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Preface

The year 2004 had been marked by events and activities that will be of strategic relevance
for our institute. In February our institute was reviewed together with the GSI within
the framework of the “Program Oriented Funding”, which represents a new paradigm
for science funding of the Helmholtz centres. This evaluation took place at the GSI,
scrutinizing the Research Program “Physics of Hadrons and Nuclei”, which is part of the
Research Field “Structure of Matter”.

As the major recommendations of this council, an “on-site” and “in-depth” review of the
future activities of the institute, especially with respect to our close collaboration with GSI
within the FAIR-project was proposed as well as to present a full proposal for the transfer
of WASA from Uppsala to COSY to a dedicated review committee. The HGF-Senate has
decided to postpone/defer any decision on budgets for the years 2006 to 2009 until the
findings of the on-site review, which will take place in April 2005, are available.

The WASA proposal has been critically examined in October 2004 by an extended pro-
gram advisory committee. It concluded unanimously that this detector in connection with
COSY would constitute an outstanding physics opportunity and that the proposed physics
program has unquestionably strategic relevance.

The institute has significantly intensified its engagement in the FAIR-project, which will
set the stage for the mid- and long-term perspective in hadron physics. In collaboration
with other partners our institute has taken on a leading role in the consortium that is plan-
ning, designing (and later building) the “High Energy Storage Ring” (HESR) of FAIR.
In 2004 the IKP has played a prominent role in the timely completion of the Technical
Reports for HESR, PANDA, PAX and FLAIR.

As outlined in our PoF-application, the institute has the following strategy for its future
position within the scientific portfolio of the Helmholtz organisation (HGF):

• Scientific exploitation of COSY and its experimental facilities:

– Hadron physics with hadronic probes

– Preparatory investigations for the FAIR project of GSI (Darmstadt)

• Involvement in FAIR:

– Planning, designing and building of HESR, the “High Energy Storage Ring” for
anti-protons

– Contributions to antiproton experiments and corresponding detector systems
(PANDA, PAX, FLAIR)

It is evident that the timescale for the transition from COSY to HESR needs to be inter-
twined with the actual realization of the FAIR-project. As a result of an intense discussion
within CANU (COSY Association of Networking Universities), it was agreed that COSY
will be an indispensable experimental facility for the intervening period in order to sustain
a viable hadron physics community. An efficient migration of the CANU-user community
to the HESR is only conceivable if experimental activities can continue nearly seamlessly.
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As mentioned above, we intend to transfer WASA (currently installed at CELSIUS of
TSL, Uppsala, Sweden) to COSY — a corresponding Memorandum-of-Understanding
between Uppsala University and FZJ was signed in December. As significant resources
will be allocated to the HESR, PANDA, and other activities related to the FAIR-project,
WASA — together with ANKE and TOF — will be the only detector systems operated
at COSY in the near future. We already phased out nuclear spectroscopy and JESSICA
during the past year.

As in the years before we had meetings of our international advisory committees, the IKP-
Beirat and PAC for the COSY experimental program. I would like to take the opportunity
to thank all of its members for their valuable advice and constructive discussions.

We also have had retirements of colleagues in 2004; I would like to mention: Prof. Detlev
Filges and Prof. Kurt Kilian, long-term director of IKP I. I want to express our deep thanks
to all retirees for their work and contributions as well as our best wishes for their future.
We are very pleased to have successors for two retired directors (J. Speth, K. Kilian):

• Prof. Ulf-G. Meißner, holding a chair at the “Helmholtz Institut für Strahlen- und
Kernphysik” at the “Rheinische Friedrich-Wilhelms Universität Bonn”, who had
acted as provisional director of the IKP-theory since 2003, took over as director
in October.

• Prof. James Ritman from the “Justus-Liebig Universität Gießen”, holding now a
chair at the “Ruhr-Universität Bochum”, is the new head of IKP I since September.

A hearty welcome and all the best to the new leadership and to all other new staff
members of IKP. In closing, I would like to thank all colleagues, collaborators, friends
from within the institute, the Research Center (FZJ) — in particular ZAM, ZAT and
ZEL — and national and international universities and institutions for their support and
dedication that was key to make COSY a world class facility and the IKP a center for
hadron physics with hadronic probes.

Jülich, February 2005 Hans Ströher
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1 Detectors at COSY

Currently, COSY harbors four experiments at internal target stations —ANKE , COSY-11, EDDA andPISA — as well
as three external facilities —BIG KARL (with ENSTAR, GEM and HIRES),COSY-TOF andJESSICA.
ANKE andCOSY-11 are magnetic spectrometers with a wide momentum acceptance for charged particles. They are
both well suited to study meson-production processes close to thresholds with particle emission into forward direction.
At the non-magneticEDDA detector~p~p elastic scattering has been studied and the device is now being used as a beam
polarimeter. BothPISA andJESSICA are detectors which have been used for the investigation of spallation processes
induced by GeV protons.BIG KARL is a high resolution magnetic spectrometer which is supplemented by the GEM
and ENSTAR detectors at larger emission angles. The non-magnetic spectrometerCOSY-TOF measures the velocity and
direction of charged particles with large angular acceptance thus allowing for the kinematically complete reconstruction
of events with up to one neutral particle.
So far all detectors at COSY are “photon-blind”. This will change with theWASA detector which is planned to be
transfered from CELSIUS (Uppsala, Sweden) to COSY in 2005.WASA can detect both neutral and charged particles
with a large angular-momentum acceptance.WASA, ANKE andCOSY-TOF will be the only detector systems at COSY
in the near future.
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1.1 Internal Detectors

1.1.1 ANKE

ANKE is a magnetic spectrometer at an internal target
position of COSY. Together with its dedicated detection
systems it allows to separate from the circulating COSY
beam and momentum analyze ejectiles, which result from
beam-target interactions and are emitted into forward an-
gles around 0◦. The spectrometer consists of 3 dipole
magnets (D1–D3) which impose a closed orbit bump
on the circulating COSY beam. Since D2 (see photo-
graph in Fig.1) is movable perpendicular to the beam
direction, the momentum range covered can be varied
independently of the beam energy. The huge D2-gap
height of∼20 cm provides a large geometrical accep-
tance, which is particularly advantageous for correlation
measurements with threshold kinematics.

Fig. 1: Photo of ANKE and the detection systems which
are located around the spectrometer dipole D2
(blue).

The detection systems of ANKE comprise(i) tracking de-
tectors and(ii) scintillator hodoscopes in forward direc-
tion, both to the right and the left side of the beam,i.e.
for positive and negative reaction products. In addition,
dedicated detectors like range telescopes andČerenkov
counters are installed for the identification of rare events,
e.g. K+,−, within a huge background (see section2.4).
Around the target position, silicon detector telescopes can
optionally be installed to detect particles like slow “spec-
tator” protons.
The targets, which have been utilized at ANKE up to
now, are thin solid material foils (carbon, copper, silver,
gold) and hydrogen or deuterium cluster-jets. Luminosi-
ties of a few times 1032 cm−2s−1 have been achieved
with unpolarized beams for the foil targets and few times
1031 cm−2s−1 for cluster jets . During 2005 the polarized
internal target (PIT, see section7.1.1), which has been de-
veloped at IKP II during the past years, will be installed.
In combination with a storage cell, this will allow for dou-
ble polarization experiments at ANKE.
In the beginning of 2005 ANKE will be used for the first
time for measurements during COSY energy ramping in
order to study the reactionsdp→ 3Heη anddd→ 3ANπ

around thresholds.

1.1.2 COSY-11

The research program of the COSY-11 collaboration con-
centrates on physics of the near threshold meson produc-
tion in different flavor and spin channels. For this rea-
son the high resolution COSY-11 zero-degree magnetic
spectrometer has been upgraded during the last years as
shown in Fig.2 and was additionally equipped with(i)
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Fig. 2:Schematic view of the COSY-11 setup.

detectors for registering neutrons, deuterons, spectator
protons,(ii) a c-shaped hexagonal chamber (D3) extend-
ing the acceptance for kaons and low momentum parti-
cles and(iii) a system for the determination of the beam
polarization. These extensions allow for studies of the
production mechanism and meson-nucleon interaction as
a function of spin and isospin degrees of freedom. For
example the measurements of the quasi-freepn→ pnη
andpn→ pnη′ reactions are being performed by detect-
ing all outgoing nucleons from thepd→ psppnX reaction
and using the missing mass technique for identifying the
events under investigation.

1.1.3 EDDA

The EDDA detector, schematically shown in Fig.3, con-
sists of two cylindrical detector shells. The solid angle
coverage is 30◦ to 150◦ in Θc.m. for elastic proton-proton
scattering and about 85% of 4π. The outer detector shell
consists of overlapping scintillator bars (B), semi-rings
(R) and semi-rings made of scintillating fibers (FR). The
inner detector shell (HELIX) is a cylindrical hodoscope
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consisting of four layers of 2.5 mm diameter plastic scin-
tillating fibers which are helically wound in opposing di-
rections so that coincidence of hits in the lefthanded and
righthanded helices gives the point at which the ejec-
tile traversed the hodoscope. The 640 scintillating fibers
are connected to 16-channel multianode photomultipliers
and read out individually using the LeCroy proportional
chamber operation system PCOS III. Combined with the
spatial resolution of the outer detector shell, the helix
fiber detector provides for vertex reconstruction with a
FWHM resolution of 1.3 mm inx- andy-direction and
0.9 mm inz-direction. The resulting polar and azimuthal
angular resolutions are about 0.3◦ and 1.3◦ FWHM for
ppscattering events.
The detector was used by the EDDA collaboration to
measure differential cross sections, analyzing powersAN

and spin correlation parametersANN, ASSandASL of the
elastic proton-proton scattering over a wide energy range.
It is now used as very efficient polarimeter for the TRIC
and SPIN@COSY experiments and for the preparation
of highly polarized proton and deuteron beams for the
experiments ANKE, COSY-11, COSY-TOF and GEM.

FR

COSY−
Beam

Target−
Beam

P

P

R

B

HELIX

x y

z

1 m

Fig. 3: Scheme of the EDDA detector. The outer ho-
doscope consists of scintillator bars B, scintilla-
tor semi-rings R and semi-rings made of scintillat-
ing fibers FR. The inner hodoscope HELIX con-
sists of four layers of scintillating fibers helically
wound in opposing directions.

The polarized atomic hydrogen beam target is shown
in Fig. 4. Hydrogen atoms with nuclear polarization
are prepared in an atomic-beam source with dissociator,
cooled nozzle, permanent sextupole magnets, and RF-
transition unit. In the dissociator, hydrogen is dissociated
in an inductively coupled 350 W RF-discharge and passes
through an aluminum nozzle cooled to about 30 K and a
skimmer. About 5·1016 hydrogen atoms per second are
produced. The comparable low temperature of the noz-
zle leads to a decreased velocity (most probable velocity
1.3 km/s) of the atomic beam and thus an increased tar-
get thickness. The atomic beam source selects hydrogen
atoms in a pure hyperfine state (mj=+1/2, mI =+1/2), in
order to achieve a high polarization in a weak magnetic
holding field. Here,mj andmI are the magnetic quan-
tum numbers of the electron and proton spins, respec-
tively. The effective target thickness of the atomic beam
is about 2·1011 atoms/cm2, the polarization is more than
90 %. For the TRIC experiment a storage cell has been

installed which allows target thicknesses of about 2·1013

atoms/cm2.
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Fig. 4: Polarized COSY beam~p and polarized atomic

beam target~H with dissociator D, cooled nozzle
N, permanent sextupole magnets S, RF transitions
and Breit-Rabi polarimeter in the atomic beam
dump consisting of RF transition, sextupole mag-
net S and quadrupole mass spectrometer QMS.

1.1.4 PISA

The PISA experiment aims at systematic investigations
on the complex mechanisms raised bypN spallation,
multifragmentation, fission and vaporization reactions.
At the internal beam of COSY, PISA studies proton in-
duced reactions up to 2500 MeV on a wide range of target
nuclei. For the measurement of total and double differ-
ential production cross sections Bragg Curve Detectors,
silicon telescopes and phoswich detectors are being em-
ployed. These detectors are mounted at various angles
with respect to the direction of the incident internal pro-
ton beam as shown in Fig.5.
The correlation of time-of-flight from multi-channel
plates and the energyE deposited in the BCD-volume
allows for the separation of the following isotopes:6Li,
7Li, 8Li, 7Be, 9Be, 10Be, 10B, 11B, 11C, 12C, 13C, 14C
and13N, 14N. The design of the BCD as well as a typical
output signal from the BCD is shown in Fig.5.
The maximum of the curve corresponds to the so called
Bragg peak proportional to the charge of the particle. The
integral over the whole length of a signal describes the
kinetic energyE of the particle. The rather low energy
threshold of the BCD (≤ 1 MeV/nucleon) allows one to
explore the kinetic energy spectra of ejectiles well below
the respective Coulomb barriers and the measurement
of elemental distributions of fragments ranging from He
up to Si. Such a small energy threshold was feasible
due to the use of rather thin targets of the order of 50–
200µg/cm2. A distinguished element resolution of∆Z
between 10% and 12% per amu has been found.
In addition, in order to detect also very energetic light
ejectiles (H, He, Li,...) the setup is equipped with cooled
(−25◦C) Si-telescopes (50–6000µm) and phoswich de-
tectors.
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Fig. 5: Upper: Scattering chamber of PISA with the
two full detector arms mounted at 15◦ and
120◦ equipped with Bragg curve-detectors (BCD),
channelplate- (inside chamber) and phoswich de-
tectors. Lower: Schematic layout of the Bragg
Curve Detector.

1.2 External Detectors

1.2.1 BIG KARL, GEM, ENSTAR

The setup of the magnetic spectrograph Big Karl is shown
in Fig. 6. It has a high resolution focal plane (3Q2DQ)
with a momentum resolution of∆p/p < 5 · 10−5 and a
momentum acceptance of±4.5%. The maximal proton
momentum that can be bent is 1080 MeV/c. The dipole
exit (3QD) has an acceptance of±50% and maximal pro-
ton momentum of 3240 MeV/c. The ejectile momenta
as well as two angles can be measured with the help of
multiwire drift chambers (MWDC). Additional time-of-
flight measurements allow for particle identification and
thus for the derivation of a four-momentum vector.
The magnetic spectrograph has additional detector com-
ponents for different purposes. Cherenkov detectors in
the time-of-flight path allow one to veto pions and thus
enrich kaons in a data sample. A system with spaghetti-
shaped scintillators allows for the vertex measurement of
charges particles. This was used, for example, in the mea-
surement ofφ-meson production in apd→3HeK+K− re-
action.

concre
te w

all3m

D1

D2

Q2

Q2a

TARGET

MWDC

MWDC

Q1

Q3

Dipole exit detectors

R,S
P,Q

L

K
Scintillator

Hodoscope Scintillator
Hodoscope

Focal plane detectors

Fig. 6:External target station with magnetic spectrograph
Big Karl. The quadrupole magnets are labeled
by Q1, Q2, Q2a, and Q3, the dipole magnets by
D1 and D2. An exit port at the first dipole side
yoke allows one to dump the beam in a block of
concrete shielded iron (not shown). Behind the
quadrupole magnet Q3 is the focal-plane area with
detectors discussed in the text.

The angular acceptance of the spectrometer is extended
by the germanium wall which consists of four annular
detectors made from high purity germanium. The first
detector (Quirl) has Archimedian spirals with opposite
orientation on the front and the rear side. It yields a∆E
signal as well as the position. The following detectors
have wedge structures and serve as calorimeters.
A new detector at Big Karl is ENSTAR. It has a cylin-
drical arrangement of scintillators — read out by optical
fibers — in three layers around the target. A proposed
GEM experiment foresees the coincidence measurement
of 3He with BIG KARL and decay products ofη-mesic
nuclei in the new ENSTAR detector. The whole detector
mounted around the target is shown in Fig.7.

Fig. 7:The ENSTAR detector installed at the target posi-
tion. The beam enters from the right.

In a test run the ENSTAR detector was exposed to reac-
tion products frompp→ pp, pp→ dπ+ andp12C→ pX
at a beam momentum of 870 MeV/c. The second reaction
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was employed to set up the coincidences between BIG
KARL focal plane detectors and ENSTAR. The third was
used to study the particle identification properties of EN-
STAR: a delayed start as well as the stop signal were gen-
erated by ENSTAR. In addition to a peak, mainly from
protons, the decay curve of positively charged pions has
been found. A fit of an exponential yielded a life time of
26 ns which is the particle data book value. The detector
is now ready to take data.

1.2.2 COSY-TOF

The physics goal of the COSY-TOF Collaboration is the
examination of particle production in proton-proton and
proton-deuteron collisions from threshold up to some 100
MeV excess energy. Due to the kinematical completeness
of the measurements the full set of variables can be de-
termined, including total and differential cross sections,
angular distributions, and Dalitz plots.

pp and pd reactions are examined at the time-of-flight
spectrometer TOF by determining the velocities and di-
rections of charged particles in the final state. The target
contains liquid hydrogen or liquid deuterium. The imple-
mentation of a polarized target is under way, as described
in section7.1.3. The detector is realized as a cylindrical
vacuum vessel. Particle velocities are determined from
the time difference between start and stop scintillators
and the length of the flight path. The time-of-flight can
be measured with an accuracy of 250 ps. The stop scin-
tillators cover the inner surface of the vessel within the
cylindrical form (barrel detector) as well as on the end
cap (central hodoscope and ring hodoscope). The target
is located in the vacuum vessel. Particles emerging in
forward direction will penetrate the start detectors. Two
start counter systems can be installed alternatively. One
system is optimized for minimum radiation length: a ring
of 0.5 mm thick scintillators is read out via hollow light
guides (start system 1). A second system is used, when
particles are to be measured which decay into charged
particles shortly behind the target. Using a highly seg-
mented annular silicon microstrip detector and two fiber
hodoscopes with crossed layers of scintillating fiber, the
tracks of the secondary particles can be determined pre-
cisely enough to calculate the decay vertex (start system
2). Behind the vacuum tank, a wall of thick scintilla-
tion counters can be used for neutron detection. The end
caps can be attached either concave or convex, so that
distances between the target and the central hodoscope
ranging from 0.5 m to 10 m can be realized.

In order to probe the existence of the pentaquark state
Θ+, for which evidence was seen in an earlier COSY-
TOF experiment (see section2.3), the collaboration con-
centrated on the completion of a high-statistics experi-
ment. Improved tracking was accomplished by an addi-
tional layer of fibers in one of the hodoscopes (Fig.8).

Fig. 8: At the University of Erlangen, a new layer was
added to this fiber hodoscope.

1.2.3 JESSICA

The JESSICA experiment is a full scale mock-up of
the ESS (European Spallation Source) target-moderator-
reflector assembly. Because of the low proton beam in-
tensity COSY is particularly suitable for studying the
neutronic performance of advanced moderators, because
radiolysis and activation levels are negligible. Further-
more the neutronic performance can be studied and the
gathered data can be linearly scaled to higher beam in-
tensities as they will be available in high power spalla-
tion neutron sources. The experiment uses a proton beam
with a kinetic energy of 1.3 GeV, a pulse length of about
0.5 µs, a repetition rate of 0.05 Hz and an intensity up
to 109 protons per pulse. To extract such a short pulsed
beam, which was beyond the initial design of COSY, a
fast kicker extraction has been developed. The proton
beam hits the liquid-metal target containing 35 l mercury
and thereby causes a hadronic cascade which leads to the
emission of neutrons. The reflector consists of lead rods
filling 80 % of the volume. Inside the reflector four mod-
erators are positioned, two above and two below the tar-
get. One moderator is used for experiments and can be
filled with different moderator materials. It can be oper-
ated at any temperature between 10 K and 300 K. The
arrangement of the experiment with its devices is shown
in Fig. 9.
The characteristic of a moderator material can be investi-
gated by determining the energy spectrum as well as the
thermalization time of the neutrons leaving the modera-
tor surface. By moving a graphite crystal into the neutron
beam neutrons with a specific energy can be separated
from the neutron beam by Bragg reflection. The time-of-
flight spectrum of these neutrons can be used to determine
the pulse width and decay constants in order to character-
ize the pulse structure which is important for the design of
neutron scattering instruments at pulsed spallation neu-
tron sources. JESSICA is a unique experiment for mod-
erator research because it is able to measure the number
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Fig. 9: Schematic drawing of the experimental setup of
the JESSICA experiment with proton beam moni-
tors (ICT, WCM), start counter, neutron detectors,
analyser crystal, and target-moderator-reflector
assembly.

of incident protons per pulse. This opens the possibility
to normalize the experimental data on an absolute scale
and allows one to validate radiation transport codes and
newly developed neutron scattering law data S(α,β,T). α
denotes the impulse transfer of the neutron andβ the en-
ergy transfer of the neutron to the molecule at a given
temperatureT.

