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Abstract 
 We present a new 'green energy' approach to the En-
ergy Recovery Linac (ERL) and Recirculating Linac Ac-
celerators (RLA) for the future Electron Ion Colliders 
(EIC) using single beam line made of very strong focusing 
combined function permanent magnets and the Fixed Field 
Alternating Linear Gradient (FFA-LG) principle. We are 
basing our design on recent very successful commissioning 
results of the Cornell University and Brookhaven National 
Laboratory ERL Test Accelerator.  

INTRODUCTION 
 Two new Electron Ion Colliders proposals (EIC) at 
Relativistic Heavy Ion Collider (RHIC) at Brookhaven Na-
tional Laboratory (BNL) and for the LHeC at CERN are 
based on the very successful commissioning of the 
‘CBETA’- Cornell University BNL Energy Recovery 
Linac Test Accelerator [1-5]. The schematic of the two de-
signs is shown in Fig. 1 and 2. 

Figure 1: Layout of the large Fixed Field Alternating Lin-
ear Gradient accelerator with the 1.5 GeV superconducting 
linac. The beam is accelerated from 6 to 18 GeV with a 
total of 12 passes through the linac where the first three are 
using the racetrack with CRHIC/6 length. 

The ‘CBETA’ showed 4 accelerating and 4 decelerat-
ing electron passes through the Main Cryo-Module Linac 
using a single Fixed Field Alternating Linear Gradient - 
FFA-LG beam line made of permanent combined function 

magnets. In the CBETA project the injector provided 
6 MeV energy electrons and with 36 MeV superconducting 
linac. The beam was successfully accelerated to the maxi-
mum energy of 150 MeV. The main element of the new 
design in RHIC has 1.5 GeV superconducting linac while 
in LHeC two 10 GeV linacs are replaced with two 5 GeV 
linacs. The 1.5 GeV linac has the RF frequency of 
1.31369 GHz, as the Cornell University Linac, making the 
14th harmonic of the future RHIC bunch frequency of 
93.835 MHz’s. 
 The RF frequency is matched to the 1200 bucket dis-
tribution around the RHIC tunnel of 275 GeV energy pro-
ton beam. There are 1150 bunches occupying 1200 availa-
ble buckets leaving 50 buckets for the abort gap. The max-
imum 18 GeV energy of electrons is achieved after 
12 passes though the Main 1.5 GeV superconducting linac 
starting with 1.5 GeV. 

Figure 2: The LHeC two 10 GeV linacs are replaced with 
the two 5 GeV linacs placed on opposite side of the Inter-
action Collision region. 

The proposal assumes the same interaction regions as in 
the present (IR) design, the same bunch frequencies, and 
abort gap during the collisions, uses the crab cavities in the 
IRs with the same geometrical conditions during the colli-
sions with the same x

* and y
* using the electron bunch 

replenishments method (although in a much shorter time 
scale). It follows the RHIC ion beam upgrade, electron, and 
ion vacuum pipe designs, and so on.  Properties of the 
ERL-RLA proposal are:  

1. It is a real ‘green’ accelerator as there is no need to
use electrical power for the accelerator storage ring, as the 
fixed field permanent magnets are used, and the energy is 
recovered from the superconducting cavities in the linac.  

 ___________________________________________  

* Work performed under the Contract Number DE-AC02-98CH10886 
† dejan@bnl.gov  with the auspices of US Department of Energy 
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2. It is a low risk ERL-RLA design as it is based on al-
ready used superconducting linac technology and a single 
permanent magnet beam line during the CBETA very suc-
cessful commissioning. It provides a straight path to very 
high luminosities of ~ 1034 cm-2s-1.  Electron beam starts 
from the polarized electron source with 400 kV D.C gun. 
The 7.5 nC charge per bunch had been already produced 
by the polarized electron ion source.  

3. The single FFA-LG Energy Recovery or Recirculat-
ing Linear Accelerator ERL is used at the same time as a 
storage ring. Electron bunches with required collision en-
ergy are stored for a short time of the order of ~21 ms at 
the corrected chromaticity. The electron energies for the 
collision with ion are selected by radial positions of the ex-
traction magnets of the of stored electron beam. Sextupole 
and octupole multipole components are added in the com-
bined functions permanent magnet designs, shown in 
Fig. 3, allowing the chromaticity to be corrected for the 
whole energy range between 6 and 18 GeV, as shown in 
the tune dependence on energy in Fig. 4. 

4. Fifty electron bunches arrive to the single FFA-LG
beam line after the 1.5 GeV linac every 14 RHIC turns in 
CW  mode. A time distance between the 10 bunches is 
equal to the RHIC collision frequency of 93.835 MHz or 
10.657 ns.  

Figure 3: RHIC EIC defocusing (left): LBD=0.816 m, 
GD=73.95 T/m, BD=-0.104525 T, SXD = 9401.4 T/m2, 
OXD= 2.5104 T/m3, RBD=357.419 m and focusing (right) 
permanent magnets: LQF=0.92 m, GQF=-82.79T/m, 
BF=-0.104525 T, SXF= -7407.9 T/m2, OXF=1.68*105 T/m3, 
RQF=357.419 m, RQF = 357.419 m. 

Figure 4: Tune dependence on energy in the large FFA ring 
and the time-of-flight difference in one arc. 

