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Abstract
The Electron-Ion Collider (EIC) presently under construc-

tion at Brookhaven National Laboratory will collide polar-
ized high energy electron beams with hadron beams with
luminosities up to 1 × 1034cm−2s−1 in the center mass en-
ergy range of 20-140 GeV. In this article, we evaluate the
dynamic aperture for the Hadron Storage Ring (HSR) with
symplectic element-by-element tracking. Crab cavities, non-
linear magnetic field errors, and weak-strong beam-beam
interaction are included. We compared the dynamic aper-
ture with crossing-angle collision to head-on collision and
found the reason for the dynamic aperture reduction. We
also studied the field error tolerances for IR magnets and for
some particular magnets.

INTRODUCTION
The Electron-Ion Collider (EIC) presently under construc-

tion at Brookhaven National Laboratory will collide polar-
ized high energy electron beams with hadron beams with
luminosities up to 1 × 1034cm−2s−1 in the center mass en-
ergy range of 20-140 GeV [1]. We focus on the collision
mode involving 275 GeV protons and 10 GeV electrons
since at this collision mode both protons and electrons reach
their highest beam-beam parameters in EIC. Table 1 lists the
beam-beam related design parameters for this study. In this
article, we will evaluate the dynamic aperture calculation
for the 275 GeV protons in the Hadron Storage Ring (HSR).

The HSR of EIC will re-use the existing RHIC arcs.
Based on RHIC operational experience [2], simulated dy-
namic aperture in 106 turns with beam-beam interaction
and IR nonlinear field errors should be larger than 5 𝜎 with
3 (𝑑𝑝/𝑝0)𝑟𝑚𝑠 to guarantee an acceptable beam lifetime at
physics store. The beam-beam parameter for the proton
beam in HSR is 0.012 which is comparable to RHIC, there-
fore we require the minimum dynamic aperture for HSR
should be larger than 5 𝜎 too.

SIMULATION SETUP
There are a few new features for HSR than RHIC [3].

First, EIC adopts a full crossing angle of 25 mrad at IP. To
compensate the geometric luminosity loss due to the crossing
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angle, crab cavities are used to restore head-on collision.
For EIC, local crabbing scheme is adopted. Ideally, crab
cavities are placed on both sides of IP with a horizontal
phase advance 𝜋/2 to IP.

To match the revolution frequency of Electron Storage
Ring (ESR), HSR needs to be able to adjust its path length
at various beam energies, which is achieved with radial shift
orbit in arcs. The radial shift orbit is created with a field
deviation from the nominal design value by Δ𝐵/𝐵0 to arc
bending dipoles. Therefore, the on-momentum particle does
not always have zero longitudinal coordinate 𝑧 = −𝑐(𝑡 − 𝑡0)
in tracking code, where 𝑡0 is the time flight on the reference
orbit.

Based on the RHIC operational experience, IR magnetic
field errors play an important role in dynamic aperture reduc-
tion. At the design phase of EIC, we will artificially assign
magnetic field errors to all IR dipoles and quadruples within
160 m from IP to evaluate their impacts on the dynamic
aperture of HSR.

Magnet field errors are defined as

(𝐵𝑦𝐿) + 𝑖(𝐵𝑥𝐿) =
𝐵(𝑅𝑟𝑒𝑓)𝐿 [10−4 ∑𝑁𝑚𝑎𝑥

𝑛=0 (𝑏𝑛 + 𝑖𝑎𝑛) (𝑥+𝑖𝑦)𝑛

𝑅𝑛
𝑟𝑒𝑓

] . (1)

Here 𝐿 is the magnet length, 𝑅𝑟𝑒𝑓 is the reference radius
where the magnetic field is measured, 𝐵(𝑅𝑟𝑒𝑓) is the main
field at 𝑅𝑟𝑒𝑓, 𝑏𝑛 and 𝑎𝑛 are the coefficients for normal and
skew magnetic components.

Both systematic and random field errors can be assigned
in the simulation. Here we focus on random field errors. In
our study, we normally excluded the dipole and quadrupole

Table 1: Beam-beam Related Machine and Beam Param-
eters for Collision Between 275 GeV Protons and 10 GeV
Electrons

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)
Bunch length cm 6 0.7
Energy spread 10−4 6.8 5.8
Transverse tunes (0.228, 0.210) (0.08, 0.06)
Longitudinal tune 0.01 0.069
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components since we are able to correct orbit and tunes
during operation.

