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The Electron-Ion Collider (EIC), to be constructed at Brookhaven National Laboratory, will collide
polarized high-energy electron beams with hadron beams, achieving luminosities of up to 1.0 ×
1034 cm−2 s−1 in the center-of-mass energy range of 20–140 GeV. To achieve such high luminosity,
the EIC will employ small and flat beams at the interaction point. In the hadron storage ring of the EIC, the
ratio of horizontal to vertical emittances is approximately 11∶1. In contrast, in previous or existing hadron
colliders, the horizontal and vertical emittances are typically similar or closely matched. At the Relativistic
Heavy Ion Collider (RHIC), we experimentally demonstrated a large transverse emittance ratio of 11∶1
with gold ion beams at a particle energy of 100 GeV per nucleon, thanks to stochastic cooling and fine
decoupling. Furthermore, we demonstrated collisions with flat beams, featuring a transverse beam size
ratio of 3∶1 for the first time at the RHIC.
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The Electron-Ion Collider (EIC), to be constructed at
Brookhaven National Laboratory, will collide polarized
high-energy electron beams with hadron beams, achieving
luminosities of up to 1.0 × 1034 cm−2 s−1 in the center-of-
mass energy range of 20–140 GeV [1]. The EIC consists of
two storage rings: the hadron storage ring (HSR) and the
electron storage ring (ESR), both of which will be housed
within the existing tunnel of the Relativistic Heavy Ion
Collider (RHIC) [2]. RHIC has two storage rings, the blue
ring and the yellow ring. The HSR consists of arcs from
both RHIC rings and new straight sections between the
arcs. RHIC is set to be decommissioned in 2025.
Luminosity, a key collider performance metric, signifies

the rate of physics events per unit cross section per second
during beam collisions [3]. 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 (σ0h, σ

0
e) at the interaction point (IP) defined by

the interaction region magnet apertures and detector for-
ward acceptance requirements, and maximum beam cur-
rents. The luminosity can be rewritten as [1,4]

L ¼ fb
πγhγe
r0;hr0;e

ðξhσ0hÞðξeσ0eÞ
ð1þ κÞ2

κ
H; ð1Þ

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. Flatness κ ¼ 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.

The luminosity in the EIC is maximized with flat beams
at the IP with κ ≪ 1, as indicated by Eq. (1). This is
realized by both unequal transverse β functions at the IP,
β�y ≪ β�x, and unequal transverse emittances, ϵy ≪ ϵx.
Electron storage rings naturally have a very small vertical
emittance. The magnitudes of the hadron design emittances
are chosen such that they can be achieved and maintained
by the projected strong electron cooling facility, which
must counterbalance the emittance growth rates due to the
intrabeam scattering (IBS). As an example, Table I presents
the design parameters for the collision mode involving
275 GeV protons and 10 GeV electrons [1]. In this table,
paired values in the parentheses are ordered as (horizontal,
vertical). In this mode, both the electron and proton beams
reach their maximum beam-beam parameters in the EIC,
and its peak luminosity reaches 1 × 1034 cm−2 s−1. The

TABLE I. Main machine and beam design parameters for the
collision mode involving 10 GeV Electrons and 275 GeV Protons
in the EIC.

Quantity Unit Proton Electron

Beam energy GeV 275 10
No. of bunches � � � 1160
Bunch intensity 1011 0.668 1.72
Beam sizes at IP m (95, 8.5)
ðβ�x; β�yÞ at IP cm (80, 7.2) (45, 5.6)
Transverese emittances nm (11.3, 1.0) (20.0, 1.3)
Flatness κ ¼ σ�y=σ�x � � � 0.09
Beam-beam parameter � � � (0.012, 0.012) (0.072, 0.1)
Transverse tunes � � � (0.228, 0.210) (0.08, 0.14)
peak luminosity cm−2 s−1 1.0 × 1034
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design horizontal and vertical emittances are 11.3 and
1.0 nm for the proton beam. This large transverse emittance
ratio also applies to other collision modes in the EIC
design.
We tested the viability of the 11∶1 ion emittance ratio

