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Abstract 
Beam synchronization of the future electron-ion collider 

(EIC) is studied with introducing different bunch numbers 
in the two colliding beams. This allows non-pairwise col-
lisions between the bunches of the two beams and is known 
as ‘gear-change’, whereby one bunch of the first beam col-
lides with all other bunches of the second beam, one at a 
time. Here we report on the study of how the beam dynam-
ics of the Jefferson Lab Electron Ion collider concept is af-
fected by the gear change. For this study, we use the new 
GPU-based code (GHOST). It features symplectic one-turn 
maps for particle tracking and Bassetti-Erskine approach 
for beam-beam interactions. 

INTRODUCTION 
The Proposed Jefferson Lab Electron – Ion Collider 

(JLEIC) [1] is designed to accommodate a wide range of 
center of mass energies, from 21.9 GeV to 98 GeV. The ion 
beam energy varies in a range of 40-200 GeV and for elec-
tron beam it is 3-12 GeV. The figure-8 shaped electron and 
ion storage rings have nearly identical circumferences and 
intersect at two interaction points along two long straights, 
as shown in Fig. 1 [2]. 
 

   
Figure 1: JLEIC layout for 200 GeV ion ring. 

The electron beam is ultra-relativistic even for 3 GeV 
with a velocity of 0.99999971c, where c is the speed of 
light. But ion beam is not fully relativistic for low energy. 
This velocity difference in two beams causes a large differ-
ence of path lengths in the rings. 

Both electron and ion rings are designed to match the 
revolution times of both beams at a specific center of mass 
energy (63.3 GeV). Then a particular ion bunch in ion-

beam will collide with a same electron bunch at the inter-
action point (IP) for every turn. 

This matching condition maintenance is impossible for 
the proposed large energy range due to non-relativistic ion 
velocities. Therefore, for lower energy values, bunches 
could miss each other at the IP due to different path lengths. 
This issue is known as beam synchronization and becomes 
more complicated if there is more than one IP in the ma-
chine as JLEIC [3]. 

Changing ring circumference is cumbersome and expen-
sive. Other implementations to resolve this issue involve 
variation of bunch numbers, variation of ion path length, 
variation of electron path length and rf frequency. As the 
difference of revolution time is equal to ion-bunch spacing, 
synchronization between beams can be achieved when ion 
ring accommodates additional bunches. This implementa-
tion allows non-pairwise collisions between bunches of 
two beams at the IR and is known as ‘gear-changing’ of 
bunches. In order to avoid parasitic collisions, bunch num-
bers should satisfy the following relation.                              𝑁𝛽 = 𝑁𝛽       (1) 

where, 𝑁 is bunch number at the matched energy, 𝑁  
bunch number at the new energy, 𝛽 relativistic beta at 
matched energy and 𝛽 relativistic beta at new energy. 
 

For JLEIC, reference beam path lengths are defined for 
medium energy (ECM = 63.3 GeV) where, Ee-beam = 5 GeV 
and Ep-beam = 100 GeV. The electron ring circumference is 
2336.00336 m [3]. Relation between path lengths is,                              𝐿ି௦ =  𝐿ି 𝛽ି௦   (2) 

SIMULATION TOOLS 
For this study GPU accelerated Higher Order Symplectic 

Tracking (GHOST) code was used [4]. In this code, parti-
cle tracking through a storage ring in six-dimensional 
phase space is carried out with arbitrary order symplectic 
Taylor maps. These maps were generated as in COSY In-
finity [4] with omitting zero-coefficient terms to speed up 
calculations and coeffients are found by 𝑥 =  ∑ 𝑀(𝑥|𝛼𝛽𝛾𝜂𝜆𝜇)𝑥ఈ𝑥′ఉ𝑦ఊ𝑦′ఎ𝑧ఒ ቀௗாாబቁఓఈఉఊఎఒఓ .  (3) 

For initial and final coordinates (qi, pi) and (qf, pf) the 
second kind of generating function satisfies the following 
relations : (qf , pi) = J ∇F2 (qi , pf). Beam-beam kick calcu-
lation for both ‘strong-strong’ and ‘strong-weak’ modes is 
based on Bassetti–Erskine approximation [6]. It enables 
solving Poisson equation, assuming collision of infinitely 
short bunches. This thin-bunch model is used by dividing 
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the realistic bunch length into thin slices, thereby requiring 
slice-to-slice collisions. In the code, both bunches have 
same number of slices (M), and the slice size is ∆ =  𝐿/𝑀, 
where, L is the bunch length. 