 The electrons are stored in the selected orbit as the fast 
kickers make them bypass the Main linac. Ten electron 
bunches of selected energy, for example with the highest 
energy of 18 GeV, bypass the main 1.5 GeV linac and re-
main circulating until the full 1160 bunches fill the whole 
ring with the 50 unfilled buckets for the abort gap. After 
fourteen turns in RHIC the next ten bunches are added to 
the previous one in the storage orbit. The storage orbit is 
filled after 1624 RHIC turns. When the next ten bunches 
arrive to the collision FFA-LG orbit the last ten bunches of 
1150 circulating bunches, are not kicked out around the 
linac but put back to the 1.5 GeV linac entering with the 
opposite 180 degrees phase and their energy is taken away 
after each turn and the process continues sequentially. 

5. The electron polarization is preserved as the beam
is accelerated within 7.2 ms and the electron bunches are 
replenished in the storage mode every 540th RHIC turns or 
20.768 ms. Time of electrons to get to the highest energy is 
equal to the sum of required time to merge 4 bunches into 
a single bunch four turns in the small racetrack (1.7 ms), 
plus three turns in the large racetrack 6.394 ms, and 9 turns 
in the RHIC FFA-LG line (115.1 ms). 

6. The beam-beam effect is reduced as the electron ion
collisions do not repeat after 1624 turns. The electron en-
ergy at the dump is 100 MeV and the energy from the linac 
is recovered.  
 The lattice functions in the large electron FFA-LG ring 
in the RHIC EIC are shown in Fig. 5. 

Figure 5: Lattice functions in the large RHIC ring. 

FFA-LG INJECTOR RACETRAC 
The 280 MeV superconducting 1.3137 GHz linac is 

placed in one of two straight sections. Injector linac start-
ing with the 400 kV electron D.C. gun provides electrons 
with 100 MeV energy. When the beam reaches 1.220 GeV 
energy at the outside orbit the beam is extracted in the mid-
dle of the racetrack arc bypassing the linac. After 
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13,000 turns four bunches merge into the two bunches first 
and then into a single bunch. 

Lattice Functions in the Small Racetrack 
The 100 MeV electrons arrive from the injector like the 

CBETA injector starting with the 400 kV D.C. gun. The 
racetrack circumference is CSMALL=CRHIC/24=159.7435 m. 
A time for 1.22 GeV electrons (REL=2387.48) to travel 
around the small racetrack is equal to SMALL=532.847 ns. 
The harmonic number is equal to h=700, as there are 
700 available buckets of linac RF frequency of 
fMAIN=1.31369 GHz around the CSMALL circumference.  The 
combined function permanent magnet designs for the in-
jector racetrack, are shown in Fig. 6, allow the chromati-
cies to be corrected for the whole energy range between 
380 MeV and 1.22 GeV, as shown in the tune dependence 
on energy in Fig. 7. Electrons are extracted from the polar-
ized electron source using laser filling pattern with four 
buckets in the middle of the 14 sequential buckets. Four-
teen buckets of the main frequency fMAIN make a distance 
of:  RHIC=10.657 ns between the colliding bunches in the 
RHIC. With this filling pattern 200 bunches will circulate 
around the racetrack from the 700 available buckets. 

Figure 6: Defocusing and focusing permanent combined 
function magnet for the small injector racetrack with the 
good field region @ R=6.67 mm 

Figure 7: Tune dependence on energy in the small FFA-LG 
racetrack for the range of 380 MeV < E < 1.22 GeV. 

A time gap equal to do the required merging of (4 to1) 
four-to-one bunches is added to the filling pattern. 
A time to merge 4 to 1 bunch into is 
=13000*532.847, ns = 6.927ms.  A distance between
bunches of the four buckets is equal to the RF cycle or
RF = 761.21 ps. The FFA-LG permanent magnet racetrack
accelerates 100 MeV electrons with the 280 MeV linac.
After the first pass through the linac electrons reach energy
of 380 MeV, the second 660 MeV, the third 940 MeV and
after the fourth pass they reach the energy of 1.220 GeV.
The lattice is designed allows energy range of 3.947. The
merging of the 4 bunches into a single bunch in the small
racetrack is done using the fast RF kicker [6] (method de-
veloped in Jefferson Lab) in the FFA arc upstream of it
making it as a storage ring.

LARGE RACETRACK AND RHIC RING 
The timeline and the number of bunches during acceler-

ation and merging is sketched in Fig. 8. The RF kicker is a 
part of the chicane, and it is placed in the middle of the arc 
in the small racetrack as in the large RHIC-EIC ring to al-
low beam merging in the small racetrack and beam starage 
in the large one. The RF kicker is a part of the chicane, and 
it is placed in the middle. The Large FFA racetrack is 
shown in Fig. 8. 

Figure 8: Large Racetrack with the energy range of 
1.5 – 4.5 GeV.  

SUMMARY 
Major novelties in the 'green electron ion collider' is use 

of ERL combined with the single beam line made of per-
manent combined function magnets. The lattice is adiabati-
cally matched between the FFA gradient arcs to the linac. 
The betatron tunes are fixed for the energy range 6-18 GeV 
in RHIC-EIC or in 15-45 GeV range in LHeC. There are 
12 (RHIC) or 5 (LHeC) accelerating passes through the su-
perconducting linac with the same number for energy re-
covery. The permanent magnets have open gaps for syn-
chrotron radiation, and they are of miniscule sizes. The 
FFA arcs are used in a storage ring mode in both: the small 
racetrack to allow merge 4 to 1 and in the large RHIC ring, 
respectively. In the RHIC ring the electrons are stored but 
ten electron bunches are replenished every 7 ms. 
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