far, stable Hy and N pellet production with di-
ameters 20-40 um (the pellet diameter is about two
nozzle diameters), and a pellet rate of a few 10 kHz
has been observed. Deviations from the mean pel-
let diameter are below 1% (10%) over periods of
few seconds (hours). The average velocity of 30 um
pellets amounts to ~70 m/s, see Fig. [5.3] The ra-
dial 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 pm has been extrapolated from the an-
gular pellet distributions measured behind the 15t
sluice. This value is dominated by the experimental
resolution.

3

number of pellets (a.u.)

60 70 8 %0 100 1000 -500 0 50 1000 1500
pellet velocity (m/s) radial deviation (um)

Figure 5.3: Velocity and spatial distributions of Hs
pellets in the scattering chamber.

From the jet and drop parameters in the TPC to-
gether with the measured pellet velocity, the pellet-
to-pellet distance in the scattering chamber can be
calculated (assuming that all drops reach the cham-

25

ber as pellets). For the Hy jet from Fig.[5.2| and Ta-
ble [5.1] one obtains a value of 1.65 ym which will be
experimentally verified during future tests at FZJ.

Based on the layout and experience of the proto-
type pellet generator the PANDA pellet target will
be built. This new target will comprise a new ad-
justment system for the vibrating nozzle which will
be installed and tested in 2009. This system must
be able to align the nozzle axis with that of the tran-
sition tube into the vacuum, at room temperature
(for pre-adjustment) and at liquid-Helium temper-
ature (fine adjustment during operation).
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5.3 Target Infrastructure



FAIR/Pbar/Draft TDR, Rev. 26, February 16, 2009

Palladium
l l purifier
flow control pressure control
system system
cooling cooling
system 1 system 2
!
condenser
generator
nozzle I vacuum pumps D, generator

triple point chamber
constantPand T

beam l
—

|

dumping system

Figure 5.4: Schematic drawing of a gas supply system for the pellet source.
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5.4 Time Schedule
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Work package

Year

2007

2008

2009

2010

2011

2012

2013

2014

2015

R & D with prototypes
at FZJ, MPEI and ITEP

Preparation of test stands
for PANDA target

Construction of:
Pellet generator

Vacuum system
H., He and N, supply systems

Adjustment systems

Installation & tests in Russia

Transfer to FAIR

Installation at FAIR

Adjustment and tests without beam

Figure 5.5: Time schedule for the implementation of the pellet generator.
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COMMENT: Author: D. Prasuhn,
H. Orth, M. Biischer, A. Khoukaz

6.1 Beam Requirements for
Different Target Types

6.2 Beam Life Times

6.3 Time Structure of the
Luminosity

6.4 Effective Luminosities



32

PANDA - Target Systems



7 Target Beam Dump

33

COMMENT: Author: A.
H. Orth, A. Khoukaz, H. Calen

Bersani,

The target material, either the solid hydrogen pel-
lets or the hydrogen cluster stream, crosses the
whole Target Spectrometer and is collected in a
sink. The Target Beam Dump has been optimised
to be compatible, with minor modifications, for
both the pellet and cluster jet targets.

The concept of the Target Beam Dump is essentially
symmetric to the target production stage. The clus-
ter or pellet stream collides to a kind of “collector”
and the beam pipe vacuum is protected by a multi-
stage differential pumping system. The collector is
a trap for the pellets and a turbomolecular pump
for the clusters. The differential pumping system is
all equipped with turbomolecular pumps. A proper
forevacuum system has been designed to allow the
best vacuum performances. Several diagnostic de-
vices, especially for the pellet target, are integrated
in the Target Beam Dump.

7.1  Differential Pumping System

The differential pumping system 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 fea-
tured an internal cluster jet target with a free flight
between the production and the dump of ~ 2m.
The core of this Target Beam Dump is a three-
stages differential pumping system.

The vacuum chamber features two internal walls,
with two holes, through which the target material
can pass. The beam does not cross the vacuum
chamber on its axis, but at 75 mm from it. This
has been designed for the cluster jet target: the
stream collides on the blades of a turbomolecular
pump that is installed under the vacuum chamber,
centred on its axis. This causes the largest part
of the hydrogen to be evacuated directly through
that pump, greatly reducing the gas back-flow to
the beam pipe. Each stage is equipped with two
CF150 flanges to which two turbomolecular pumps
can be attached. A view of the vacuum chamber is

shown in Fig.