The collision of two opposing bunches at the interaction 
point (IP) is simulated as sum of the collisions of individual 
slices. Beam kicks experienced by two beams are calcu-
lated using the Basseti-Erskine [5,7].  

BEAM PARAMETERS 
Beam-beam interactions for JLEIC is studied for three 

essential kinematic ranges: (1) Low energy range (ECM = 
21.9 GeV) with Ep = 40 GeV and Ee = 3 GeV, where space-
charge dominates; (2) Medium energy range (ECM = 44.7 
GeV) with Ep = 100 GeV and Ee = 5 GeV, where beam-
beam interactions limit the luminosity; and (3) High energy 
range ECM = 63.3 GeV and ECM = 98 GeV, where luminosity 
is affected mostly by synchrotron radiation of high energy 
electron beam. For this study, beam parameters optimized 
for this medium energy are used to study how beam-beam 
interaction affects the collider performance in general.  

Optimal working point for the preferred energy was 
found by performing tune-scans over a linear lattice model. 
From the tune diagrams, working points are found to be 
νx = 0.54, νy = 0.567, νs = 0.02 for the electron beam and 
νx = 0.081, νy = 0.132, νs = 0.054 for the proton beam [8]. 
Generation of tune maps was done using BeamBeam3D; a 
massively parallel beam-beam code based on shifted 
Green’s function to solve Poisson’s equation [9]. 

To achieve the desired high luminosity, JLEIC design re-
lies on high repetition rate along with short bunch lengths. 
Luminosity of two colliding beams is calculated by:                   𝐿 =  ್ேேೝೡଶగ ටఙೣషమ ାఙೣషమ ටఙషమ ାఙషమ         (4) 

where, nb is number of bunches, Ne number of particles in 
e-beam, Np number of particles in p-beam and σx,y rms 
beam sizes in transverse directions. 

Also, smaller beam sizes are required for higher lumi-
nosity. Matching beam spot sizes at the IP is essential to 
minimize non-linear beam-beam forces and it is achieved 
by adjusting beta-function value at the IP (β*). 

RESULTS 
For this study beam parameters listed in Table 1 were 

used.  
Table 1: Beam Parameters Used for the Study 

Parameter e-beam p-beam 
Energy 5.0 (GeV) 100.0 (GeV) 
No. of part, 3.7 x 1010 1.38 x 1010 

β*
x 0.051 (m) 0.06 (m) 

β*
y 0.01 (m) 0.012 (m) 

σx 21.77 x 10-6 
(m) 

21.77 x 10-6 (m) 

σy 4.33 x 10-6 (m) 4.33 x 10-6 (m) 
Bunch leng. 0.008 (m) 0.012 (m) 

First 1-to-1 bunch collision was studied, and it was ver-
ified that GHOST results are acceptable. Comparison was 
done using BeamBeam3D and the luminosity output from 
both are shown in Fig. 2 below. 

 
Figure 2: Luminosity output for 1-on-1 collision from 
BeamBeam3D and GHOST. 

The expected peak luminosity value is 1.948 x 1034 cm-2 
s-1 with hourglass reduction of 0.906. Hence the average 
luminosity is 1.76 x 1034 cm-2 s-1, and from GHOST the 
average value is 1.86 x 1034 cm-2 s-1 and BeamBeam3D 
value is: 2.19 x 1034 cm-2 s-1. BeamBeam3D gives higher 
value than expected, as it takes into account the dynamic 
beta effect and this proves the working points used are op-
timized for the symmetric design.  