1.3 WASA at COSY

The WASA detector (“Wide Angle Shower Apparatus”,
see Fig.10) is currently installed at the CELSIUS facil-
ity in The Svedberg Laboratory (TSL), Uppsala Sweden.
This 4π detector was built in the 1990s by a Swedish-
Polish-German-Russian-Japanese collaboration with the
aim of studying rare reactions and decays. After the
end of the experimental program at CELSIUS in summer
2005, the device will be relocated to COSY.
Early measurements with a subset of the WASA detector
have produced a lot of new data close to threshold ener-
gies in pp and pd collisions for single and double pion,
as well asη production. These data have given new infor-
mation on the importance of different nucleon resonances
and their excitation modes. The current experiments with
the full 4π WASA detector include further meson produc-
tion channels as well as a search for theΘ+ resonance. In
addition medium rare decay channels of theη are inves-
tigated in terms of Dalitz distributions.
While CELSIUS delivers maximum beam momenta of
2.1 GeV/c, COSY offers significantly higher momenta up
to 3.7 GeV/c with polarized and phase-space cooled pro-
ton and deuteron beams, thus well above the threshold
for η′ production inpp interactions. WASA is a large ac-
ceptance detector for neutral and charged ejectiles from
hadron-induced interactions. Almost any final state of
pN, pd anddd reactions can be detected with large effi-
ciency, resulting in a major expansion of the experimen-

Fig. 10:The open WASA detector during installation at
CELSIUS. The superconducting solenoid is sur-
rounded by two half-spheres with CsI crystals in-
side the magnetic field return yoke (red).

tal potential both of WASA and COSY, where a photon
detector has been missing up to now. The WASA target
consists of a beam of frozen hydrogen or deuterium pel-
lets of about 25µm diameter, allowing luminosities of up
to 1032 cm−2s−1 in interactions with the circulating beam
in COSY.
The primary physics objectives for WASA at COSY will
be tests of fundamental symmetries (C, P, T and their
combinations) viaη andη′ decays and the investigation
of low-energy QCD which is governed by the broken chi-
ral and isospin symmetries. The latter is related to the
mass difference of the up and down quarks. Further top-
ics for WASA will be searches for and investigation of
(crypto-) exotic hadrons, such as the light scalar mesons
a0/ f0(980), Pentaquarks like theΘ+ and hyperon reso-
nances.
The decays ofη andη′ mesons are a testing ground for
symmetry breaking. Issues like C-, P-, T-, isospin- and
SU(3)-symmetry breaking, the pseudoscalar mixing an-
gle, and the structure of theη′ can be addressed. At
COSY more than 106 η′ mesons can be produced per day
and their subsequent hadronic, radiative, leptonic, and
forbidden decays can be detected with WASA. The ex-
pected event rates will substantially improve the quality
of the world data set.
Meson production in isospin-selective reactions, like
dd→ αX, is well suited to search for isospin-violating
processes. If a systemX with isospin I=1 is observed
in this reaction isospin symmetry must be violated. Pio-
neering measurements have been performed at the Indi-
ana Cooler on the reactiondd→ απ0. At COSY such
studies can be extended to higher energies and, in partic-
ular, to the reactiondd→ απ0η, which should be driven
by the isospin-violatinga0- f0 mixing.
The WASA-at-COSY project is a cooperative effort of
many institutions, in particular TSL and FZJ. The collab-
oration currently comprises 137 members from 24 insti-
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Fig. 11: The COSY accelerator hall. The arrow indi-
cates the future position of WASA in one of the
straight sections of COSY.

tutes in 7 countries. WASA will be shipped to Jülich in
autumn 2005 and the experimental program is expected
to start in the beginning of 2007. Further details about the
project and the planned physics programme can be found
in the proposal for “WASA at COSY” (nucl-ex/0411038)
or on the web page of the collaboration http://www.fz-
juelich.de/ikp/wasa.
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2 Major Physics Results at COSY

COSY has been operated for 31 weeks in 2004 for exper-
iments, exploiting both polarized and unpolarized proton
and deuteron beams (see Appendix D). Investigations,
ranging from spallation reactions in proton-nucleus re-
actions, over meson production in bothpp and pA in-
teractions, to searches for the asserted pentaquark state
have been conducted. Since there is a long lead time be-
tween data taking and analysis, almost no final results
from these measurements are available but (mostly) from
earlier years. Many of the results which are presented
here are preliminary since they have not been published
yet.
Unlike the years before we have arranged the following
sections according to the physics, and not the detection
system they have been obtained at. Naturally, each of the
described physics issues can be addressed by measuring
different processes. Thus in most cases different detec-
tors have been employed, depending on the particles in-
volved and the reaction kinematics.

η and η′ physics: ANKE and COSY-11 have been used
for the measurement ofη/η′-production processes
following pp, pd anddd collisions. These inves-
tigations will be continued at WASA (with focus
on rareη andη′ decays) and BIG KARL (η-mesic
nuclei).

Investigation of light scalar mesons:ANKE is being
used for measuring theKK̄ decay channels of the
a0/ f0(980). Later theπη decays will be mea-
sured at WASA in order to investigate the isospin-
violatinga0/ f0 mixing.

KK̄ and φ-meson production: Measurements of the
pp → ppK+K− reaction have been carried out
at COSY-11 (below theφ threshold) and ANKE
(above) .

Pentaquark searches:In 2004 the search for the Pen-
taquarkΘ+ continued at COSY-TOF. Double po-
larization measurements are being prepared here
(see section7.1.3) aiming at the parity determina-
tion of theΘ+. WASA will allow for systematic
studies of neutral decay channels of possible Pen-
taquark states.

Kaons in the nuclear medium: The K+ in-medium
production has been measured at ANKE. It is
planned to extend these studies toK+K−- and
φ-meson production.

Few-body physics: The measurements have been car-
ried out at ANKE and BIG KARL. After instal-
lation of the polarized internal target (see section
7.1.1) these studies will be continued at ANKE in
double-polarization experiments.

2.1 η and η′ Physics

Experimental studies ofη- and η′-production both in
photon- and hadron-induced reactions have successfully
increased the data base in the last few years. Near thresh-
old, η-production differs considerably from pion produc-
tion due to the strong coupling of the S11(1535) reso-
nance to theη-nucleon decay channel. This leads to
threshold enhancements of theη-production cross sec-
tions which are compatible with a rather largeη-nucleon
scattering length of 0.4 fm. Threshold enhancements
persist in few-nucleon systems and have been the ba-
sis of speculations concerning the existence of boundη-
nucleus systems. Theη′-proton interaction near thresh-
old appears to be much weaker than theη-proton interac-
tion.
The main obstacle for experimental studies involving
neutralground state mesons is their short life-time which
prohibits their utilization as secondary beams. How-
ever, the study of their interaction with hadrons is ac-
cessible via the influence on the cross sections and ex-
citation functions of production reactions (e.g. NN→
NN meson). The influence of the relatively weak nucleon-
meson interaction may be magnified when producing the
meson in the vicinity of two (or more) nucleons.

2.1.1 η and η′ Production in ppCollisions

Precision data on thepp→ ppη (η′) reaction obtained
with a stochastically cooled proton beam and the COSY-
11 spectrometer allow for the comparison with predic-
tions based on a homogenously populated reaction phase
space. The energy dependences of the total cross sections
are presented in Fig.12. Comparing the data to the ar-
bitrarily normalized phase space integrals (dashed lines)
reveals that for both reactions the final-state interactions
enhance the total cross section by more than an order of
magnitude at low excess energies.

1 10 10
2

phase space  
(arb. norm.)

+ pp FSI  (
1

S0, Coul)

+ pη FSI 

s[
nb

]

10
3

10
4

10

10
2

Q[MeV]

pp → ppη

pp → ppη′

Fig. 12:Excitation functions of the reactionspp→ ppη′
and pp→ ppη. Red data points denote COSY-
11 results.

While the η′ production data are well described (solid
light blue line) by the modulation of the phase space
with the pp-FSI, in case of theη-meson the interaction
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between the nucleons is evidently not sufficient to re-
produce the increase of the total cross section for very
low excess energies and above≈ 60 MeV, as can be con-
cluded from the comparison of the data and the upper
blue line in Fig.12. This line was normalized to the data
in the excess-energy range between 15 and 40MeV. The
enhancement of the total cross section for higher energies
can be assigned to the onset of higher partial waves. The
discrepancy closer to threshold can be explained by the
influence of the attractiveη-proton interaction. A sim-
ilar effect close to threshold has also been observed in
photo-production data,γ d → p n η, indicating that the
phenomenon is independent of the production process but
rather related to theη-nucleon interaction.
The violet line in Fig.12 corresponds to a simple phe-
nomenological model based on the factorization of the
transition amplitude into the constant primary production
and the on-shell incoherent pairwise interaction among
the outgoing particles.

2.1.2 η Mesons in Few-body Systems

The COSY-11 facility also permits to study meson pro-
duction in the three nucleon system for investigation of
the reaction mechanisms and the meson-deuteron and
meson-3He interaction. As can be seen from Fig.13, the
energy dependence of the production amplitude calcu-
lated with the resonance model is insufficient to account
for the strong energy dependence in the data. This strong
rise — a clear signal of a non-perturbativeη-nucleus in-
teraction — can be well parametrized using a Watson fac-
tor for the3Heη-FSI with the scattering lengtha(η3He)
= (3.3 + i1.5) fm (solid line in Fig.13).
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Fig. 13: Average squared production amplitude as a func-
tion of theη cm-momentum for thepd→ 3Heη
reaction.

Since He-η bound states can exist in S-wave only, one
important quantity is theη-nucleus S-wave scattering
length. In order to determine its value the contribution
of the S-wave amplitude to the total cross section must
be known. This requires the precise measurement of an-
gular distributions.

For the4Heη system angular distributions have not been
successfully measured yet and the existing data on the
total cross section cover only energies up toQ = 8 MeV.
Consequently, for the analysis of these data (left spectrum
of Fig. 14) and the extraction of the scattering length a
dominant S-wave contribution had to be assumed.
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Fig. 14: Preliminary results of thedd → 4Heη mea-
surement at ANKE. Left: Production amplitude
squared versusη momentum in c.m.. Right: An-
gular distributions. The solid lines show a fit
with a combination of the Legendre polynomials
P0 and P2. Only statistical errors are plotted.

In order to improve the experimental situation, the re-
action dd → 4Heη has been measured with ANKE at
Q = 2.3 and 7.8 MeV and, more recently, atQ = 22 and
43 MeV. For the first twoQ values preliminary results
are shown in Fig.14. The total cross sections are in good
agreement with the existing data and the angular distri-
bution at lower energy is consistent with S-wave produc-
tion. However, already atQ = 7.8 MeV the data show a
significant contribution from higher partial waves.

2.2 Scalar and Vector Mesons

2.2.1 Light Scalar Mesons

An experimental program is under way at COSY aiming
at the investigation of the light scalar mesonsa0/ f0(980)
with ANKE — and later with WASA. The final goal of
the measurements is to determine the isospin-violating
(IV) a0- f0 mixing amplitude from a measurement of the
IV reactiondd→ α(π0η). This quantity is expected to
be a measure of theKK̄ content of these states which is
largely unknown.
At COSY, thea0 and f0 resonances can selectively be
produced since the isospin in the initial system can be
chosen: app→ dX reaction must lead toa+

0 (I = 1) pro-
duction whereas add→ αX process — neglecting small
IV contributions which are the final goal of this program
— is a filter for thef0 (I = 0) resonance.
Both, thea0 and the f0 can decay intoKK̄, whereas in
the non-strange sector the decays are into different final
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states according to their isospin,a0,±
0 → (π0,±η)I=1 and

f0 → (ππ)I=0. Thus, only by measuring the non-strange
decay channels IV effects can be investigated. Such mea-
surements are planned for WASA at COSY. Measure-
ments of theKK̄ final state with at least one charged
kaon have already been performed at COSY with mag-
netic spectrometers.
Three experimental runs on the reactionspp →
dK+K̄0/dπ+η (at an excess energy ofQ = 48 MeV)
pp→ dK+K̄0 (105 MeV) andpn→ dK+K− have been
performed at ANKE during the years 2001–2004. The
data from the first experiment have been analyzed and re-
veal a dominance ofK+K̄0 production in thea0 channel
with a cross section of about 30 nb, thus demonstrating
the feasibility of scalar-meson studies at COSY.
The analysis for theπ+η final state is affected by the
small (forward) acceptance of ANKE for this reaction
and by the fact that theη meson can only be identi-
fied by adπ+ missing-mass criterion. Nevertheless, em-
ploying a dynamical model for thea+

0 production al-
lows one to deduce a total cross section ofσ(pp →
da+

0 → dπ+η) = (1.1± 0.3stat± 0.7sys) µb for the pro-
duction of π+η via the scalara+

0 (980) resonance and
σ(pp→ dπ+η) = (3.5±0.3stat±1.0sys) µb for the non-
resonant production. Data of significantly higher quality
can be obtained with the WASA detector which will offer
a larger angular acceptance andη identification by de-
tecting decay photons.
The ANKE data on thedK+K̄0 final state not only allow
one to study theK+K̄0 system but have also been ana-
lyzed in terms of thedK̄0 interaction. This FSI reflects
itself in a modification of the invariantdK̄0 mass distri-
bution which has been fitted within the Watson-Migdal
approach. This fit — when jointly analyzed withK−p
andK−d scattering data — favors a smalldK̄0 scattering
length, ImaK̄d ≤1.3 fm and|ReaK̄d| ≤1.3 fm, see Fig.15.

Fig. 15: Real vs. imaginary part of thedK̄0 scatter-
ing length. The contour lines (χ2 + 1, +2, +3)
show a fit to pp→ dK+K̄0 data from ANKE
for Q = 46 MeV. The best fit is indicated by the
green area. Red stars denote results from model
calculations found elsewhere in literature.

As the next step the reactiondd→ αK+K− will be mea-
sured at ANKE. These data are a necessary prerequisite

for the dd → α(π0η) measurements with WASA since
they provide the cross section for the isospin-allowed
f0 production. Furthermore, information about theK−α
scattering length can be expected and the data might be
sensitive to the (non-) existence of narrowK−α bound
states which have been claimed in literature.

2.2.2 KK̄ and φ Mesons

The analysis of the COSY-11 data on thepp→ ppK+K−

reaction, as shown in Fig.16, revealed that for the
ppK+K− system the influence of the mutual interaction
among final state particles seems to be much stronger
than observed for theppη and ppη′ systems, see sec-
tion 2.1.1.

Q [MeV] above K+K- threshold

σ 
[µb

]

phase space

calc. Sibirtsev et al.

phase space + pp-FSI

Fig. 16:Excitation function for thepp→ ppK+K− reac-
tion.

At Q= 10 MeV, the data differ from the phase-space pre-
dictions by about one order of magnitude in case of the
η′ but almost two orders of magnitude in the case of the
K+K− production. While for theη′ this enhancement can
be fully related to thepp-FSI, for theK+K− neither this
interaction alone (solid light blue line in Fig.16) nor a
model calculation without thepp-FSI but an energy de-
pendent production operator induced by thepK interac-
tion (solid magenta line) are able to reproduce the energy
dependence. Yet the univocal explanation for the strong
rise of the cross section at threshold awaits further theo-
retical analysis. The observed discrepancy may shed new
light on the long standing question concerning the study
of the interaction betweenK+ and K− mesons, related
to the investigations of the nature of the scalar mesons
a0/ f0. Furthermore, within this channel, thepK− in-
teraction can be studied which is strongly related to the
Λ(1405).
The reactionpp→ ppφ has been studied with ANKE at
excess energiesQ = 19, 35, and 76 MeV by detecting
theK+K− decay mode of theφ-meson. At each of these
excess energies about 200–400φ mesons have been iden-
tified. Figure17 shows the efficiency correctedK+K−

invariant mass distributionsQ = 19 and 35 MeV as well
as the totalφ cross sections for all three energies. The
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ANKE data point atQ= 76 MeV is close to the one from
DISTO measured atQ = 83 MeV.
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Fig. 17: (a) and (b) efficiency correctedK+K− invariant
mass distributions at excess energies of 19 and
35 MeV. The blue-shaded areas indicate the non-
resonant contributions based on four-body phase
space. The total distribution is the sum of non-
resonant andφ meson production (red area) in-
cluding the detector resolution. In (c) the total
φ cross sections from ANKE are shown together
with the DISTO point. The error bars include the
systematic uncertainties.

In addition to the information on the energy depen-
dence ofφ production, the ANKE data will also provide
— in combination with SPES-III and COSY-TOF (sec-
tion 2.2.3) results onω production — theφ/ω cross-
section ratio below the existing DISTO measurements.
The Okubo-Zweig-Iizuka (OZI) rule states that processes
with disconnected quark lines in the initial or final state
are suppressed. Accordingly, the production ofφ mesons
from initial non-strange states is expected to be substan-
tially suppressed relative toω meson production. The
cross-section ratio forφ and ω meson production un-
der similar kinematical conditions should then be in the
order of ROZI = σφ/σω = tan2αV = 4.2× 10−3 where
αV = 3.7◦ is the deviation from the idealφ-ω mixing an-
gle. However, specific channels inpp̄ annihilation have
observed values ofRφ/ω that exceed the limit given by the
OZI rule by up to two orders of magnitude. Almost all of
the existing data frompp andπN interactions as well as
in mesonic and radiative decays indicate aφ-to-ω ratio of
3×ROZI. Only the ratio derived fromφ meson produc-
tion measured at DISTO atQ = 83 MeV shows a 7 times
larger value thanROZI. The new ANKE results onφ me-
son production confirm the enhancedφ/ω ratio atQ∼ 80
MeV. The ANKEφ-to-ω ratio atQ= 19 MeV is 3×ROZI

and thus significantly smaller than at the DISTO excess
energy.

2.2.3 ω Production

The COSY-TOF studies on meson producing reactions
have recently been focussed on thepp→ ppω channel.
Detecting the two protons and the charged pions of the
ω → π+π−π0 decay, the events of interest could be sep-
arated from the dominating physical background ofρ-

production by means of the missing mass technique. As
a result total cross sections as well as angular distribu-
tions could be obtained for excess energies ofQ = 93
and 173 MeV. An important aspect of these studies stems
from the still not quite solved question of the validity of
the OZI-rule. A likely explanation for the large violation
of the OZI-rule atQ ∼90 MeV is that different partial
waves contribute to the reaction. However, this assump-
tion has to be ruled out based on the analysis of the an-
gular distributions from COSY-TOF and DISTO. The an-
gular distributions for both mesons shown in Fig.18 are
essentially isotropic.

φx20, ε=85MeV

ω, ε=93MeV

Fig. 18:Comparison ofω andφ angular distributions in
their respective CM-systems. The DISTO data
have been scaled by a factor of 20.

2.3 Pentaquark Search

In 2004, the COSY-TOF collaboration published evi-
dence for a narrow resonance in theK0p system of the
reactionpp→ Σ+K0p, which could be the hypothetical
pentaquark stateΘ+. In order to get precise informa-
tion about the existence or non-existence of this state the
collaboration concentrated on the preparation and accom-
plishment of a new measurement of this reaction with an
improved detector and better statistics. For more accu-
rate tracking, a further layer of a fiber hodoscope was in-
stalled, see section1.2.2.
During seven weeks of beam time at COSY, more than
109 events with a trigger condition for two charged tracks
in the start counters and four charged tracks in the stop
counters were recorded. Online control of the data was
performed by reconstructingpp→ ΛK+p events, which
are triggered by the same conditions as theΣ+K0pevents.
In Fig. 19, the missing mass spectrum ofK+p, obtained
within 4 hours, is shown. A clearΛ peak is visible.
At least a factor 5 better statistics compared to the 2004
published COSY-TOF data can be expected by an extrap-
olation of the number of measuredΛ reactions to the total
beam time.
Forthcoming activities are trying to pin down the quan-
tum numbers of theΘ+. In particular, the parity has not
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Fig. 19: Online missing mass distribution ofK+p from
the reactionpp→ K+pX showing a cleanΛ sig-
nal.

yet been determined experimentally and theoretical pre-
dictions allow for both possibilities. It is of utmost impor-
tance to determineπ(Θ+) to further constrain the internal
dynamics and structure of this exotic state. The measure-
ment requires transverse polarized protons in the initial
state provided by a polarized beam and a polarized target,
respectively. The implementation of a polarized target is
under way, as described in section7.1.3.

2.4 Kaons in the Nuclear Medium

The measurement of proton-inducedK+-meson produc-
tion in nuclei was one of the primary goals for building
the ANKE spectrometer. In particular, ANKE allows for
the measurement of low momentum kaons down to∼150
MeV/c. The inclusive measurements have been finalized
and double differential cross sections at forward angles
(θlab < 12◦) are now available for beam energiesTp rang-
ing from 1.0 to 2.3 GeV and C, Cu, Ag and Au as target
nuclei. These data yield information about theK+ pro-
duction processes and about the in-medium properties of
theK-mesons at normal nuclear densityρ = ρ0.
A direct comparison of the cross sections from ANKE
data with those from the literature is not possible since
the different data sets have been obtained for non-
overlapping kinematic parameters (i.e. beam energies,
kaon emission angles and momenta). Thus a parameter-
ization has been invented, describing the invariant cross
sections in terms of few Lorentz-invariant variables∆m
(excitation energy of the target nucleus plus mΛ), s (total
energy),t (4-momentum transfer):

E
d3σ
d3p

∝ ∆mN0 ·
(

s
s0

)b0t

.

