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Abstract
With the design of the Electron-Ion Collider (EIC) [1],

a new Rapid Cycling Synchrotron (RCS) is designed to ac-
celerate the electron bunches from 400 MeV up to 18 GeV.
An optimized dynamic aperture with preservation of po-
larization through the energy ramp was found. The codes
DEPOL [2], MADX [3], and BMAD [4] are used in model-
ing the dynamics and spin preservation. The results will be
discussed in this paper.

INTRODUCTION
The EIC will be built at BNL by modifying the Relativistic

Heavy Ion Collider (RHIC) [5] existing straight sections.
The a new hadron storage ring (HSR) will be built from the
arcs of the existing RHIC. The HSR will store polarized
protons with energies up 275 GeV and heavy ions up to
a beam rigidity of 917 Tm. A new electron storage ring
(ESR) [6] has been designed to store electron beams of
energies ranging from 5 GeV to 18 GeV. An electron linear
accelerator pre-injector will inject a 400 MeV electron beam
into the RCS. The RCS, with a circumference ratio to the
ESR of approximately 316/315, will accelerate the electron
beam to a maximum energy of 18 GeV and will transfer
electron bunches to the ESR. Both the RCS and ESR will
join the HSR within the existing RHIC tunnel. A schematic
of the EIC is seen in Fig. 1.

Figure 1: Overhead schematic of EIC electron accelerator.

MAGNETIC LATTICE
The magnetic lattice of the RCS has three distinct sections

due to the need for high periodicity [7]. The arcs of the RCS
contains four interleaved sextupole families, labeled sxfa,
∗ hlovelace@bnl.gov

sxda, sxfb, and sxdb, to correct the chromaticity of a 𝜋/2
phase advance, 𝜙𝑥,𝑦 FODO cell. The RCS has two unique
straight section designs. In the 6 o’clock and 8 o’clock re-
gions of the lattice, the dipoles are arranged such that the
beam line bypasses the detectors with the lattice centerline
5 m away from the centerline of the tunnel. In both straight
section configurations, the magnetic lattice is symmetric
about the midpoint. In the 10 o’clock straight section, ten
591 MHz cavities are located split with five cavities on one
side of the midpoint and five cavities on the other side of
the midpoint. In the experimental bypass straight sections
the number of sextupole families is eleven while in the other
straights the number of families is four. Figure 2 shows the
arrangement of the sextupoles in each of the three lattice
sections. Each of the lattice quadrupoles have a effective
length of 0.6 m and the sextupole effective length is 0.5 m.

2 Arc FODO Cells
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Figure 2: Lattice layout of the arc cells, spin transpar-
ent experimental bypasses, and the utility straight sections.
Dipoles (black), quadrupoles (blue), and sextupoles (green)
are shown. Each straight section is symmetric about the
midpoint of the lattice.

OPTICS
The optical design of the RCS was based upon the need

to minimized the intrinsic and imperfection depolarization
resonances through the energy ramp and to provide at least
a 5𝜎 beam envelope that fits within the 32.9 mm diameter
beam pipe. Thus, with a 40 mm-mrad injection rms emit-
tance, the 𝛽𝑚𝑎𝑥(𝑥,𝑦) is 120 m. The dispersion, 𝜂𝑥, at the
center of the non-experimental straight sections was con-
strained to be zero. Figure 3 shows the 𝛽 functions, 𝜂, and
5𝜎 beam envelopes of the RCS. The fractional tunes, 𝜈𝑥,𝑦,
were selected to be far from the half integer and third integer
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resonances. The RCS ramps to energies 5, 10, and 18 GeV
decreasing the unnormalized emittance of the electron beam
to 4 nm, 2 nm, and 1 nm through adiabatic damping provid-
ing a larger dynamic aperture as the 𝛾 increases. Since the
electron beam emittance is largest and the dynamic aperture
is the smallest at injection energy, the optics of the RCS was
optimized at 400 MeV. An injected 40 ps rms, 7 nC bunch
will merge into 180 ps rms, 28 nC bunch at injection energy,
keeping the momentum spread, Δ𝑝/𝑝, at 2.5×10−3 rms.

Figure 3: Top left: 𝛽 functions, bottom left: 𝜂, top right:
𝜎𝑥, bottom right: 𝜎𝑦. The red curve represents the 5𝜎 beam
envelope. Curve start at 12 o’clock straight section and plots
clockwise through lattice.

Linear Optics Optimization
Since the RCS ramps a polarized electron beam from

400 MeV to 18 GeV, the optics are design so that the average
of normalized strengths of the quadrupoles in the straight
sections were minimal which directly minimizes both the im-
perfection and intrinsic depolarization resonances strengths,
𝜖𝑟:

𝜖𝑟 ∝ ∑(𝑘1𝐿)𝑛 (1)

The constraining normalized strength limit of the RCS
quadrupoles is 0.45 T/m2. The sextupole normalized
strength limit is 7 T/m3. Table 1 lists the RCS parameters.

