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Abstract. The ENC project attempts to realize an electron-nucleon collider at the upcoming
Facility for Antiproton and Ion Research FAIR at GSI Darmstadt by utilizing the antiproton
high-energy storage ring HESR for polarized proton and deuteron beams. The addition of
a 3.3GeV storage ring for polarized electrons will enable electron-nucleon collisions up to a
center-of-mass energy of

√
s ≈ 14GeV. In such a configuration peak luminosities in the range of

L = 1032 to 1033cm−2s−1 are feasible. Beam-beam effects in a space-charge dominated regimes
in conjunction with high-energy electron cooling represents one of the main challenges for this
project. In this paper beam- and spin dynamics simulations are presented, together with the
required modifications and extensions for a collision mode of the HESR storage ring and the
conceptual design of this new collider complex.

1. Introduction
Up to now the only electron-proton collider ever built is the ”Hadron-Elektron Ring-Anlage”
HERA (DESY, Germany) [1]. Polarized electrons/positrons have been collided in HERA with
unpolarized protons at a center-of-mass energy of up to 320GeV and peak luminosities of 3 to
5 · 1031cm−2s−1 [2]. Presently four proposals have been presented to build a double polarized
electron-ion(nucleon) collider. A lepton accelerator could be added to the existing Relativistic
Heavy-Ion Collider RHIC at BNL [3, 4], to the Large-Hadron Collider LHC at CERN [5, 6]
and to the planned High-Energy Storage Ring HESR at FAIR [7]. TJNAF suggest to use
the CEBAF facility as an injector of polarized electron into ELIC/MEIC, build a new hadron
injection complex and new lepton and hadron storage rings [8, 9]. Main design objectives for
the physics reach of this second-generation electron-ion(nucleon) colliders are to increase center-
of-mass energy, luminosity and degree of beam polarization [10].

Beside highest possible luminosity, the high-priority goal of the ENC project is to reach
longitudinal polarized electron - nucleon collisions with high polarization of up to 80% in both
beams.
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2. Conceptual Design
The HESR [11], primarily designed to provide antiprotons in the momentum range from 1.5 to
15GeV/c for the internal target experiment PANDA [12], will serve as proton/deuteron storage
ring. The proposed ENC concept integrates an appropriate 3.3GeV electron ring in the HESR
tunnel (Fig. 1). Center-of-mass energies of roughly 14GeV for electron-proton and 9GeV
for electron-deuteron in head-on collisions can be provided. Pre-acceleration of protons and
deuterons would take place in the planned proton linac [13] and the heavy-ion linac UNILAC [14],
respectively. The heavy-ion synchrotron SIS 18 [15] would be suitable to accelerate theses beams
to HESR injection momentum of 3.8GeV/c. An additional beamline from SIS18 to HESR has
already been proposed for HESR commissioning with protons. For polarized proton/deuteron
beams, additional equipment has to be installed in the HESR and the pre-accelerators of its
injection chain to measure and preserve the beam’s polarization. A corresponding scheme to
accelerate and store longitudinal polarized electrons is presently under investigation [16].

Figure 1. Scheme of ENC at FAIR for electron-proton collisions (not to scale).

Major modifications of the PANDA interaction region are required for beam collisions with
high luminosity. The interaction design should include as many parts of the PANDA detector
as possible, e.g., central detector and forward spectrometer. It should further guarantee back-
to-back operation of the HESR storage ring in fixed target mode together with the elaborated
collider mode. A conservative interaction-region design has been developed [17, 18], which is
compliant with the PANDA detector setup and all experiments presently under investigation
for the ENC project. The proposed concepts allow for betafunctions at the interaction point of
βIP
x,y=0.3m and a bunch spacing of 2.88m, which corresponds to 200 stored bunches.
The proposed electron cooler for HESR [19] is planned to be used to cool the proton/deuteron

beams to equilibrium beam parameters and preserve emittance during beam collisions.
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3. Beam Dynamics Simulations
Calculations of cooled beam equilibria including intra-beam scattering and beam-beam
interaction have been performed using the BetaCool code [20]. The model calculations assume
a Gaussian beam distribution in phase space over all degrees of freedom. For electron cooling
the Parkhomchuk model [21] of the friction force was chosen and for intra-beam scattering the
Martini model [22] using ring lattice functions imported from the MAD program.

