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Abstract
The Electron-Ion Collider (EIC), which will be con-

structed at Brookhaven National Laboratory, will collide
polarized high-energy electron beams with hadron beams,
achieving luminosities up to 1 × 1034cm−2s−1 in the center-
of-mass energy range of 20-140 GeV. To achieve such high
luminosity, we adopt high bunch intensities for both beams,
small and flat transverse beam sizes at the interaction point,
a large crossing angle of 25 mrad, and a novel strong hadron
cooling in the Hadron Storage Ring to counteract intra-beam
scattering (IBS) at the collision energies. In this article, we
will review the beam dynamics challenges in the design of
the EIC, particularly the beam-beam interaction, impedance
budget and instabilities, polarization maintenance, and dy-
namic aperture. We will also briefly mention some technical
challenges associated with beam dynamics in the design of
EIC, such as strong hadron cooling, noises of crab cavities
and power supply current ripples.

INTRODUCTION
The Electron-Ion Collider (EIC) will be built at

Brookhaven National Laboratory (BNL) in a full partnership
between BNL and the Thomas Jefferson National Acceler-
ator Facility (JLab). The EIC will uniquely address three
profound questions about nucleons—neutrons and protons,
and how they assemble to form the nuclei of atoms: 1) How
does the mass of the nucleon arise? 2) How does the spin of
the nucleon arise? 3) What are the emergent properties of
dense systems of gluons? [1]

The storage ring-based design of the EIC meets or even ex-
ceeds the requirements referenced in the 2015 Long Range
Plan for U.S. Nuclear Physics [2]: 1) Center-of-mass en-
ergy range from 20 to 100 GeV, upgradable to 140 GeV; 2)
Ion beams from deuterons to the heaviest stable nuclei, 3)
High luminosity, up to 1 × 1034cm−2s−1 for electron-proton
collisions; 4) Highly spin-polarized electron, proton, and
light-ion beams, 5) An interaction region and integrated de-
tector capable of nearly 100% kinematic coverage, with the
capability of incorporating a second such interaction region
as needed.

Figure 1 presents the schematic diagram of the EIC layout.
The hadron storage ring (HSR) comprises arcs of the two
superconducting Relativistic Heavy Ion Collider (RHIC)
storage rings. An electron storage ring (ESR) will be in-
stalled in the existing RHIC tunnel, where it will provide
∗ Work supported by the U.S. Department of Energy, Office of Science
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beam collisions with the HSR hadron beam in up to two
interaction regions (IRs). High polarized electron bunches
will be provided to the ESR by a rapid-cycling synchrotron
(RCS) in the same tunnel [3].

Figure 1: Schematic diagram of the EIC.

HIGHLIGHTS OF EIC DESIGN
The maximum luminosity in the EIC is limited by a range

of factors. The primary factors are attainable beam-beam
parameters (𝜉ℎ, 𝜉𝑒), maximum beam divergences (𝜎′

ℎ, 𝜎′
𝑒)

at the interaction point (IP) defined by the interaction region
magnet apertures and detector forward acceptance require-
ments, and maximum beam currents [1, 4]. The luminosity
can be written as

𝐿 = 𝑓𝑏
𝜋𝛾ℎ𝛾𝑒
𝑟0,ℎ𝑟0,𝑒

(𝜉ℎ𝜎′
ℎ)(𝜉𝑒𝜎′

𝑒) (1 + 𝐾)2

𝐾 𝐻 (1)

where 𝑓𝑏 is the bunch repetition rate, 𝛾ℎ,𝑒 are the relativistic
factors of the respective beams, and 𝑟0,ℎ,𝑒 are the classical
radii of the electron and the hadron. 𝐾 = 𝜎∗

𝑦/𝜎∗
𝑥 is the aspect

beam size ratio at the IP, where the beam sizes of electron
and hadron beams are assumed fully matched. The factor 𝐻
describes the luminosity modification due to the hourglass
effect and crossing angle. For maximum luminosity one
needs high beam-beam parameters, flat beams at the IP and
as many bunches as allowed by average beam current limits
or bunch spacing related limits.