Dynamic aperture is calculated with a 6-d symplectic par-
ticle tracking code SimTrack [4]. For each study condition,
test particles are launched in the first quadrant of phase space
(𝑥/𝜎𝑥, 𝑦/𝜎𝑦) in 5 equal distance phase angles. Test particles
are tracked up to 1 million turns. We focus on the minimum
dynamic aperture among those 5 phase angles. To determine
IR field error tolerances, 10 sets of random field errors are
currently used.

SIMULATION RESULTS
DA Drop with Crossing Angle Collision

First we calculate the dynamic apertures with IR nonlin-
ear field errors with head-on and crossing angle collisions.
Figure 1 shows the dynamic apertures for both cases as func-
tion of IR field errors. The horizontal axis is the units of 𝑏𝑛
and 𝑎𝑛, the vertical axis is the minimum dynamic aperture
among all phase angles of 10 seeds. For this calculation,
particle’s relative momentum deviation 𝑑𝑝/𝑝0 = 20 × 10−4,
which is about 3(𝑑𝑝/𝑝0)𝑟𝑚𝑠).

Figure 1: Dynamic aperture with IR field errors for head-on
collision and crossing angle collision.

From the plot, the dynamic apertures for both head-on
and crossing angle collisions decrease with increase in IR
magnetic field errors. For 1 unit of magnetic field errors, the
dynamic aperture with crossing angle collision is about 6𝜎,
which seems sufficient for proton beam’s lifetime according
to RHIC’s operational experience.

From the plot, we notice that there is about 3𝜎 drop in
dynamic aperture from head-on collision to crossing angle
collision. In principle, with crossing angle collision and
crab cavities, head-on collision is restored and their dynamic
aperture should be the same or close. In the following, we
will look for the reasons for this dynamic aperture drop.

Figure 2 compares the dynamic apertures for head-on and
crossing angle collisions without IR nonlinear field errors.
The horizontal axis is the particle’s relative momentum de-
viation from zero up to 20 × 10−4. From the plot, there are
not much difference in the dynamic apertures between those
two cases for the shown 𝑑𝑝/𝑝0 range.

Figure 3 compares the dynamic apertures for head-on
and crossing angle collisions with IR nonlinear field errors.
The IR field errors is 1 unit for all 𝑏𝑛 and 𝑎𝑛. From the

Figure 2: Dynamic aperture as function of 𝑑𝑝/𝑝0 without
IR field errors.

plot, the dynamic aperture for head-on is higher than that
with crossing angle collision. When the relative momentum
deviation increases, especially from 10 × 10−4 to 20 × 10−4,
the gap in the dynamic apertures between those two cases
gets bigger. With 𝑑𝑝/𝑝0 = 20 × 10−4, the difference is 3𝜎.

From above comparisons, we learned that the dynamic
aperture reduction from head-on collision to crossing an-
gle collision is related to IR nonlinear field errors. As we
know, with local crabbing scheme, particles with non-zero
longitudinal offset 𝑧 will have an additional horizontal offset
Δ𝑥 = 𝜁 × 𝑧, where 𝜁 = 𝑑𝑥/𝑑𝑧 is the crab dispersion.

For example, Figure 4 shows a test particle’s horizontal
trajectories across the interaction region with different sets
of initial 𝑧 and 𝑑𝑝/𝑝0. Test particles are launched from one
side crab cavities toward other side. From the plot, particles
with non-zero 𝑧 will have a sizable horizontal orbit in IR.

Particles with non-zero 𝑧 will sample larger IR field errors.
Considering synchrotron motion, it is true too for particles
with non-zero 𝑑𝑝/𝑝0. The larger the momentum deviation
is, the greater IR magnetic field errors they will feel. To
minimize the dynamic aperture drop with crossing angle col-
lision, we should reduce IR nonlinear magnetic field errors.

Updated Reference Radius
Based on Eq. (1), IR magnetic field error coefficients 𝑏𝑛

and 𝑎𝑛 depend on the reference radius 𝑅𝑟𝑒𝑓. In the previous

Figure 3: Dynamic aperture as function of 𝑑𝑝/𝑝0 with IR
field errors.
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Figure 4: Horizontal trajectories across IR with different
combinations of 𝑧 and 𝑑𝑝/𝑝0.

dynamic aperture studies for the HSR, we set the reference
radius to be 60 mm for all IR dipoles and 40 mm for all IR
quadrupoles. With the progresses in the HSR magnet design,
we have better knowledge of reference radius for IR magnets.
Table 2 shows the updated reference radius that should be
used from now on. In the table, near side or farther side
means the two ends of magnets facing IP or away from IP.