3.1. Equilibrium beam parameter and luminosity estimates
Different scenarios for electron-proton and electron-deuteron collisions have been investigated
to estimate maximum luminosities. In tables 1 and 2 relevant equilibrium beam parameters and
luminosity estimates are summarized. The numbers in brackets are based on a scenario with an
advanced interaction-region design that would allow for collisions with βIP

x,y=0.1m.
Beam simulations indicate, that the electron cooler need a major upgrade to an electron

current of 3A at 8.2MeV electron energy to sufficiently cool proton beams during collisions.
Deuteron beam only require the design parameter of the HESR electron cooler with a 1A electron
beam accelerated to 4.1MeV. Dedicated high-voltage storage RF systems in the frequency range
from 52 to 104MHz have to be incorporated into HESR to allow for multi-bunch operation of
100 to 200 bunches. During beam collisions an RF voltage of roughly 300 kV is sufficient to keep
the beam particles inside the RF buckets.

The performed beams studies clearly showed that peak luminosities are meanly limited by
space charge and beam-beam parameter in the nucleon ring. Estimates indicate that maximum
luminosities above 6·1032cm−2s−1 are challenging but can in principle be reached with present
day technology.

More detailed studies and an advanced interaction region design are required to squeeze the
betafunction at the interaction point to βIP

x,y=0.1m. Especially beam separation, beam-beam
parameter and chromaticity correction are main objectives to be studied in detail.

Crab crossing could further increase the performance of the proposed collider concept [23],
allow for a crossing angle without loss of luminosity. Crab crossing has never been employed for
hadron collisions, but it can be applied for electron-hadron collisions if only the electron bunches
are tilted by the full crossing angle.

Table 1. Equilibrium beam parameter and luminosity estimates for electron-proton collisions
for baseline (advanced) design.

15GeV/c protons 3.3GeV electrons

ϵnorm.,geo. [mm mrad, rms] ≤ 2.3,≤ 0.14
∆p/p (rms) 4 · 10−4

βIP
x,y [m] 0.3 (0.1)

rIP [mm, rms] ≤ 0.2 (≤ 0.1)
l (bunch length) [m] 0.27-0.35 (0.19-0.25) 0.1
n (particle / bunch) 5.4 (3.6) ·1010 23·1010
h (number of bunches) 100 (200)
fcoll (collision freq) [MHz] 52 (104)
lcoll (bunch distance) [m] 5.76 (2.88)
Qsc (space charge) ≥ 0.05 (≥ 0.1)
ξ (beam-beam parameter) 0.014 (0.014) 0.015 (0.01)
L (luminosity) [cm−2s−1] ≈ 2 (6)·1032
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Table 2. Equilibrium beam parameter and luminosity estimates for electron-deuteron collisions
for baseline (advanced) design.

15GeV/c deuterons 3.3GeV electrons

ϵnorm.,geo. [mm mrad, rms] ≤ 2.4,≤ 0.15
∆p/p (rms) 2.4 · 10−4

βIP
x,y [m] 0.3 (0.1)

rIP [mm, rms] ≤ 0.2 (≤ 0.1)
l (bunch length) [m] 0.17-0.19 0.1
n (particle / bunch) 1.1·1010 23·1010
h (number of bunches) 173 172
fcoll (collision freq) [MHz] 89.3
lcoll (bunch distance) [m] 3.3
Qsc (space charge) ≥ 0.1
ξ (beam-beam parameter) 0.013 (0.014) 0.025 (0.03)
L (luminosity) [cm−2s−1] ≈ 0.6 (1.8)·1032

3.2. Beam Bunching
To get the anticipated number of bunches, a complicated re-bunching process in combination
with phase-space cooling has to be performed to minimize cooling time and beam losses. The
beam would first be accelerated in one or two bunches to collision energy, using the regular HESR
accelerating cavity. Since the cooling time to equilibrium parameters within 200 bunches at
15GeV/c would take many hours, the proposed scheme is to debunch the beam after acceleration
and cool the unbunched beam to the required beam equilibrium before rebunching. That would
reduce the cooling time to roughly 20min. During the rebunch procedure the storage RF systems
has to be adiabatically turned on while the beam is still cooled to minimize beam losses. The
required RF voltage for rebunching depends on details of the rebunch procedure and available
cooling force. If the initial beam emittance before cooling is too large, one could in addition
apply beam cooling at injection energy, if not limited by space-charge effects.