The parametersN0, s0, andb0 have been obtained from a
fit to the available data which is shown in Figure20.
The Figure shows that the ANKE data taken atTp =
1.0 GeV reach down very closely to the kinematic limit
at ∆m = mΛ. Here only aΛ-Hyperon is produced and
no energy can be transferred to excite the target nucleus.
The initial target nucleus must take part in the reaction
as a whole such that the effective target mass is 12·mN.
An analysis of the 1.0 GeV momentum spectrum within a
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Fig. 20: World data set on inclusive kaon production in
pC→ K+X reactions. The invariant cross sec-
tions - normalized by(s/s0)

b0t - are plotted as
a function of the excitation energy∆m. The re-
sults of the fit – which allows to describe all data
within a factor∼ 2−3 – using the above men-
tioned formula is shown by the solid green lines.
The beam energies for the ANKE data are indi-
cated.

simple phase-space approach, in fact, revealed strong col-
lective phenomena in the target nucleus: up to 6 nucleons
must take part in the reaction or, alternatively, high intrin-
sic nucleon momenta (∼550 MeV/c) must be involved.
The different slopes below and above the freeNN thresh-
old (Tp = 1.58 GeV corresponding to∆m∼ 2.0 GeV/c2)
indicate a change of the dominantK+-production mech-
anism. This interpretation is in line with results of mi-
croscopical model calculations and recentK+d coinci-
dence measurements with ANKE. These show that be-
low threshold the kaons are dominantly produced in two-
step reactions with intermediate-pion formation, whereas
at higher energies directK+ production on a single nu-
cleon prevails.
Another important result from ANKE is that the low mo-
mentum part of the kaon spectra allows one to deduce the
in-medium potential ofK+ mesons atρ = ρ0 with high
accuracy. A value ofVK = (22± 3) MeV has been de-
duced. Corresponding measurements forK−-mesons are
in preparation.

2.5 Few-Body Physics

2.5.1 d Breakup at High Momentum Transfer

The structure of the lightest nuclei at short distances
(rNN < 0.5 fm) or high relative momenta (q > 1/rNN ∼
0.4 GeV/c) constitutes a fundamental problem in nuclear
physics.
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Recently, the unpolarized cross section of thepd →
(pp)n reaction was measured at proton beam energies
Tp = 0.6− 1.9 GeV under kinematic conditions similar
to backwardpd elastic scattering with formation of a fast
diproton in a1S0 state at low excitation energy (Epp < 3
MeV). The analysis of thepd→ (pp)1S0

n cross section,
based on a model for thepd→ dp process, includes the
one-nucleon exchange (ONE), single scattering (SS), and
doublepN scattering with excitation of a∆(1232) isobar.
The analysis employs modernNN potentials,e.g. CD-
Bonn. A reasonable agreement with our data is achieved.
In contrast, the widely usedNN potentials like the Paris
and especially the Reid Soft Core (RSC) potential lead to
a strong disagreement with the data. This discrepancy can
be traced back to a different high momentum behavior of
theNN wave function.
New information about this reaction can be obtained from
measurements of polarization observables. As a first step,
the vector analyzing powerAy atTp = 0.5 and 0.8 GeV of
the reaction~pd → (pp)1S0

n has been determined. The
experiment was performed at the ANKE spectrometer
with about 3·109 stored protons vertically polarized. The
beam polarization atTp = 0.8 GeV was determined from
precisepd-elastic analyzing power data. Since data at
0.5 GeV are not available, we resorted to the polariza-
tion export technique to obtain a calibrated polarization
for 0.5 GeV.
Protons from the breakup reaction withEpp < 3 MeV are
detected fromθlab = 0◦ to 6.5◦ at both energies, the polar
angles of the proton pairs range fromθcm = 0◦ to 14◦. At
both energies, the missing mass peak is observed at the
neutron mass with (rms) peak widths of 16 MeV/c2 (Tp =
0.5 GeV) and 20 MeV/c2 (Tp = 0.8 GeV). The values
of Ay in ~pd→ (pp)n at 0.5 and 0.8 GeV are shown in
Fig. 21as function ofθc.m.
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Fig. 21: Vector analyzing powerAy as function of the
neutron polar angleθc.m.

n for Tp = 0.5 and
0.8 GeV. The lines show predictions forAy from
the ONE+SS+∆ model, with the CD-Bonn po-
tential.

The measuredAy is almost zero at 0.8 GeV, in agree-
ment with the predictions of the ONE+SS+∆ model.
The increase ofAy with decreasing energy from 0.8 to
0.5 GeV is expected from the ONE+SS+∆ model. How-
ever, the magnitude is grossly underestimated. Differ-

ent NN-interaction potentials (RSC, Paris) do not im-
prove the description. Further insight into the deuteron
breakup process at high momentum transfer can be ex-
pected from a measurement of the tensor analyzing power
T20 in p~d→ (pp)1S0

n, in preparation at ANKE.

2.5.2 The Charge-Exchange Reaction~dp→ (pp)n

Using the polarized deuteron Charge-Exchange (CE)
break-up reactionp(~d,2p)n, where the final protons are
in the 1S0 state, one can access the spin-dependent am-
plitudes of the elementarynp elastic scattering. For
collinear kinematics one can directly reconstruct the two
spin amplitudes by measuring the cross section and the
analyzing powerT20.
The first test measurement was carried out at ANKE us-
ing a polarized deuteron beam atpd = 2400 MeV/c.
Using the ~dp → dp, ~dp → (2p)n, ~np → dπ0, and
~pd→3Heπ0 reactions, which all have large and well de-
termined analyzing powers, a simultaneous calibration
of the vector and tensor components of the polarized
deuteron beam at COSY becomes possible for the first
time. The average of the two ANKE measurements is
αANKE

z = 0.72±0.02, which is compatible with EDDA.
However, the ANKE mean tensor parameter,αANKE

zz =
0.52± 0.03, is about one standard deviation lower than
EDDA.
The (~d,2p) CE process was identified from the miss-
ing mass with respect to the proton pairs and time dif-
ference information. The spectra for all spin modes re-
veal a well defined neutron peak with a mean value of
MX = 940.4±0.2 MeV/c2. The background was less than
2% and stable, so that the charge-exchange process could
be reliably identified.
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impulse approximation. The latter is compared
to our preliminary value ofT20 = 0.39±0.04 at
1
2Td = 600 MeV.

Figure22 shows predictions for the values of the mod-
uli of the two forward spin-flip amplitudes, as functions
of energy. In impulse approximation the forward differ-
ential cross section is proportional to 2|β(0)|2 + |ε(0)|2
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times form factors. In the regionEpp ≤ 2 MeV, the fi-
nal pp system is essentially pure S-wave and acceptance
corrections largely cancel out for the analyzing powers.
Thus, in the forward direction,

T20 =
√

s

(
|β(0)|2−|ε(0)|2

2|β(0)|2 + |ε(0)|2

)
so that the ratio of the two forward spin-dependentnp→
pn amplitudes can already be deduced from our prelimi-
nary results.
The energy dependence of the predictedT20 using the
SAID input is also shown in Fig.22, along with our value
of T20 = 0.39±0.04. Alternatively, using this value, we
obtain |β(0)|/|ε(0)| = 1.86± 0.15, to be compared to
SAID 1.79± 0.27. Thus, our statistical error is already
superior.

2.5.3 p-n Final State Interactions

The question to which extend the spin-singlet, isospin-
triplet state contributes to thep-n interaction in final state
interactions (FSI) is a long standing problem. From low
energy neutron scattering on protons it is known that the
deuteron (isospin-singlet,J = 1, l = 0 andl = 2) is the
only bound p-n state. The spin-singlet, isospin-triplet
state is unbound with a resonance around 68 keV. A use-
ful way of trying to extract the spin-singlet contribution
is through the comparison of the overall strengths of the
cross sections forpn and deuteron final states. Using
final-state-interaction theory, Fäldt and Wilkin derived
the extrapolation theorem which relates the normaliza-
tion of the wave functions forS-wave bound and scatter-
ing states. This has been exploited to predict the double-
differential cm cross section for theS-wave spin-triplet
component inpp→ π+pn in terms of the cross section
for pp→ π+d:

d2σ
dΩdx(pp→ π+ {pn}t) = p(x)

p(−1)

√
x

2π(x+1)
dσ
dΩ (pp→ π+d) .

Herex denotes the excitation energyε in thenpsystem in
units ofBt , x= ε/Bt , andp(x) andp(−1) are the pion cm
momenta for thepn continuum or deuteron respectively.
The resulting cross section from the GEM experiment for
the unboundp-n system is shown in Fig.23.
There is a large difference between this cross section and
the experimental one. This was not seen that clearly in
previous experiments because limited resolution led to
a leaking of cross section from the deuteron peak into
the unbound region. Missing yield was usually attributed
to the spin-singlet, isospin-triplet state. The correspond-
ing spectrum calculated again within FSI theory was then
smeared with the experimental resolution, yielding the
fraction of the spin-singlet, isospin-triplet state. How-
ever, our present excellent resolution of only 100 keV
yielded only a fraction of< 10−4 for the ratio of the cor-
responding matrix elements squared. We can, therefore,
exclude that this state contributes to the observed cross
section. The only state left over, is theD-state, which can
be thought to contribute to thep-n continuum, especially
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Fig. 23: The results from the GEM experiment (his-
togram) compared with the prediction (curve) of
theS-wave FSI theory (see text).

a S-D interference. This state was never found to be im-
portant in pion production nor in thep-n continuum. First
calculations for thepp→ π+d reaction, however, show
its importance. Calculations for the three body final state
are missing at present.

2.6 Spallation

2.6.1 PISA: Evaporation of Composite Particles
from the Spallation of Au Nuclei

The measurement of total and double differential produc-
tion cross sections following proton-induced reactions on
a wide range of target nuclei and energies up to 2500
MeV is the essential goal of the PISA project. The inten-
tion is not only to systematically summarize and identify
the essential high- and intermediate energy nuclear data,
required in the framework of accelerator driven systems,
but also to gain insights into the complex reaction mech-
anisms raised by spallation physics, multifragmentation,
fission and vaporization being a quite active field of re-
search.
The widely accepted mechanism of collisions of high en-
ergy protons with nuclei consists in the following two
stage picture of the reaction:(i) the projectile induces an
intranuclear cascade of nucleon-nucleon collisions which
leads to the excitation of the nucleus, and(ii) the excited
nucleus emits nucleons and various composite particles.
Different theoretical approaches can be used in order to
describe the reaction mechanism responsible for the ex-
citation of the nucleus and for the emission of spallation
products following the excitation of nuclear matter. We
have used the INCL4.2 model for the description of the
first stage of the reaction, and the Generalized Evapora-
tion Model GEM for the second stage.
As can be seen in Fig.24the low energy component of the
emitted4He can be well reproduced by the evaporation
process, however, a significant contribution correspond-
ing to the non-evaporative mechanism being present in
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the high energy part of the experimental spectra cannot
be accounted for in the model.
The same effect is observed for heavier ejectiles like Li,
Be or B. The evaporation of ejectiles from the equilibrium
phase should be almost isotropic in the laboratory system
since only a small velocity of the compound nucleus (of
the order ofβ ≈ 0.0036 along the beam direction) is pre-
dicted by calculation within INCL4.2. Thus, the high en-
ergy tail of the spectra, which is evidently anisotropic in
the laboratory system (see Fig.24), corresponds to some
preequilibrium process.
In order to describe this preequilibrium contribution to
the spectra, a phenomenological “moving source” model
has been applied. A very good description of the spec-
tra in particular for4He but also for heavier ejectiles was
obtained. The Maxwell-Boltzmann distributions assume
isotropic emission of the particles in the frame corre-
sponding to the emitting source. The slower source rep-
resents the equilibrium process,i.e. it should reproduce
results of INCL4.2+GEM calculations whereas the fast
source corresponds to pre-equilibrium emission. Thus
the velocity of the slower source was fixed at the value
predicted by the INCL4.2 model for the resulting com-
pound nucleus (β=0.0036). Other parameters of the slow
source,i.e. the temperature parameter and the total (angle
integrated) cross section were fitted together with respec-
tive parameters of the fast source to reproduce the shape
of the spectra and their angular dependence.
Values of the parameters obtained from the fits enabled us
to derive interesting conclusions on the mechanism of the
reactions responsible for the high energy part of the spec-
tra: (i) The velocity of the fast emitting source is in most
cases larger than that which can be obtained by the tar-
get nucleus after complete momentum transfer from the
proton projectile,i.e. the emitting source must be signif-
icantly lighter than the target; (ii) The recoil of the emit-

ting source, which can be estimated from the dependence
of the temperature parameter on the mass of the ejectile,
allows to state that the mass of the fast source is approxi-
mately equal to 20, (iii) The total (angle integrated) cross
section parameters enables us to determine the contribu-
tion of the preequilibrium process to the reaction under
consideration. It turned out that4,6He and6,7,8Li are
mainly (more than∼ 80%) emitted from the slow source,
i.e. from the compound nucleus. On the contrary, the
heavier ejectiles7,9,10Be,10,11B, and3He appear predom-
inantly as result of preequillibrium processes.

2.6.2 JESSICA Experimental Results

With the JESSICA experiment new cold moderator ma-
terials have been investigated and new developed neutron
scattering law data S(α,β,T) have been validated.α de-
notes the impulse transfer of the neutron andβ the en-
ergy transfer of the neutron to the molecule at a given
temperatureT. For the first time methane hydrate was
studied in a realistic target-moderator-reflector environ-
ment and it was demonstrated that this materials is fea-
sible to be used in a real facility. The great advantage of
JESSICA is the possibility to measure the number of inci-
dent protons in the short pulse and thus allowing the nor-
malization of the spectra to absolute values. With these
spectra particle transport codes and the applied new neu-
tron scattering kernels — mandatory below a kinetic en-
ergy of 4 eV — could be validated. For the first time a
methane-hydrate moderator was studied at JESSICA. It
has been known from neutron scattering experiments that
a methane molecule encaged in an ice cage formed by
six water molecules shows the same molecular dynam-
ics than normal methane. The idea of methane hydrate is
to combine the molecular dynamics of ice and methane
in one single material. In Fig.25 the energy spectrum
of methane-hydrate is compared with ice and methane at
T=20 K.
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Fig. 25: Comparison of the energy spectra of methane,
ice, and methane-hydrate at T=20 K.
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It was found that due to lower hydrogen density in
methane-hydrate compared to the hydrogen density in
methane and ice, the intensity of the neutron flux is re-
duced. In a further analysis it could be shown, that the
ice cage is less effective for the moderation of neutrons
than normal ice. Although the neutron spectra of ice
are known from former experiments, up to now it was
not possible to calculate the neutron spectra with Monte-
Carlo transport codes due to a lack of data. In the frame-
work of the JESSICA experiments this lack was closed
and MCNPX simulations applying the newly developed
neutron scattering law data S(α,β,T) for ice in the temper-
ature range from 20 K to 273 K were compared with the
obtained experimental data. Not only the energy spectra
show a nice agreement between the simulated and mea-
sured data, but also the wavelength dependent time of
flight spectra agree.
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3 Physics at External Facilities

3.1 ATRAP Experiment at CERN

The ATRAP experiment at the CERN antiproton deceler-
ator AD aims for a test of the CPT invariance by a com-
parison of hydrogen (H0) - to antihydrogen (̄H0) atom
spectroscopy. ThēH0 production is routinely operated at
ATRAP in a nested Penning trap configuration. Detailed
studies concerning shape parameters of the antiproton ( ¯p)
and positron (e+) clouds, N-state distribution of the pro-
duced RydberḡH0 andH̄0 velocity have been performed
to improve the production efficiency of useful̄H0 atoms.
For high precision measurements of atomic transitions
cold H̄0 in the ground state is required which has to be
trapped due to the low number of availablēH0 atoms
compared to the coldH0 beam used forH0 spectroscopy.
Trapping of neutralH̄0 atoms works via the force on the
magnetic moment in a magnetic field gradient.
The ATRAP experiment is divided into two phases:
ATRAP-I in operation since 2000 using the super-
conducting magnet of the former TRAP collaboration
at LEAR with severe space limitations and ATRAP-II
presently set-up at a new super-conducting magnet with
a central bore as large as 0.5 m in diameter giving am-
ple space for further installations as detectors, Ioffe-trap
and laser access. Figure26shows a photo of the installed
magnet with the photomultipliers of the outer scintillator
paddles around the magnet.

Fig. 26: ATRAP-II magnet and C. Storry during assem-
bly.

ATRAP-I served successfully for trapping colde+’s and
cold p̄’s, overlapping of these two clouds, cooling ¯p’s
with e− and e+, and finally combining ¯p’s and e+ to
form H̄0. For the first time ever ATRAP has measured the
velocity of slowH̄0 produced in three-body recombina-
tions. Comparing the data to a simple model calculation
indicates an kinetic energy of thēH atoms of≈ 200 meV
(2400 K in temperature units).
ATRAP succeeded in demonstrating a second, entirely
new method for producing slow̄H0 atoms. This method
is distinguished from the three body recombination
specially since it is expected that the velocity of theH̄0

atoms is as cold as the ¯p from which they form. Two
lasers excite Cs atoms to high Rydberg states Cs∗. Two
resonant charge exchange collisions:

Cs∗+e+ → Ps∗+Cs+ and Ps∗+ p̄→ H̄0∗+e−

transfer the laser-selectedCs∗ binding energy to an ex-
cited positronium - (Ps∗) and then to an excited̄H0∗ atom.
Very slow H̄0∗ atoms are expected since aPs∗ transfers
little kinetic energy to a ¯p (which is at liquid He tem-
perature) asH̄0∗ forms. The experimental sequence dis-
played in Fig.27 is as follows: Ground state Cs atoms
from an oven are excited with two lasers of wave lengths
of 510.7 nm and 852.2 nm to well defined Rydberg states.
These atoms collide with trappede+’s to formPs∗ atoms.
A small fraction of thePs∗ collides with trapped ¯p’s to
produceH̄0∗. Again, a small fraction of theH̄0∗ enters
the detection trap, is ionized by the electric field in this
region and deposits ¯p’s in the trap to be counted after-
wards.

The ATRAP Experiment at CERN
(Production and Physics of Cold Antihydrogen)

The ATRAP experiment [1] at the CERN antiproton de-
celerator AD aims for a test of the CPT invariance by a
comparison of hydrogen (H0) to antihydrogen (H̄0) atom
spectroscopy. The H̄0 production is routinely operated at
ATRAP [2, 3] in a nested Penning trap configuration. De-
tailed studies concerning shape parameters of the antiproton
( p̄) and positron (e+) clouds, N–state distributions of the pro-
duced Rydberg H̄0 and H̄0 velocity have been performed to
improve the production efficiency of useful H̄0 atoms.
For high precision measurements of atomic transitions cold
H̄0 in the ground state is required which has to be trapped
due to the low number of available H̄0 atoms compared to the
cold H0 beam used for H0 spectroscopy. Trapping of neutral
H̄0 atoms works via the force on the magnetic moment in a
magnetic field gradient.
The ATRAP experiment is divided into two phases:
ATRAP–I in operation since 2000 using the super–
conducting magnet of the former TRAP collaboration
at LEAR with severe space limitations and ATRAP–II
presently set–up at a new super–conducting magnet with a
central bore as large as 0.5 m in diameter giving ample space
for further installations as detectors, Ioffe–trap, and laser
access. Figure 1 shows a photo of the installed magnet with

Fig. 1: ATRAP–II magnet and C. Storry during assembly.

the photomultipliers of the outer scintillator paddels around
the magnet.
ATRAP–I served successfully for trapping cold e+’s and
cold p̄’s, overlapping of these two clouds, cooling p̄’s with
e− and e+, and finally combining p̄’s and e+ to form H̄0.
For the first time ever ATRAP has measured the velocity
of slow H̄0 [4] produced in three body recombinations.
Comparing the data to a simple model calculation indicates
an kinetic energy of the H̄ atoms of ≈ 200 meV (2400 K in
temperature units).
ATRAP succeeded in demonstrating a second, entirely new
method for producing slow H̄0 atoms [5]. This method is
distinguished from the three body recombination especially
since it is expected that the velocity of the H̄0 atoms is as
cold as the p̄ from which they form. Two lasers excite Cs
atoms to high Rydberg states Cs∗. Two resonant charge
exchange collisions [6]:

Cs∗ + e+
→ Ps∗ +Cs+ and Ps∗ + p̄ → H̄0∗ + e−

transfer the laser–selected Cs∗ binding energy to an excited

positronium – (Ps∗) and then to an excited H̄0∗ atom. Very
slow H̄0∗ atoms are expected since a Ps∗ transfers little ki-
netic energy to a p̄ (which is at liquid He temperature) as H̄0∗

forms. The experimental sequence displayed in figure 2 is as

Fig. 2: Schematic of laser–controlled H̄0 production.

follows: Ground state Cs atoms from an oven are excited with
two lasers of wave lengths of 510.7 nm and 852.2 nm to well
defined Rydberg states. These atoms collide with trapped
e+’s to form Ps∗ atoms. A small fraction of the Ps∗ collides
with trapped p̄’s to produce H̄0∗. Again a small fraction of
the H̄0∗ enters the detection trap, is ionized by the electric
field in this region and deposits p̄’s in the trap to be counted
afterwards.
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Fig. 3: H̄0 detection (peak) as the potential well containing
the ionized H̄0∗ is ramped down (right scale).