through a series of beam experiments at the RHIC, starting
in 2017. Two main effects must be considered for our
experiments to demonstrate a large emittance ratio: the IBS
effect, akin to thermalization, and the betatron coupling
between horizontal and vertical oscillations. IBS arises
from multiple small-angle Coulomb scatterings between
charged particles in a bunch, leading to 3D beam emittance
increase [5–7]. To counteract the IBS effects and achieve or
maintain small transverse emittances, especially in the
vertical plane, phased cooling techniques are adopted in
the current EIC design: (i) Traditional electron cooling [8–
10] is used to precool the proton beam at the injection
energy of 24 GeV=nucleon, reaching the design normal-
ized emittances and transverse emittance ratio. (ii) Strong
hadron cooling [11–13] or storage electron cooling [14–16]
is employed at collision energies to balance the IBS effect
and maintain the proton beam emittances.
Betatron coupling resonance couples the horizontal and

vertical motions of particles, leading to changes in the
betatron tunes and the mixing of transverse emittances
[17,18]. Also, when cooling is operative, it will make it
difficult to selectively cool a single transverse emittance.
The sources of betatron coupling include the detector
solenoids, skew quadrupoles, and residual coupling sources,
such as roll errors of quadrupoles and vertical closed orbits
in sextupoles. Using Hamiltonian perturbation theory of
linear difference betatron coupling [18], the transverse tune
split with coupling is

jQx −Qyj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jQx;0 −Qy;0j2 þ jC−j2
q

: ð2Þ

HereQx;y are the fractional tunes with coupling, whileQx;y;0

are the fractional tunes without coupling. jC−j is the
amplitude of coupling coefficient. The pseudo horizontal
and vertical emittances with coupling, denoted as ϵx;y, are
given by

ϵx ¼ ϵx;0 −
jC−j2=2

jQx;0 −Qy;0j2 þ jC−j2 ðϵx;0 − ϵy;0Þ; ð3Þ

ϵy ¼ ϵy;0 þ
jC−j2=2

jQx;0 −Qy;0j2 þ jC−j2 ðϵx;0 − ϵy;0Þ: ð4Þ

Here ϵx;y;0 represent the emittances without coupling.
In 2006, we successfully demonstrated and implemented

a global decoupling feedback system at RHIC [19,20]. This
system relies on continuous measurements of the coupling
coefficient, achieved through a baseband phase-lock-loop
tune meter. The coupling coefficient is derived from the

measured eigenmode amplitude projections onto the trans-
verse axes. As the coupling coefficient is a complex number,
we organized the existing skew quadrupoles at RHIC into
two orthogonal families to effectively correct global cou-
pling. Since then, decoupling feedback has become an
integral part of routine RHIC operation, applied during
injection, at store, and during acceleration. Correcting
betatron coupling is essential for managing large emittance
ratio beams during their generation, maintenance, acceler-
ation, and collision.
To demonstrate a large transverse emittance ratio at

RHIC for the EIC, we opted to use gold ion 197Au79þ beams
instead of proton beams. This choice was motivated by the
more pronounced IBS growth effect for gold ion beams
compared to proton beams. In high-energy hadron syn-
chrotrons like RHIC, where the beam’s stored energy is
much higher than the transition energy, longitudinal IBS
growth is much faster than transverse IBS emittance
growth. Horizontal emittance growth due to IBS mainly
results from horizontal momentum dispersion and the
enlarged momentum spread caused by longitudinal IBS
growth. Given the typical design with zero vertical
dispersion in a ring, vertical emittance growth due to
IBS is much smaller than in the other two planes. In our
experiments, with effective betatron coupling correction,
vertical emittance growth due to the IBS effect is negligible
for the initial beam emittances.
In our first experiment in 2017, we loaded the yellow

ring of RHIC with nominal intensity bunches (2 × 109

ions/bunch) for the first half of the bunch train, followed
by half-intensity bunches for the remainder. After accel-
erating the beams to 100 GeV=nucleon, we applied betatron
coupling correction using the decoupling feedback system.
The transverse beam tunes were set to (0.237, 0.228).
Approximately 2 h into the store, maximum emittance
ratios of 2∶1 and 1.7∶1 were achieved for the full and half
intensity bunches. The bunch intensity did not play a big role
in this experiment.
For RHIC ion operation, we are equipped with 3D