For the EIC design, collision parameters of unequal
species for each beam are chosen as if they would collide
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Figure 2: The design peak luminosity of electron-proton
collisions versus the center-of-mass energy.

with their own species. Hadron beam parameters differ from
present RHIC by a smaller vertical emittance, 10 times more
bunches, and 3 times more average beam current. Two hours
IBS growth time requires hadron cooling at store. Flat beam
is generated at injection energy with electron cooling. Elec-
tron beam parameters resemble a B-Factory: high beam
current, large beam-beam tune shift of 0.1. High circulating
beam currents, up to 1 A for protons and up to 2.5 A for
electrons, requires considerable accelerator physics studies
as well as accelerator system design to ensure the high beam
current operation. Figure 2 shows the luminosity of electron-
proton collisions versus the center-of-mass energy. Table 1
shows the design parameters for the highest luminosity col-
lision mode with strong hadron cooling.

A large crossing angle of 25 mrad at the IP is required for
the quick separation of colliding beams, allowing for more
than 1000 bunches in each ring without the introduction
of separator dipoles in the detector vicinity. Crab cavities
are to be installed on both sides of the IR in both rings to
compensate the geometric luminosity loss due to the large
crossing angle. Figure 3 shows a sketch of the crossing angle
collision with crab cavities in the EIC.

Flat beams with a transverse beam size ratio of about
11:1 at the IP are required for high luminosity. The elec-
tron beam naturally features this large ratio. Recently, we
experimentally demonstrated an 11:1 transverse ratio in the
RHIC with 100 GeV/nucleon gold ion beam with vertical
stochastic cooling and fine decoupling [5]. We also demon-
strated flat beam collisions with a beam-beam parameter of
approximately 0.005. There is an experiment in preparation

Table 1: Key Beam Parameters for Collision Mode Between
10 GeV Electron and 275 GeV Proton Beams

Quantity Unit Proton Electron

Beam energy GeV 275 10
Bunch intensity 1011 0.668 1.72
(𝛽∗

𝑥, 𝛽∗
𝑦) at IP cm (80, 7.2) (55, 5.6)

Beam sizes at IP µm (95, 8.5)
Trans. emittances nm (11.3, 1.0) (20.0, 1.3)
Bunch length cm 6 0.7
Energy spread 10−4 6.8 5.8
Peak Luminosity cm−2s−1 1 × 1034

Figure 3: Schematic plot of crossing angle collision with
crab cavities in the EIC.

to obtain this emittance ratio at 26 GeV/nucleon and then
accelerate it to 106 GeV/nucleon.

The HSR needs to operate over a wide energy range, for
example, from 41 GeV to 275 GeV in the case of protons.
The revolution time needs to be the same for all energies to
keep hadrons and electrons in collision. Synchronization
can be accomplished by changing the path length of hadron
beam [6, 7]. For proton energies between 100 GeV and
275 GeV, this can be done by a radial shift of the beam orbit.
For lower energies, the beam circulates in an inner arc as a
shortcut.

To keep the ESR in one plane and to avoid vertical beam
excursions at the IRs, the ESR plane is rotated by approxi-
mately 200 µrad around a line connecting IP6 and IP8. Ver-
tical beam excursions may be detrimental to polarization.
The tilted ESR plane equivalently introduces an 𝑥 − 𝑦 axis
rotation of about 4 mrad to both HSR and ESR before and
after beam-beam interaction [8]. These rotation angles can
be compensated together with the detector solenoid.

BEAM DYNAMICS CHALLENGES
Beam-Beam Interaction

There are several challenges for the EIC beam-beam in-
teraction:

• Large beam-beam parameters: The maximum beam-
beam parameters of about 0.1 in the ESR and 0.015
in the HSR are used for the EIC design. However, the
combination of these parameters has never been experi-
mentally demonstrated. The beam-beam parameter for
the HERA-p is approximately 0.0014, which is about
10 times smaller than the maximum beam-beam param-
eter in the EIC design. The beam-beam parameter for
HERA-e is about 0.12 with two experiments.