The p̄ captured from ionized H̄0 are released when the well
depth was reduced through zero. One count in figure 3 indi-
cates a coincidence of signals from at least two scintillating
fibers in different layers of the three layer fiber hodoscope,
located just outside the trap vacuum enclosure. The most
convincing evidence that these counts are from H̄0 atoms
is that the potential wells are carefully arranged so that the
only way to get a p̄ in the detection trap is by ionizing an
H̄0∗ within it. Control experiments without positrons or with
detuned laser wave lengths result in no counts in the relevant
region. This proof–of–principle experiment demonstrates
the first laser–controlled H̄0∗ production using essentially
back–ground free detection of a few atoms.

References:

[1] ATRAP Proposal, CERN–SPSC 97–8/P306.
[2] G. Gabrielse et al., Phys. Rev. Lett., 89 (2002) 213401.
[3] G. Gabrielse et al., Phys. Rev. Lett., 89 (2002) 233401.
[4] G. Gabrielse et al., Phys. Rev. Lett., 93 (2004) 073401
[5] C.H. Storry et al., Phys. Rev. Lett., 93 (2004) 263401
[6] E.A. Hessels et al., Phys. Rev. A 57 (1998) 1668.

Fig. 27:Schematic of laser-controlled̄H0 production.

The p̄ captured from ionized̄H0 are released when the
well depth was reduced through zero. One count in
Fig. 28 indicates a coincidence of signals from at least
two scintillating fibers in different layers of the three
layer fiber hodoscope, located just outside the trap vacu-
um enclosure. The most convincing evidence that these
counts are fromH̄0 atoms is that the potential wells are
carefully arranged so that the only way to get a ¯p in
the detection trap is by ionizing an̄H0∗ within it. Con-
trol experiments without positrons or with detuned laser
wave lengths result in no counts in the relevant region.
This proof-of-principle experiment demonstrates the first
laser-controlledH̄0∗ production using essentially back-
ground free detection of a few atoms.
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Fig. 28:H̄0 detection (peak) as the potential well contain-

ing the ionizedH̄0∗ is ramped down (right scale).

19



3.2 Pionic Hydrogen at PSI

The hadronic effects of the ground-state X-ray transitions
in pionic hydrogen (πH) are directly related to the pion-
nucleon (πN) isoscalar and isovector scattering lengths
a+ anda−. Whereasa+ is connected to theπN sigma
term being sensitive to the strangeness content of the nu-
cleon, froma− theπN coupling constant is extracted by
dispersion relation methods. The pion-nucleon interac-
tion measured inπH constitutes the (almost) free case
being the anchor point for comparison to the in-medium
case.
When analyzing the energies and widths of theπH X-ray
lines the de-excitation processes in the atomic cascade
must be disentangled unambiguously from the hadronic
effects in order to achieve the envisaged accuracy of
about 1% for the hadronic broadening. For that reason,
the experiment has been continued measuring for the first
time a muonic hydrogen (µH) transition with a crystal
spectrometer (Fig.29). Here, only the Doppler broaden-
ing caused by non-radiative de-excitations contributes to
the line width after taking into account the crystal spec-
trometer response. For that, the spectrometer response
had to be determined with unprecedented precision. This
became possible by using helium-like X-ray transitions
in sulphur, chlorine, and argon produced in an electron-
cyclotron-resonance ion trap (ECRIT) setup for that pur-
pose.

Fig. 29:µH(3p-1s) transition measured with the 111 re-
flection of a spherically curved Si crystal. The
narrow line represents the resolution as deter-
mined from ECRIT measurements. Its asymme-
try is due to the 2 hyperfine components.

First conclusions from the ECRIT andµH measurements
are:

• the ECRIT having one of the largest mirror ratios
realized in such devices and operating at 6.4 GHz
only produces X-rays from highly ionized atoms at
a rate of several 1000 per minute,

• Doppler broadening owing to de-excitation pro-
cesses during the atomic cascade is clearly iden-
tified in theµH spectrum and will be used to im-

prove cascade calculations to allow a better deter-
mination of the hadronic width inµH,

• for the first time, experimental evidence for a sta-
tistical population of the 1s hyperfine states inµH
is given which is essential in experiments deducing
the induced pseudovector coupling constant from
muon capture, and

• no evidence was found for satellite X-ray tran-
sitions originating from molecular formation pre-
dicted to be at a level of about 10%.

The experimental program will be continued in 2005 with
a high-statistics measurement of theπH(3p-1s) transition
for the final determination of the strong-interaction pa-
rameters.
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4 Theoretical Investigations

4.1 Challenges in Hadron Physics

Hadron physics investigates strongly interacting matter.
While it is primarily concerned with the structure of
baryons and mesons and their mutual interactions, it also
has an impact on astrophysics and cosmology, where
knowledge about matter under extreme conditions and
about various reaction rates is required.
The basic theory of the strong interaction, Quantum
Chromodynamics (QCD), is a nonabelian gauge theory
with matter made of quarks and interactions being medi-
ated by gluons. In the light quark sector, it possesses an
additional chiral symmetry that determines to a large ex-
tent the interaction between the fundamental constituents
of hadronic matter. For the heavy quarks, the dynamics
is essentially nonrelativistic and largely constrained by
heavy quark symmetry.
For processes involving large momentum transfers (the
ultraviolet regime), QCD can be treated accurately in
perturbation theory, in close analogy to Quantum Elec-
trodynamics. This is due to an important property of
QCD, asymptotic freedom, which implies a decrease of
the coupling strength between quarks and gluons as the
momentum transfer increases. In the infrared regime (en-
ergies up to a few GeV) — the so-called non-perturbative
regime — the coupling becomes too strong to allow for
a perturbative treatment of QCD. To make predictions
for non-perturbative phenomena is a great challenge for
hadron theory.
One of the most exciting aspects of non-perturbative
hadron physics is known as confinement: Quarks and
gluons, the fundamental particles of QCD, have never
been observed in isolation. The only strongly interact-
ing particles that can be counted in detectors are color-
neutral composites of quarks and gluons,i.e. baryons and
mesons. An explanation of confinement is a fundamental
goal of hadron physics closely linked to an understanding
of the spectrum of mesons, baryons as well as exotica. In
the last years the issue of exotica has become again one
of the truly hot topics in QCD. Another basic question
concerns the origin of the spontaneous breaking of chi-
ral symmetry, the ratio of the light quark masses and the
values of the quark condensates.

4.2 Directions and Expertise in the Theory
Group

The theory group focuses their activities on investigations
that will improve our understanding of the strong interac-
tions in the non-perturbative regime:

1. Reactions in few-hadron systems allow to study
hadron dynamics in the non-perturbative regime of
QCD in very fine detail. Experimental research
projects are performed at electron and hadron fa-
cilities, where one investigates reactions at low to

moderate momentum transfers. Such processes al-
low to investigate symmetries of QCD and their re-
alization, such as chiral and isospin symmetry and
thus give access to fundamental QCD parameters
like the light quark mass ratios or the size of cer-
tain condensates. The basic tool employed is chi-
ral perturbation theory and its extensions to few-
baryon systems, which are studied experimentally
to investigate the breaking of the isospin symme-
try.The theory group has been very successful in
developing and employing these effective field the-
ory (EFT) methods for processes involving one or
a few nucleons, and is presently extending these
studies to threshold meson production in nucleon-
nucleon and deuteron-deuteron collisions. This is
a long-term project that can only be undertaken
within the Helmholtz infrastructure.

2. Properties of exotica. Another open problem ad-
dressed here is the question whether hadrons are
limited to quark-antiquark and three-quark bound
states or whether other, so-called exotic combi-
nations of quarks, antiquarks and gluons, such
as glueballs or pentaquarks, which are allowed
from a theoretical point of view, are also real-
ized in nature. Strangeness production and reac-
tions with kaons gives access to the nature of the
Λ(1405) or certain properties of the pentaquark
Θ+(1540). The theory group has particular exper-
tise in coupled-channel dynamics and the analysis
of final-state interactions. This led to important
contributions concerning the question of the nature
of the scalar mesonsa0 and f0, the Roper resonance
and the properties and of the charm-strange mesons
D∗

sJ. Furthermore, the theory group has suggested a
model-independent way to determine the parity of
the pentaquark and worked out limits for the width
of the Θ+. Also, a large program exists to guide
and interpret data obtained at COSY for the pro-
duction of the scalar mesons and theΛ(1405) in
pd anddd collisions.

3. Nuclear structure attracts new theoretical investi-
gations. The recent advances in EFT have gener-
ated a systematic approach to both two- and three-
nucleon interactions which separates pion dynam-
ics from short-range interactions. The isospin de-
pendence of the nucleonic interactions is also pre-
dicted. This is of crucial importance for studies
of the bulk properties of both stable and unsta-
ble nuclei. The theory group will apply its ex-
pertise in nuclear structure to develop EFT for nu-
clei. A first project dealing with doubly magic nu-
clei has started which will give access already to
a large variety of interesting exotic nuclei. A sec-
ond step will generalize EFT to deformed nuclei,
where pairing effects are relevant. The study of
collective excited states, such as the giant dipole
resonances, provides complementary information
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about the isospin structure of nuclei and related
bulk properties. The structure of halo nuclei and
pigmy resonances are currently investigated.

4. Deep inelastic scattering (DIS) and other hard pro-
cesses probe hadrons and nuclei at large momen-
tum transfer. In DIS off nuclei there emerges a
new large scale, the so-called saturation scaleQA,
and simultaneous interaction with several nucleons
of the nucleus becomes a dominant feature of hard
processes. The standard pQCD factorization theo-
rems break down and are to be supplanted by a new
concept of nonlineark⊥-factorization. The focus
of the current research is an extension of nonlin-
eark⊥-factorization from DIS of leptons to proton-
nucleus collisions at RHIC with an emphasis on jet
production and the Landau-Pomeranchuk-Migdal
effect. The potential of polarized Drell-Yan pro-
cess at the HESR of the FAIR facility at GSI to the
determination of the transversity structure function
of the proton will be investigated.

4.3 Pentaquark Properties from Hadronic
Reactions

In the last two years increasing evidence has accumulated
for the existence of a narrow strangenessS= +1 exotic
baryon — baptized theΘ+. Its valence quark structure
must consist of at least four quarks and one antiquark
and therefore, if confirmed, this pentaquark would be the
first state unambiguously not fitting into the naive quark
model.
It is clear that only dedicated experiments can finally re-
solve the issue of the existence or non-existence of this
exotic state. However, theory can supply important in-
sights into and constraints on its properties which can
then serve as useful guidelines for such experiments. In
the last year we provided two well recognized contribu-
tions in this field, namely a detailed analysis of the width
allowed for the pentaquark given that it was not yet ob-
served in kaon scattering experiments, and a recommen-
dation for the ideal observable to measure the parity of
the Θ+ (and narrow baryon resonances in general). The
latter point becomes especially important in view of the
recent observation that no model independent parity ex-
traction is possible with photon induced reactions. We
will now briefly comment on both aspects:
Bound on the width from data on K+d
The known properties of theΘ+ resonance,mΘ ≈ 1540
MeV and strangenessS= +1, imply that it can couple
to the kaon-nucleon (KN) system. For this system and
the closely related kaon-deuteron system there are scat-
tering data available in the relevant energy range. Those
data do not show any clear evidence of theΘ+ resonance.
However, this absence of a resonance signal is also very
useful because it provides rather strong constraints on the
width of theΘ+ resonance, a quantity that is important
for understanding the nature of this state.

Recently our group has performed a model calculation of
the reactionK+d→ K0pp. The calculation is done in the
standard impulse approximation. However, and that is
important, it takes into account “medium” effects such as
the broadening of the resonance by the Fermi motion of
the nucleons in the deuteron and the full final three-body
kinematics.
In Fig. 30 we present results for the integrated
K+d→K0pp cross section as a function of the kaon mo-
mentum in comparison to the available experimental in-
formation. Evidently there are data exactly in the region
where theΘ+ is supposed to be located (the largest and
smallest resonance masses reported so far are indicated
by bars in Fig.30) and those provide rather restrictive
constraints for theΘ+ width. Fortunately, there are two
independent measurements in the critical energy range.
One can see from Fig.30 that none of the model calcu-
lations with aΘ+ width larger than 1 MeV is compatible
with the data. Widths of 1 MeV or less can be certainly
accommodated though we should say here that we did
not explore the effect of such narrow widths in an actual
model calculation.

Fig. 30: TotalK+d→K0ppcross section as a function of
the kaon momentum. The curves show our full
results for the original J̈ulich KN model without
the Θ+ resonance (black line) and the variants
with aΘ+ and with different widths (ΓΘ=1 MeV
- orange; 5 MeV - red; 10 MeV - blue; and
20 MeV - green). The vertical arrows indicate
the range of kaon momenta corresponding to the
smallest and the largest values found experimen-
tally for the mass of theΘ+ resonance.

If we disregard the two data points that lie within theΘ+

region then there is a gap that allows to fit in such a res-
onance with a width ofΓΘ ≈ 5 MeV without increasing
theχ2/data by more than 10%.
Parity determination
The parity of a hadron contains significant information on
its substructure. Unfortunately, especially for spin–1/2
particles, the determination of the parity is a non–trivial
problem especially when we talk about narrow states. For
the case of theΘ+ it was demonstrated recently that it
is not possible to model independently extract its parity
from photon-induced reactions.
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To determine the parity of a narrow resonance model in-
dependently one has to exploit the link between spin and
parity provided by the Pauli-Principle forNN systems: It
is well known that a two-nucleon state acquires a phase
(−)L+S+T under permutation of the two particles, where
L, S, andT denote the angular momentum, the total spin
and the total isospin of the two nucleon system. The re-
quired antisymmetry of theNN wavefunction thus im-
plies thatL + S+ T has to be odd. For example, for
a proton–proton stateT = 1 and the parity is given by
(−)L — thus eachS= 1 state has odd parity and each
S= 0 state has even parity. Therefore, preparing a pure
spin state of app system means preparing aNN state of
known parity. In case of aT = 0 state, the assignment of
spin and parity needs to be reversed.
This observation, first made by A.W. Thomas and col-
laborators, was exploited by us in a detailed investiga-
tion. Especially we identified the energy dependence of
the spin triplet cross section (where we use the definition
by Meyer for the polarization observables, whereAxx and
Ayy both refer to perpendicular beam and target polariza-
tions, however, rotated by 90 degrees andσ0 denotes the
unpolarized cross section)

3σΣ =
1
2

σ0 (2+Axx+Ayy)

as the key observable to unambiguously identify the par-
ity of a narrow resonance in aNN induced binary reac-
tion. This is demonstrated in the last line of Fig.31 for
three representative models. Please observe that a mea-
surement of3σΣ does not require the difficulty to han-
dle the observableAzz that needs longitudinal polariza-
tion. The only assumption necessary for deriving this re-
sult was that the energy dependence of a particular par-
tial wave with angular momentumL is (p′)L within the
first 50 MeV above the production threshold. To illus-
trate this point we constructed various models for theΘ+

production (to be concrete we show results for a spin 1/2
resonance only, however, all results hold for higher spin
resonances as well). Obviously we can not prove model
independence through models, but we can use models to
illustrate the generality of a particular results. To meet
that goal we tuned the parameters of theK∗ exchange
such that e.g. in the model that has bothK andK∗ ex-
change thes-wave is small in the model for positive parity
pentaquarks.

4.4 High Precision Effective Field Theory
for Few-nucleon Systems

The use of chiral Lagrangians to investigate in a system-
atic manner the problem of the interactions between two,
three, a few nucleons was proposed by Weinberg about 15
years ago. Within this scheme, the few-nucleon potential
is constructed based on power counting and used as an
input to generate the bound and scattering states from the
suitably regularized Lippmann-Schwinger equation. This
approach offers many advantages: It is systematic and
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Fig. 31: Model results forσ0, Axx and the spin triplet
cross section3σΣ for the reactionpp→ Θ+Σ+.
The first, second and third column shows the re-
sults for a model where the production mecha-
nism is a pureK-exchange, a pureK∗-exchange
and a mixture of both, respectively. Solid lines
denote the results for a negative parity pen-
taquark and dashed lines for a positive parity
pentaquark.

can be improved by going to higher orders, it allows to
consistently study two- and three-nucleon forces as well
as the quark mass dependence of nuclear forces, (gauge)
symmetries are treated properly and it can be extended
to inelastic processes. Until recently, calculations were
restricted to next-to-next-to-leading order (NNLO) in the
chiral expansion. This led to promising results and was
close to the accuracy achieved in phenomenological or
boson-exchange potentials. We have now studied the in-
teractions between two nucleons at next-to-next-to-next-
to-leading oder (N3LO). At this order, the two-nucleon
potential consists of one-, two- and three-pion exchanges
and a set of contact interactions with zero, two and four
derivatives, respectively. We have applied spectral func-
tion regularization to the multi-pion exchange contribu-
tions. Within this framework, we have shown that three-
pion exchange can safely be neglected. The low-energy
constants (LECs) related to the dimension two and three
N̄Nππ vertices are taken consistently from studies of
pion-nucleon scattering in chiral perturbation theory, per-
formed earlier at the IKP. In the isospin limit, there are 24
LECs related to four-nucleon interactions which feed into
the S-, P- and D-waves and various mixing parameters.
In addition, various isospin breaking mechanisms were
considered. In the actual calculations, we have included
the leading charge-independence and charge-symmetry
breaking four-nucleon operators, the pion and nucleon
mass differences in the one-pion-exchange, and the same
electromagnetic corrections as done by the Nijmegen
group. This is done because we fit to the Nijmegen partial
waves. In the future, it would be important to also include
mass differences in the two-pion-exchange,πγ-exchange
and the isospin breaking corrections to the pion-nucleon
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scattering amplitude. We therefore have phases for the
pp, np andnn systems. To obtain the bound and scat-
tering states, we use the Lippmann-Schwinger equation
with the relativistic form of the kinetic energy. Such an
approach can easily be extended to external probes or
few-nucleon systems. The total of 26 four-nucleon LECs
has been determined by a combined fit to somenp and
ppphase shifts from the Nijmegen analysis together with
the nn scattering length valueann = −18.9fm. The re-
sulting LECs are of natural size. The description of the
low phase shifts (S, P, D) is excellent, see Fig.32 for the
S-waves.
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Fig. 32:The S-waves innpscattering. Shown are the the-
oretical results at NLO (blue band), NNLO (grey
band) and N3LO (red band) in comparison to the
Nijmegen phase shift analysis (circles) and the
SAID PSA (triangles).

In all cases, the N3LO result is better than the NNLO one
with a sizably reduced theoretical uncertainty. This holds
in particular for the problematic3P0 wave which was not
well reproduced at NNLO. The peripheral waves (F, G, H,
. . .), that are free of parameters, are also well described
with the expected theoretical uncertainty related to the
cut-off variations. We stress that the description of the
phases in general improves when going from LO to NLO
to NNLO to N3LO, as it is expected in a converging EFT.
The resulting S-wave scattering lengths and range param-
eters in thenp and pp systems are in good agreement
with the ones obtained in the Nijmegen PWA. In addition,
we can give theoretical uncertainties for all these quanti-
ties, which are mostly in the one percent range. The scat-
tering observables (differential cross sections, analyzing
powers) for thenp system are well described, with a
small theoretical uncertainty at the order considered here.
The deuteron properties are further predictions. In par-
ticular, we have not included the binding energy in the
fits, the deviation from the experimental value is in the

range from 0.4 to 0.07%. The asymptoticS-wave nor-
malization and the asymptoticD/Sratio are also well de-
scribed:AS= 0.882−0.883[0.8846(9)] fm−1/2 andηd =
0.0254− 0.0255 [0.0256(4)], respectively (the numbers
in the brackets are the experimental values). The remain-
ing discrepancies in the quadrupole moment and the rms
matter radius are related to the short-ranged two-nucleon
current not considered so far. We are presently extending
these calculations to three-body forces at N3LO and the
inclusion of electroweak currents.

