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

National Laboratory aims to deliver groundbreaking in-
sights into the fundamental structure of matter through 
high-energy collisions involving electrons, ions, protons, 
or helium-3 nuclei. Achieving the desired luminosity and 
maintaining stability in this complex accelerator environ-
ment pose significant challenges, particularly concerning 
impedance and collective effects. One such challenge is en-
suring beam stability during electron cooling at the injec-
tion energy in the Hadron Storage Ring (HSR) to effec-
tively mitigate proton emittance growth. Potential solu-
tions include advanced simulation techniques using the 
ELEGANT code and applying the Haissinski solution for 
the proton beam to determine single-bunch instability 
thresholds, both with and without a second harmonic cav-
ity.  

INTRODUCTION 
The Electron-Ion Collider (EIC) is a next-generation ac-

celerator facility under construction at Brookhaven Na-
tional Laboratory, designed to collide polarized electrons 
with polarized protons and heavy ions at high luminosity 
and variable center-of-mass energies [1]. The EIC complex 
comprises multiple accelerator stages (Fig. 1), including a 
DC photoelectron gun, a 750 MeV S-band LINAC, the 
Beam Accumulator Ring (BAR, 750 MeV) – with design 
led by the NSLS-II team - the Rapid Cycling Synchrotron 
(RCS, 0.750→18 GeV), and two high-energy storage rings: 
the Electron Storage Ring (ESR) and the Hadron Storage 
Ring (HSR). Electrons are accelerated in the RCS from 
0.750 GeV to 5, 10, or 18 GeV and subsequently injected 
into the ESR at the corresponding energy. Hadrons are in-
jected into the HSR at 23.8 GeV and ramped to their final 
energies - ranging from 41 to 275 GeV - depending on the 
species, including protons (p), ions, or He³.  

The goal of the EIC is to deliver a design luminosity of 
up to 1033-1034 cm-2s-1, enabled by advanced features such 
as beam cooling systems, a 25 mrad crab crossing angle, 
high beam currents - up to 𝐼𝐼𝑎𝑎𝑎𝑎=2.5 A with 𝑀𝑀=1160 bunches 
of 𝜎𝜎𝑠𝑠~7 mm length in the ESR, and up to 0.7 A / 1 A with 
𝑀𝑀=290 and 𝑀𝑀=1160 bunches of 𝜎𝜎𝑠𝑠~60 mm in the HSR 
during storage. At injection energy, the bunch length in the 
HSR is expected to be significantly longer, around     
𝜎𝜎𝑠𝑠~1.5 m. Since the collective effects topic in the EIC pro-
ject covers multiple ring accelerators, this paper focuses on 
single-bunch stability at injection energy and the 

associated contributions from coupling impedance and 
space charge impedance in the HSR.  

 
Figure 1: Top view schematic of the Electron-Ion Collider 
(EIC) accelerator complex, including the electron and had-
ron injector chains, the Beam Accumulator Ring (BAR), 
the Rapid Cycling Synchrotron (RCS), and the Electron 
and Hadron Storage Rings (ESR and HSR). 

HSR 
Table 1 presents the HSR beam intensity parameters at 

different energies, based on species acceleration. In this pa-
per, single-bunch (SB) stability in the HSR is studied at the 
injection energy of 23.8 GeV, where the combination of 
long bunches (𝜎𝜎𝜏𝜏 ≈ 5 𝑛𝑛𝑛𝑛), achieved using second har-
monic RF cavity (49.2 MHz), and high peak current 
(~3.5 A), presents significant collective effects challenges 
for maintaining low horizontal and vertical emittances 
achieved by electron cooling [2]. The HSR beam screen, 
shown in Fig. 2, consists of an amorphous carbon–coated, 
copper-clad stainless-steel pipe inserted into the existing 
RHIC stainless steel vacuum chambers, primarily within 
the arc sections. The beam screen is actively cooled and is 
expected to operate at cryogenic temperatures, ~4 K.  