• Large crossing angle 25 mrad: Although a 22 mrad
crossing angle was used in the lepton collider KEK-B,
such a large crossing angle has never been used for a
hadron collider. For the luminosity upgrade project of
LHC, or HL-LHC, the crossing angle is about 0.5 mrad.

• Crab cavities in the both rings: A single crab cavity
was used in KEK-B but it did not double its luminosity
as planned. In the EIC design, the effects of the detec-
tor solenoid are not locally compensated near the IP.
The combined effects from the detector solenoid and
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the nearby crab cavities need to be carefully compen-
sated [9, 10].

• Flat beam at the interaction point: A flatter beam at the
IP will lead to a smaller dynamic aperture and a larger
proton vertical beam size growth rate [11]. The ratio
of the vertical to the horizontal beam sizes at the IP is
0.09 for the EIC, while it was 0.27 for the HERA. Flat
beam also causes proton vertical emittance easily to
grow due to machine noises.

• Synchro-betatron resonances: Synchro-betatron reso-
nances have been observed in many EIC beam-beam
simulation studies. This may be caused by the large
crossing angle, large synchrotron tunes, and beam-
beam interaction with flat beams. Mitigation methods
include working point optimization and using second
harmonic crab cavities in the HSR [12].

• Near-integer tunes for the electron beam: Near-integer
tunes are chosen for the ESR to avoid overlapping of the
design spin tune of 0.5. Because of the pinch effect with
beam-beam interaction, electron beam sizes become
smaller, yielding high luminosity. However, smaller
electron beam sizes at IP increase the proton beam-
beam parameter. Near-integer tunes also make it diffi-
cult for online optics controlling and correction [13].

• Combined effects with beam-beam: Beam-beam inter-
plays with beam instability, noises from crab cavities
and power supply current ripples, space charge effect,
and polarization. Emittance mismatching, injection
kicker errors during the electron bunch replacement
needs further evaluation [14].

Currently, we are working on finalizing the EIC beam-
beam related design parameters, determining tolerances for
various optics imperfections and machine errors, and un-
derstanding the interplays between beam-beam and other
effects.

Impedance Budget and Instabilities
Three different codes (GdfidL, CST, and ECHO3D) are

employed for the impedance modelling of the EIC vacuum
components in time domain and frequency domain. Good
agreements have been reached among these codes in general.
Iterations on the vacuum component design and impedance
optimization for RCS, ESR, and HSR are in progress [15,16].

The standard vacuum chamber for the ESR has an ellipti-
cal cross-section with an 80 mm full width and a 36 mm ver-
tical full height. Each vacuum component undergoes several
iterations in impedance optimization. Based on the electron
energy, the orbit will be shifted relative to the vacuum cham-
ber center due to the super-bends in the arcs. Beam-induced
heating simulations were performed by the CST code. The
obtained results are used for Finite Element Analysis (AN-
SYS) for thermal studies.

The HSR will re-use arcs of RHIC rings and some inter-
action regions. The transverse and longitudinal broadband
impedances of RHIC had been measured by observing the
tune shift as a function of the bunch intensity [17, 18]. The
narrow band longitudinal impedance corresponds to the most

dangerous mode from 197 MHz storage cavities. The trans-
verse impedance corresponds to the most dangerous mode
in the crab cavities.

The 4.5 K stainless steel beam pipe in the superconducting
magnets and the cold mass interconnects of RHIC is not suit-
able for the EIC beams due to excessive resistive wall heating
and electron cloud buildup. Solutions include beam screens
inside existing SC magnet bores with active cooling and
redesign of the inter-connections [19]. Work is ongoing to
determine the optimal randomized pattern of pumping slots
in the screen that mitigates high-Q narrow-band resonances.
The low SEY required to suppress e-cloud buildup motivates
the study of scrubbing beams and mitigation strategies like
hybrid filling schemes

Coherent instabilities have been studied using a modified
version of TRANFT [20]. The code has evolved to simulate
both single-bunch and coupled-bunch instabilities by typi-
cally considering a few bunches and assuming a uniform fill.
The code tracks all three dimensions. When beam-beam is
used both transverse dimensions are subjected to the beam-
beam force. The longitudinal and one transverse dimension
are subjected to wakefields.

