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THE HIGH-CURRENT ERL AT BNL* 

I. Ben-Zvi#, BNL, Upton NY, USA 
 

Abstract 
The electron hadron collider eRHIC will collide 

polarized or non-polarized electrons with a current of 
50 mA and energy in the range of 5 GeV to 30 GeV 
with hadron beams, including heavy ions or polarized 
light ions of the RHIC storage ring. The electron beam 
will be generated in an Energy Recovery Linac (ERL) 
contained inside the RHIC tunnel, comprising six passes 
through two linac sections of about 2.5 GeV each. The 
electron ERL poses many challenges in term of a high-
current high-polarization electron gun, HOM damping in 
the linac, crab cavities, harmonic cavities and beam 
stability. Three R&D projects are underway to provide 
experience with the eRHIC ERL components. A 
prototype high-current ERL is under commissioning to 
test performance at up to 300 mA of the ERL. A 
prototype polarized-electron gun based on funneling of 20 
separate cathodes, providing 3.5 nC per bunch, is under 
construction and a Coherent electron Cooling (CeC) 
proof-of-principle experiment is under construction. 

INTRODUCTION 
RHIC, the Relativistic Heavy Ion Collider at 

Brookhaven Lab, found it first: a “perfect” liquid of 
strongly interacting quarks and gluons — a quark-gluon 
plasma (QGP) — produced by slamming heavy ions 
together at close to the speed of light. The fact that the 
QGP produced in these particle smashups was a liquid 
and not the expected gas, and that it flowed like a nearly 
frictionless fluid, took the physics world by surprise. 
Similarly, searches for the source of “missing” proton 
spin at RHIC have opened a deeper mystery: So far, it’s 
nowhere to be found. To probe these and other puzzles, 
nuclear physicists would like to build a new machine: an 
electron-ion collider (EIC) designed to probe structures 
with extreme precision, at the scale of 10-15 meters, both 
protons and heavy ions to reveal their inner secrets. 

The use of an Energy Recovery Linac (ERL) for the 
electron accelerator of eRHIC was suggested [1] as means 
to achieve high-luminosity, outstanding polarization and 
convenient upgradability features. Given a hadron 
machine design, a linac-ring configuration allows a 10- to 
50-fold higher luminosity than an optimized ring-ring 
design. ERLs combine the advantages of linear 
accelerators, like beam quality, immunity to resonances, 
high degree of polarization and beam disruption with 
those of storage rings, such as high beam power and 
stability.  

A polarized electron beam with an energy up to 30 GeV 
would collide with a number of ion species accelerated in 
the existing RHIC accelerator complex, from polarized 
protons with a top energy of 250 GeV to fully-stripped 
uranium ions with energies up to 100 GeV/u covering a 
C.M. energy range from 45 to 175 GeV for polarized e-p, 
and from 32 to 110 GeV for electron heavy-ion-collisions. 
Using the present significant margin of the RHIC 
superconducting magnets the maximum beam energy 
could be increased by 10 or more percent. 

The eRHIC design is based on using one of the two 
RHIC hadron rings and a multi-pass ERL. Using an ERL 
as the electron accelerator assures high luminosity in the 
range of 1033~1034cm2s-1. Locating the ERL inside the 
RHIC tunnel allows for significant cost savings and 
natural staging: the energy can be increased from the 
initial 5 - 10 GeV of the first stage to the final 30 GeV by 
incrementally adding additional accelerating cavities to 
the two main linacs. eRHIC will be able to provide 
electron-hadron collisions in up to three interaction 
regions. [2] 

Polarized electrons will be generated in a high-current 
20 photocathode funneling electron gun. The ion beams 
of the RHIC component will be cooled by a novel 
Coherent electron Cooling (CeC) system. The machine 
will heavily rely on SRF technology for production and 
acceleration of electrons, cooling of hadron beams and 
realizing crab crossing collision scheme.  