The profile of the HSR vacuum chamber varies along 
straight sections depending on the requirements of the as-
sociated subsystems. In IR2, the vacuum chamber is de-
signed to accommodate the low-energy electron cooler [2]. 
In IR4, the normal-conducting RF cavities and injection 
stripline kickers are installed. IR6 houses the ePIC detec-
tor chamber, where the hadron and electron beam pipes 
merge into a common section. This region requires careful 
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Table 1: HSR Beam Intensity Parameters 

Energy, E (GeV)  23.8 41 100/110 275 

Bunch length, 𝜎𝜎𝜏𝜏 (ps) 4975* 250 234 200 

Average current, 𝐼𝐼𝑎𝑎𝑎𝑎 (A) 1 0.38 0.69/1 0.69/1 
Number of bunches, M 290 1160 1160 290/1160 
Number of hadrons per bunch, N  2.8x1011 2.6x1010 4.8x1010/6.9x1010 19x1010/6.9x1010 
Bunch charge, Nh (nC) 44.8 4.2 7.6/11 30.4/11 

Single bunch current, 𝐼𝐼0 = 𝑁𝑁ℎ
𝑇𝑇0

 (mA) 3.5 0.3 0.6/0.9 2.4/0.9 

Peack bunch current, 𝐼𝐼𝑝𝑝 = 𝑁𝑁ℎ
√2𝜋𝜋𝜎𝜎𝜏𝜏

 (A) 3.5 7 13/19 61/22 

 

 
Figure 2: HSR beam screen vacuum chamber profile in the 
arcs, with a vertical half-aperture of 24 mm and a horizon-
tal half-aperture of ~32 mm. 

mechanical and electromagnetic design to minimize im-
pedances. IR10 contains the superconducting RF (SRF) 
system, requiring a vacuum chamber designed to interface 
with cryomodules and accommodate higher-order mode 
(HOM) absorbers. Lastly, IR12 is reserved for the stochas-
tic cooling system. 

Table 2 shows the beam parameters at the injection en-
ergy of 23.8 GeV for HSR. Low-energy electron cooling is 
applied to minimize proton transverse emittances, enabling 
the high luminosity required for the physics program. Be-
fore cooling, the normalized transverse emittances are 
𝜀𝜀𝑥𝑥,𝑦𝑦𝛾𝛾0 ≈ 2.5 μm. After cooling, the emittances are reduced 
to 𝜀𝜀𝑥𝑥𝛾𝛾0 ≈ 0.5 μm and 𝜀𝜀𝑦𝑦𝛾𝛾0 ≈ 0.3 μm. These reductions in 
emittance lead to smaller beam sizes, decreasing from 
𝜎𝜎𝑥𝑥,𝑦𝑦 ≈ 1.5 𝑚𝑚𝑚𝑚 before cooling to 𝜎𝜎𝑥𝑥 ≈ 0.66 𝑚𝑚𝑚𝑚 and 𝜎𝜎𝑦𝑦 ≈
0.52 𝑚𝑚𝑚𝑚 after cooling, based on the average beta functions 
< 𝛽𝛽𝑥𝑥 >= 22.4 𝑚𝑚 and < 𝛽𝛽𝑦𝑦 >= 23.3 𝑚𝑚. Using these post-
cooling beam parameters, space charge effects were stud-
ied along with geometric and resistive wall wakefields/im-
pedances, simulated separately using the ECHO 2D [3], 
ECHO 3D [4], and GdfidL [5] codes. 

Analytical predictions by A. Burov, based on Refs. [6,7], 
indicate potential longitudinal single-bunch instabilities 
driven by both longitudinal space charge and geometric 
coupling impedance. To investigate this, longitudinal and 
transverse beam dynamics have been studied using the EL-
EGANT [8] and TRANFT [9] particle tracking codes. To 
evaluate vertical beam stability, the nonlinear transverse 
space charge (TSC) impedance has been implemented into 

ELEGANT by M. Borland for single-bunch tracking sim-
ulations, enabling detailed analysis of tune shifts and emit-
tance growth driven by space charge and wakefield inter-
actions. 

