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Abstract
The Electron-Ion Collider (EIC) at Brookhaven National

Laboratory will feature an electron storage ring that will
circulate polarized beams with energies up to 18 GeV. Re-
cently a study has been undertaken to extend the minimum
energy from 6 GeV to 5 GeV. As the solenoid-based spin
rotators around the interaction point require specific bending
angles that depend on the energy range, this change results
in major changes to the geometry. Moreover, avoiding inter-
ference of the electron beamline with the other beamlines in
the tunnel, as well as with the tunnel walls, is a formidable
challenge, especially at the location of the large-diameter
superconducting solenoids. In this contribution, the details
of the modified spin rotators, geometrical layout, and optics
of the revised lattice are presented.

INTRODUCTION
The Electron-Ion Collider (EIC) [1, 2] is a new machine

currently being designed that will collide polarized electrons
with polarized hadrons (protons up to heavy ions) for the pur-
pose of investigating the structure and properties of nucleons.
It will be built at Brookhaven National Laboratory in the
3.8-kilometer tunnel that currently houses the Relativistic
Heavy Ion Collider (RHIC) [3–5]. The two existing RHIC
rings will be transformed into a new hadron storage ring, and
two new electron rings will be built in this tunnel: a rapid
cycling synchrotron (RCS) [6, 7] for accelerating electrons
to collision energies and an electron storage ring (ESR) for
circulating electron beams for collisions. Figure 1 shows
a schematic of the EIC. Collisions will occur at a range of
center-of-mass energies between 29 GeV and 140 GeV, pro-
viding luminosities up to 1034 cm−2 s−1. These luminosities
are considerably greater than those achieved at HERA [5, 8],
an electron/positron-proton collider that operated until 2007
at DESY, and, although the top center-of-mass energy will
be less than HERA’s 318 GeV, the EIC will be optimized
for a much wider range of energies. In order to achieve the
desired range of center-of-mass energies, various combina-
tions of electron and hadron beam energies will be collided.
Three values for the electron beam energy are planned: 5,
10, and 18 GeV.

The ESR lattice consists of six arcs with straight sections
in between, labeled according to the numbers on a clock
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Figure 1: Schematic of EIC (not to scale), showing the main
rings that will be installed in the existing RHIC tunnel. The
injection complex for the hadrons is not shown here.

face. The baseline design for the EIC includes a single inter-
action point (IP), called IP6, where the beams will collide.
A second IP and detector in the neighboring straight section,
IP8, may be included in a future upgrade. Although a simple
cross-over beamline will initially be installed at IP8, it is
important to consider the design for a full second interaction
region, as this sets the path-length requirements [9], and
the additional chromaticity generated by this low-𝛽 section
makes it the most challenging configuration for achieving
the required dynamic aperture [10, 11]. The term IP is used
to refer to all six points around the clock face between the
arcs, even if there are no collisions there. Superconducting
RF cavities will be installed at IP10, and the beam will be
injected into the ring at IP12.

One of the key requirements for the experimental program
is a high level of longitudinal spin polarization. Beams are
injected with vertical spin, which is the stable spin direction
for the ring. On each side of the IPs, a solenoid-based spin
rotator rotates the spin vector into or out of the longitudinal
direction. As the spin-rotation angles depend on energy,
designing these spin rotators for operation at a wide range
of energies is challenging.

Previous versions of the ESR lattice had a lower energy
bound of 6 GeV. Recently a study has been performed to
investigate extending the energy range down to 5 GeV. This
involved changing the bending angles in the spin rotator. In
parallel, additional changes to the geometry were made to
eliminate interferences with components from other beam-
lines and the tunnel walls. Due to the limited space available
in the tunnel, achieving sufficient clearance between com-
ponents while fulfilling the geometric requirements of each
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Figure 2: Geometric layout of the interaction region at IP6 with the four solenoid modules shown in red boxes. The RCS
lies vertically below the plane of the ESR. The HSR lies in the same plane as the ESR at IP6.

individual beamline is a considerable challenge. This paper
provides an overview of the recent changes to the ESR lattice
as a result of these efforts.

SPIN ROTATORS
The spin-rotator concept is based on a series of solenoids,

dipoles, and matching quadrupoles [12–16], as shown
schematically in Fig. 3. The geometric layout in the tun-
nel is shown in Fig. 2. The tight space constraints owing
to the multiple beamlines make the interaction region very
challenging. This is especially true for the solenoids, which
are strong, superconducting magnets and therefore require
significant transverse space for the cryostats. They must
fit in the tight space between the HSR and the wall. The
specific bending angles required in this section of the ESR
constitute additional constraints that make this particularly
challenging.

The total bend angle between the short-solenoid module
and the IP determines the minimum beam energy for which
the spin can be rotated between the vertical and longitudinal
axes. With the short solenoids providing 𝜋/2 rotation about
the longitudinal axis and the long solenoids turned off, the
total bend angle must rotate the spin by 𝜋/2 about the vertical
axis. Decreasing the minimum energy from 6 GeV to 5 GeV
involves increasing the total bend angle from 116.4 mrad to
136.6 mrad. As the angle between the long-solenoid module
and the IP is fixed to 38.8 mrad by the need to rotate the
spin by 𝜋/2 at 18 GeV, the bend angle required between
the solenoids is now 97.8 mrad. This is accomplished using
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Figure 3: The spin rotators are composed of short- and long-
solenoid modules, as well as bend modules, to rotate the
spin from vertical in the arcs to longitudinal at the IP and
back to vertical on the other side.

five 3.8-meter-long dipoles with interleaved quadrupoles.
The length of these dipoles is a balance between keeping
synchrotron radiation low and fulfilling the tight geometry
constraints of this section of the tunnel.