In ESR, the single-bunch instability threshold is above
the requirement for stable operation [15]. Many components
require water cooling due to beam-induced heating. The
beam-beam interaction provides a large tune spread to Lan-
dau damp the transverse coupled-bunch instability and ion
instability [21]. A longitudinal damper may be needed in the
presence of longitudinal coupled bunch instability. When
we do vacuum scrubbing in the ESR, we will probably need
a transverse damper and a longitudinal damper.

For HSR, transverse coupled-bunch instabilities are sta-
bilized by weak-strong beam-beam tune spread. During
injection and ramp, we might need a damper to damp insta-
bilities driven by the crab cavity fundamental mode. In both
ESR and HSR, there needs to be strong RF feedback on the
crab cavities to reduce the apparent impedance [22].

For the RCS, using the ESR impedance, there is a fast
head-tail instability at low energy. Various strategies are
being explored to alleviate it. There are also concerns dur-
ing bunch merging. Dampers are likely to be needed but
considerations are preliminary.

We will continue to define the maximum allowed HOM
and to calculate the impedance budget and hence the to-
tal wakefields/impedances for the three rings. Reduction
of Landau damping from beam-beam tune spread is under
investigation when coherent beam-beam motion is included.

Polarization
High beam polarization is essential for the EIC physics

program. The goal for the average polarization at store is
70% for all these species: electrons, protons, and helions
(3He+2 ions). Requirements for the longitudinal polarization
of all polarized species at the IP are achieved through spin
rotators on both sides of the IR in both ESR and HSR [23].

Highly polarized electron beams at 85% - 90% will be
produced in a polarized electron source [24]. Preserving
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polarization of electron bunches at acceleration in the RCS
(from 400 MeV up to 18 GeV) was a big challenge. Ap-
plying full Snakes in this energy range is not realistic. A
solution has been found in the form of a spin resonance-free
lattice with high periodicity so that strong intrinsic and im-
perfection spin resonances are moved out of the acceleration
energy range [25, 26]. Simulation studies confirmed that
the spin resonance free lattice combined with sufficiently
fast acceleration delivers 80% - 85% electron polarization
to 18 GeV. The RMS vertical closed orbit needs to be less
than 0.5 mm during acceleration.

The polarization of the electron bunches in the ESR imme-
diately begins to decay due to Sokolov-Ternov and stochastic
depolarization processes. In order to maintain high average
polarization in the ESR, the electron bunches are replaced
with fresh highly polarized bunches at intervals of a few
minutes. The spin rotators may significantly enhance the
process of stochastic depolarization and accelerate polar-
ization decay. In order to keep depolarization in check so-
called spin matching of solenoidal spin rotators has been
accomplished [27]. Simulation results show that asymptotic
polarization of 30% at 18 GeV, which delivers an average
stored polarization of 70% with electron bunch replacement,
was achievable [28, 29].

Other important questions to be answered during electron
polarization studies are: 1) the generation and control of
vertical emittance without compromising polarization, 2)
the polarization with two interaction regions and two sets
of the spin rotators, and 3) an optimal working point which
satisfies both polarization and particle dynamics [4].

For hadron polarization, RHIC has been operating with po-
larized protons achieving up to 60% polarization at 255 GeV
energy. Two Siberian Snakes per RHIC ring have been used
to minimize polarization loss during acceleration when nu-
merous spin resonances are encountered. Accelerating po-
larized helions in the HSR would present a bigger challenge
than protons since the helion spin has stronger coupling to
magnetic fields than the proton spin due to its larger value of
anomalous magnetic factor 𝐺 = -4.18. The solution is to add
4 more Snakes in the HSR to prevent polarization loss on
the acceleration. The 4 more Snakes can be converted from
the existing rotators in the RHIC Blue ring with different
power supply polarities [23].