Table 2: Beam Parameters at Injection Energy 

Energy, E (GeV) 23.8 

Circumference, 𝐶𝐶 (m) 3833.93 

Lorentz Factor, 𝛾𝛾0 25.36 

Transition Energy, 𝛾𝛾𝑡𝑡 22.7 

Energy Spread, 𝜎𝜎𝛿𝛿  7.4x10-4 
RF System, 24.6 MHz (h=315), 
𝑉𝑉𝑅𝑅𝑅𝑅 (MV) 

0.040 

Bunch Length, 𝜎𝜎𝜏𝜏 (ns) / 𝜎𝜎𝑠𝑠 (m) 3.472 / 1.04 
Cooling Before After 
Vertical beam size, 𝜎𝜎𝑦𝑦 (mm) 1.5 0.52 

Horizontal beam size, 𝜎𝜎𝑥𝑥 (mm) 1.5 0.66 

LONGITUDINAL BEAM STABILITY 
To study longitudinal beam dynamics at injection en-

ergy, the longitudinal space charge (LSC) impedance and 
corresponding pseudo-Green function were used as inputs 
for ELEGANT tracking simulations. The LSC impedance 
(Eq. 1) and wakefield (Eq. 2) expressions, based on analyt-
ical formulations from A. Chao [10] and extended in sub-
sequent work, were evaluated for a Gaussian bunch profile 
with an RMS length of 4 mm [11]: 

𝑍𝑍||(𝜔𝜔) = −𝑖𝑖 𝜔𝜔
𝑐𝑐
𝑍𝑍0
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exp (−𝑧𝑧2/2𝜎𝜎𝑠𝑠2), (2) 

where b is the vacuum chamber radius, 𝜎𝜎⊥ is the transverse 
beam size, C is the ring circumference, 𝛾𝛾0 is the Lorentz 
factor, and 𝑍𝑍0 is the impedance of free space. The imagi-
nary part of the longitudinal space charge (LSC) imped-
ance divided by n, where 𝑛𝑛 = 𝜔𝜔/𝜔𝜔0, is (𝐼𝐼𝐼𝐼𝐼𝐼/𝑛𝑛)0 = 2.6 𝛺𝛺 
calculated for 𝐶𝐶 = 3833.93 𝑚𝑚, 𝛾𝛾0 = 25.4, 𝑏𝑏 = 32 𝑚𝑚𝑚𝑚, 
and 𝜎𝜎𝑥𝑥 = 0.66 𝑚𝑚𝑚𝑚. The imaginary part of the longitudinal 
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space charge (LSC) impedance increases linearly with fre-
quency; therefore, the normalized quantity 𝐼𝐼𝐼𝐼𝐼𝐼/𝑛𝑛 remains 
approximately constant over a wide frequency range. In 
Fig. 3, the LSC wakefield is plotted for a 4 mm bunch 
length. Its sign convention is opposite to that of the total 
longitudinal geometric (GM) and resistive wall (RW) 
wakefields shown in Fig. 4.  

 
Figure 3: Longitudinal space charge (LSC) wakefield for a 
4 mm RMS bunch length. 

 
Figure 4: Total longitudinal geometric (GM) and resistive 
wall (RW) wakefield for a 4 mm RMS bunch length. 