stochastic cooling to counteract the IBS effect for ions at
100 GeV=nucleon. Operational longitudinal stochastic
cooling for high-energy bunched ion beams was imple-
mented in RHIC in 2007 [21,22], while horizontal and
vertical stochastic cooling capabilities were added in 2012.
With 3D stochastic cooling, to maximize the transverse
emittance ratio, we can switch off horizontal-plane sto-
chastic cooling and only employ vertical-plane stochastic
cooling. This allows IBS to grow horizontal emittance
while the stochastic cooling effectively reduces vertical
emittance, thus maximizing the transverse emittance ratio.
In the 2018 beam experiment, we investigated the neces-

sary decoupling conditions to stop transverse emittance
exchange. Using gold ion beams at 100 GeV=nucleon, we
intentionally switched off horizontal stochastic cooling while
keeping vertical-plane cooling on. We scanned the tune split
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to determine the point at which horizontal emittance would
no longer be affected by vertical cooling due to betatron
coupling. Our conclusion was that the global coupling
coefficient amplitude jC−j should be at least 10 times smaller
than the transverse tune split without coupling jQx;0 −Qy;0j
to prevent transverse emittance exchange. This finding was
later confirmed through analytical estimates and numerical
multiparticle simulations [23]. However, due to limited beam
time in this experiment, we were unable to maximize the
transverse emittance ratio.
In the following years, RHIC underwent low-energy

scan experiments from 2019 to 2021, followed by a
polarized proton run in 2022. In 2023, RHIC returned to
100 GeV gold ion operation to commission the new
sPHENIX detector. With longitudinal and vertical stochas-
tic cooling properly tuned, we were ready to resume our
experiment to maximize the transverse emittance ratio
under optimal experimental conditions. Another goal of
our experiments is to test the capability of the existing
RHIC global coupling correction system for the purpose of
the EIC.
In the first beam experiment on June 14, 2023, we had 56

gold ion bunches in the blue ring, each with a bunch
intensity of about 1 × 109 ions per bunch. After reaching
the stored energy of 100 GeV=nucleon, we turned on both
longitudinal and vertical cooling. Global betatron coupling
was automatically corrected using the decoupling feedback
at the beginning of the store. We then adjusted the trans-
verse tunes to (0.236, 0.216) with a tune split of 0.02,
comparable to the tune split for the HSR design tunes
(0.228, 0.210).
Figure 1 shows the measured horizontal and vertical

emittances in the bottom plot and the transverse emittance
ratio in the upper plot. The emittances were measured using

ion profile monitors (IPMs), and the rms normalized
emittances are presented in units of μm, as conventionally
used in RHIC operation. From the plot, the horizontal and
vertical emittances were initially close to each other, at
approximately 1.1 μm at the beginning of the store. As IBS
led to the growth of the horizontal emittance, while
stochastic cooling effectively reduced the vertical emit-
tance, the transverse emittance ratio reached 11∶1 within
2.5 h. At this point, the normalized emittances of the gold
ion beam were 2.27 μm for horizontal and 0.21 μm for
vertical emittance. Given that the horizontal emittance was
still increasing, it was possible to achieve an even higher
transverse emittance ratio than 11∶1. The key to generate
and to maintain the flat beam with a large emittance ratio is
the fine decoupling performed at the beginning of this
experiment.
At the end of the store, we deliberately pushed the

vertical tune closer to the horizontal tune to check the
minimum betatron tune split jQx −Qyj needed to stop the
transverse emittance exchange. Figure 2 shows the betatron
tune split and the emittance ratio during this scan. We found
that when the tune split was smaller than 0.018, the vertical
emittance began to grow due to coupling, and the transverse
emittance ratio started to decrease. However, even with a
tune split of 0.015, the emittance ratio was still maintained
at 10∶1.
In the second experiment conducted on June 28, 2023,

our objective was to demonstrate a collision with flat
beams. For this experiment, we loaded only 28 gold ion
bunches into both the blue and yellow rings of RHIC for
safety reasons. After reaching 100 GeV=nucleon, we first
measured the amplitude of coupling coefficient jC−j by
pushing the vertical tune as close as possible to the
horizontal one. As an example, Fig. 3 shows the measured
transverse tunes Qx;y in the yellow ring. We were able to
push the vertical tune close to the horizontal tune with a
small tune split jQx −Qyj of 0.002. From Eq. (2), this

 0

 2

 4

 6

 8

 10

 12

 0  0.5  1  1.5  2  2.5

E
m

itt
an

ce
 R

at
io

 Ratio

 0

 0.5

 1

 1.5

 2

 2.5

 0  0.5  1  1.5  2  2.5

E
m

itt
an

ce
s 

( 
m

) 