Different Random Number Generation
In the previous dynamic aperture calculation, we assigned

IR field errors with an uniform random number generator.
For example, for 1 unit of 𝑏𝑛 or 𝑎𝑛, their values from random
number generator can vary from -1 to 1. As noted above,
currently we use 10 seeds of random IR field errors for each
simulation condition.

We compared the dynamics apertures with different ran-
dom number generators. For example, for a Gaussian ran-
dom number generator, with 1 unit of field errors of 𝑏𝑛 and
𝑎𝑛, the actual values of errors can be more than 1 unit but
the statistical standard deviation will stay 1 unit for many
seeds.

Table 3 compares the dynamic apertures with uniform and
Gaussian distribution generators for IR nonlinear magnetic
field errors. From Table 3, the dynamic aperture is normally
larger with an uniform random number generator than with
a Gaussian generator. The reason is that the random filed
errors with Gaussian distribution can go higher than the uni-

Table 2: Updated Reference Radius for IR Magnets

Magnet R1 (mm) R2 (mm) 𝑅𝑟𝑒𝑓 (mm)
Name near side farther side used in simualton
B0pF IP non-IP 60
B0ApF 43 43 43
Q1ApF 44 33.5 44
Q1BpF 55 32 55
Q2pF 73 73 73
B1pF 40 55 55
B1ApF 63 63 63
Q1ApR 26 26 26
Q1BpR 28 28 28
Q2pR 54 54 54

form distribution. For the EIC, considering a small number
of IR magnets, we prefer uniform distribution of IR field
errors in simulation.

Field Tolerances for a Large Aperture Magnet
There are some large physical aperture magnets in the

IR6 of HSR. Magnetic field errors may get big away from
the center of beam pipe. We paid particular attention to a
large aperture dipole B2PF, which is just in front of the crab
cavities in the forward side of IR6. Its reference radius is
50 mm. In the dynamic aperture calculation, we set same
units for all 𝑏𝑛 and 𝑎𝑛 from sextupole component to 11th pole.
Table 4 shows the simulated dynamic aperture with B2PF’s
field errors. To have dynamic aperture not less than 6𝜎 for
the HSR lattice, B2PF’s field errors 𝑏𝑛 and 𝑎𝑛 should be
below 1 units.

SUMMARY
In this article, we presented the simulation setup and the

main concerns for the dynamic aperture calculation for the
HSR of EIC. We identified the reason for the dynamic aper-
ture drop from head-on collision to crossing angle collision.
To improve dynamic aperture with crossing angle collision,
we should have a good control of magnetic field errors in
the interaction region. We updated the reference radius for
magnetic field errors and tested with different ways of ran-
dom number generation. The tolerance of field errors for
the large aperture dipole B2PF should be less than 1 unit.

Table 3: Dynamic Aperture Comparison with Uniform and
Gaussian Random Number Generation

Uniform Distr. Gaussian Distr.
unit min ave rms min ave rms
0.0 19.4 19.4 0 17.8 19.2 0.5
0.3 5.8 9.1 1.6 6.8 9.5 1.4
0.6 5.8 8.1 1.5 3.4 7.18 1.9
0.9 6.2 7.9 0.7 3.8 6.88 1.6
1.2 4.8 6.7 1.3 5.0 7.22 1.0
1.5 4.8 7.1 1.4 5.2 6.58 0.8
1.8 4.0 7.3 2.0 3.8 5.56 1.3
2.1 5.6 7.0 1.1 5.0 6.76 1.3
2.4 4.8 6.0 0.7 3.2 5.32 1.2
2.7 4.2 6.2 1.1 2.2 5.36 1.3

Table 4: Dynamic Aperture Versus B2PF’s Magnetic Field
Errors

Unit DA-Min DA-Max DA-Ave DA-RMS
1 5.0 7.6 6.2 0.8
2 2.2 5.4 3.9 0.8
3 2.6 4.2 3.6 0.5
4 1.8 3.4 2.5 0.5
5 1.4 2.8 1.8 0.4
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