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Next generation hadron storage rings are seeking for highest intensity/luminosity, degree of po-
larization and precision. Advanced beam- and spin dynamics simulations are key tools to reach
the required performance. In this paper the performance, upgrade plans and future perspectives
of several medium-energy storage ring projects are discussed.
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1. Introduction

Hadron storage rings are used world-wide for various research topics and scientific applica-
tions (e.g., exploration of QCD physics in a wide energy range). Several medium-energy storage
rings are either proposed, shortly before start of construction or successfully operated. The project
status of the Facility for Antiproton and Ion Research (FAIR) and the High-Energy Storage Ring
(HESR) is discussed, together with future Collider upgrade options of the HESR. Furthermore, the
upgrade program for the Cooler Synchrotron COSY and perspectives for high-precision measure-
ments of charged particle EDMs (electric dipole moment) in storage rings at Jülich are presented.

2. Facility for Antiproton and Ion Research

The FAIR Facility will provide antiproton and ion beams with unprecedented intensity and
quality. In the final construction FAIR consists of up to eight accelerator rings, two linear accelera-
tors and various beam transport lines [1]. The planned proton-linac together with the existing GSI
accelerators serve as injector for this new facility. Utilizing the new synchrotron ring SIS100 in-
tense beams of secondary beams - unstable nuclei or antiprotons - can be produced. Several cooler
storage rings substantially increase the quality of these secondary beams in terms of energy spread
and emittance. The Modularized Start Version is a stepwise approach to the realization of FAIR
(see Fig. 1) [2] .

Figure 1: FAIR Modularized Start Version. Modules 0 to 3 are marked in red, modules 4 and 5 are not
marked in color. On the left hand side of the figure the existing GSI facility is shown.
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It is structured in six modules:

• Module 0: Heavy-Ion Synchrotron SIS100, required for all particle beam species.

• Module 1: Experimental areas: CBM/HADES cave, experimental hall for APPA and detector
calibrations.

• Module 2: Super-FRS for NuSTAR.

• Module 3: Antiproton facility for PANDA, providing further options also for NuSTAR ring
physics.

Modules 4 and 5 are obvious upgrades of the Modularized Start Version. They will further strength-
ening the long-term scientific program of FAIR.

• Module 4: Second cave for NuSTAR, NESR storage ring for NuSTAR and APPA, building
for antimatter program FLAIR.

• Module 5: RESR storage ring for higher beam intensity for PANDA and parallel operation
with NuSTAR.

Presently civil construction for FAIR enters into the realization phase.

3. High-Energy Storage Ring

The HESR (see Fig. 2) is an essential part of the antiproton physics program at FAIR. It will
provide antiprotons in the momentum range from 1.5 to 15 GeV/c for the internal target experi-
ment PANDA [3]. A consortium consisting of FZ Jülich (as leading institution), GSI Darmstadt,
Universität Mainz and ICPE-CA Bucharest is in charge of HESR design and construction. An
important feature of this new facility is the combination of phase space cooled beams and thick
internal targets (e.g., pellet targets) which results in demanding beam parameter requirements for
two operation modes: high luminosity mode with peak luminosities of up to 2 ·1032 cm−2s−1 and
high resolution mode with a beam momentum spread down to 10−5.

3.1 Project Status

Various beam dynamics studies have been performed to guarantee the required equilibrium
beam parameters, beam lifetime and beam stability [4]. Powerful beam cooling is needed to reach
demanding experimental requirements in terms of luminosity and beam quality. The design work
of the HESR is in the final stage and the construction phase can start together with FAIR construc-
tion.

Beam dynamics simulations:
A chromaticity correction scheme has been developed for the HESR and optimized through dy-
namic aperture calculations. The estimated field errors of the HESR dipole and quadrupole mag-
nets have been included in nonlinear beam dynamics studies. The ion optical settings of the HESR
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Figure 2: Schematic view of the HESR. Positions for injection, cooling devices and experimental installa-
tions are indicated. The upper straight is housing electron cooler, stochastic kickers, and space for a future
upgrade. The lower straight contains injection, RF cavities, PANDA with target, and stochastic pickups.

have been improved using dynamic aperture calculations and the technique of frequency map anal-
ysis [5]. The accumulation and clearing of ion trapping in HESR has also been studied in detail
[6]. Positively charged ions are produced by the interaction of the antiproton beam with residual
gas and are continuously trapped in the negative potential well of the circulating antiproton beam.
The removal of ions can be achieved using clearing electrodes and resonant beam shaking together
with a broadband barrier bucket cavity. Comprehensive beam dynamic experiments have been car-
ried out to test the developed momentum cooling models [7]. The interaction of the antiproton
beam with an internal target and the fields of a barrier bucket cavity are included. The accumulator
ring RESR is part of an upgrade program and only the collector ring CR is going to be available
for antiproton collection and beam cooling from the beginning. Therefore a new injection and ac-
cumulation scheme for HESR has been developed utilizing a barrier bucket cavity and stochastic
cooling [8].

