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Abstract 
The electron-ion collider will be constructed at 

Brookhaven National Laboratory with the goal of provid-
ing high luminosity, high average beam polarization, and a 
wide range of colliding beam energies. One critical re-
quirement is a large dynamic aperture (DA) of the collider 
rings, in both transverse and momentum dimensions. The 
ring lattices have been continually optimized to improve 
the geometric and optics conditions. This paper presents 
results of the DA studies for the recent lattices of the Elec-
tron Storage Ring at different energies, including non-lin-
ear chromaticity correction, effects of errors, magnet field 
quality, and orbit correction options. 

INTRODUCTION 
The electron ion collider (EIC) [1, 2] will be built at 

Brookhaven National Laboratory. The important design 
goals are the high luminosity up to 1034 cm-2s-1, the high 
average beam polarization, and a wide range of colliding 
beam energies. There are separate electron and hadron stor-
age rings with up to two interaction points (IP6 and IP8). 
A small beam transverse size at IP is achieved using low-
beta optics in these interaction regions (IR). Attaining a 
sufficient beam lifetime requires that dynamic aperture 
(DA) in both transverse and momentum dimensions 
reaches the size of 10 σ of beam distribution. This is a chal-
lenge because the IR final focus quadrupoles, where beta 
functions are very high, generate huge linear and non-lin-
ear chromaticity and cause strong error effects, which re-
duce the DA. Proximity of the design betatron tunes to in-
teger values further enhances the impact of these effects. 

In this paper, we present the studies for the electron stor-
age ring (ESR). Several lattice configurations have been 
designed corresponding to electron energies of 18 GeV, 
10 GeV and 6 GeV with one or two IPs. The 18 GeV lattice 
is the most challenging due to:  

1. The strong 90⁰ FODO arc optics, which is required in 
order to counterbalance the emittance growth with en-
ergy.  

2. The large rms energy spread of σp ≈ 0.1%. The 10 
GeV and 6 GeV configurations use the weaker 60° arc 
optics, where the rms energy spread is about 0.06%.  

The two-IP lattices have more high-beta IR quadrupoles, 
thus creating the strongest chromatic and magnet error ef-
fects. To achieve the specified 10σp range, a sophisticated 

non-linear chromaticity correction scheme [3] has been de-
veloped. The DA with magnet errors is evaluated in track-
ing simulations without beam-beam effects. For cost-effi-
cient realization of the ESR, there is an interest in reusing 
available magnets from other projects. The impact of these 
magnets field quality on the DA is verified, and the related 
correction scheme options are discussed. 

CHROMATICITY 
The chromaticity correction scheme for the most chal-

lenging 18 GeV lattice with two IPs is described in detail 
in [3, 4]. It consists of multi-family chromatic sextupoles, 
located in the arcs, and harmonic sextupoles in straight sec-
tions. The scheme provides efficient correction of the non-
linear chromaticity, including the large first and second or-
der W-functions generated in the low-beta IRs, the second 
order dispersion, and the third order geometric resonance 
driving terms, reaching the desired momentum acceptance 
of δ = Δp/p = ±1%.  

To minimize the impact of sextupole non-linear fields on 
the on-momentum DA, the sextupoles in the 18 GeV 90° 
arcs are arranged in -I pairs, hence their non-linear geomet-
ric aberrations are cancelled [5]. Similarly, the -I pairs are 
used in the 60° arcs of the lower energy lattices; however, 
their arrangement is different. As a result, different sextu-
pole families must be used in the 90° and 60° lattices, even 
though both corrections are based on the same principles. 
Since both configurations must use the same physical mag-
nets, the sextupole power supplies must be compatible with 
the different schemes.  

Here, we describe details of the chromaticity correction 
in the 10 GeV lattice with the 60° arcs and one or two low-
beta IRs. A similar strategy applies to the 6 GeV lattice. 
Beta functions in the 10 GeV lattice with two low-beta IRs 
are shown in Fig. 1. Note that the IR optics is not symmet-
ric relative to the IP. The six periodic arcs and six straight 
sections (all called IRs) are labelled according to the clock. 
For these studies, the betatron tune is νx = 43.12, νy = 38.1, 
and the beta functions at the IP6, IP8 are βx* = 45 cm, βy* 
= 5.6 cm [6].  

The IR high-beta final focus quadrupoles create signifi-
cant non-linear chromaticity in the form of chromatic beta 
beating and high order tune shift, which severely limit the 
momentum range. Due to the complexity of the IR design, 
which must meet both geometric and optical requirements, 
including crab cavities, spin rotator sections, and spec-
trometer dipoles, it does not have space for a conventional 
local chromaticity correction scheme based on non-inter-
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leaved -I sextupole pairs [7]. Therefore, the IR chromatic-
ity correction has to be carried out by sextupoles in the 
arcs, called a semi-local correction.  