The real and imaginary parts of the longitudinal imped-
ance are presented in Fig. 5 for SC and GM+RW. The left 
plot shows that the real part, 𝑅𝑅𝑅𝑅𝑅𝑅||(𝜔𝜔) = 0, is zero for the 
space charge impedance (wine line), while the GM+RW 
impedance (green line) increases with frequency due to 
resonances from vacuum chamber components and mate-
rial properties. This real part of the impedance is used to 
evaluate the beam-induced heating of HSR vacuum com-
ponents under worst-case conditions: 𝐼𝐼𝑎𝑎𝑎𝑎 = 0.69 𝐴𝐴 within 
𝑀𝑀 = 290 bunches, a bunch length of 𝜎𝜎𝜏𝜏 = 200 𝑝𝑝𝑝𝑝 and a 
radial orbit shift of 23 mm in the arcs. The imaginary part, 
𝐼𝐼𝐼𝐼𝐼𝐼||(𝜔𝜔) (right plot), shows that the LSC impedance from 
Eq. 1, with high-frequency filtering applied (super-Gauss-
ian), dominates over the GM+RW contribution. Due to 
their opposite sign, the LSC impedance causes bunch 
shortening, whereas the total geometric (GM) and resistive 
wall (RW) impedances lead to bunch lengthening. To per-
form longitudinal beam dynamics simulations in ELE-
GANT, the Haissinski equilibrium distribution [12] was 
applied at various beam intensities for the proton beam, in-
corporating both LSC and GM+RW impedances. The 
Haissinski solver developed by R. Lindberg was used to 
compute the equilibrium distribution based on the 

specified impedances and to generate a corresponding par-
ticle file for use in ELEGANT.  

 
Figure 5: Real and imaginary parts of the LSC and geomet-
ric (GM) and resistive wall (RW) impedance. 

The Haissinski solution provides a self-consistent de-
scription of the longitudinal equilibrium distribution under 
the influence of collective effects and RF forces. Although 
originally developed for electron beams, it can also be ap-
plied to hadron beams - such as protons - provided that spe-
cific considerations are taken into account. For proton 
beams, synchrotron radiation damping is negligible, and 
the dominant effects shaping the longitudinal distribution 
arise from space charge (SC) and geometric plus resistive 
wall (GM+RW) impedances. In the context of the EIC, 
where electron cooling is employed, the beam can reach a 
quasi-equilibrium state, justifying the application of the 
Haissinski solution. Physically, the Haissinski distribution 
is meaningful if the energy spread and collective forces are 
known, the longitudinal distribution becomes a function of 
the single-particle Hamiltonian H allowing one to compute 
a more accurate equilibrium solution. These considerations 
together validate the use of the Haissinski solution for pro-
ton beams in the HSR at injection energy. 

For the LSC impedance, the Haissinski equation takes 
the following form [13]:   

𝐹𝐹(𝑞𝑞) = exp�−
𝑞𝑞2

2

+
𝑒𝑒𝐼𝐼0𝑍𝑍0𝐶𝐶 (0.5 + ln (𝑏𝑏/𝜎𝜎))

2𝜋𝜋𝐸𝐸0𝜂𝜂𝑠𝑠𝜎𝜎𝛿𝛿2𝛾𝛾2𝜎𝜎𝑧𝑧0

𝐹𝐹(𝑞𝑞)
∫𝑑𝑑𝑑𝑑𝑑𝑑(𝑞𝑞)

� 

            = exp �− 𝑞𝑞2

2
+ 𝑃𝑃𝑆𝑆𝑆𝑆

𝐹𝐹(𝑞𝑞)
∫𝑑𝑑𝑑𝑑𝑑𝑑(𝑞𝑞)

�     (3) 
where 𝑞𝑞 = 𝑧𝑧/𝜎𝜎𝑧𝑧0 and 𝜎𝜎𝑧𝑧0 is the natural bunch length with-
out wakefields. The analytical form incorporates both the 
RF potential and the self-induced potential from the LSC 
impedance. An equilibrium solution exists as 𝑃𝑃𝑆𝑆𝑆𝑆 ≤
𝑃𝑃𝑆𝑆𝑆𝑆 ,𝑚𝑚𝑚𝑚𝑚𝑚 ≈ 1.55. This threshold defines the maximum cur-
rent for which a stable stationary solution can be found. For 
the HSR proton beam case, the Haissinski equilibrium is 
valid up to 5 mA with LSC impedance alone (Fig. 6), and 
extends up to 8 mA when the total impedance 
(SC+GM+RW) is included (Fig. 7). This range comforta-
bly exceeds the nominal single-bunch current 𝐼𝐼0 = 3.5 mA 
at injection. 
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Figure 6: Beam profiles at various single-bunch currents 
for the LSC. The bunch profile becomes more peaked and 
compressed at 5 mA. 