4.5 Four-body Physics

Effective theories allow for a systematic calculation of
low-energy energy observables in a model-independent
way. If the scattering lengtha of two particles is much
larger than the typical low-energy scale` of the system,
one can use an effective theory with contact interactions
only, to compute observables in an expansion in`/a. The
fact that no assumptions are made about the true nature
of the underlying interaction, besides that the resulting
potential is short-ranged and produces a large scattering
length, allows for a systematic comparison of physical
systems at different length scales. A particular feature of
this theory is that in the three-body system a three-body
force at leading order is needed to renormalize observ-
ables. As a consequence one three-body input as for ex-
ample the three-body binding energy is needed to fix the
value of the three-body force. Once the three-body force
is fixed from this input, predictions can be made for other
observables. Recently, we have applied this theory to the
nonrelativistic four-body system and computed the bind-
ing energies of the4He tetramer, a bound state of four4He
atoms, and theα-particle and obtained surprisingly good
results taking into account the small number of param-
eters. We achieved this by generating the leading order
potential of our theory and employing the Yakubovsky
equations to solve for the wavefunction and the binding
energies of the four-body system. To fix the value of the
three-body coupling constant we used the Faddeev equa-
tions to compute the binding energies of the4He tetramer
and triton and tuned the three-body force such that the
desired binding energies were reproduced. Taking advan-
tage of the features of our framework, one can now keep
the observables in the two-body sector constant while
changing the value of the three-body binding energies by
tuning the three-body force accordingly. This leads to a
linear correlation of the four-body binding energies and
three-body binding energies, a phenomenon well-known
in nuclear physics that is called the Tjon line. This linear
correlation is shown for theα-particle in Fig.33.
We also show some calculations using phenomenological
potentials and a chiral EFT potential with explicit pions.
The remaining deviation from the experimental value can
be attributed to effective range corrections which have
to be included at next-to-leading-order (NLO). A corre-
sponding linear correlation also exists in the atomic4He
system between the ground states of the trimer and the
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Fig. 33:The correlation between the binding energies of
the triton and theα-particle (the Tjon-line). The
lower (upper) line shows our leading order re-
sult usingas and Bd (as and at ) as two-body
input. The grey dots and triangles show vari-
ous calculations using phenomenological poten-
tials without or including three-nucleon forces,
respectively. The squares show the results of chi-
ral EFT at NLO for different cutoffs while the di-
amond shows the N2LO result. The cross shows
the experimental point.

tetramer but also between the excited states of these sys-
tems. Consequently, the Tjon line and the correspond-
ing linear correlation in the atomic sector can be under-
stood as a universal feature of four-body systems with
large two-body scattering length.

4.6 Electromagnetic Structure of Halo Nu-
clei

Ordinary atomic nuclei are hard to break into pieces with
electromagnetic radiation. A new sort of nuclei was dis-
covered in recent years that responds much more read-
ily to low-energy gamma rays. In such nuclei one nu-
cleon or a few of them live comfortably far away from the
densely packed core of protons and neutrons and form an
extended halo. These halo nuclei with an excess of neu-
trons or protons as compared to normal nuclei are pro-
duced with the new radioactive beam facilities all over the
world, like at GSI (Darmstadt/Germany), RIKEN (Japan)
or MSU (East Lansing/USA). In the present paper it has
become possible to understand this peculiar soft response
to electromagnetic radiation. The key observation is that
the ratio of the radius of the core to the extension of the
nuclear halo is a very small number. Making use of a
method introduced by Bethe in 1949 for low energy nu-
clear scattering, a calculational scheme was set up which
expands this response in powers of this small ratio. All
the details of the notoriously complicated nuclear motion
are encoded in a few effective quantities, namely binding
energy and a strength constant that characterizes the inter-
action of the neutron with the core. In Fig.34 the elec-

tromagnetic strength distribution of a beryllium isotope
with 4 protons and 7 neutrons is shown which consists
of a core and a single halo neutron. The electromagnetic
response of ordinary nuclei shows up only at around 20
MeV, well outside the figure.

Fig. 34: Reduced transition probability as a function of
the excitation energyE∗ compared to experimen-
tal data

One can see that our theory can very well explain the
experimental data obtained recently at GSI (Darmstadt).
This characteristic low energy peak due to the halo na-
ture is a universal phenomenon seen in other (up to now
mainly light) nuclei as well. With the advent of new pow-
erful rare isotope facilities like FAIR (GSI/Darmstadt) or
RIA (USA) one hopes to discover neutron-halo nuclei
also in heavy systems. They are not only of interest to
nuclear structure physics but also to astrophysics: in the
astrophysical r-process, heavy elements that are essen-
tial to our very existence are formed by neutron capture,
which is directly determined by the electromagnetic re-
sponse studied here.

4.7 Transversity in Drell-Yan Processes at
HESR Energies

Transversityhq
1(x,Q

2) is the last leading-twist missing
information on the quark spin structure of the nucleon.
The reason whyhq

1, despite its fundamental importance,
has never been measured is that it is a chiral-odd func-
tion, and consequently it decouples from inclusive Deep
Inelastic Scattering (DIS). The double spin asymmetry
App̄

TT in polarized Drell-Yan antiproton-proton collisions
at the HESR storage ring of the future FAIR facility at
GSI is uniquely placed to measure the transversity distri-
bution hq

1(x,Q
2 = M2

e+e−) for valence quarks in the pro-
ton. The predicted asymmetry is large, of the order of
30%, as shown in Fig.35, and is entirely dominated by
theu-quark contribution, with no flavor admixture and no
quark-antiquark entanglement.
A point is made that the measurements ofApp̄

TT can be
extended to and below theJ/Ψ mass region which sub-
stantially enhances the counting rate. A much broader
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Fig. 35:The pp̄ Drell-Yan double transverse spin asym-

metry Ãpp̄
TT(M2,xF) as a function ofxF , for

Me+e− = 4 GeV/c2 (green curve: fixed-target
option of PAX at HESR,s = 35 GeV2; blue
curve: asymmetric-collider option of PAX at
CSR-HESR,s = 300 GeV2; the RHIC-like p̄p
collider ats= 104 GeV2).

kinematical range ofx,Q2 comparable to that studied
in DIS experiments by the HERMES Collaboration, be-
comes accessible with the asymmetric CSR+HERMES
collider option at FAIR. In contrast, at RHIC energies the
expected asymmetry is at the several per cent level (still
smaller for proton-proton collisions at RHIC because of
the suppression of transverse spin from valence to sea
quarks) and its interpretation is not simple because it
involves the theoretically poorly understood transversity
distribution of sea quarks. The large predicted transver-
sity signal makes the polarized Drell-Yan production at
HESR the flagship experiment of the polarization pro-
gram at FAIR.
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5 COSY Operation and Develop-
ments

As always, high reliability of the accelerator complex
had been a prime focus. Obviously, the effort connected
with this responsibility continues to rise as time goes by,
since certain components begin to reach a critical age. In
spite of this the accelerator crew succeeded in keeping
the overall reliability above 90% in the current year. An-
other central task is the development of new operational
modes to stay abreast with the ever-changing demands of
the experimental collaborations. A formidable achieve-
ment in this context was for instance the new peak energy
of 2.88 GeV, which was decisive for the feasibility of a
new experiment. This value significantly surpasses the
original design value of 2.5 GeV and was possible due
to a new elaborated operational mode. Equally remark-
able has been the advanced spin manipulation of circulat-
ing polarized ion beams inside COSY reaching spin-flip
efficiencies of 99.9%. As in the previous years we have
shared our expertise in the Framework of EU projects like
HIPPI and CARE. Inside and outside institutions have
benefited from irradiations performed with the cyclotron.
The FAIR-project of the GSI and specifically the anti-
proton ring HESR has been playing an increasingly im-
portant role as it will set the mid- and long-term per-
spective in the field of hadron physics. Because of this
the IKP did allocate significant resources for this project.
As the HESR resembles in many ways COSY, it seemed
natural to take on a leading role in the HESR consor-
tium that bundles resources and expertise of the GSI,
the TSL (Sweden) and the IKP. This consortium suc-
ceeded in 2004 in finalizing the “Technical Report on the
HESR”, which describes design, construction, commis-
sioning, and important R&D work for this groundbreak-
ing facility.

5.1 Operation

In 2004 COSY delivered a total of 6836 h of beam time,
5468 h of which were used for experiments by the users.
Like in the years before, different particle species were
accelerated. Polarized ions continued to play an impor-
tant role and even exceeded their unpolarized counterpart
in usage by nearly a factor of two in case of deuterons.
The distribution between unpolarized and polarized pro-
tons and deuterons is depicted in the upper pie chart of
Fig. 36.
The PAC allocated in 2004 beam time for 19 different ex-
perimental requests. Serving external as well as internal
experiments to almost the same amount, one third of the
scheduled time was used for maintenance, setting up the
beam, or performing accelerator physics experiments, see
Fig. 36, lower part.
To weed out weak or improve unreliable components a
careful, long-term statistical survey had been conducted
for each year, which breaks down the causes according to
failure categories. This instrument has turned out to be

Fig. 36:Upper: Particle beams delivered in 2004. Lower:
Beams for experimental groups were equally
shared between external and internal target sta-
tions. The remaining time was split between ma-
chine development and maintenance.

a very effective tool to improve and maintain reliability.
In the current year an overall reliability of over 90% had
been achieved. This high number could have been even
surpassed if the availability of the pre-accelerator, the
more than 40-year old cyclotron, could have been raised
substantially beyond 95%. Averaging over all years since
1993 an overall reliability of 92.6% was achieved for the
accelerator complex.

5.2 Electron-beam Neutralization

The electron cooler of the HESR of the FAIR project is a
core component for achieving the projected beam quality.
It presents a formidable challenge as it carries the energy
of the cooling electrons into the megavolt region. Possi-
ble detrimental effects have to be studied beforehand to
avoid unnecessary delays in its completion. The stabil-
ity of antiproton beams inside the HESR ring is of cru-
cial importance. For instance neutralizing ions inside the
cooling electron beams could jeopardize its function. It
has been shown that even a few percent neutralization can
appreciably lower the stability threshold. To research this
phenomenon cooling experiments at COSY with 45 MeV
protons attempted to free the electron beam from field
distorting ions by exciting resonant ion oscillations with
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a transverse sinusoidal electric field (a so called shaker).
The influence of the neutralization on the proton beam
stability at COSY is well illustrated in Fig.37. Without
shaker operation or using non-resonant shaker frequen-
cies a coherent instability leads to a fast particle losses
after 25 s (Fig.37a). Clearing the electron beam from
one of the ion species, here N2

+, by applying a shaker fre-
quency of 114 kHz, the instability develops much later
(65 s). In addition, the ion loss rate is about 3 times
smaller as seen in Fig.37b.

Fig. 37:Proton beam current (lower curves) and H0 count
rate (upper curves) versus time: a) Shaker is off
or non-resonant excitation, One division corre-
sponds to 1 mA beam current. b) Excitation with
the resonant frequency of 114 kHz.. One division
corresponds to 1 mA beam current.

5.3 Extraction of Cooled Beams

TOF experiments require ion beams with the highest pos-
sible brilliance at the target position. To suppress stray
projectiles, counters in front of the target veto any data
connected with beam halo. For the April run of TOF,
a 3.065 GeV/c proton beam was prepared and extracted
via the slow extraction system. Prior to acceleration
the beam’s phase space was reduced via electron cool-
ing. The set-up of the ultra slow extraction was markedly
eased by the reduced beam size. Additionally, the energy

spread of the beam was smaller compared to the uncooled
case. The increased quality of the extracted beam was
such that the signal to background ratio was improved by
a factor of 20. This enabled the experiment to run with
higher beam currents as the rate of the veto counter had
previously been the limiting factor.

5.4 Raising the Energy Limit

The maximum energy of an accelerator is a key feature
that determines the range of experiments that can be per-
formed. This holds especially for threshold experiments
whose feasibility hinges exactly on this figure. Under-
standingly, there has always been a strong demand from
the experimenters to raise the energy of COSY, in partic-
ular as the old energy limit was just below some interest-
ing physics thresholds. By developing new operational
modes COSY succeeded in reaching now an energy of
2.88 GeV. This value dramatically surpasses the original
design value of 2.5 GeV and was cruciale.g. for exper-
iments ona0/ f0- andφ-meson production carried out at
ANKE. The maximum energy for extracted beam is at
present somewhat lower, because it is limited by the ca-
pability of the power converter used for the magnetic ex-
traction septum.

5.5 Spin-Flip of Circulating Ion Beams

Another important topic of accelerator research is the
spin manipulation of circulating polarized ion beams
by using special manipulators, so called “rf-dipoles”.
Specifically for this investigation an international collab-
oration “Spin at COSY” has been established. All ex-
periments were carried out in a close collaboration with
the Michigan State University. Besides the high scien-
tific relevance for accelerator physics these results have
great implications for conducting polarized experiments
inside accelerators. The reversal of the spin direction of
the circulating beam will allow them to decrease drasti-
cally systematic errors. In 2004 experiments were contin-
ued with a new a ferrite-loaded rf-dipole, which allowed
to reach much higher fields. The rf-dipole was exited with
a sweeping frequency. Using this spin manipulator it was
possible to reverse the spin direction of a 2.1 GeV/c polar-
ized proton beam with an efficiency of 99.9%. As clearly
visible in Fig. 38, the polarization was still above 60%
even after undergoing 50 spin-flips.

5.6 Transverse Beam Feedback System

The intensity of electron-cooled beams is limited due to
coherent oscillations that are fanned when a certain num-
ber of circulating particles is exceeded. A vertical feed-
back system that had been installed in the previous year
had proven to be very effective in dampen those oscil-
lations. To improve this system further a damping loop
for the horizontal plane was added in 2004. The whole
system has been integrated meanwhile into the standard
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Fig. 38:Proton polarization at 2.1 GeV/c plotted versus
the number of spin-flips.

control system of COSY. This enables the machine to de-
liver now routinely high-intensity cooled beams to exper-
iments.

5.7 Preparations for WASA at COSY

The preparatory work for inserting the WASA detector
inside the COSY ring was continued and intensified in
2004. The space created by removing the now obsolete
old accelerating cavity visibly changed the appearance in
the COSY tunnel.
Work was also invested in rearranging any impeding wa-
ter cooling pipes and electric cabling for quadrupoles and
other components. To gain extra space for the much-
needed supplementary forward detector alternatives have
been considered for steerer magnets presently used to
correct the beam direction. Extra windings on existing
quadrupoles have been investigated and could take over
their functionality. This method has been successfully
used at other locations in the past. Additionally, quite
a few other activities took place, which were immedi-
ately concerned with the transfer of the WASA detec-
tor to J̈ulich. The status of preparations is in line with
the scheduled transfer of the WASA detector in summer
2005.
The physics potential of WASA will be enhanced by the
higher energies and the higher beam intensities available
at COSY. Studies have been conducted to evaluate the lu-
minosities for the planned experiments and to raise the
available beam intensities. For instance the number of
unpolarized protons at maximum momentum has been
increased to 1.5 · 1011 particles in the framework of the
intensity upgrade program. This figure was achieved in
the single injection mode.
Experiments always aim to get an optimal average lu-
minosity. Constraints due to target technology and/or
required energy resolution are limiting boundary condi-
tions. To lengthen the beam life-time, internal targets
have to be either very thin or the heating effect of thicker
targets has to be compensated by a powerful beam cool-

ing system. The peak luminosity’s dependence on the
target thickness and number of circulating or extracted
particles is shown in Fig.39 and varies in the range of
1026− 1032cm−2s−1. The luminosity is calculated for
a typical range of circulating particles (109 to 1011) in
COSY with a revolution frequency of 1 MHz. For exter-
nal experiments an extraction time of 100 s is assumed. A
shortened extraction time would raise the luminosity for
the extracted beams.
To optimize data taking efficiency it is necessary to bal-
ance target thickness and beam life times. Typical beam
life times in dependence of target type are listed in Ta-
ble 1. The efficiency of the applied cooling technique
does greatly influence the useful data taking time.

Fig. 39:Peak luminosity for internal and external exper-
iments for different effective target thickness at
COSY. Useful Areas are marked in yellow.

Table 1:Beam life time for circulating COSY beams.
Type of internal target Time

Solid targets ms to s
Pellet targets ≈minutes

Cluster targets < 1h
Cluster targets with stochastic coolingseveral hours

Atomic beam targets 10 to 100h
Atomic beam storage cells 1 to 10 h

Without target 10 to 100 h

5.8 Improving Beam Diagnostics

A newly developed non-destructive beam profile monitor
underwent its first successful test in the extraction beam
line to JESSICA. A short beam burst with a length of
approximately 200 ns was extracted using a fast kicker
system that allows to extracts the circulating beam within
one revolution. The measurement technique is based on
the excitation of residual gas atoms by the passing ion
beam. These atoms emit light when returning to their
ground state. The emitted photons are observed with a
set of sensitive photomultipliertubes and allow determin-
ing beam position and extend simultaneously. In Fig.40
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the beam profile is shown using an eight-channel sys-
tem. The peak generated by light from atoms that have
been excited by the beam clearly stands out from the
background. This first test demonstrates that this non-
intercepting method for monitoring beams is a viable op-
tion especially for high intensity beams. It can be ex-
pected that future refinements will greatly improve the
performance seen in this first test.

Fig. 40:Gauss fit of beam profile measured by looking at
the light from the residual gas.

5.9 HESR activities

The accelerator division has initiated a task group to ad-
vance the HESR of the FAIR-project at the GSI. The con-
sortium formed for this purpose bundles the resources
and expertise of the FZ-Jülich, the GSI (Darmstadt) and
the TSL (Uppsala) and other expert groups. The simi-
larities between COSY and the HESR eased the task of
taking on a leading role in this project. An outstanding
feature of the new facility is the combination of phase
space cooled beams with internal targets and a detector
system (PANDA) that nearly covers the full solid angle.
To break new ground in physics, demanding beam pa-
rameters have to be met. Foreseen are two operational
modes. A high luminosity mode with beam intensities up
to a few times 1011, and a high-resolution mode with a
momentum spread down to 10−5. The latter mode will
require a powerful electron cooling system, which makes
the leap from present systems into the megavolt regime
and constitutes a technological challenge in itself. One
important milestone on the road map to the HESR was
the timely completion of the Technical Report. More de-
tails concerning this are found in the “FAIR” section of
this brochure.
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6 Preparations for FAIR

6.1 Evolving from COSY to the HESR

6.1.1 Introduction

The high energy storage ring for anti-protons (HESR)
will be a groundbreaking facility for the future antipro-
ton physics in the 10 GeV region. It is part of the an-
tiproton branch of the FAIR project. Antiprotons will be
generated in a production target, collected, accumulated,
pre-cooled, and accelerated or decelerated to the desired
energy in subsequent rings before they are injected and
stored in HESR (Fig.41). One of the physics goals of the
HESR is the understanding of the nature of the quark con-
finement. A powerful detector dubbed PANDA, which
is an integral part of the HESR will be the tool to get
new important insightse.g.by the investigation of bound
states ofcc̄-mesons. This kind of physics represents a
natural progression of the present science program of the
IKP to a new realm.

Evolving from COSY to The HESR

Introduction 

The  high  energy  storage  ring  for  anti-protons  (HESR)
will be a groundbreaking facility for the future antiproton
physics in the 10 GeV region. It is part of the antiproton
branch of the FAIR project. Antiprotons will be generated
in a production target, collected, accumulated, pre-cooled,
and accelerated or  decelerated  to  the desired  energy  in
subsequent  rings  before  they are injected and stored in
HESR (cf.  figure  1).   One of  the physics  goals  of  the
HESR is  the  understanding  of  the  nature  of  the  quark
confinement.  A  powerful  detector  dubbed  PANDA,
which is an integral part of the HESR will be the tool to
get  new important  insights  e.g.  by  the  investigation  of
bound  states  of  c�c -Mesons.  This  kind  of  physics
represents  a  natural  progression  of  the  present  science
program of the IKP to a new realm.

By the striking similarities between COSY and the HESR
the  IKP  felt  compelled  to  take  a  leading  role  in  the
consortium that bundles the resources and expertise of the
GSI, the TSL (Sweden), the FZJ, and other related groups
involved in this project. 

Lattice considerations

Moving  towards  the  first  milestone  the  original
Conceptual Design Report (CDR) had to be transformed
into a Technical Report that would lay the groundwork
for identifying essential R&D effort and be the basis for
engineering the various components. 

Fig.  1: The  antiproton  part  of  the  FAIR  facility  is
highlighted  in  yellow.  After  production  at  3
GeV, antiprotons are accumulated, cooled down,
and accelerated in the SIS100 (top) to the desired
energy. The HESR is the final link in this chain.
There the beam properties are refined and data is
taken with PANDA. 

The  envisioned  physics  program  made  it  necessary  to
realize beam parameters inside the HESR that will require
reaching new standards in accelerators design. In a high-
resolution mode a momentum resolution of 10-5  has to be
reached, in the high luminosity mode still 10-4 is required.
Table 1 summarizes some essential parameters. 

Table 1: Requirements implicated by the
envisioned physics program

Ion species Antiprotons
Production rate 2·107 /s (1.2·1010 per 10 min)
Energy variation in SIS100
Momentum range
Kinetic energy
range

1.5 – 15 GeV/c

831 MeV to 14.1 GeV

Number of
particles 

1010 up to few times 1011

Target thickness 1015 to 1016 cm-2

Transverse
emittance

0.1 to 0.001 mm mrad

Betatron amplitude
at interaction point

  < 1 m

High luminosity
mode

2·1032cm-2sec-1 average luminosity, 

rms momentum spread   ~ 10-4

High resolution
mode

1031 cm-2sec-1 average luminosity, 

rms momentum spread   ~ 10-5

Fig. 41:The antiproton part of the FAIR facility is high-
lighted in yellow. After production at 3 GeV,
antiprotons are accumulated, cooled down, and
finally accelerated in the SIS100 (top) to the de-
sired energy. The HESR is the final link in this
chain. There the beam properties are refined and
data is taken with PANDA.