In this paper we will describe the layout of the multi-
pass eRHIC electron ERL, and describe R&D projects 
carried out in the Accelerator R&D Division of the BNL 
Collider-Accelerator Department (C-AD) towards the 
realization of eRHIC, including the polarized electron 
source, the SRF cavities (5-cell accelerating cavities, crab 
cavities), the R&D high-current ERL and the CeC Proof-
of Principle (PoP) experiment. 

LAYOUT OF THE ACCELERATOR 

eRHIC General Layout 
Figure 1 presents a layout of the collider with locations 

of various systems in the existing RHIC tunnel. The 
injection system consists of an electron gun, 10 MeV SRF 
injector linac (with no energy recovery) and 600-MeV 
single-pass SRF ERL. Two 2.45 GeV SRF linacs in 
combination with six passes make the main ERL. In 
addition to the main SRF linacs, eRHIC will have energy 
loss and energy spread compensation linacs (not shown in 
the figure). The CeC accelerator will consist of a low 
frequency SRF gun and buncher and a 136 MeV ERL. 
Finally, there will be SRF crab cavities for both hadrons 
and electrons (not shown in figure). The lattice provides 
separation of the electron orbits to individual arcs in the 

 ___________________________________________  

* Work supported by Brookhaven Science Associates, LLC under 
Contract No. DE-AC02-98CH10886 with the U.S. DOE 
#benzvi@bnl.gov     
 



t
 
 
 

F
r

t
t

p

p
p
m

t

b

b

m
t

S

E

h
M

arcs, similar c
the linac sectio

Figure 1: A sch
ring (red), and
eRHIC, which
collider (EIC).

 
eRHIC Latti

The lattice 
emittance near
tuning R56 pa
to minimize
splitters/merge
line in the lina
passes in th
experimental d
passes except
proton bunch 
matched by a 
electrons and 
the electron op

One potenti
break-up (BBU
available beam
been the me
instabilities. A
orders of mag
This method 
motion, a na
transverse inst

 
SRF Systems

The rather 
described in d
ERL cavities a
at 112 MHz, e
cavities at 140
harmonics – 2
MHz. In this 
cavities and t
quadrupole ma

combiners to b
ons and bypass

hematic of the 
d possible futur
h would be th
. 

ice 
of recirculatio
r-isochronous 

arameter and ha
e synchrotro
ers provide the
acs and six ver
e arcs. The 
detectors are p
t the top ene
frequencies at 
combination o
the electron R

ptics can be fou
al weakness of
U) instability 
m current. Str
ethod of cho

A new method o
gnitude has b
uses the chr

aturally occurr
tability. 

s 
extensive SR

detail by Belom
at 704 MHz, lo
energy loss and
08 MHz, and 
225 MHz, 450
paper I will c
the ERLs. Th
agnets, still pr

ring the orbits
ses for the inter

design for add
re detector, to 
he world’s fir

on passes is ba
cell, which al
as a large dipo
on radiation.
e transition bet
rtically arrange

by-pass line
provided for a
rgy pass. The
different prot

of path length v
RF harmonic. M
und in [3]. 
f the ERL is tr
that could sev

rong damping 
oice for supp
of suppressing
een recently p
romaticity of 
ring effect, to

RF systems o
mestnykh [6,7]
ow frequency i
d energy spread
crab cavities a
0 MHz, 676 M
oncentrate on 
e ERLs do n
oviding reason

s on the axis o
raction points.

ding an electron
RHIC to creat
rst electron-ion

ased on a low
llows a flexibl
ole filling facto
. The fou
tween the beam
ed recirculation
es around th
all recirculation
e electron an
on energies ar
variation of th
More details on

ransverse beam
verely limit th

of HOMs ha
pressing BBU

g BBU by many
proposed [4,5]
the transvers

o dephase th

of eRHIC ar
. These includ
injector cavitie
d compensation
at a number o
MHz and 101
the main lina

ot include any
nably low beta

of 

n 
te 
n 

w-
le 
or 
ur 
m 
n 

he 
n 
d 

re 
he 
n 

m 
he 
as 
U 
y 
]. 
e 

he 

re 
de 
es 
n 

of 
3 

ac 
y 

a-

functions 
(main ER
utilize th
modificat
presented
located in
lengths ar
the main 
main ER
30 GeV i
linacs un
limitation
be lower
synchrotr

Tabl

Param

E ga
[Me

Curr
[mA

Length

No. 
cavit

Eacc [M
 

eRHIC M
A five-ce
current ap
BNL and
has been 
respect to
and low 
accelerati

The cav
damping 
accomplis
the large
cavity a
constructe
and the n
will be h
such basi
with 1-m
ends.  