Hardware development:
Magnet design of dipole, quadrupole, sextupole and correction dipole magnets has been finalized.
Three-dimensional field calculations have been performed to minimize the multipole components
of the various magnet types [9]. A detailed concept for the vacuum system of the HESR has been
worked out [10].

Accelerator component tests and beam dynamics studies at COSY:
Studies of beam behavior with pellet target, barrier bucket and stochastic cooling have been per-
formed at COSY [7]. Strong mean energy loss induced by the interaction of the beam with an
internal pellet target cannot be compensated by beam cooling alone. To compensate the mean en-
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ergy loss and thus to provide an antiproton beam with a significantly reduced momentum spread, a
broadband barrier bucket cavity will be used in the HESR [11]. Design, production and assembly
of a barrier bucket cavity have been finalized. Meanwhile the barrier bucket cavity is routinely op-
erated in COSY. New high-sensitivity pickups for stochastic beam cooling have been designed and
built for the HESR. They have been successfully tested with COSY beam and have been proven
their predicted performance.

3.2 HESR Upgrade Options

3.2.1 Proton-Antiproton Collider

Two experimental groups (ASSIA and PAX) expressed interest in proton-antiproton spin physics
experiments utilizing the HESR. This requires production of polarized protons in a state-of-the-art
polarized ion-source and advanced techniques to produced polarized antiprotons. For polarized
antiprotons a dedicated Antiproton-Polarizer Ring (AP) with a large acceptance angle is needed
in order to polarize antiprotons to a high polarization degree via the spin-filter method [12]. To
preserve polarization during acceleration additional devices like fast tune-jump quadrupoles and
Siberian snakes have to be implemented into several machines of the acceleration chain. Two dif-
ferent concepts have been worked out to finally collide this two polarized beams, a symmetric and
an asymmetric collider (asymmetric version see Fig. 3) [13, 14]. The expected luminosities for the
proposed collider configurations are ranging from 1 to 6 ·1031 cm−2s−1.

Figure 3: The proposed accelerator setup at the HESR (black), with the equipment used by the PAX collab-
oration: CSR (green), APR, beam transfer lines and polarized proton injector (all blue), two transfer lines
(red), an asymmetric collider is setup (not to scale).

3.2.2 Electron-Nucleon Collider

The feasibility of a polarized Electron-Nucleon Collider (ENC) (see Fig. 4) with a center-
of-mass energy up to 13.5 GeV for luminosities up to 6 · 1032 cm−2s−1 is presently being studied
[15]. The proposed concept integrates the planned 15 GeV/c HESR of the FAIR project for pro-
tons/deuterons and an additional 3 GeV/c electron ring [16]. Beam simulations of cooled beam
equilibria concerning intra-beam scattering and beam-beam interaction have been performed for
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protons and deuterons [17]. For polarized proton/deuteron beams, additional equipment has to be
installed in the HESR and several pre-accelerators of its injection chain to preserve the beam’s
polarization [18]. The concept for a polarized electron booster and storage ring is still under inves-
tigation.

Figure 4: Scheme of ENC at FAIR for electron-proton collisions (not to scale).

4. Cooler Synchrotron COSY

At the cooler synchrotron COSY unpolarized and polarized protons and deuterons are accel-
erated and stored up to a momentum of 3.65 GeV/c. To prepare high precision beams for internal
and external experiments two different techniques for beam cooling are utilized: Electron cooling
to increase phase space density at injection energy by means of stacking injection together with
transverse feedback and stochastic cooling to counteract beam heating of stored ions due to inter-
action with internal targets. Major accelerator upgrades within the next two years will significantly
increase the performance of COSY. Highest precision beams and a significant increase in luminos-
ity can be reached with the implementation of the new 2 MV electron cooler. Utilizing a Siberian
snake, longitudinal polarized beams can be provided to internal and external experiments at COSY.