The current HSR lattice design dramatically changed the
6-folded symmetry of the RHIC Yellow ring, greatly impact-
ing the intrinsic spin resonance structure. The amplitudes of
most dangerous spin resonance lines are reduced. However,
a ’forest’ of spin resonance lines in the whole acceleration
energy range has emerged, which may cause parametric spin
resonances [30]. Simulation results show that proton polar-
ization with 6 Snakes is maintained in the HSR for less than
1 mm.mrad emittance beam (nominal value is 0.5 mm.mrad
rms). However, for helions polarization loss was observed
with 0.5 mm.mrad emittance beam. Spin tracking studies
are still ongoing as the HSR lattice design is still evolving.

Dynamic Aperture
EIC needs 20-25 nm horizontal emittance from 5 GeV to

18 GeV for optimum luminosity, but the equilibrium emit-
tance in an electron storage ring depends on the beam energy.
Betatron phase advance per FODO cell is the ’knob’ used
to adjust the emittance: 60-degree FODO cells for 10 GeV
and 90-degree FODO cells for 18 GeV lattice. Super-bends
are used for emittance generation below 10 GeV [1,3].

The minimum requirement for the dynamic aperture of
the ESR is 10 𝜎 in all three dimensions. Most challenging
case is the 18 GeV lattice with two interaction regions where
the RMS momentum spread is 1.0 × 10−3.

Due to the complexity of the IRs, which include crab
cavities, spin rotators, and spectrometer dipoles, there is no
suitable optics near the IP to install the conventional local
chromaticity correction based on non-interleaved sextupole
pairs. Therefore, correction of the final focus quadrupole
introduced chromaticity is performed independently on each
side of the IR using the adjacent arc sextupoles. We name
this method as a semi-local correction scheme [31].

Different phase advances of FODO cells in the arcs require
different sextupole groupings and power supply windings
for chromatic correction and compensation of geometric res-
onance driving terms. For example, four sextupole families
in each arcs are used for the 90-degree lattice at 18 GeV and
six families for the 60-degree lattice at 5 GeV and 10 GeV.

After W-function correction, one remaining chromatic
effect is a relatively large second-order dispersion caused
mostly by dipoles outside of the arcs. To compensate this
effect, we use 12 individually powered sextupoles at the ends
of the arcs.

Magnet misalignment, strength errors, and non-linear
field multipoles perturb the design optics, causing distortions
of the beam orbit, dispersion, beta functions, x-y coupling,
chromaticity, betatron tune, and excitation of non-linear res-
onances. These effects must be carefully corrected before
dynamic aperture tracking [32]. The dynamic aperture is
most sensitive to field errors in the low-beta IR magnets,
where 𝛽 functions are very large. Figure 4 shows the mo-
mentum dynamics aperture after chromatic optimization for
the 18 GeV ESR lattice with 2 IRs.

Figure 4: Dynamic aperture for the 18 GeV ESR lattice
with two IRs.
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For the HSR dynamic aperture, based on the operational
experience at the RHIC, simulated DA with beam-beam
and IR magnetic field errors should be larger than 5 𝜎 to
guarantee sufficient proton beam lifetime. For the HSR
lattice with 1 IR, second order chromaticities are below 800
with two families of chromatic sextupoles. Further chromatic
correction with more sextupole families is possible if needed.

106 turn dynamic apertures are calculated for protons at
275 GeV with (𝑑𝑝/𝑝0) = 3(𝑑𝑝/𝑝0)𝑟𝑚𝑠, or 18 × 10−4. 40
seeds of IR errors had been used for each tracking condition.
Preliminary results show that with 1 unit of IR field errors,
DA is more than 6 𝜎 with beam-beam and 197 MHz crab
cavities. Second harmonic crab cavities with 394 MHz are
required to limit dynamic aperture reduction due to crab
crossing to 1-2 𝜎, thus relaxing IR magnet tolerances [33].

We are continuing to work on the tolerances of IR mag-
netic field errors, especially for large physical aperture IR
magnets. For this purpose, we are building a complete HSR
tracking model to include all known linear and nonlinear
optics and machine errors and their corrections.