By the striking similarities between COSY and the HESR
the IKP felt compelled to take a leading role in the con-
sortium that bundles the resources and expertise of the
GSI, the TSL (Sweden), the FZJ, and other related groups
involved in this project.

6.1.2 Lattice Considerations

Moving towards the first milestone the original Concep-
tual Design Report (CDR) had to be transformed into a
Technical Report that would lay the groundwork for iden-
tifying essential R&D effort and be the basis for engineer-
ing the various components.

The envisioned physics program made it necessary to re-
alize beam parameters inside the HESR that will require
reaching new standards in accelerators design. In a high-
resolution mode a momentum resolution of 10−5 has to
be reached, in the high luminosity mode still 10−4 is re-
quired. Table2 summarizes the essential parameters.

Table 2: Requirements implicated by the envisioned
physics program

Ion species Antiprotons
Production rate 2·107/s (1.2·1010 per 10 min)
Energy variation in SIS100
Momentum range 1.5 – 15 GeV/c
Kin. energy range 831 MeV – 14.1 GeV

Number of particles 1010 up to few times 1011

Target thickness 1015 – 1016 cm−2

Transverse emittance 0.1 – 0.001 mm mrad
Betatron amplitude < 1 m
at interaction point
High luminosity 2·1032 cm−2s−1 av. luminosity,

mode rms momentum spread∼10−4

High resolution 1031 cm−2s−1 av. luminosity,
mode rms momentum spread∼10−5

Like COSY the HESR is a particle ring containing elec-
tron cooling and stochastic cooling. While COSY al-
lows high-resolution experiments with polarized and un-
polarized protons in the strange quark region the HESR
enables to make experiments with antiprotons in the
charmed quark region (momenta between 1.5 GeV/c and
15 GeV/c). The higher energy of the HESR results in a
circumference of 574 m, which is much larger than that
of COSY despite the use of superconducting magnets. As
the HESR will be solely a storage ring energy variations
have to be performed in the SIS100, which serves as in-
jector. Therefore, the injection devices have to cover the
whole momentum range.
Undoubtedly, the greatest challenge is the requirement to
combine high luminosity with high phase space density
of the antiproton beam. To be able to cool up to the high-
est momentum, the high voltage of the electron cooler
has to reach up to 8 MV. This significantly exceeds the
presently achieved operating voltage of the Fermi Lab
electron cooler of about 4.3 MV. To achieve short cool-
ing times the specific strengths of both cooling methods,
stochastic and electron, have to be combined. Electron
cooling is most effective when operating in the mode of
magnetized cooling but requires a pre-cooled beam. This
can be provided via stochastic cooling, which is most ef-
ficient in the initial cooling process. Simulations have
revealed shortcomings of the present models used to de-
scribe the cooling process. Because of this, additional
R&D work will be required to verify quantitatively the
cooling strength and the optimal combination and inte-
gration of these systems into the HESR.
One of the most far reaching and crucial decisions was fi-
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Like  COSY  the  HESR  is  a  particle  ring  containing
electron  cooling  and  stochastic  cooling.  While  COSY
allows  high-resolution  experiments  with  polarized  and
unpolarized protons in the strange quark region the HESR
enables  to  make  experiments  with  antiprotons  in  the
charmed quark region (momenta between 1.5 GeV/c and
15 GeV/c). The higher energy of the HESR results in a
circumference of 574 m, which is much larger than that
of COSY despite the use of superconducting magnets. As
the HESR will be solely a storage ring energy variations
have  to  be  performed  in  the  SIS100,  which  serves  as
injector.  Therefore,  the injection  devices  have  to  cover
the whole momentum range.

Undoubtedly, the greatest challenge is the requirement to
combine high luminosity with high phase space density of
the antiproton beam. To be able to cool up to the highest
momentum, the high voltage of the electron cooler has to
go up to 8 MV. This significantly exceeds the presently
achieved  operating  voltage  of  the  Fermi  Lab  electron
cooler of about 4.3 MV. To achieve short cooling times
the specific strengths of both cooling methods, stochastic
and electron,  have to  be combined.  Electron cooling  is
most effective when operating in the mode of magnetized
cooling  but  requires  a  pre-cooled  beam.  This  can  be

provided via stochastic cooling, which is most efficient in
the  initial  cooling  process.  Simulations  have  revealed
shortcomings of the present models used to describe the
cooling process.  Because of  this,  additional  R&D work
will  be  required  to  verify  quantitatively  the  cooling
strength and the optimal combination and integration of
these systems into the HESR. 

One of the most far reaching and crucial decisions was
finalizing  the  lattice  of  the  ring.  Extensive  studies  of
different lattice structures have been carried out to make
sure that no promising possibility was overlooked. Even
designs  using  normal  conducting  magnets  have  been
studied  to  verify  that  superconducting  magnets  were
indeed superior. Numerous simulations confirmed that it
is essential to have a lattice with a negative momentum
compaction factor. The layout that finally evolved for the
HESR  is  shown  in  figure  2.  This  lattice  uses
superconducting  magnets in the arc sections and allows
different  magnet  settings,  which  can  be  adjusted
according to the required beam momentum.  In figure 3
examples  of  the  corresponding  Twiss  functions  are
plotted.

Fig. 2: Layout of the HESR
Fig. 42:Layout of the HESR.

nalizing the lattice of the ring. Extensive studies of differ-
ent lattice structures have been carried out to make sure
that no promising possibility was overlooked. Even de-
signs using normal conducting magnets have been stud-
ied to verify that superconducting magnets were indeed
superior. Numerous simulations confirmed that it is es-
sential to have a lattice with a negative momentum com-
paction factor. The layout that finally evolved for the
HESR is shown in Fig.42. This lattice uses supercon-
ducting magnets in the arc sections and allows different
magnet settings, which can be adjusted according to the
required beam momentum. In Fig.43 examples of the
corresponding Twiss functions are plotted.

6.1.3 R&D Program

Presently efforts on the one hand are focused on a more
detailed investigation of machine properties, which are
dominated by collective effects. On the other hand sev-
eral technical issues are studied already in more depth.
These topics are included in the current R&D priority
program, which has been developed and is substantially
supported by the European Union (FP6 Design Study
DIRAC Secondary Beams; the HESR consortium will re-
ceive 1.3 Me support for a total effort of 3.7 Me).
As detailed in a contribution contained in the accompany-
ing CD-ROM the R&D program covers high-energy elec-
tron cooling, pick-up development for stochastic cool-
ing, suitable injection schemes, and rf-cavity investiga-
tion. Each topic is broken down in subtasks, which re-
ceive suitable priorities.
All design efforts concerning the electron cooler are led
by the Svedberg Laboratory (Uppsala University). Two
different approaches have been investigated to meet the
performance requirements of the electron cooler. In ac-
cord with the most visible difference, the orientation of
the accelerating column, they are named the horizontal

Fig. 3: ß-functions and dispersion function for a low energy (left) and a high energy (right) HESR lattice. The target is
located at 287 m. The HESR will operate with an imaginary gamma-transition value over the entire
momentum range.

R&D program

Presently efforts on the one hand are focused on a more
detailed  investigation  of  machine  properties,  which  are
dominated by collective effects. On the other hand several
technical issues are studied already in more depth. These
topics are included in the current R&D priority program,
which has been developed and is substantially supported
by  the  European  Union  (FP6  Design  Study  DIRAC
Secondary Beams; the HESR consortium will receive 1.3
M€ support for a total effort of 3.7 M€).

As  detailed  in  a  contribution  contained  in  the
accompanying CD-ROM the R&D program covers high-
energy  electron  cooling,  pick-up  development  for
stochastic  cooling,  suitable  injection  schemes,  and  rf-
cavity  investigation.  Each  topic  is  broken  down  in
subtasks, which receive suitable priorities.

 All design efforts concerning the electron cooler are led
by the Svedberg  Laboratory  (Uppsala University).  Two
different  approaches have been investigated to meet the
performance  requirements  of  the  electron  cooler.  In
accord with the most visible difference, the orientation of
the accelerating column,  they are  named the horizontal
respectively the vertical cooling system. A main technical
difference is the generation of the high voltage of 8 MV.
The acceleration column for the electron beam of up to 1
A  will  be  operated  in  a  high  pressure  insulating  gas,
usually SF6. 

As there  is  a  lack  of  experimental  data  on magnetized
electron  cooling  and  its  associated  technology,  an
experimental  program  at  COSY  has  been  proposed  to
study  in  depth  the  behavior  with  the  aid  of  a  2  MV
electron  cooler.  This  would  constitute  an  indispensable
intermediate  step  to  secure  the  technological  and
experimental know-how for the successful construction of
the 8 MV electron cooler of the HESR.

Magnet investigations

The research started with an intense exploration to find a
suitable superconducting dipole magnet that had a proven
record. The D0 magnet of RHIC turned out to be a good
candidate. If one could keep magnet length below ca. 1.8
m a straight magnet design would provide the necessary
field  quality.  Tradeoffs  in  this  approach  are  the  large
influence  of  fringe  fields  and  a  more  demanding  cryo
system. Opting for  a much larger  length would require
using  curved  superconducting  dipole  magnets  with  a
radius of about 14 m. There is no proven design available
at present.  A 2D-calculation of  the B-field is  shown in
figure 4. Putting such a setup inside the planned HESR
tunnel is shown in figure 5. 

Fig. 4: Coil arrangement and calculated 2D-field quality
for  the  superconducting  HESR dipole  magnets
designed as a shortened version of the original
RHIC-D0 magnet.

Fig. 3: ß-functions and dispersion function for a low energy (left) and a high energy (right) HESR lattice. The target is
located at 287 m. The HESR will operate with an imaginary gamma-transition value over the entire
momentum range.

R&D program

Presently efforts on the one hand are focused on a more
detailed  investigation  of  machine  properties,  which  are
dominated by collective effects. On the other hand several
technical issues are studied already in more depth. These
topics are included in the current R&D priority program,
which has been developed and is substantially supported
by  the  European  Union  (FP6  Design  Study  DIRAC
Secondary Beams; the HESR consortium will receive 1.3
M€ support for a total effort of 3.7 M€).

As  detailed  in  a  contribution  contained  in  the
accompanying CD-ROM the R&D program covers high-
energy  electron  cooling,  pick-up  development  for
stochastic  cooling,  suitable  injection  schemes,  and  rf-
cavity  investigation.  Each  topic  is  broken  down  in
subtasks, which receive suitable priorities.

 All design efforts concerning the electron cooler are led
by the Svedberg  Laboratory  (Uppsala University).  Two
different  approaches have been investigated to meet the
performance  requirements  of  the  electron  cooler.  In
accord with the most visible difference, the orientation of
the accelerating column,  they are  named the horizontal
respectively the vertical cooling system. A main technical
difference is the generation of the high voltage of 8 MV.
The acceleration column for the electron beam of up to 1
A  will  be  operated  in  a  high  pressure  insulating  gas,
usually SF6. 

As there  is  a  lack  of  experimental  data  on magnetized
electron  cooling  and  its  associated  technology,  an
experimental  program  at  COSY  has  been  proposed  to
study  in  depth  the  behavior  with  the  aid  of  a  2  MV
electron  cooler.  This  would  constitute  an  indispensable
intermediate  step  to  secure  the  technological  and
experimental know-how for the successful construction of
the 8 MV electron cooler of the HESR.

Magnet investigations

The research started with an intense exploration to find a
suitable superconducting dipole magnet that had a proven
record. The D0 magnet of RHIC turned out to be a good
candidate. If one could keep magnet length below ca. 1.8
m a straight magnet design would provide the necessary
field  quality.  Tradeoffs  in  this  approach  are  the  large
influence  of  fringe  fields  and  a  more  demanding  cryo
system. Opting for  a much larger  length would require
using  curved  superconducting  dipole  magnets  with  a
radius of about 14 m. There is no proven design available
at present.  A 2D-calculation of  the B-field is  shown in
figure 4. Putting such a setup inside the planned HESR
tunnel is shown in figure 5. 

Fig. 4: Coil arrangement and calculated 2D-field quality
for  the  superconducting  HESR dipole  magnets
designed as a shortened version of the original
RHIC-D0 magnet.

Fig. 43:β-functions and dispersion function for a low en-
ergy (upper) and a high energy (lower) HESR lat-
tice. The target is located at 287 m. The HESR
will operate with an imaginary gamma-transition
value over the entire momentum range.

respectively the vertical cooling system. A main tech-
nical difference is the generation of the high voltage of
8 MV. The acceleration column for the electron beam of
up to 1 A will be operated in a high pressure insulating
gas, usually SF6.
As there is a lack of experimental data on magnetized
electron cooling and its associated technology, an exper-
imental program at COSY has been proposed to study
in depth the behavior with the aid of a 2 MV electron
cooler. This would constitute an indispensable interme-
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diate step to secure the technological and experimental
know-how for the successful construction of the 8 MV
electron cooler of the HESR.

6.1.4 Magnet Investigations

The research started with an intense exploration to find a
suitable superconducting dipole magnet that had a proven
record. The D0 magnet of RHIC turned out to be a good
candidate. If one could keep the magnet length below
about 1.8 m a straight magnet design would provide the
necessary field quality. Tradeoffs in this approach are
the large influence of fringe fields and a more demanding
cryo system. Opting for a much larger length would re-
quire using curved superconducting dipole magnets with
a radius of about 14 m. There is no proven design avail-
able at present. A 2D-calculation of the B-field is shown
in Fig. 44. Putting such a setup inside the planned HESR
tunnel is shown in Fig.45.

Fig. 3: ß-functions and dispersion function for a low energy (left) and a high energy (right) HESR lattice. The target is
located at 287 m. The HESR will operate with an imaginary gamma-transition value over the entire
momentum range.
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Presently efforts on the one hand are focused on a more
detailed  investigation  of  machine  properties,  which  are
dominated by collective effects. On the other hand several
technical issues are studied already in more depth. These
topics are included in the current R&D priority program,
which has been developed and is substantially supported
by  the  European  Union  (FP6  Design  Study  DIRAC
Secondary Beams; the HESR consortium will receive 1.3
M€ support for a total effort of 3.7 M€).

As  detailed  in  a  contribution  contained  in  the
accompanying CD-ROM the R&D program covers high-
energy  electron  cooling,  pick-up  development  for
stochastic  cooling,  suitable  injection  schemes,  and  rf-
cavity  investigation.  Each  topic  is  broken  down  in
subtasks, which receive suitable priorities.

 All design efforts concerning the electron cooler are led
by the Svedberg  Laboratory  (Uppsala University).  Two
different  approaches have been investigated to meet the
performance  requirements  of  the  electron  cooler.  In
accord with the most visible difference, the orientation of
the accelerating column,  they are  named the horizontal
respectively the vertical cooling system. A main technical
difference is the generation of the high voltage of 8 MV.
The acceleration column for the electron beam of up to 1
A  will  be  operated  in  a  high  pressure  insulating  gas,
usually SF6. 

As there  is  a  lack  of  experimental  data  on magnetized
electron  cooling  and  its  associated  technology,  an
experimental  program  at  COSY  has  been  proposed  to
study  in  depth  the  behavior  with  the  aid  of  a  2  MV
electron  cooler.  This  would  constitute  an  indispensable
intermediate  step  to  secure  the  technological  and
experimental know-how for the successful construction of
the 8 MV electron cooler of the HESR.

Magnet investigations

The research started with an intense exploration to find a
suitable superconducting dipole magnet that had a proven
record. The D0 magnet of RHIC turned out to be a good
candidate. If one could keep magnet length below ca. 1.8
m a straight magnet design would provide the necessary
field  quality.  Tradeoffs  in  this  approach  are  the  large
influence  of  fringe  fields  and  a  more  demanding  cryo
system. Opting for  a much larger  length would require
using  curved  superconducting  dipole  magnets  with  a
radius of about 14 m. There is no proven design available
at present.  A 2D-calculation of  the B-field is  shown in
figure 4. Putting such a setup inside the planned HESR
tunnel is shown in figure 5. 

Fig. 4: Coil arrangement and calculated 2D-field quality
for  the  superconducting  HESR dipole  magnets
designed as a shortened version of the original
RHIC-D0 magnet.

Fig. 44:Coil arrangement and calculated 2D-field quality
for the superconducting HESR dipole magnets
designed as a shortened version of the original
RHIC-D0 magnet.

The layout of the HESR has also to be optimized with
respect to cryogenic losses and a small circumference.
Both issues are closely intertwined with the cryostat lay-
out. The study shows that building the arc section as one
cold system inside a segmented cryostat should be possi-
ble. Moreover, the minimum distance between two adja-
cent superconducting magnets is reduced to be only 1 m,
following the experience of CERN and BNL. The associ-
ated cryogenic scheme is sketched in Fig.46.
Figure 47 depicts the CAD design of a combined su-
perconducting quadrupole-dipole section. The required
number of elements would be joined to form a complete
180◦arc.

Fig. 5: Cross section of the tunnel with cryostat segment
in  operating  position.  Transport  position  indi-
cated.

The layout of  the HESR has also to  be optimized with
respect  to  cryogenic  losses  and  a  small  circumference.
Both  issues  are  closely  intertwined  with  the  cryostat
layout. The study shows that building the arc section as
one cold system inside a segmented cryostat  should be
possible. Moreover,  the minimum distance between two
adjacent superconducting magnets is reduced to be only 1

m,  following  the  experience  of  CERN  and  BNL.  The
associated cryogenic scheme is sketched in figure 6. 

Fig.  6: Flow  scheme  for  the  cryogenic  system  of  the
HESR, optimized for lowest cryogenic losses.

Figure  7  depicts  the  CAD  design  of  a  combined
superconducting quadrupole-dipole section. The required
number of elements would be joined to form a complete
1800arc.

Stochastic cooling system
A stochastic cooling system has been proposed to be used
above 6 GeV/c.  Acceptable  cooling  times  below 300 s
with an RF power below 2 kW are reachable  for  

Fig. 7: A detailed study for minimizing the inter magnet distance. The long cryostat segment contains superconducting
dipole magnet, the shorter cryostat segment houses the superconducting quadrupole magnet. The beam pipe
for antiprotons is shown in dark- blue. The yellow pipes transport the He.

 

realistic  system  parameters  (mechanical  and
electromagnetic  properties  of  pickups  and  kickers,  ion
optical  functions  of  the  HESR).  As  an  example  of  the
many  calculations  the  dependence  of  the  transverse
overlap frequencies on the relevant parameters is shown
in figure 8.

Fig. 45: Possible cross section of the tunnel with cryo-
stat segment in operating position. The transport
position is indicated.

Fig. 5: Cross section of the tunnel with cryostat segment
in  operating  position.  Transport  position  indi-
cated.

The layout of  the HESR has also to  be optimized with
respect  to  cryogenic  losses  and  a  small  circumference.
Both  issues  are  closely  intertwined  with  the  cryostat
layout. The study shows that building the arc section as
one cold system inside a segmented cryostat  should be
possible. Moreover,  the minimum distance between two
adjacent superconducting magnets is reduced to be only 1

m,  following  the  experience  of  CERN  and  BNL.  The
associated cryogenic scheme is sketched in figure 6. 

Fig.  6: Flow  scheme  for  the  cryogenic  system  of  the
HESR, optimized for lowest cryogenic losses.

Figure  7  depicts  the  CAD  design  of  a  combined
superconducting quadrupole-dipole section. The required
number of elements would be joined to form a complete
1800arc.

Stochastic cooling system
A stochastic cooling system has been proposed to be used
above 6 GeV/c.  Acceptable  cooling  times  below 300 s
with an RF power below 2 kW are reachable  for  

Fig. 7: A detailed study for minimizing the inter magnet distance. The long cryostat segment contains superconducting
dipole magnet, the shorter cryostat segment houses the superconducting quadrupole magnet. The beam pipe
for antiprotons is shown in dark- blue. The yellow pipes transport the He.

 

realistic  system  parameters  (mechanical  and
electromagnetic  properties  of  pickups  and  kickers,  ion
optical  functions  of  the  HESR).  As  an  example  of  the
many  calculations  the  dependence  of  the  transverse
overlap frequencies on the relevant parameters is shown
in figure 8.

Fig. 46: Flow scheme for the cryogenic system of the
HESR, optimized for lowest cryogenic losses.

6.1.5 Stochastic Cooling System

A stochastic cooling system has been proposed to be used
above 6 GeV/c. Acceptable cooling times below 300 s
with an RF power below 2 kW are reachable for realis-
tic system parameters (mechanical and electromagnetic
properties of pickups and kickers, ion optical functions
of the HESR). As an example of the many calculations
the dependence of the transverse overlap frequencies on
the relevant parameters is shown in Fig.48.