The different stages will be connected with conical
pipes to further reduce the gas flow from the dump

Figure 7.1: View of the target dump vacuum chamber.
The hydrogen jet enters through the upper flange and
gets out through the lower hole (visible through the lat-
eral lower flange). All the flanges both for pumps and
diagnostics are shown.

to the beam pipe. The shape and length of these
pipes has been optimised to have the best insulation
between the stages. A cross section of the vacuum
chamber, showing these pipes, is reported in Fig.[7.2]

We foresee to use two turbomolecular pumps for
each stage, both for the cluster jet target and for
the pellet target operations. We foresee to use two
VARIAN Turbo-V 551 Navigator in the first stage
and four VARIAN Turbo-V 1001 Navigator in the
second and third stages [2]. The use of smaller
pumps in the first stage is due to space consider-
ations; on the other hand, we expect the lowest gas
load in the first stage, so the lower pumping speed
will not affect the operations. The VARIAN Turbo-
V 551 Navigator features a CF150 flange, so can be
attached directly to the vacuum chamber, whereas
the VARIAN Turbo-V 1001 Navigator features a
CF200 flange, so it is attached to the vacuum cham-
ber through a zero-length transition.

The choice of this model of turbomolecular pumps
was driven by the need of a high pumping speed
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Figure 7.2: Section of the target dump vacuum cham-
ber. The conical pipes designed to reduce the gas back-
flow are visible on the right side.

for hydrogen, even at relatively high pressure.
The VARIAN turbomolecular pumps feature a first
stage, based on molecular impellers, which ensures
full pumping speed up to 1072 mbar in the inlet, de-
creasing to 90% of the maximum at 10~2 mbar for
the chose pump models. A summary of the pumps
performances is reported in Table

Table 7.1: VARIAN turbomolecular pumps parame-
ters.

551 1001
Pumping speed 5101/s 9001/s
Compression ratio 108 106
Max. foreline pressure ~ 5mbar ~ 10 mbar

The expected performances of the 1001 Naviga-
tor pumps are, anyhow, under the reported values
due to the introduction of the zero-length transi-
tion, which reduces the conductance to the pumps
blades. According to the specifications of the manu-
facturer, we expect a effective pumping speed ~ 5%
lower than the nominal one.

Each stage of the Target Dump will be equipped
with Leybold ITR90 [3] pressure gauges, to continu-
ously monitor the pressure profile and the gas back-
stream. An additional low-vacuum Pirani gauge
will be mounted in the last stage for monitoring
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during the evacuation and vacuum breaking.

7.2 Pellet Tracker

A system to monitor the pellet stream parameters
will be mounted on top of the Target Beam Dump.

7.3 Cluster Set-Up and

Performances

The Target beam Dump, to be operated with the
cluster jet generator, will be equipped with a VAR-
IAN Turbo-V 1001 turbomolecular pump, on the
bottom side. Since the cluster jet travels ~ 75 mm
far from the vacuum chamber axis, it will arrive di-
rectly on the blades of the turbomolecular pump.
There it will be destroyed and efficiently pumped
away.

7.4  Pellet Pot

To be operated in conjunction with the pellet gener-
ator, the turbomolecular pump on which the target
material arrives will be removed and replaced by a
properly designed pellet trap.

7.5 Forevacuum System

A properly designed forevacuum system provides
evacuation to the target dump down to a fraction
of millibar.

7.6 Installation and Maintenance

Bibliography
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COMMENT: Author:
J. Zmeskal

FOR THE TIME BEING JUST COPY/PASTE
FROM TPR:

D. Prasuhn,

8.1 Vacuum System and Tubing

The vacuum system has to fulfill several require-
ments. First of all, the vacuum system has to war-
rant the optimal operation of all vacuum stages of
the structural components. Secondly, the gas flow
originating from the target installation to the vac-
uum stages of the accelerator beam line must not
exceed a certain limit. This limit itself depends on
the pumping speed at the target and at the beam
line close to the interaction region, the conductance
of vacuum pipes connecting these pumps with the
vacuum system as well as on the target thickness
itself. Furthermore, regeneration intervals in the
case of using cryopumps as well as sensitivity to
magnetic fields have to be taken into account.

concerning target-common:

An approved method to evacuate this stage is to use
a special designed cryopump (TPR-Fig. 4.23). This
pump combines pump and vacuum stage in one unit
and allows for maximum pumping capacities for the
reduction of residual gas.