 
Figure 1: ESR beta functions at 10 GeV with two IRs. 

Schematic of the semi-local sextupole scheme on one 
side of the IP is shown in Fig. 2. Here, the six independent 
sextupole families, constructed of -I pairs, are placed peri-
odically in the adjacent to the IR 60° arc. An independent 
set of six sextupole families is used on the other side of the 
IR. The main function of these sextupoles is to cancel the 
large chromatic beta beating originating from the IR high-
beta quadrupoles by creating an opposite chromatic beta 
wave in the same phase. This is achieved by optimizing the 
sextupole strengths and the IR phase advance, indicated in 
Fig. 2 by “phase trombone”. The chromatic beta beating is 
traditionally described by the Montague functions [8] or by 
the W-functions. The linear chromaticity in this region is 
also optimized for the best non-linear correction.  

In this scheme, ideally, the IP W-functions are matched 
to zero, and the large W-functions created by the IR high-
beta quadrupoles are gradually cancelled in the adjacent 
arcs. However, the complete ring correction, which in-
cludes chromaticity from other regions, may work better 
when these conditions are met approximately. The correc-
tion optimization is performed with the LEGO code [9], 
which is able to compute the lattice function derivatives 
with momentum to an arbitrary order [10]. 

 
Figure 2: Schematic of the 10 GeV semi-local sextupole 
scheme on one side of IP, where the columns are quadru-
poles and the hexagons are six-family sextupoles. 

The optimal correction of the 10 GeV lattice with a sin-
gle IR6 required an extension of the semi-local scheme to 
two arcs per each side of the IR6. The resulting cancella-
tion of the IR large W-functions in these four arcs is shown 
in Fig. 3. The remaining two arcs contain two-family sex-
tupoles for correction of linear chromaticity, which is 
maintained at +1 in both planes for the whole ring. Optimi-
zation of the strengths of the 14 sextupole families along 
with the phase advance in the IR6 and other straight sec-
tions yields the desired 10σp momentum range of 0.6%. 

Application of the semi-local scheme to the two-IP lat-
tice with low-beta IR6 and IR8 is more challenging since 
there is only one arc-7 between the IRs. Therefore, sextu-
poles in this arc must compensate both IRs. In this case, the 
semi-local scheme uses 18 sextupole families in arcs 5, 7, 
and 9. LEGO optimization determined that another six 
chromatic sextupole families are necessary in the remain-
ing three arcs for both linear and non-linear correction. One 
more sextupole is included in arc-11 to minimize the sec-
ond order dispersion. In total, 25 sextupole families are 
used in the 10 GeV lattice with two IPs. The phase advance 
in the IRs and other straight sections is also optimized for 
the maximum momentum range of 0.7%. Figure 4 shows 
the resulting dependence of the betatron tune and DA of 
this lattice without errors vs δ. Note that due to the use of -
I sextupole pairs, the on-momentum DA is reasonably large 
even without harmonic sextupoles. The radiation damping 
effects are included; and the rms beam size (σ) is deter-
mined conservatively for a fully coupled emittance of  
εx = 22 nm and εy = εx / 2. 

 
Figure 3: W-functions in the 10 GeV lattice with the low-
beta IR6, starting from IP6. 

      
Figure 4: Tune vs δ, and DA without errors at δ = 0 to 0.7% 
in the 10 GeV lattice with the low-beta IR6 and IR8. 

DYNAMIC APERTURE WITH ERRORS 
In this section, we discuss the on-momentum DA with 

magnet errors for the ESR lattices (version 5.6), including 
options of using available magnets from other projects.  

The DA is calculated in particle tracking simulations 
with LEGO. Misalignment, strength errors, and magnet 
non-linear field (multipoles) are applied to dipoles, quad-
rupoles and sextupoles, including BPM misalignment. The 
errors make distortions of beam orbit, dispersion, beta 
functions, x-y coupling, chromaticity, betatron tune, and 
excite non-linear resonances. The strongest effects come 
from errors in the high-beta magnets near the IP.  

To avoid unstable optics and minimize the DA reduction, 
the error effects are corrected using the correction schemes 
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in LEGO.  The betatron tune and linear chromaticity are 
maintained at their design values using two-family arc 
quadrupoles and sextupoles. The orbit is minimized with 
dipole correctors and BPMs, where the vertical correctors 
are also used to minimize the vertical dispersion. The trans-
verse coupling is corrected using the technique of sextu-
pole vertical offsets, which create the skew quadrupole ef-
fects. Finally, beta function distortions are minimized with 
adjustment of quadrupole strengths. The SVD method is 
used for finding the most efficient set of correctors. To 
avoid unstable optics conditions, the errors are added in 
small steps, while applying the corrections at each step, un-
til the full error values are reached. 