6.1.6 Experimental Facility

The PANDA setup as defined by the PANDA collabora-
tion has been integrated inside the HESR. The arrange-
ment shown in Fig.49was chosen because the target will
then be located in a dispersion free region. Whether the
magnets D1 and D2 will be combined into one stronger
magnet is not decided yet. The compensating solenoid
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Fig. 5: Cross section of the tunnel with cryostat segment
in  operating  position.  Transport  position  indi-
cated.
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Fig. 7: A detailed study for minimizing the inter magnet distance. The long cryostat segment contains superconducting
dipole magnet, the shorter cryostat segment houses the superconducting quadrupole magnet. The beam pipe
for antiprotons is shown in dark- blue. The yellow pipes transport the He.

 

realistic  system  parameters  (mechanical  and
electromagnetic  properties  of  pickups  and  kickers,  ion
optical  functions  of  the  HESR).  As  an  example  of  the
many  calculations  the  dependence  of  the  transverse
overlap frequencies on the relevant parameters is shown
in figure 8.

Fig. 47: A detailed study for minimizing the inter mag-
net distance. The long cryostat segment con-
tains the superconducting dipole magnet, the
shorter cryostat segment houses the supercon-
ducting quadrupole magnet. The beam pipe for
antiprotons is shown in dark blue. The yellow
pipes transport the He.

Fig. 8: Dependence of transverse overlap frequencies for
stochastic cooling at final energy and fractional
tune  for  different  bandwidths.  The  expected
working  point  of  0.16  is  indicated.  A  higher
bandwidth shortens  the  cooling  time.  Above  6
GeV a 4-8 GHz system can be used.

Experimental facility
The  PANDA  setup  as  defined  by  the  PANDA
collaboration has been integrated inside the HESR. The
arrangement shown in figure 7 was chosen because the
target will be located in a dispersion free region. Whether
the  magnets  D1  and  D2  will  be  combined  into  one
stronger  magnet  is  not  decided  yet..  The compensating
solenoid would be placed upstream. 

Fig. 9: Details of the PANDA insertion with extra space
left  for  experimental  equipment.  Solenoid
(yellow)  and  analyzing  dipole  (big  blue  one)
belong  to  the  experiment.  A  compensation
solenoid can be placed upstream, further dipole
magnets for the orbit chicane (small blue ones)
are also shown.

Outlook
The successful completion of  the Technical  Report  has
been a first and important milestone on the road towards
the HESR. It confirmed that there are no insurmountable
obstacles  on  the  way  to  its  realization.  But  the

investigations  also  clarified  that  significant  R&D work
lies ahead as many of the systems needed for operation
have no precedent. 

This  concerns  especially  the  electron  cooling  system
where  present  computer  programs  have  not  matured
enough. To fill this gap a prototype with 2 MV would be
the ideal testing ground and COSY the ideal machine to
get  realistic  data  in  that  important  field.  The  internal
targets of COSY and specifically the future pellet target
would give reliable information on target-heating/beam-
cooling  interaction  and  pave  the  way  for  an  optimal
design for the HESR.

Fig. 48: Dependence of transverse overlap frequencies
for stochastic cooling at final energy and frac-
tional tune for different bandwidths. The ex-
pected working point of 0.16 is indicated. A
higher bandwidth shortens the cooling time.
Above 6 GeV a 4–8 GHz system can be used.

would be placed upstream.

6.1.7 Outlook

The successful completion of the Technical Report has
been a first and important milestone on the road towards
the HESR. It confirmed that there are no insurmountable
obstacles on the way to its realization. But the investiga-
tions also clarified that significant R&D work lies ahead
as many of the systems needed for operation have no pre-
decessor.
This concerns especially the electron cooling system
where present computer programs have not matured
enough. To fill this gap a prototype with 2 MV would
be the ideal testing ground and COSY the ideal machine
to get realistic data in that important field. The internal
targets of COSY and specifically the future pellet target
would give reliable information on target-heating/beam-
cooling interaction and pave the way for an optimal de-
sign for the HESR.

Fig. 8: Dependence of transverse overlap frequencies for
stochastic cooling at final energy and fractional
tune  for  different  bandwidths.  The  expected
working  point  of  0.16  is  indicated.  A  higher
bandwidth shortens  the  cooling  time.  Above  6
GeV a 4-8 GHz system can be used.

Experimental facility
The  PANDA  setup  as  defined  by  the  PANDA
collaboration has been integrated inside the HESR. The
arrangement shown in figure 7 was chosen because the
target will be located in a dispersion free region. Whether
the  magnets  D1  and  D2  will  be  combined  into  one
stronger  magnet  is  not  decided  yet..  The compensating
solenoid would be placed upstream. 

Fig. 9: Details of the PANDA insertion with extra space
left  for  experimental  equipment.  Solenoid
(yellow)  and  analyzing  dipole  (big  blue  one)
belong  to  the  experiment.  A  compensation
solenoid can be placed upstream, further dipole
magnets for the orbit chicane (small blue ones)
are also shown.

Outlook
The successful completion of  the Technical  Report  has
been a first and important milestone on the road towards
the HESR. It confirmed that there are no insurmountable
obstacles  on  the  way  to  its  realization.  But  the

investigations  also  clarified  that  significant  R&D work
lies ahead as many of the systems needed for operation
have no precedent. 

This  concerns  especially  the  electron  cooling  system
where  present  computer  programs  have  not  matured
enough. To fill this gap a prototype with 2 MV would be
the ideal testing ground and COSY the ideal machine to
get  realistic  data  in  that  important  field.  The  internal
targets of COSY and specifically the future pellet target
would give reliable information on target-heating/beam-
cooling  interaction  and  pave  the  way  for  an  optimal
design for the HESR.

Fig. 49:Details of the PANDA insertion with extra space
left for experimental equipment. Solenoid (yel-
low) and analyzing dipole (big blue one) belong
to the experiment. A compensation solenoid
can be placed upstream, further dipole magnets
for the orbit chicane (small blue ones) are also
shown.

6.2 The PANDA Experiment

A major component of the approved Facility for An-
tiproton and Ion Research (FAIR) at the GSI in Darm-
stadt is the High Energy Storage Ring (HESR) with the
PANDA (Proton ANtiproton Detector Array) experiment.
HESR will provide an unsurpassed high intensity, phase
space cooled antiproton beam with momenta up to 15
GeV/c which allows the detailed study of both the struc-
ture of hadrons in the charmonium mass range and the
spectroscopy of double hyper nuclei. To serve this wide
physics program the general purpose PANDA detector is
planned.

Fig. 50:Schematic view of the general purpose PANDA
detector.

Figure50shows a schematic overview of the PANDA de-
tector. It is divided into two main parts, the central spec-
trometer directly around the target station and the forward
spectrometer to measure particles emitted at small polar
angles in this fixed target kinematics. The overall length
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of the detector is 12 m.
The innermost subdetector of the central spectrometer is
a micro vertex detector for precise tracking information.
It is surrounded by the central tracker built either of straw
tubes (STT) or a time projection chamber (TPC) in the
barrel part, and a set of mini drift chambers (MDC) in
the forward direction. For particle identification two ring
imaging Cherenkov counters are foreseen. They are sur-
rounded by a compact electromagnetic calorimeter made
out of PbWO4 crystals. This system is situated in a 2 T
solenoidal magnetic field. The return yoke of the magnet
is covered with muon detectors.
The forward spectrometer consists of a 2 T·m dipole mag-
net with a set of multiwire drift chambers (MuDC) for
tracking, a RICH detector for particle identification, elec-
tromagnetic and hadronic calorimeters for charged and
neutral particles and a layer of myon counters at the end
of the calorimeter.
The activities of the IKP for the PANDA detector are fo-
cused in three parts:

• the micro vertex detector

• the straw tube tracker

• the simulation of the tracking detectors

6.2.1 Micro Vertex Detector

The Micro Vertex Detector (MVD) plays a major role
in the PANDA experiment to identify open charm and
strangeness by detecting secondary decays of particles
displaced from the primary interaction point. These
decay lengths range from several 10µm for charmed
mesons and baryons up to several cm for strange hadrons.
To efficiently track the ionizing particles in the solenoidal
magnetic field of the detector five sensitive layers are
foreseen. Due to the high occupancy and the radiation
dose close to the interaction point at least the innermost
layers have to be pixel detectors. For the outer layers
strip detectors could be used which have the advantages
that they are thinner and have fewer readout channels.
Several different technologies could be used for the ba-
sic detector component of the MVD. The first question
is whether to use monolithic pixel detectors where the
sensor and the first amplification stage are on one sub-
strate or hybrid pixel module where the sensor and the
electronics are on separate substrates. Monolithic pixel
detectors offer the advantage of a high spatial resolution
below 10µm, low power consumption and a low mate-
rial budget, but their time resolution and radiation hard-
ness are currently not sufficient for the PANDA experi-
ment. Therefore the PANDA collaboration concentrates
on the development of a hybrid pixel detector. The first
option here is to modify one of the pixel detector con-
cepts developed in the last years by the ATLAS or the
CMS collaboration which are close enough to the require-
ments of the PANDA experiment. The second option is a
complete new design of at least the front-end-electronics

which would lead to an optimum matching between elec-
tronics and requirements but is very time and manpower
consuming. Thus it is not the baseline solution for the
PANDA MVD.
Therefore, the main task of the IKP in the next year is the
evaluation of the ATLAS and CMS front-end electronics
in terms of the strict requirements of the PANDA detector
and a design of a full micro vertex detector based on one
of these solutions.
For a first start of a realistic design of the MVD a module
with eight to sixteen ATLAS front-end chips were taken
which have 25,000 to 50,000 pixel cells with a size of
50× 400µm2. Figure51 shows a schematic view of the
MVD design without the five forward disks. The three in-
nermost barrel layers consist of 70 of the described mod-
ules with radii of 1 cm, 2 cm and 4 cm around the beam
axis. The barrel part of the MVD is accomplished by two
additional layers of strip detectors to get at least four to
five track points per charged particle flying through the
MVD. In the forward direction two disks out of pixel
detectors and three disks out of strip detectors measure
the particles with low transverse momentum. The pixel
part is already equipped with a liquid cooling system
and a lightweight carbon support structure which can be
opened to two half-shells for mounting. The cooling and
support structure for the strip part of the detector is still
missing in this design.
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Fig. 51: Schematic view of the micro vertex detector
(without the forward disk section)

6.2.2 Straw Tube Tracker

The main tracking element of the Panda spectrometer is
the Central Tracker (CT). It will occupy a region inside
the superconducting solenoid starting at a radial distance
of 15 cm from the beam line, up to 42 cm. Along the
beam (z) this region extends from 40 cm upstream to
110 cm downstream of the target.
Two different detector technologies are under investiga-
tion for the CT: as the baseline option a straw tube tracker
(STT) and as an alternative a time projection chamber
(TPC) with a GEM readout structure.
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With the experience gained by the TOF experiment at
COSY the IKP is one of the main contributors to the first
option, the straw tube tracker. It will consist of 11 double-
layers of 150 cm long straw tubes which are able to han-
dle the high rate of 107 events per second with a multi-
plicity of 4–6 charged particles per event with a spatial
resolution of 150µm in bothx andy directions. In the
baseline design of the straw tube tracker it is foreseen to
achieve the requiredz-resolution of several mm by tilt-
ing the different layers by 2◦ to 3◦ towards each other
like it is done in the WASA experiment. Unfortunately,
there are several serious drawbacks to this scheme. First
of all, the geometry of skewed layers is rather compli-
cated which leads to geometrical inefficiencies at the end
of the tubes. Secondly, the tracker needs a massive side
support. Thirdly, the reconstruction of thez-coordinate is
complicated posing a difficulty for the online triggering.
An alternative option is the use of charge division and/or
time difference techniques. These methods use preampli-
fiers at both ends of the straws which allows to calculate
the z-coordinate of the track by the amplitude ratio be-
tween the two signals. This gives a fast track informa-
tion which is very important for the online triggering, al-
lowing a homogeneous detector layout without any holes
in the acceptance and can be self supporting without the
need of a massive side support.
A first prototype of a straw tube with double sided read-
out is under construction in Jülich (Fig.52) and first stud-
ies about the achievablez-resolution are on its way.

Fig. 52:A photograph of the first 1.5 m straw tube proto-
type with double sided readout

6.2.3 Simulation

The main purpose of Monte Carlo simulations of the de-
tector is to check whether the proposed detector can ful-
fill the physics requirements. Comparisons between some

detector configurations should give a rough indication for
an ideal detector design. Therefore, several benchmark
channels were selected which cover the most relevant
physics topics.
One of the main topics is the precise charmonium spec-
troscopy where the tracking detectors play an essential
role in the detection of an open charm production. Thus
the two physics channels

pp→ ψ(3770)→ DD

pp→ ψ(4040)→ D∗−D∗+

were selected as benchmark channels for the tracking de-
tectors.
For the first channel the decay of theD± → K∓π±π±
was chosen for further analysis, because it can be re-
constructed using only the tracking and PID informa-
tion. The D meson has a relatively long lifetime of
cτ = 311.8µm therefore the detection of a displaced de-
cay vertex by the MVD is the most selective condition in
this analysis.
As a result of this analysis the invariant mass distribution
of theΨ(3770) was reconstructed from 50 000 simulated
events without background (Fig.53). A Gaussian fit to
the distribution gives the mass resolution of the STT plus
the MVD with the excellent value of 10 MeV/c2. The
achievable signal to background ratio is calculated to be
on the order of three.
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Fig. 53: Invariant mass distribution for simulatedDD
candidate events from the decay of theΨ(3770).

In the second channel the D∗± decays by 67.7% into a D0

and aπ±. These pions have very low transverse momen-
tum, thus their registration is based only on the forward
part of the MVD. In addition the D0 only has a lifetime
of cτ = 123µm which imposes specially high demands
on the secondary vertex detection ability of the MVD.
Figure 54 shows the invariant mass difference between
the reconstructed D∗+ and D0 meson candidates which
shows the ability of the MVD to reconstruct the slow pi-
ons with a high accuracy. Together with the straw tube
tracker an invariant mass resolution of 19 MeV/c2 can be
achieved for the fully reconstructedΨ(4040) .
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Fig. 54: The difference between the invariant masses of
D∗+ and D0 mesons. This difference is propor-
tional to the momentum resolution of the MVD
for the slow pions from D∗ decays.

6.2.4 PANDA-Meeting in Jülich

The last PANDA collaboration meeting in 2004 took
place in J̈ulich (November, 29 – December, 1). With more
than 150 participants, it was the biggest PANDA collab-
oration meeting to date. The collaboration meeting was
dominated by the preparations for the Technical Progress
Report which was submitted in January 2005. With about
400 pages, the report will be the guideline for the devel-
opment of the PANDA detector within the next few years.

6.3 QCD Physics with Polarized Antipro-
tons at GSI

The possibility to test the nucleon structure via dou-
ble spin asymmetries in polarized proton-antiproton reac-
tions at the HESR ring of FAIR at GSI has been suggested
by the PAX collaboration last year. Since then, there has
been much progress, both in understanding the physics
potential of such an experiment and in studying the
feasibility of efficiently producing polarized antiprotons
(http://lanl.arXiv.org/abs/hep-ex/0412063). The physics
program of such a facility would extend to a new domain
the exceptionally fruitful studies of the nucleon structure
performed in unpolarized and polarized deep inelastic
scattering (DIS), which have been at the center of high
energy physics during the past four decades. It suffices to
mention the unique possibility of a direct measurement
of the transversity distribution functionh1, one of the last
missing fundamental pieces in the QCD description of the
nucleon. In the available kinematic domain of the pro-
posed experiment, which covers the valence region, the
Drell-Yan double transverse spin asymmetry was recently
predicted to be as large as 30%. Other novel tests of QCD
at such a facility include the polarized elastic hard scat-
tering of antiprotons on protons and the measurement of
the phases of the time-like form factors of the proton. A
viable practical scheme which allows us to reach a polar-
ization of the stored antiprotons at HESR-FAIR of' 30%

has been worked out. The basic approach to polarizing
and storing antiprotons at HESR-FAIR is based on solid
QED calculations of the spin transfer from electrons to
antiprotons, which is being routinely used at Jefferson
Laboratory for the electromagnetic form factor separa-
tion, and which has been tested and confirmed experi-
mentally in the FILTEX experiment at TSR-Heidelberg.
The PAX collaboration proposes an approach that is com-
posed of two phases. During these the major milestones
of the project can be tested and optimized before the fi-
nal goal is approached: APolarized Antiproton-Proton
Asymmetric Collider , in which polarized protons with
momenta of about 3.5 GeV/c collide with polarized an-
tiprotons with momenta up to 15 GeV/c. These circulate
in the HESR, which has already been approved and will
serve the PANDA experiment. The overall machine setup
at the HESR is schematically depicted in Fig.55:

p Injector
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PANDA
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Fig. 55:The proposed accelerator set-up at the HESR (black),
with the equipment used by the PAX collaboration in
Phase I: CSR (green), AP, beam transfer lines and
polarized proton injector (all blue). In Phase II, by
adding two transfer lines (red), an asymmetric collider
is set up. It should be noted that, in this phase, also
fixed target operation at PAX is possible.

1. An Antiproton Polarizer (AP) built inside the
HESR area with the crucial goal of polarizing an-
tiprotons at kinetic energies around≈ 50 MeV
(p ≈ 300 MeV/c), to be accelerated and injected
into the other rings.

2. A second Cooler Synchrotron Ring (CSR, COSY-
like) in which protons or antiprotons can be stored
with a momentum up to 3.5 GeV/c. This ring shall
have a straight section, where a PAX detector could
be installed, running parallel to the experimental
straight section of HESR.

3. By deflection of the HESR beam into the straight
section of the CSR, both the collider or the fixed-
target mode become feasible.

It is worthwhile to stress that, through the employment of
the CSR, effectively a second interaction point is formed
with minimum interference with PANDA. The proposed
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solution opens up the possibility to run two different ex-
periments at the same time. The physics program should
be pursued in two different phases.

Phase I A beam of unpolarized or polarized antiprotons
with momentum up to 3.5 GeV/c in the CSR ring, col-
liding on a polarized hydrogen target in the PAX detec-
tor. This phase is independent of the HESR performance.
This first phase, at moderately high energy, will allow
for the first time the measurement of the time-like proton
form factors in single and double polarized ¯pp interac-
tions in a wide kinematical range, from close to threshold
up toQ2 = 8.5 GeV2. It would enable to determine sev-
eral double spin asymmetries in elastic ¯p↑p↑ scattering.
By detecting back scattered antiprotons one can also ex-
plore hard scattering regions of larget: In proton-proton
scattering the same region oft requires twice the energy.
There are no competing facilities at which these topical
issues can be addressed.

Phase II This phase will allow the first ever direct mea-
surement of the quark transversity distributionh1, by
measuring the double transverse spin asymmetryATT

in Drell-Yan processesp↑ p̄↑ → e+e−X as a function of
Bjorkenx andQ2 (= M2)

ATT ≡
dσ↑↑−dσ↑↓

dσ↑↑+dσ↑↓
= âTT

∑qe2
qhq

1(x1,M2)hq
1(x2,M2)

∑qe2
qq(x1,M2)q(x2,M2)

,

whereq= u,u,d,d . . ., M is the invariant mass of the lep-
ton pair and ˆaTT, of the order of one, is the calculable
double-spin asymmetry of the QED elementary process
qq→ e+e−. Two possible scenarios might be foreseen to
perform the measurement:
(a) Asymmetric Collider: A beam of polarized antipro-
tons from 1.5 GeV/c up to 15 GeV/c circulating in the
HESR, colliding on a beam of polarized protons with
momenta up to 3.5 GeV/c circulating in the CSR. This
scenario however requires to demonstrate that a suitable
luminosity is reachable. Deflection of the HESR beam to
the PAX detector in the CSR is necessary (see Fig.55).
By proper variation of the energy of the two collid-
ing beams, this setup would allow a measurement of
the transversity distributionh1 in the valence region of
x > 0.05, with correspondingQ2 = 4. . .100 GeV2. ATT

is predicted to be larger than 20% over the full kinematic
range, up to the highest reachable center-of-mass energy
of
√

s∼
√

200. The cross section is large as well: With a
luminosity of 5·1030 cm−2s−1 about 2000 events per day
can be expected. A first estimate indicates that in the col-
lider mode luminosities in excess of 1030 cm−2s−1 could
be reached. (We are presently evaluating the influence of
intra-beam scattering, which seems to be one of the lim-
iting factors.) For the transversity distributionh1, such
an experiment can be considered as the analogue of po-
larized DIS for the determination of the helicity structure
functiong1, i.e. of the helicity distribution∆q(x,Q2); the

kinematical coverage(x,Q2) will be similar to that of the
HERMES experiment.
(b) High luminosity fixed target experiment: If the re-
quired luminosity in the collider mode is not achievable,
a fixed target experiment can be conducted. A beam of
22 GeV/c (15 GeV/c) polarized antiprotons circulating in
the HESR is used to collide with a polarized internal hy-
drogen target. Also this scenario requires the deflection
of the HESR beam to the PAX detector in the CSR (see
Fig. 55).
A theoretical discussion of the significance of the
measurement ofATT for a 22 GeV/c (15 GeV/c)
beam impinging on a fixed target is given in
http://lanl.arXiv.org/abs/hep-ex/0412063. The theoreti-
cal work on theK-factors for the transversity determina-
tion is in progress. This measurement will explore the va-
lence region ofx > 0.2, with correspondingQ2 = 4. . .16
GeV2. In this regionATT is predicted to be large (of
the order of 30%, or more) and the expected number of
events can be of the order of 2000 per day.
To summarize, we note that the storage of polarized an-
tiprotons at HESR will open unique possibilities to test
QCD in hitherto unexplored domains. This will provide
another cornerstone to the antiproton program at FAIR.
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7 Technical Developments

7.1 Targets

7.1.1 Polarized Internal Target for ANKE

The polarized hydrogen and deuterium atomic beam
source (ABS), which will feed the storage-cell gas target
of the spectrometer ANKE, and the Lamb-shift polarime-
ter (LSP), which will be used to measure the nuclear tar-
get polarization, are ready for installation at the new tar-
get chamber of ANKE. A computer-controlled position-
ing device will allow us to install target cells and to cen-
ter them onto the COSY-beam axis. Prior to the transfer,
an essential improvement of the LSP has been made by
the installation of a non-evaporable getter (NEG) pump
around the ionization volume of the ionizer, leading to
an appreciable reduction of the background in the ion
beam. All infrastructure components, developed in coop-
eration with Zentralabteilung Allgemeine Technologie of
FZJ, and the slow control system of ABS and LSP, devel-
oped with Zentralinstitut f̈ur Elektronik of FZJ, are avail-
able. ABS and LSP have been transfered to the “LKW-
Schleuse”, a separate area within the COSY hall outside
the accelerator tunnel. Figure56 shows the assembly
there.