 
Figure 7: Beam profiles at various single-bunch currents 
including SC+GM+RW impedances. The stationary Hais-
sinski solution exists up to 8 mA. 

The particle tracking simulations using computed beam 
profiles are shown in Fig. 8 and Fig. 9 presenting the en-
ergy spread and bunch length as a function of the number 
of turns, including SC+GM+RW impedances. For beam 
currents up to 6 mA, both parameters remain stable, indi-
cating a longitudinal equilibrium state. At a single-bunch 
current of 8 mA, a rapid increase in energy spread is ob-
served, indicating that the beam becomes unstable. This 
behavior suggests that the microwave instability (MWI) 
threshold is ~7 mA for the given wakefields and imped-
ances (SC + GM + RW). By introducing a second harmonic 
RF cavity operating at 49.2 MHz with 𝑉𝑉𝑅𝑅𝑅𝑅 = 20 𝑘𝑘𝑘𝑘, the 
longitudinal bunch profile is extended, leading to reduced 
peak charge density. When considering only the LSC im-
pedance, the Haissinski steady-state current limit increases 
from 5 mA to 10 mA - effectively doubling the accessible 
current range (Fig. 10). For the total longitudinal imped-
ance (SC+GM+RW), the solution is extended from 8 mA 
to 12 mA, representing an increase by a factor of ~1.5. The 
particle tracking simulations are presented in Fig. 11 for the 
energy spread and in Fig. 12 for the bunch length, using the 
double-RF system with combined SC + GM + RW imped-
ances. Both the energy spread, and bunch length increase 
monotonically and reach steady-state values. There is no 
clear evidence of microwave instability (MWI) within this 
current range, allowing us to predict that the MWI thresh-
old is greater than the nominal single-bunch current of 𝐼𝐼0 =
3.5 mA. At this current, the energy spread is expected to 
remain close to the design value, consistent with the re-
quirements imposed by the cooling beam parameters. 

   
Figure 8: Energy spread vs. number of turns for different 
single-bunch currents with SC+GM+RW impedances. 

 
Figure 9: Bunch length vs. number of turns for different 
single-bunch currents with SC+GM+RW impedances. 

 

 
Figure 10: Beam profiles at various single-bunch currents 
for the LSC (left plot) and SC+GM+RW (right plot) im-
pedances. 

  
Figure 11: Energy spread vs. number of turns at various 
single-bunch currents using the double-RF system with 
combined SC+GM+RW impedances. 
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Figure 12: Bunch length vs. number of turns at various sin-
gle-bunch currents using the double-RF system with com-
bined SC+GM+RW impedances. 

To cross-check the effect of the second harmonic cavity 
on beam dynamics, a beam experiment was performed at 
RHIC, which demonstrated increased bunch length and im-
proved beam stability under a dual-RF configuration [14]. 

TRANSVERSE BEAM STABILITY 
Work on vertical beam stability in the Hadron Storage 

Ring (HSR) at injection energy is ongoing, with both linear 
and nonlinear space charge impedances under active inves-
tigation [15]. The horizontal space charge (SC) impedance, 
averaged over Gaussian beam distribution, is given by 

𝑍𝑍𝑥𝑥,𝑆𝑆𝑆𝑆 = − 𝑍𝑍0𝐶𝐶
4𝜋𝜋𝜋𝜋𝛾𝛾0

2𝜎𝜎𝑥𝑥(𝜎𝜎𝑥𝑥+𝜎𝜎𝑦𝑦)
      (4) 

The Eq. 4 is derived from the nonlinear space charge 
force in the round beam limit with a Gaussian transverse 
distribution. The transverse force, which includes both 
electric and magnetic components, is given by 

(𝐸𝐸 + 𝐯𝐯 × 𝚩𝚩)𝑥𝑥 =
𝑍𝑍0𝐼𝐼

2𝜋𝜋𝜋𝜋𝛾𝛾02
(𝑥𝑥 − 𝑥̅𝑥)