TECHNICAL CHALLENGES
Strong Hadron Cooling

At the proton store energies, the IBS longitudinal and
transverse (horizontal) growth time is 2-3 hours. Beam-
beam linked growth time (vertical) is greater than 5 hours.
The cooling time shall be equal to or less than the diffusion
growth from all sources. The integrated luminosity with
cooling is 10 times larger than without strong hadron cooling.
Baseline for high energy hadron cooling is coherent electron
cooling approach with a bandwidth range raised from GHz
to tens of THz. Significant progress had been made on the
EIC strong hadron cooling design [34–36]. Another scenario
is storage ring cooler [37–41]. Its feasibility studies progress
well, too. Final decision on which method to adopt for strong
hadron cooling for the EIC will be made next year.

Crab Cavity Noises
Emittance growth due to amplitude and phase noises of

crab cavities had been analytically estimated and experimen-
tally measured at CERN [42, 43]. We used a weak-strong
beam-beam model and element-by-element tracking to esti-
mate the emittance growth from crab cavity noises [44, 45].
We confirmed the horizontal growth rate predicted by ana-
lytical calculation. Additionally, we observed vertical emit-
tance growth with both phase noises and beam-beam inter-
action. To have proton vertical emittance growth rate less
than 20%hour in both transverse planes, we need to have the
RMS phase noise not more than 1 µrad, which is beyond the
state-of-art of RF design. Countermeasures including RF
low-level phase feedback, fast one-turn feedback, and high
precision pickup 1 µm are all under investigation.

Power Supplies Current Ripples
Power supply current ripples, especially those from the

main dipoles of the ESR, will introduce orbit oscillations at

the IP, causing a sizeable proton emittance growth through
beam-beam interaction. Weak-strong beam-beam simula-
tion shows that to have proton beam size growth less than
10%/hour, orbit oscillation at the IP should be less than 2.5%
𝜎𝑥,𝑦 for the low frequency band (< 8 kHz ), and less than
10−4𝜎𝑥,𝑦 for the high frequency band [46]. The tolerance of
dipole power supply current ripples at low frequency band
is about 0.5-1.5 ppm depending on the magnets. The high-
frequency ripples is less worrisome due to very significant
eddy current shielding. We are continuing working on the
conversion from the field ripple tolerance to the power supply
current tolerance [47].

Low Field at RCS Injection Energy
The dipole field in the RCS is about 57 Gauss at injec-

tion energy 400 MeV, and 2.5 kGauss at the highest energy
18 GeV, with a large ratio of maximum to minimum fields 45.
RCS beam spends its longest period of time ( about 200 ms)
at 1 GeV where bunch merging takes place. The dipole field
at 1 GeV is 140 Gauss which is still quite low. Another
concern is that eddy currents during power supply current
ramp induce significant multipoles in the dipoles, potentially
reducing dynamic aperture and deteriorating beam quality.
RCS magnet R&D program started recently to measure low-
field behavior, repeatability, hysteresis and to measure the
stray field in the RHIC tunnel.

Longitudinal Emittance Preservation in RCS
RCS cycling rate is 1 Hz to replace ESR electron bunches

to maintain high average polarization 70% during collision.
4->1 bunch merging takes place at beam energy 1 GeV. Four
electron bunches with 7 nC/bunch merge to one bunch with
28 nC. Simulation results show that the RMS longitudinal
emittance is 𝜎𝐸 × 𝜎𝑡 = 2.5 × 10−4 eVs after bunch merging.
The equilibrium RMS emittances in the ESR are 8 × 10−5

eVs at 5 GeV, 1.4 × 10−4 eV-s at 10 GeV, and 5.9 × 10−4 eVs
at 18 GeV. Numerical simulations are onging to examine its
impacts on dynamic aperture and beam-beam performance
with synchrotron radiation damping in the ESR.

SUMMARY
The EIC with high luminosity and high polarization in a

wide center-of-mass energy range will be a unique facility to
study the contribution of quarks and gluons to nucleon spin
and mass. In this article, we presented the beam dynamics
challenges in the EIC design. We have made progress on
the majority of accelerator physics topics. Crab cavity noise
and feedback requirements are under further investigation.
Final decision on which method to adopt for strong hadron
cooling for the EIC will be made next year.
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