For this simulation 1024K microparticles were used and 
each bunch is slices into 10 slices to facilitate slice-by-slice 
collision.  

BEAM DYNAMICS WITH GEAR 
CHANGE 

Let N1 be the number of bunches in the proton beam and 
N2 be the number of bunches in electron beam (N1 > N2). If 
they are relatively prime, there will be N1 x N2 collisions 
for one iteration. 
 
 
 
 
 

 
 

Figure 3: Schematic for 4 × 3 bunch collision. 

Since 3 and 4 are relatively prime, there will be 3x4 = 12 
different pairs of bunch collisions for the simple model il-
lustrated in Fig. 3. For JLEIC actual number of bunches 
required is over 3000. Simulating that much larger number 
takes a large computational time and memory. Therefore, 
this paper is focused on basic cases of bunch number vari-
ations. Currently, GHOST enables only 1 x 1 and N x (N-
1) bunch collisions. Hence the cases studied are 4 x 3, 7 x 
6 and 11 x 10. For each case, 5000 tuns were simulated 
with collision frequency of 1 and revolution frequency of 
476 MHz. Luminosity output from GHOST is shown in 
Fig. 4 below. 
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Figure 4: Luminosity vs turn number for simple Nx(N-1) 
gear-change. 

Above figure shows luminosity variation with respect to 
turn number for the cases mentioned above. According to 
these curves there is a large fluctuation of luminosity with 
a sudden drop in the beginning, but then they tend to stabi-
lize after few thousands turns. Even though the system self-
stabilizes, there is a small loss in luminosity. Luminosity 
loss increases with the increase of bunch number. Also, 
higher the bunch number, higher the initial luminosity fluc-
tuation. 

The blue curve which corresponds to 11x10 has the low-
est stable luminosity after around 2000 turns and the loss 
of luminosity is almost 4 times compared with the 1 x 1. 
To benchmark these, simplest gear-changing simulation 
was done using BeamBeam3D and the comparison of lu-
minosity results are given in Fig. 5. 

 
Figure 5: Simplest gear-changing (4x3) luminosity output 
comparison of BeamBeam3D and GHOST. 

Unlike 1-to-1 collision, with different bunch numbers 
the collisions are not symmetric as they collide with multi-
ple bunches. These asymmetric collisions introduce com-
plications to the beam dynamics in the collider ring. They 
can be categorized in to two types [10]: 

1. Multi-bunch offset or dipole instabilities 
2. Multi-bunch beam size or quadrupole instabilities 
These effects create linear and non-linear effects on 

beam stabilities, affecting transverse and longitudinal 
beam sizes and beam centroid offsets. 

Working points were optimized for symmetric colli-
sions, but with different bunch numbers (N) working points 
change. More resonances occur when the system operates 
at a point near to its theoretical working point, destabilizing 
two beams.  

Various amount of oscillations at the beginning of lumi-
nosity curves reflect that the fixed working point used for 
the 1-to-1 collision is not optimized for different N values. 
Resonance strengths also vary as N value changes as there 
are different working points for different N values. These 
unwanted resonances can be minimized by optimizing tune 
for a range of 1/N. 

Dipole errors can be suppressed with the use of a feed-
back system and recover a portion of luminosity loss. But 
correcting quadrupole instabilities need further study.  To 
restore luminosity loss due to quadrupole and higher order 
instabilities, transverse damping methods are needed. 
These will be a focus of a future study.  

SUMMARY 
With this version of GHOST, 1 x 1 and N x (N-1) cases 

can be studied. This is helpful to understand the beam dy-
namics for collisions with different bunch numbers. Lumi-
nosity values fluctuate highly and drop quickly within first 
few thousand turns due to non-linear beam interactions and 
become stable with slight luminosity loss. The self-stabi-
lized system has lower luminosity value than expected. 
Adding N x (N-n) collision functionality to GHOST is in 
progress and will provide additional tool to understand 
beam-beam effects in more detail. 
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