After the correction, a 2000-turn tracking is performed 
for 10 seeds of random errors. Synchrotron oscillations and 
effects of non-linear fringe field in quadrupoles and dipoles 
[11] are included. The DA size is defined as the minimum 
DA among the 10 seeds. Simulations without radiation ef-
fects yield a pessimistic DA estimate, while the radiation 
damping reduces the electron amplitude, thus decreasing 
the impact of non-linear field resulting in larger DA. 

We use conservative misalignment and strength errors 
based on the PEP-II [12] values. Magnet rms x,y offsets 
and roll angles are 0.2 mm and 0.5 mrad, respectively. 
Smaller rms x,y errors of 0.1 mm are needed for the sensi-
tive high-beta IR quadrupoles; this value is also used for 
BPMs. The rms strength error is 0.1% in dipoles and quad-
rupoles, 0.2% in sextupoles, and 0.05% in the high-beta 
quadrupoles and dipoles near IP. Typical residual rms dis-
tortions after correction are: 0.3-0.4 mm of orbit, ~1 m of 
Δβ, ~10 cm of horizontal and ~3 cm vertical dispersion. 

Various options for the magnet non-linear field have 
been examined. Measured multipoles of PEP-II [12], 
HERA [13], and APS [14-16] magnets have been used for 
the studies as well as the multipoles based on the ESR mag-
net design [17].  There is a number of HERA and APS mag-
nets, which may be available for a possible reuse in the 
ESR. The measured multipoles in the APS quadrupoles and 
sextupoles are shown in Fig. 5.  

      
Figure 5: Systematic and random (rms) multipoles in the 
APS quadrupoles (left) and sextupoles (right) at r = 25 mm. 

In the study, the multipoles in the above options are ap-
plied to all magnets except the high-beta IR magnets. Mul-
tipole tolerances in the high-beta quadrupoles and dipoles 
near IP are determined separately due to their strong impact 
on the DA.  

Dynamic aperture with errors for one-IR lattices at 
10 GeV and 18 GeV are shown in Fig. 6. The multipole 
field in these cases is based on the measured HERA quad-
rupoles, the new ESR dipoles, and the measured PEP-II 
sextupoles. The simulations are without radiation effects, 

thus yielding the pessimistic DA estimate. The DA is 
11.9 σ at 10 GeV and 10.1 σ at 18 GeV, where the beam 
size is determined for the ideal emittance of εx = 22 nm-rad 
at 10 GeV and 28 nm-rad at 18 GeV, and εy = εx / 2. 

      
Figure 6: DA at IP6 for 10 seeds of errors without radiation 
for one-IR lattices at 10 GeV (left) and 18 GeV (right), 
where multipoles from the HERA quadrupoles are used.  

Dynamic aperture for the more challenging two-IR lat-
tice at 18 GeV is shown in Fig. 7 for the multipole options 
based on 1) HERA quadrupoles and ESR sextupoles, and 
2) APS quadrupoles and sextupoles, where multipoles in 
dipoles are from the ESR magnet design. The LEGO cor-
rections were optimized for maximum DA. The HERA and 
APS multipole models yield similar DA of ≈10σ, estimated 
without radiation for the ideal fully coupled emittance of 
εx = 28 nm-rad.  

      
Figure 7: DA at IP6 for 10 seeds of errors without radiation 
for two-IR lattice at 18 GeV for the options of HERA quad-
rupoles (left), and APS quadrupoles and sextupoles (right). 

Assuming a reuse of the APS dual-plane correctors, 
which quantity is limited, we examined the scheme where 
these correctors and dual-plane BPMs are included only at 
defocusing quadrupoles, except in the ±100 m area around 
IP, where they are at all quadrupoles. This was compared 
to more traditional schemes with a single-plane corrector 
at each quadrupole, and dual-plane BPMs at either all 
quadrupoles or only at defocusing quadrupoles. The result 
of not having correctors and BPMs at focusing quadrupoles 
is an increase of average rms x-orbit by ~70% and average 
x-emittance by ~9% compared to the scheme with correc-
tors and BPMs at all quadrupoles. The slight decrease of 
the DA due to the larger emittance should be considered 
when deciding on the optimal correction scheme. 

This study demonstrates that the required 10σ DA in 
both transverse and momentum dimensions has been 
achieved with the described chromaticity correction 
scheme and a careful correction of errors, including the op-
tions of using the available magnets from HERA or APS. 
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