4. Preparation of Polarized Beams
Polarized proton/deuteron beams have to be produced in a dedicated polarized ion source, pre-
accelerated in the planned proton linac or UNILAC, and accelerated to HESR injection energy
in SIS 18. Acceleration and storage of polarized proton in medium and high energy circular
accelerator is complicated since numerous spin resonances have to be crossed. In strong-focusing
synchrotron and storage rings like SIS18 and HESR imperfection and intrinsic resonances can
significantly depolarize the beam. Spin resonances and preservation of polarization for protons
in SIS18 and HESR has already been discussed [24, 25]. For a single Siberian snake longitudinal
polarized proton beams can be prepared at the interaction point. Due to the much smaller
gyromagnetic anomaly of deuterons this is not possible with reasonable technical effort for
deuteron beams.

The scheme to accelerate and store longitudinal polarized electrons comprises polarized
electron sources, a full energy electron injector (synchrotron or pulsed linac) and an electron
storage ring. Spin lifetime under synchrotron radiation and providing longitudinal beam
polarization at the interaction point are currently under investigation [16]. Spin dynamics
simulations with a single Siberian snake scheme showed unacceptable short spin lifetimes in the
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range of few minutes. A scenario with multiple Siberian snakes has been proposed for Novosibirsk
c-tau factory project to increase spin lifetime of polarized electrons significantly [26].

4.1. Spin Resonances in SIS18
In the momentum (energy) range from 369MeV/c (70MeV) to 3.8GeV/c (3.0GeV) six
imperfection resonances for protons (γG = 2, 3, 4, ..., 7) have to be crossed. For an acceleration
rate of 1GeV/c per 0.05 s a 3% partial snake (0.5Tm solenoid) is sufficient to overcome these
spin resonances by exciting adiabatic spin flips. Due to high super-periodicity of the SIS18
lattice (P = 12) only one intrinsic resonance (γG = 0 + Qy) occurs, where Qy is the vertical
betatron tune. The preferred correction method for intrinsic resonance depends on the vertical
beam emittance [24]. For the expected normalized beam emittance in the range of few mm-
mrad a tune-jump quadrupole is the adequate method to overcome intrinsic resonances [27]. A
small beam emittance for efficient tune jumps and a lower acceleration rate to reduce the snake
strength would be beneficial for polarized proton beam acceleration in SIS18.

For deuterons no first-order spin resonances have to be crossed up to HESR injection energy.
Only one weak gradient-error spin resonance (γG = 3 − Qy) could lead to small polarization
losses, but could easily be crossed by tune jumping.

4.2. Spin Resonances in HESR
In total 25 imperfection resonances, 50 intrinsic resonances and 50 coupling spin resonances must
be overcome during acceleration in HESR. The large number of resonances in the HESR makes
it very hard to apply techniques of individual manipulation of single spin resonances [28]. The
application of Siberian snakes is the only option to guarantee a setup with low polarization losses
during acceleration. Therefore a magnet system with combined field types has been investigated
[29]. It is consisting of four RHIC-type helical dipole magnets with a maximum field of 2.5T
and a 15Tm solenoidal field. Space for the helical dipole snake has been reserved in the straight
section where the Electron Cooler is located. To reach the required 15Tm solenoidal field the
DC electron cooler in combination with its rampable correction solenoid can be used.

For deuterons only one imperfection resonance (γG = −1) and two intrinsic resonances
(γG = −8 +Qy, 7−Qy) have to be crossed. The proposed Siberian snake can only be operated
as partial snake and additional tune-jump quads have to be installed in the HESR. If the vertical
betatron tune is placed close to in integer, a partial snake is in principle also suitable to overcome
intrinsic resonances [30]. The challenge is to run a circular accelerator with a betatron tune close
to an integer [31].

5. Conclusion and Outlook
The ENC study group aims to realize an polarized electron-nucleon collider at the upcoming
FAIR facility within the next decade. Experiments with polarized beams would become available
with maximum luminosities of roughly 2 to 6·1032cm−2s−1. The design of an adequate lattice for
the electron ring including simulations to optimization of spin lifetime is of major importance for
this project. Further studies of modifications and extensions at the HESR storage ring have to be
performed. Especially electron cooling of relativistic ion beams, collective effects and extensive
RF bunching require detailed beam studies. Operating a collider with large beam-beam tune
shift in space-charge dominated regimes is certainly the main luminosity limitation for ENC. The
integration of PANDA detector, taking into account the required detector acceptance angles and
the given detector geometry, further restricts beam separation and focussing in the interaction
region. A crossing angle at the collision point in combination with Crab crossing could increase
the performance of the ENC collider in terms of detector acceptance and peak luminosity.

Further investigations will be carried out with the goal to provide a first design report by the
end of 2012.
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