(𝑥𝑥 − 𝑥̅𝑥)2 + (𝑦𝑦 − 𝑦𝑦�)2 

× �1 − exp [− (𝑥𝑥−𝑥̅𝑥)2+(𝑦𝑦−𝑦𝑦�)2

2𝜎𝜎2
]�  (5) 

Here, 𝜎𝜎 represents the RMS transverse beam size (as-
suming 𝜎𝜎𝑥𝑥 = 𝜎𝜎𝑦𝑦 = 𝜎𝜎 for around beam), 𝑍𝑍0 is the imped-
ance of free space, 𝐶𝐶 is the ring circumference, 𝑥𝑥 and 𝑥̅𝑥 
denote the particle and centroid horizontal positions, re-
spectively.   

The effect of nonlinear transverse space charge (TSC) 
has been studied using a newly implemented algorithm in 
ELEGANT [8]. Analysis indicates that the beam becomes 
vertically unstable at the nominal cooled emittance of 
𝜀𝜀𝑥𝑥𝛾𝛾0 ≈ 0.5 μm and 𝜀𝜀𝑦𝑦𝛾𝛾0 ≈ 0.3 μm. To mitigate this insta-
bility, high chromaticity (+6/+6) and RHIC-style octupole 
magnets [16] were introduced for tracking. The beam re-
mained unstable under these conditions, and to mitigate the 
instability, the horizontal emittance was increased to 
𝜀𝜀𝑥𝑥𝛾𝛾0 ≈ 3 μm, keeping 𝜀𝜀𝑦𝑦 the same. The results, including 
tune shifts derived from both linear and nonlinear TSC im-
pedances, are presented in Fig. 13. The dashed line is the 
central tune shift based on peak density with TSC imped-
ances of 𝑍𝑍𝑠𝑠𝑠𝑠,𝑥𝑥 = 90 𝑀𝑀𝛺𝛺/𝑚𝑚 and 𝑍𝑍𝑠𝑠𝑠𝑠,𝑦𝑦 = 300 𝑀𝑀𝛺𝛺/𝑚𝑚. Eq. 4 
for linear space charge gives values roughly half as large. 

Dots represent tracking results of tune distribution within 
the bunch over the final three turns (of 50k turns) at 3 mA 
single-bunch current.   

  
Figure 13: Tune distribution within the bunch over the final 
three turns (out of 50k total). Dots represent tracking re-
sults with TSC and longitudinal and transverse GM+RW 
impedances. The dashed line shows the analytical predic-
tion from the linear TSC impedance. 

Additionally, the sign of the octupole cross-term plays a 
critical role: a positive sign partially compensates for the 
TSC-induced tune shift, bringing the tune closer to its bare 
value, while a negative sign enhances the shift, potentially 
enhancing the instability [17,18]. 

CONCLUSION 
The presented results for the proton beam in the HSR at 

injection energy based on Haissinski equilibrium analysis 
and particle tracking simulations using the current longitu-
dinal impedance model (SC + GM + RW) - suggest that the 
beam is expected to be longitudinally single-bunch stable 
at the required single bunch current of 3.5 mA. While the 
exact instability threshold is not sharply defined with the 
dual-RF system, simulations up to 11 mA show no clear 
signs of microwave instability, supporting confidence in 
operational stability at the nominal intensity with an energy 
spread close to the design requirement. Ongoing work on 
transverse beam stability at injection energy focuses on un-
derstanding the effects of TSC impedance combined with 
the geometric and resistive wall impedance budget. A key 
objective is to quantify the tune shift induced by nonlinear 
TSC impedance within the context of the HSR lattice, con-
sidering its effect to understand the global impact on beam 
stability. 

The author thanks M. Blaskiewicz, P. Baxevanis, X. Gu, 
G. Wang, A. Burov, A. Fedotov, V. Ptitsyn, M. Borland and 
R. Lindberg for stimulating discussions and their contribu-
tions to this subject. 
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