Time (hour)

Horizontal
Vertical

FIG. 1. Measured transverse emittances in the bottom plot and
the transverse emittance ratio in the top plot for the experiment
conducted on June 14, 2023.
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FIG. 2. Transverse tune split and emittance ratio during the tune
split scan in the experiment conducted on June 14, 2023.
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suggests that the amplitude of coupling coefficient jC−j
should be equal to or less than 0.02. Also as shown in the
plot, when we pushed the vertical tune one step closer to the
horizontal tune, unfortunately, the phase-lock-loop tune
meter was unable to differentiate between them.
Next, we adjusted the transverse tune splits to be 0.02,

which was about 10 times the amplitude of the coupling
coefficient, in both rings to maximize the transverse
emittance ratios. Figure 4 shows the total beam intensities,
measured emittances, and transverse emittance ratios of
both beams approximately 3 h into the experiment. From
the plot, we observed that the maximum emittance ratio

was 13.5∶1 in the blue ring and 8.8∶1 in the yellow ring.
We attribute the difference in the emittance ratios in the two
RHIC rings mostly to the initial vertical emittance differ-
ence. From Fig. 4, the ion intensity in the blue ring was
smaller than that in the yellow ring. The reason was that we
lost about 17% ions in the yellow ring when we acciden-
tally placed its horizontal tune to 0.2412, which is too close
to the fourth order betatron resonance at 0.25. A faster ion
loss rate in the yellow ring during the cooling process was
also caused by a high horizontal tune.
Before colliding the flat beams, we measured the IBS

emittance growth rates for the flat beam in the blue ring.
This experiment aimed to benchmark the IBS growth rate
through analytical calculation. IBS is the main mechanism
for the emittance growth in the HSR. Other possible
mechanisms, such as beam-beam interaction, beam insta-
bilities, and machine noises are under investigated. In this
experiment, for a duration of 5 min, we temporarily
switched off the vertical stochastic cooling in the blue
ring. Figure 5 illustrates the emittance evolutions during
this study. The change in horizontal emittance is less
pronounced. The measured vertical emittance growth time
was 1.2 h. Using the same machine and beam parameters as
in this experiment, we analytically calculated the vertical
IBS growth time to be about 1.5 h, which agrees well with
the experimental measurement. After this, we also con-
ducted another quick test in the blue ring and reconfirmed
experimentally that with a tune split larger than 0.018 we
were still able to maintain a transverse emittance
ratio 11∶1.
To collide the two flat beams, we removed the local

separation bumps at IR6 in both rings. Figure 6 shows the
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FIG. 4. Total beam intensities, transverse emittances, and transverse emittance ratios in the experiment conducted on June 28, 2023.
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total beam intensities, transverse emittances in both rings
and the event rate from the zero degree calorimeter (ZDC)
of the STAR experiment at IP6. We did not observe
significant transverse emittance exchange when proceeding
to collision. The transverse beam size ratio was approx-
imately 3∶1 in both rings. As per the 2023 RHIC run
design, which includes a 1 mrad crossing angle at IP6 and a
design β�x;y ¼ 0.7 m, we estimated that the actual beam-
beam parameter in this experiment was approximately
0.004. For comparison, the maximum beam-beam param-
eter for protons at collision energies in the HSR is about
0.012, and the ratio of horizontal to vertical beam sizes is

about 11∶1. In future EIC operation, we plan to have orbit,
tune, and coupling feedback during collision to prevent
transverse emittance exchange and maintain the design
emittance ratio.
In summary, we successfully demonstrated the EIC

design transverse emittance ratio of 11∶1 in RHIC with
stochastic cooling and fine decoupling. We also demon-
strated collision with flat beams in the RHIC for the first
time. These experiments validate the feasibility of having
an 11∶1 transverse emittance ratio as assumed in the
present EIC design. They also confirm that the necessary
betatron coupling correction to obtain and maintain the
11∶1 emittance ratio can be achieved using the existing
RHIC decoupling feedback system. The introduction of flat
beams in RHIC enables various other EIC-related beam
experiments, including studies on IBS growth rate with
betatron coupling, space charge effects, beam-beam inter-
action, and synchrotron-betatron resonance with flat
beams, and so on.
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