4.1 2 MV Electron cooler

A new 2 MV electron cooler is being built in close collaboration with the Budker Institute for
Nuclear Physics and will be installed at COSY in 2011/12 [19]. COSY’s luminosity for internal
experiments will be increased by more than one order of magnitude. Technical developments
for this electron cooler are important steps towards the 4.5(8) MV electron cooler proposed for
HESR. The HESR electron cooler layout will also strongly benefit from the experiences of the
electron cooler operation at COSY. The measurement of beam cooling forces and other features
of magnetized electron cooling at high energies are essential for the planed HESR electron cooler.
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For the startup phase of the HESR this 2 MV electron cooler is well suited for beam cooling and
accumulation at injection energy.

4.2 Siberian snake

The Siberian snake concept to preserve beam polarization during acceleration has experimen-
tally been validated at the IUCF cooler ring in Bloomington (IN) and successfully implemented in
the Relativistic Heavy-Ion Collider RHIC at Brookhaven National Laboratory in Upton (NY). A
full Siberian snake rotates the spin of beam particles by 180◦ per beam revolution along a horizon-
tal axis (snake axis). If only one full Siberian snake is implemented inside a circular accelerator,
the invariant spin axis is located in the horizontal plane around the ring. This is an essential feature
to perform spin experiments with longitudinally polarized beams in medium energy circular accel-
erators. Due to large orbit excursions of the beam in dipole snake magnets at medium energies, a
solenoid snake has to be utilized for the COSY energy range. A 5 Tm superconducting solenoid
will be installed in the Cooler Synchrotron COSY in 2012/13. Several applications utilizing such
a snake system have been proposed:

• Spin-filtering: For optimum polarization buildup in proton (antiproton)-proton collisions
along the longitudinal axis at COSY and CERN/AD, integrated field strength of 3.8 Tm
is needed for kinetic beam energy of 450 MeV.

• Spin physics: For measurements of spin correlation functions with the ANKE detector at
COSY, integrated field strength of 3.3 Tm is needed for a kinetic beam energy of 353 MeV.

• Accelerator physics: A full Siberian snake with an integrated field of 4.7 Tm is able to
preserve the polarization up to kinetic beam energies of 625 MeV. The depolarization mech-
anisms caused by snake resonances (higher-order spin resonances) is planned to be studied at
COSY in detail. This development is essential to upgrade the planned High-Energy Storage
Ring HESR of FAIR at GSI Darmstadt for polarized beams.

• EDM search: A full Siberian snake could also play a central role in order to perform an
EDM precursor experiment at COSY [20] and prepare the spin direction for a dedicated
EDM storage ring before injection.

5. Electric Dipole Moment Storage Ring

A novel method has been propose within an international collaboration using dedicated storage
rings to determine the electric dipole moment of protons and deuterons with a one sigma sensitivity
of 10−29 e·cm. per 107 s running time [21]. At this level it will be the best experiment among
current and currently planned EDM experiments. The main bending field for the proposed proton
EDM experiment has to be purely electrostatic whereas combined electrostatic and magnetic field
deflectors are essential to perform a deuteron or helium-3 EDM experiment (see Fig. 5), which is
complimentary to the proton EDM measurement. The maximum required electric field gradient
for all storage ring options is not larger 17 MV/m with a magnetic field up to 0.5 T. In the FNAL
Tevatron the electrostatic separators operate reliably at roughly the same voltage level for 5 cm
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Figure 5: EDM storage ring options at COSY.

plate separation. The proposed techniques are tested and perfected by performing decisive beam-
and spin dynamics studies as well as crucial hardware tests at RHIC, KVI (Kernfysisch Versneller
Instituut, Groningen) and COSY, where polarized hadron beams are available.

6. Summary/Outlook

Several hadron storage rings are either successfully operated, under construction or proposed.
The FAIR accelerator facility will be realized in six modules, including several hadron storage
rings. In the FAIR start version the Collector Ring CR and the High-Energy Storage Ring HESR
will be built. The design work of the HESR is in the final stage and the construction phase can start
together with FAIR construction. The two polarized colliders proposals - PAX and ENC - are natu-
ral expansions of FAIR for spin physics. They could substantially extent the FAIR physics program
within the next decade. The Cooler Synchrotron COSY has reached his ultimate performance and
a major accelerator upgrade will further strengthen the COSY physics program. COSY is also the
ideal machine for beam dynamics studies with respect to HESR and EDM precursor experiments.
COSY will finally also be a well-suited injector for a dedicated light-ion EDM ring at FZ Jülich.
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