Due to the small diameters of the apertures in the
cluster source the cryopump will be connected to
the collimator stage by a vacuum pipe and a valve
for regeneration. This type of connection can be
omitted at the larger apertures in the cluster beam
dump.

8.2 Pumping Scheme

An internal target system necessitates a sufficient
pumping system as close to the interaction zone
as affordable, to keep the beam vacuum below
10~ "mbar. Conventional pumping systems, such
as turbo molecular pumps and ion getter pumps,
cannot be installed due to stringent requirements
to the available space around the interaction zone.
The space is occupied by the necessary detector sys-
tems, as is clearly seen in Fig. (TPR-4.43 - here new
cut of TS will be made from the vacuum design by
AG). Therefore, it is proposed to use the walls of the

beam pipe inside the detector as well as the internal
target vacuum pipe itself as a high-vacuum pump.
This could be achieved by coating the surface with
a non-evaporable getter (NEG) material as is used
at CERN for the LHC. Additional pumping is nec-
essary as sketched in Fig. (TPR-4.44 - here new
cut of full detector will be made from the vacuum
design by AG). Two turbo-molecular pumps, each
with a nominal pumping speed of 10001/s, will be
installed in front of the PANDA magnet. A spe-
cially designed cryo-sorption pump (with an addi-
tional pumping speed of 50001/s) will be used (is
this still valid?). Two additional turbo-molecular
pumps (each 5001/s) will be located further away
from the beam pipe, in-between the PANDA mag-
net and the forward spectrometer. Another turbo-
molecular pump (10001/s) and an ion getter pump
(8001/s) at the end of the forward spectrometer will
complete the beam line pumping system (see Fig.
TPR-4.44). A detailed study of gas losses in the
interaction region for cluster-jet and pellet targets
is under evaluation. A prototype vacuum chamber
is set up at SMI with NEG coated walls. It has
the foreseen effective pumping speed as it would be
available with the pumping equipment and dimen-
sions of the beam pipes as shown in Figs. (TPR-
4.44 4.45). Different gas loads (hydrogen gas lost in
the interaction zone either coming from the cluster-
jet or pellet beam) will be measured and compared
with the theoretical calculations.

8.3 NEG

Non-evaporable getters remain in the solid state in-
stead of being evaporated and condensed on a sur-
face (as with Ti-sublimation pumps). This fam-
ily of getters is usually made of an alloy of zirco-
nium, such as Zr-Al, Zr-V-Fe or Zr-V-Ti. Although
they can exist in any solid form, they are most of-
ten found as either chunks or pellets or thin films
bonded to metallic substrates. NEGs are known
for their high pumping speed and capacity for hy-
drogen. Further advantages are the relatively small
size and little weight. An activation process is re-
quired for NEGs. When the getter material is ex-
posed to air for handling or loading into a system
or device, the materials surface will skin over with
reacted gases. This means that the NEG will be en-
tirely enclosed in an envelope of oxides or nitrides.
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Additionally, the bulk of the material will encom-
pass dissolved Hs. Under these conditions, the get-
ter material is essentially inert and will not pro-
vide an active getter pumping surface. Activation
prepares the getter surface for pumping and is per-
formed by heating under vacuum after installation.
During heating, the reacted skin layer will diffuse
into the NEGs bulk in an attempt to achieve equi-
librium throughout the bulk. The Hs will be driven
out of solid solution into the chamber and pumped
away by an appropriate high-vacuum pump. The
time and temperature required for activation will
vary with the specific getter alloy. The vacuum
level required will depend upon the actual applica-
tion, but a pressure of at least 10~5 mbar is usually
required. The pumping time must be sufficiently
long to ensure that the released Hs is pumped away.
Any remaining Ho will be reabsorbed by the getter
and this will limit the amount of Hy subsequently
pumped by the getter. After activation, gases will
be removed from the vessel by reaction on the NEGs
surface until enough gas is reacted to put a gas layer
over the surface again (skin over). At this point,
pumping action for active gases ceases and the re-
acted skin becomes a barrier for further dissolution
of Hy. The time required for this to happen is a
function of the gas load to be pumped. In ultrahigh-
vacuum applications, it can be in the order of years.
However, in an environment with high gas loads the
time could be reduced to hours or minutes. Gas
loads that result in an unacceptably short period
of surface saturation are usually dealt with by rais-
ing the temperature of the NEG to a about 80 to
100°C. The higher temperature will result in pump-
ing and diffusion into the bulk taking place at the
same time. Systems which are cycled repeatedly to
atmospheric pressure require careful consideration.
Each time the NEG material is in contact with air
or any other active gas, such as Ny, re-activation is
required. In a cycled system, the chamber can be
released to argon instead of an active gas or the get-
ter can be isolated from the chamber by appropri-
ate valves. Getters and getter pumps can provide
economical and compact pumping in many appli-
cations if they are used properly. Vacuum pump-
ing via non-evaporable getter thin film deposited
directly onto the interior of a vacuum chamber is a
novel way to produce high vacuum.