For geometrical reasons it is generally advantageous to
minimize the straight lengths of the solenoid modules, which
are shown in Fig. 4. The warm quadrupoles between the two
solenoids are limited in strength to less than 0.9 T pole-tip
field to avoid saturation. The lengths of these quadrupoles
have been optimized individually to minimize the total length
of the module. Furthermore, the solenoid lengths chosen
are a balance between reducing the length of the module
and the technical limitations of the magnet. Due to the
maturity of the technology and greater choice of vendors, it
was desirable to keep the strength limits within the range that
may be achieved by NbTi technology. Moreover, there is
some trade-off between minimizing the length and the width
of the solenoid cryostat. The current design has lengths of
5.5 m for the long solenoids and 1.8 m for the short solenoids
with maximum fields of about 8.5 T.

Due to the considerably higher solenoid strengths required,
it was decided to give up longitudinal spin matching in the
spin rotators. Although the effect on the depolarizataion
time is large, the resulting effect on the bunch replacement
time is only about 5 minutes.

GEOMETRY
Overall, the geometric layout of the ESR in the tunnel

represents a significant challenge. The total path length of
the ESR is fixed such that the revolution time of electrons is
equal to that of hadrons in the HSR. Furthermore, the path
length between IP6 and IP8 is fixed to allow simultaneous
operation of two detectors in the future [9]. For this reason,

Figure 4: Each solenoid module consists of two half-
solenoids with five or seven quadrupoles in between.



Figure 5: Layout of rings in the tunnel. The horizontal axis
shows the angle along the ring, with the labels given in terms
of the IP numbers. The vertical axis shows radial distance
from the tunnel center, with the red and green dotted lines
indicating the tunnel walls. The ESR beamline is shown
in blue, alongside the HSR beamline (brown) and the two
existing RHIC rings. It is planned to remove parts of the
RHIC rings that are not being used in order to eliminate
interferences.

the lattice with two collision points is considered in the first
instance, even though this will not be the initial configuration
to be built.

To maintain some symmetry of the ring, the total bend
angle of the spin rotators is repeated in the other straight
sections (which, despite their name, contain some dipoles).
Decreasing the minimum energy of 6 GeV to 5 GeV has
therefore decreased the bend angle in the arc cells and in-
creased the bend angle in the straight sections. As a conse-
quence the arc dipoles have also decreased in length with
more space given to the straight sections.

Beamline elements must be carefully placed to avoid in-
terferences with other beamlines and the tunnel walls. The
solenoids are particularly challenging due to their consid-
erable width in a tight section of the beamline, but there
are many other locations where magnets are very close to
either the walls or other beamlines. Much work has been
done to eliminate such interferences, primarily by adjusting
the geometry of the ESR by means of varying drift lengths
and dipole angles, but also modifying other beamlines and
considering the use of alternative magnets. Figure 5 shows
a representation of the geometry layout of the whole ring.

OPTICS
Figure 6 shows the matched optics for the 18 GeV lattice

with two collision points. Table 1 shows the main lattice
parameters at 18 GeV with 1 and 2 IPs. The two lattices are
identical with two full interaction regions; however, for the
1 IP lattice the 𝛽 functions are additionally squeezed at IP8.
This results in a smaller natural chromaticity for the 1 IP
lattice.

Figure 6: 𝛽 functions and dispersion for matched ring with
2 IPs.

Table 1: ESR Lattice Parameters at 18 GeV with 1 and 2 IPs

Parameter 1 IP 2 IP
Arc cell phase adv. 90° 90°
Hor. emit. (nm) 24 25
Energy spread 0.095% 0.095%
𝛽∗𝑥 /𝛽∗𝑦 (m) 0.59 / 0.057 0.59 / 0.057
Tunes, 𝑄𝑥 /𝑄𝑦 50.08 / 44.14 50.08 / 44.14
Nat. chrom., b𝑥 /b𝑦 -92 / -92 -108 / -117

The optics are periodic in the arcs, with the phase advance
set to 90° at 18 GeV and 60° at 5 and 10 GeV. There is also
some periodicity in the straight sections, primarily to reduce
the number of required power supplies. The phase advances
between arcs will be used as variables in the optimization
of the dynamic aperture [10, 11], so these are expected to
change from the current linear optics match shown here.
The global tune is fixed and was chosen to be suitable for
beam-beam as well as polarization performance [17].

CONCLUSION
Recently, much work has been performed to update the

ESR lattice design. A major change is the change in geome-
try of the spin rotators necessary to provide longitudinally
polarized electrons at collision down to energies of 5 GeV.
Many modifications have been made to avoid interferences
with other beamlines and with the tunnel walls. Magnet
lengths have been chosen with regard to reducing the num-
ber of new magnets that will have to be designed and built,
and reusing existing magnets from other facilities where
possible.

There is further work to be done, especially on the design
of the crossover at IR8 and redesigning the straight section
at IR4 to eliminate interferences. Local coupling correction
in the interaction region at IP6 needs to be incorporated
into the lattice, as well as a scheme to generate coupling
between the transverse planes in order to increase the vertical
emittance. Furthermore, locations of collimators, correctors,
and diagnostics need to be settled on.



LINKS TO FILES
ESR lattice files for version 6.1 discussed in this paper

may be found at https://brookhavenlab.sharepoint.
com/sites/eRHIC/bnl%26slac.
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