Fig. 56:The experimental setup in the “LKW-Schleuse”
of the COSY hall: The ABS (vertical) in its hor-
izontal support bridge, the LSP (horizontal) in
the lower support system, and the ISTC chamber
underneath the ABS. On the right-hand side the
movable platform (green) with the supply units
for ABS and LSP is shown.

The vertical ABS is mounted in the new horizontal frame,
which is carried by two support posts. The LSP is hor-
izontally mounted in a support, which allows one to
change the height. In the lower position, with the ion-
izer mounted vertically and followed by a 90◦ deflector,
the direct beam from the ABS can be studied, whereas
in the higher position, with the ionizer mounted horizon-
tally, investigations of gas samples extracted from test
cells fed by the ABS become possible. All the sup-
ply units are assembled on a moveable platform. Thus,

a few crane movements only are needed to transfer the
ABS in its support bridge, LSP, and supply units to and
from the ANKE target place. Between the beam-times,
where ABS and LSP are used at ANKE, these instru-
ments are employed in the “LKW-Schleuse” combined
with an additional device, developed at the St. Peters-
burg Nuclear Physics Institute (PNPI) in Gatchina in the
framework of an International-Science-and-Technology-
Center (ISTC) project. This worldwide unique combina-
tion of ABS, the PNPI chamber with exchangeable test
cells in a strong magnetic field produced by a supercon-
ducting magnet, and the LSP for polarization analysis,
will allow hitherto inaccessible studies of the recombina-
tion process of polarized hydrogen or deuterium atoms on
various wall materials as function of the wall temperature
and of the nuclear polarization maintained in the recom-
bined molecules.

7.1.2 The Frozen Pellet Target

The assembly of the Moscow-Jülich pellet target —
which will allow for experiments at internal target sta-
tions with highest luminosities up to few 1032 cm−2s−1

— has been finalized. It is located in a dedicated test
stand in the COSY accelerator hall. During 15 test runs
in 2001 – 2004 reliable production of pellets from H2 and
N2 has been demonstrated over periods of several days.
Other target materials like D2, N2, Ar and Xe can also be
used.
In a pellet target a continuous flow of droplets is gener-
ated by injecting a liquefied gas through a thin vibrating
nozzle into a triple-point chamber (TPC), where temper-
atures and pressures close to TP conditions for the partic-
ular target material are maintained (e.g.about 14 K / 100
mbar for H2 or 83 K / 800 mbar for Ar). The diameter
of the droplets and, finally, of the frozen pellets can be
adjusted by changing the nozzle diameter and/or the jet
velocity.
During the test runs, nozzles of different materials have
been used. All of them have been produced and tested
at the Institute for Theoretical and Experimental Physics
in Moscow. The first nozzle type with diameters 20 –
50 µm is made of stainless steel. The second, shown in
Fig. 57, with diameters 10 – 40µm comprises capillar-
ies from quartz glass which are glued into brass housings.
With both nozzle types stable droplet production has been
achieved, the pellet sizes are slightly larger than the noz-
zle diameters,e.g. 15 – 50µm for the glass/brass type.
The jet velocities are roughly two times smaller when us-
ing steel nozzles.
When the droplets pass through a sluice (length∼5 cm,
inner diameter∼0.6 mm) into the accelerator vacuum
they are further cooled by surface evaporation, thus pro-
ducing the frozen pellets. Figure58 shows a video-
camera image (obtained with stroboscope illumination)
of nitrogen pellets just behind this sluice. The diameter
of the pellets is∼30µm, the nozzle for droplet production
has a diameter of∼17 µm. Systematic tests showed that
the size and frequency stability of the pellets is not worse
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Fig. 57:Nozzles from quartz glass and brass for droplet
production.

than 10%. For 2005 it is planned to prepare the target
for installation at COSY in order to perform systematic
investigations of beam-target interactions.

Fig. 58:Photo of Nitrogen pellets with ø∼30 µm leaving
the sluice behind the triple-point chamber (TPC)
into high vacuum.

7.1.3 Polarized Target for COSY-TOF

In the near future, it is planned to measure the spin corre-
lation coefficientAxx at COSY to determine the parity of
the Θ+ from the reaction~p~p→ Σ+Θ+ near the produc-
tion threshold. The measurement ofAxx requires trans-
verse polarized protons in the initial state provided by a
polarized beam and a polarized target, respectively. There
can be significant technical problems in the use of a po-
larized target for the proposed experiment. To detect the
charged particles of the nominal process exiting the tar-
get with a reasonable efficiency, the first detector compo-
nents must be placed as close as possible to the interac-
tion vertex, which limits the outer diameter of the target
refrigerator. In order to achieve the necessary statistical
precision, one must have a reasonably thick target with
a high polarization. The target material should also be
resistant to localized beam heating and radiation damage
to avoid depolarizing the sample unevenly, particularly in
the region of the beam.
To obtain a reasonable count rates in the case of a lim-
ited beam intensity, a wide opening angle with the abil-

ity to place detector components as close as possible to
the target material is needed. This can be achieved with
the concept of the frozen spin target. A reliable tech-
nique has been demonstrated by the Bonn-Bochum Po-
larized Target group with the PS185 experiment where
the spin-transfer parameterDnn in hyperon production
(p̄p↑→ ΛΛ̄) was measured at the antiproton accelerator
LEAR (CERN) in 1996. A maximum proton polarization
of about±70% has been reached in a polarizing field of
2.5 T, typical relaxation times ofτ ∼ 100 h led to an av-
erage polarization magnitude over the entire data taking
period of about 62%.
Both experiments, the planned parity measurement of
the Θ+ at COSY and theDnn-measurement at PS185/3,
are comparable in various demands and it is proposed
to combine the existing frozen spin target used at the
PS185/3 experiment with a new TOF-start counter setup.
However, with respect to the special boundary conditions
of the experimental area at COSY and the TOF-detector
as well as the experimental requirements of the scatter-
ing observable, the target has to be partially modified and
adapted to the detector setup.
The mechanical structure containing the main target com-
ponents like the dilution refrigerator and the supercon-
ducting polarization magnet, placed in front of the TOF-
detector arrangement has to be renewed. The second
main modification on the target system concerns the tar-
get material itself. To get a reasonable luminosity and
a high acceptance for the reconstruction of the nominal
process, the beam intensity has to be maximized and the
beam spot on the production target to be minimized. We
aim at an intensity of 107 protons/s at a beam spot of
about 1 mm2. The preparation of the material and mea-
surements of the polarization behavior will be done at
the Bochum polarized target laboratory. In the meantime,
the complete target setup is being installed and tested at
Bonn University. As soon as all components including
the target material are running with the expected parame-
ters (high polarization and long relaxation times) the sys-
tem will be moved to the IKP and installed at the TOF
experimental area at COSY. A schematic view of the new
setup is shown in Fig.59.

Fig. 59: The new COSY-TOF setup which will include
the polarized target.
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7.2 Achievements of the Laboratory for
Semiconductor Detectors

7.2.1 Introduction

Semiconductor detectors play an indispensable role in
physics due to their outstanding characteristics. This in-
cludes small size, and high energy- and spatial resolution.
Their biggest drawback is that it is hard to find depend-
able suppliers especially in constraining situations that
demand specific stopping capability, high granularity, and
very good energy resolution.
As in many cases the feasibility of experiments hinges on
the availability of an appropriate detector the only way
out is to have a detector laboratory that is capable to man-
ufacture custom made detectors. The IKP has been for a
long time in the favorable situation to draw on the ex-
pertise and excellence of its detector laboratory that has
been accumulating for decades the know-how that en-
ables them to provide tailor made solutions to otherwise
unsolvable problems. This ability has won them world-
wide recognition and quite a few world-class laborato-
ries (e.g. GSI, Lawrence Livermore National Laboratory
(LLNL), Naval Research Laboratory) have asked for help
to obtain custom made detectors with attached electronic
modules for preprocessing the signals.

7.2.2 ANKE and Si(Li) detectors

For the ANKE vertex group three additional Si(Li) de-
tectors were built. The detectors with an active area of
64 mm× 64 mm possess a thickness of 5.1 mm. Position
resolution is given through an electrode structure of 96
strips on the front- and, arranged orthogonally, 96 strips
on the backside. Support was given in mounting, gluing
and bonding.
The development of 10 mm thick detectors has been
initiated. One of the 10 mm thick Si(Li) orthogonal-
strip detectors is now being used as the scatter detec-
tor of the Compact Si+Ge Compton Camera at LLNL,
is shown in Fig.60. Energy resolutions [FWHM] be-
tween 1.5 and 2.0 keV have been achieved at LN2-
temperature when operating all channels. By combin-
ing two-dimensionally segmented semiconductor detec-
tors such as Si, Ge or CdZnTe with pulse-shape process-
ing one can obtain three-dimensional position informa-
tion of interactions to an accuracy of about 0.5 mm in all
three dimensions at 122 keV with a “pixel” size of 2 mm
× 2 mm.

7.2.3 GEM and Ge-detectors

The unique Germanium Wall, a highly granular germa-
nium telescope having a 1.8 mm thick “Quirl” with 200
spirals on the front and 200 spirals on the back and three
17 mm thick segmented germanium disks has been suc-
cessfully regenerated by removing any detrimental radia-
tion damage before using it in two runs in 2004.
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contacts (a-Ge contacts) has been utilized. Detectors were
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Outlook
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detectors. A 20 mm thick diode with a diameter of 102

Fig. 60: The Si(Li) detector (9.7 mm thick) mounted in
the LLNL holder.

Two-dimensional Ge-strip detectors with their inherent
advantages concerning spectroscopy and imaging capa-
bilities as well as polarization sensitivity are central for
precision X-ray spectroscopy of highly charged heavy
ions at GSI-Darmstadt. To manufacture them a newly
developed method for producing position sensitive struc-
tures on germanium detectors having amorphous Ge con-
tacts (a-Ge contacts) has been utilized. Detectors were
successfully used at GSI for the spectroscopy of atomic
transitions in the hard X-ray regime above 15 keV and for
polarization studies. For the first prototype a germanium
diode (70 mm× 41 mm, 11 mm thick) with 128 strips
of boron implanted p+-contacts on the junction side and
a blocking a-Ge contact of 48 strips on the other side was
prepared. The detector is mounted in a cryostat, which
allows any orientation of the detector with respect to a
photon source even if the dewar is full. A view of the
detector holder and the connection to the preamplifiers
placed outside the vacuum system is shown in Fig.61.
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7.2.4 Outlook

Efforts are underway to raise the thickness of Si(Li) de-
tectors. A 20 mm thick diode with a diameter of 102 mm
is in the process of being drifted. Meanwhile more than
half of the thickness has already been Li-compensated.
Driftable material with diameters of 5 to 6 inches seems
to become available soon and would open new applica-
tions for this kind of detectors.
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P. Wüstner, W. Zipper
Eur. Phys. J. A20 (2004) 345

9. Energy dependence of theΛ/Σ◦ production cross section ratio in p-p interactions
P. Kowina, M. Wolke, H.H. Adam, A. Budzanowski, R. Czyżykiewicz, D. Grzonka, J. Haidenbauer, M. Janusz,
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Phys. Rev. Lett.93 (2004) 263401

19. Observations of cold antihydrogen
J.N. Tan, N.S. Bowden, G. Gabrielse, P. Oxley, A. Speck, C.H. Storry, M. Wessels, D. Grzonka, W. Oelert, G. Schep-
ers, T. Sefzick, J. Walz, H. Pittner, T.W. Hänsch, E.A. Hessels
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D Beam Time at COSY 2004

Date Experiment Duration Reaction
16.01.04–09.02.04 ANKE 3 weeks pp→ppφ

13.02.–08.03. ANKE 3 weeks pn→da0/f0
08.03.–16.03. ANKE 1 week pA→Θ+X
09.03.–29.03. ENSTAR 1 week detector tests
02.04.–19.04. TOF 2 weeks ~pp→ppω
23.04.–03.05. SPIN@COSY 1 week spin manipulation
21.05.–07.06. PISA 2 weeks pA→spallation
25.06.–19.07. HIRES 3 weeks pp→pK+Λ
19.07.–04.08. JESSICA 2 weeks pA→spallation
06.08.–30.08. COSY-11 3 weeks pn→pnη′
03.09.–13.09. JESSICA 1 week pA→spallation
17.09.–27.09. TRIC 1 week ~pp→pp
15.10.–29.11. TOF 6 weeks pp→pK0Σ+

03.12.–13.12. GEM 1 week ~dd→4Heη
13.12.–20.12. SPIN@COSY 1 week spin manipulation

Total ’04 31 weeks
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E Contents of the Attached CD

1. This report as pdf file

2. Detailed reports for the Annual Report 2004

• φ-meson production inppcollisions close to threshold

• φ-meson production inpncollisions

• Investigation of thea0(980)/ f0(980) resonances inppandpn interactions with ANKE

• The reactionpp→ dπ+η at ANKE

• K−α scattering length, the problem ofK−-helium bound states and the reactiondd→ αK+K−

• Evidence of an excited hyperon state inpp→ pK+Y0∗

• Deuteron polarimetry at ANKE

• Cell tests at ANKE

• A new GEANT4 based simulation framework for ANKE

• Drift chamber with a C-shaped frame

• A method to disentangle single meson and multi-pion production rates in the missing mass spectra of the quasi-free
pn→ pnX reactions

• Bremsstrahlung radiation in the Deuteron-Proton Collision

• Two-proton correlation function for thepp→ ppη reaction

• The analysis status of the~pp→ ppη reaction atQ = 10 MeV

• Status of the analysis of thepn→ pnη reaction

• Determination of the COSY beam polarization by means of the COSY-11 setup

• Development of the COSY-11 simulation program for the study of thedp→ dpη reaction

• Investigation of thepd→ 3Heη′ production at COSY-11

• Energy and momentum resolution of the COSY-11 neutron detector

• Excitation function of thepp→ ppK+K− reaction near threshold

• Study of the reactionnp→ ppπ− for excess energies< 100 MeV above threshold

• Simulation of the detection efficiency ofpK◦Σ+ with a polarized target at COSY-TOF

• Detection of theη signal in the missing mass spectrum ofpp→ ppX

• The analysis framework TOFROOT for online and offline analysis

• Resolution and efficiency of the straw tube tracker for COSY-TOF

• The pn-reaction studies via FSI

• Evaporation of composite particles from the spallation of Au by energetic protons

• Preequilibrium mechanism of the spallation of Au by energetic protons

• Isoptope Identification with Hybrid BCD-Si Telescope

• Detailed studies on a cryogenic methane-hydrate moderator

• Discrepancies between simulation and experiment due to total reflected neutrons

• Comparison of the wavelength dependent time-of-flight spectra of Methane, Methan-Hydrate and Ice atT = 20 K
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• Simulations for production of mesons via quasi-free proton-neutron scattering at the WASA 4π-detector

• Investigation of theη′-proton interaction at the COSY-11 and WASA-at-COSY facilities

• Detection possibilities of the quasi-freepn→ pnη′ reaction at the WASA detector

• Simulation of the reactionpp→ dπ+η for WASA

• Usability of permanent magnets as Ioffe trap at ATRAP

• Charged particle cloud in a combined Penning/Ioffe trap

• High resolution spectroscopy of theKβ transition in muonic hydrogen

• The resolution function of a Bragg spectrometer at pionic hydrogen energies

• Study of the breathing mode of the nucleon in high energy proton-proton scattering

• Hyperon-nucleon interaction in chiral effective field theory

• Accuracy test of FSI approaches for extracting scattering lengths

• New results on the limit for the with of the exoticΘ+(1540) resonance

• Analysis ofΘ+(1540) production inK+-Xe collisions

• Some aspects ofΘ parity determination in the reactionγN→ Θ+K̄ → NKK̄

• Consistent analysis of the reactionsγp→ pη′ andpp→ ppη′

• Bounds on boundη3He system

• Flatt́e-like distributions and thea0(980)/ f0(980) mesons

• Spectrum and decays of kaonic hydrogen

• Partial-wave analysis for~p~p→ ppπ◦

• ω Production inppCollisions

• Infrared regularization for spin-1 fields

• Orthonormalization procedure for chiral effective nuclear field theory

• Baryon masses in cut-off regularized chiral perturbation theory and application to lattice results

• Chiral extrapolations of baryon masses for unquenched three-flavor lattice simulations

• High precision calculation of the two-nucleon system in chiral effective field theory

• Isospin dependence of the three-nucleon force

• Universal properties of the four-nucleon system

• Universal properties of the four-boson system with short-range interactions

• The four-boson system with short-range interactions in two dimensions

• Nucleon-nucleon potential in finite nuclei

• Ultraperipheral collisions at relativistic heavy ion collisiders and production of QED pairs at RHIC

• Recent developments in electromagnetic dissociation with fast heavy ions

• Effective-range approach and scaling laws for electromagnetic strength in neutron halo nuclei

• The Trojan-horse method: Investigation of the threshold region

• Near threshold enhancement of thepp̄ mass spectrum inJ/Ψ decay

• Radiative tritiumβ-decay and the neutrino mass
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• Radiative neutronβ-decay in effective field theory

• SPIN@ COSY: Spin manipulation of vector and tensor polarized beams stored in COSY

• Characteristic features of electron cooling at COSY

• Influence of electron beam neutralization on the stability of electron-cooled ion beams

• Stable longitudinal collective modes in an intense electron cooled proton beam

• Luminosity considerations for internal and external experiments at COSY

• Beam profile measurements by light radiation of exited gas atoms

• Modern acceleration cavities for particle rings

• Magnets alignment and new installations

• Synchronisation of function generators at COSY

• Overheating protection and monitoring system for the electromagnetic extraction septum

• Operation of the injector cyclotron and the ion sources at COSY-Jülich

• Velocity measurements of the pulsed atomic hydrogen beam of the COSY polarized ion source

• Magnetic spectrograph BIG KARL

• Radiation protection

• Pulsed operation of the superconducting HWRs

• Warm measurements of the superconducting half-wave resonators

• Cold measurements of the superconducting half-wave resonators

• Study of strangeness-2 baryonic states at FLAIR

• The design of the micro-vertex detector for the PANDA experiment

• R&D work (2005–2008) for the high-energy storage ring

• Polarized Beams in the High-Energy Storage Ring

• Perturbation of the HESR lattice due to the Electron Cooling Insertion

• Studies of the effect of longitudinal impedances on the HESR

• Radiation protection at HESR

• First polarization measurement of hydrogen atoms effusing from a storage cell into the Lamb-shift polarimeter and
the removal of the components of the polarized target to COSY

• Observation of hydrogen and nitrogen pellets at the ANKE pellet target

• Polarized target for the COSY-TOF detector

• Gold fingers cryogenic target for external COSY experiments

• Residual gas analysis in the TOF high vacuum tank

• Studies for an external cryotarget for WASA at COSY

• Laboratory for semiconductor detectors

• Two-dimensional microstrip germanium detector for X-ray spectroscopy of highly-charged heavy ions

• Large-volume Si(Li) orthogonal-strip detectors for Compton-effect-based instruments

• Electronics laboratory

• ZEL-IKP developments for detection systems

3. Chronicle of the IKP (prepared by Otto W.B. Schult)
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