The performance of a NEG is characterized by ac-
tivation temperature, sticking probability, surface
capacity and total pumping capacity. For the study
of a thin film NEG coated vacuum chamber, having
similar dimensions as it will be used at the interac-
tion zone (see Fig. TPR-4.44), a prototype was set
up to measure
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e gas load,
e pumping speed

e recycling time

for a realistic assumption of hydrogen gas losses us-
ing an internal target device.
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| COMMENT: Author: J. Zmeskal

9.1 Gas Purifier

FOR THE TIME BEING JUST COPY/PASTE
FROM TPR:

A schematic drawing of the gas supply system for
the cluster-jet target at PANDA is presented in
Fig.J&5] The target device has to be operated with
Hs gas with as high a purity as possible to avoid
blocking of the cryogenic nozzle by impurities like
Os or Ny when operated at temperatures below
30K. For this purpose, Hs of standard purity (e.g.
99.999%) will be fed to the gas supply system. The
gas is cleaned by a purifier with a heated palladium
membrane to optimize the purity (i.e. no impurities
detectable). For technical reasons, this device has
to be operated with Ny in parallel. However, No
cannot pass the Pd membrane. For security rea-
sons, both the Ny and Hy 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 (501, 200 bar) and
one nitrogen bottle in parallel. After the purifica-
tion stage the gas will be led through a gas flow
monitor and control system and enters the cluster
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 and enters
the nozzle. A Baratron capacitance manometer is
connected to the gas system parallel to the nozzle
in order to monitor the gas pressure directly before
passing the nozzle.

9.2 Deuterium Recuperation

If longer periods with deuterium cluster beams are
planned, the gas supply system can be enlarged by a
D5 recuperation system as it is used with the targets
at COSY. This system collects the Dy gas exhausted
by the vacuum pumps at the cluster-jet source and
supplies it to an oil-free compressor which finally
provides the Dy gas with a pressure of 20 bar. For
a further reduction of the operational cost, a Do
generator can be used which generates Dy gas from
liquid DO with a sufficient quality to feed the pal-
ladium purifier of the target installation. Such a

system is currently being tested at the experiment
ANKE at COSY.
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COMMENT: Author: A. Bersani, H. Orth
only requirements and two possible solu-
tions (Labview, Simatic)
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11 Infrastructure

COMMENT: Authors: H. Orth, D. Pra-

suhn
here we should specify what we need and
what we consume...

11.1 Power Supply

11.2 Cooling Liquids
11.3 Compressed Air
11.4 Pump Exhaust

11.5 Required Testing Areas

We need place for testing, repairing, optimization,
the targets transported to FAIR. This area should
be accessible during beam times.
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COMMENT: Author: A. Khoukaz,
H. Orth

The timelines are driven in part by the envisaged
start of commissioning of HESR early in 2014.
In particular, the vacuum pipe system inside the
solenoidal magnet needs to be in place in order to
allow any beam operation. For the commissioning
phase of PANDA as well as for the first experimental
program it is proposed to start with the cluster jet
target since only this target system allows for a con-
tinuous variation of the target density over orders of
magnitude. Especially during the first operation of
the PANDA detector this will allow to test all com-
ponents starting with low event rates, which can
then be increased continuously. Similarly, the com-
missioning of the beam cooling systems foreseen at
HESR can be performed well with a cluster beam
adjusted in the beginning to low areal beam densi-
ties.
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