Nonlinear Optics Optimization
The linear chromaticity, 𝜉𝑥,𝑦 defined as [8]:

𝜉𝑥,𝑦 =
𝜕𝑄𝑥,𝑦
𝜕𝛿 = 1

4𝜋 ∲ 𝛽𝑥,𝑦(𝑠)[∓𝐾1(𝑠) ± 𝐾2(𝑠)𝜂𝑥]𝑑𝑠 (2)

, needed to eliminate head-tail instability in the RCS has
been optimized to 1 in both planes. In equation 2, 𝐾𝑛 =
1

𝑏𝜌
𝜕𝐵𝑛

𝑦
𝜕𝑥𝑛 |𝑥=𝑦=0. This chromaticity was selected to minimize

the tune spread at injection and throughout the ramp. The
chromatic aberrations, 𝑊𝑥,𝑦 are defined as [9]:

Table 1: List of Selected RCS Parameters

Parameter Value

Circumference [m] 3846.17
Injection energy [MeV] 400
Top energy [GeV] 18
Normalized emittance [mm-mrad] 40
Momentum compaction 𝛼𝑐 0.00028
Gamma Transition 𝛾𝑡 59.74
Max relative pol. loss 1%
Ramping repetition rate [Hz] 1
Acceleration time [ms], [turns] 100, 8000
“Spin effective” superperiods 96
No. of quadrupoles 506
No. of sextupoles 422
Arc Cell (𝑜) 𝜙𝑥, 𝜙𝑦 92.52, 94.84
Tune Q𝑥, Q𝑦 58.8, 64.2
Natural Chromaticity 𝜉𝑥, 𝜉𝑦 -91.64, -91.79

𝐵 = lim
𝛿→0

𝛽𝛿 − 𝛽0

√𝛽𝛿𝛽0
× 1

𝛿

𝐴 = lim
𝛿→0

𝛼𝛿𝛽0 − 𝛼0𝛽𝛿

√𝛽𝛿𝛽0
× 1

𝛿

𝑊 = √𝐴2 + 𝐵2.

(3)

where 𝛿 is Δ𝑝/𝑝 and the 𝛼 is the Twiss parameter describing
the slope of the 𝛽 function at a given s coordinate. The
first order chromatic, ℎ20001, ℎ00201, ℎ10002, the first or-
der geometric, ℎ21000, ℎ30000, ℎ10110, ℎ10020, ℎ10200, and
the second order geometric, ℎ31000, ℎ40000, ℎ20110, ℎ11200,
ℎ20020, ℎ20200, ℎ00310, ℎ00400 resonance driving terms de-
fined by [10] [11] were used for optimization. The ℎ22000,
ℎ11110, and ℎ00220 terms which drive the amplitude depen-
dent tune shift (ADTS) were also minimized. The objective
of the optimization was to minimize 𝑊𝑥,𝑦 and the effective
Hamiltonian, ℎ, simultaneously. First, global minimization
through the use of differential evolution algorithm [12], and
then local minimization by the Levenberg–Marquardt algo-
rithm [13].

RESULTS
Figure 4 shows a comparison between the optimized sex-

tupole values and the dispersion. The sextupoles with the
maximum absolute strengths are located in the arcs of the
RCS. The optimization of the 𝑊𝑥,𝑦, Figure 5, shows the am-
plitude of the chromatic perturbations with respect to the
s position in the lattice. The largest chromatic correction
occurs at the match points exiting entering the experimental
bypass straight sections with a particle traveling along an
increasing s position.

The tune scan, Figure 6, shows the chromatic curve for a
given momentum spread. The second order chromaticities
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Figure 4: The k2 value of the sextupole strengths compared
to the dispersion function at that s position.

Figure 5: W-functions for the RCS where 𝛿 = 2.5× 10−3.

are 𝜉2𝑥 = 11.1641 and 𝜉2𝑦 = 55.8086. Third order chro-
maticities are 𝜉3𝑥 = 1697.57 and 𝜉3𝑦 = 1202.47. Figure
7, show the strengths of the calculated resonance driving
terms.
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Figure 6: Chromatic Scan of RCS.

The dynamic aperture is shown in Figure 8. The dy-
namic aperture was taken at the midpoint of 12 o’clock utility
straight section at 400 MeV. The 𝛽 functions at that location
are 50.0 m, horizontal, and 3.4 m, vertical. At that loca-
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Figure 7: Absolute value of the resonance driving terms
strengths. The ADTS were scaled by a factor of 1 × 10−4

and the second order terms were scaled by 1×10−3.

tion, 𝜂𝑥,𝑦 = 0. The dynamic aperture was tracked with a
single particle for 10,000 turns using BMAD. For the on
momentum particle, a dynamic aperture of 6𝜎 was found.
A dynamic aperture of 1𝜎 was found with the Δ𝑝/𝑝 of 1.5%
and 0.5𝜎 at -1.5%.
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Figure 8: Dynamic Aperture of RCS 𝜎𝑥=1.6 mm,
𝜎𝑦=0.4 mm.

CONCLUSION
A dynamic aperture of 6𝜎 at 400 MeV was found for the

on-momentum particle of the RCS. The dynamic aperture
extends to ±1.5% with a 1𝜎 and 0.5𝜎, respectively.
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