Figure 2

 in the linacs
RL, 600-MeV

he same 704-M
tions. Some 
d in Table 1. 
n the IP2 and 
re limited to 2
linacs are list

RL will be incr
in stages by 
ntil they occ
n on the beam 
red at energi
ron radiation po
le 1: Parameter

meter Main 

ain 
eV] 

2450

rent 
A] 

50 

h [m] 200

of 
ties 

120

MV/m] 19.2

Main Accele
ell 703.8-MHz
applications (F
d Stony Brook
designed as a 

o damping yet
 surface elec
ion as well as e

avity has an op
of higher o

shed via six a
e diameter be
and niobium 
ed by Advanc

niobium cavity 
housed in an in
ic cryomodule

meter long trans

2: Schematic hi

s. SRF linacs 
V pre-accelerat
MHz linac tech

parameters o
Two main E

IP10 straight s
00 m for each 
ted in Table 1
reased from 5
adding cryom

cupy all allot
loss power, th
es above 20 
ower loss belo
rs of the 704-M

 Pre-acc. 

590 

50 

60 

30 

18.5 

erator Caviti
z superconduct
Figure 2) is un
k University [
universal high

t with optimiz
ctric fields, s
electron ERL s
ptimized shape 
order modes 
antenna-type c
eam pipes. Th

cavity wer
ced Energy S
is shown in F

ndividual cryo
es will form on
sitions to room

igh-current 704

for the three 
tor, and CeC
hnology with 

of these linac
ERL linacs w
sections, wher
linac. Parame

1. The energy 
5 GeV in Pha

modules to the
tted space. D
he beam curren

GeV to kee
w 10 MW. 

MHz SRF linac

CeC inje

136 1

70 5

19 5.

8 2

15.1 4.

ies at 704 M
ting cavity for
nder developm
[8,9,10]. This 
h-current cavity
zed shunt impe
suitable for p
service. 

that supports 
(HOMs), wh

couplers attach
he prototype c
re engineered
Systems, Inc.
Figure 3. Each 
omodule. A ser
ne long cryom

m temperature 

4 MHz SRF ca

ERLs 
C) will 

minor 
cs are 

will be 
e their 
ters of 
of the 
se I to 

e main 
Due to 
nt will 
ep the 

cs 

ctor 

0 

0 

.2 

2 

.7 

MHz 
r high-

ment at 
cavity 
y with 
edance 
proton 

strong 
ich is 
hed to 
copper 
d and 
(AES) 
cavity 
ries of 

module 
at the 

 

avity. 



 

 

Figure 3: Niobium five-cell 704 MHz SRF cavity. 

THE R&D HIGH-CURRENT ERL 
The plan for the high-current eRHIC ERL calls for 

six acceleration passes (and six deceleration passes) of 
50 mA in a SRF linac structure. This is a lot of current 
through each cavity – equivalent to 600 mA. Thus an 
important part of our R&D program is building a high-
brightness 300 mA Energy Recovery Linac (ERL) [11] 
(see Figure 4). 

Figure 4: Schematic layout of the R&D Energy 
Recovery Linac at BNL. The electron gun is on the 
upper right side; the 5-cell accelerating cavity in the 

middle and the beam dump is on lower left. 

 
 The ERL is in final assembly stages, with 

commissioning of subsystems going on at present time. 
The objective of this ERL is to serve as a platform for 
R&D into high current ERL, in particular issues of halo 
generation and control, Higher-Order Mode (HOM) 
issues, coherent emissions for the beam and high-
brightness, high-power beam generation and 
preservation. 

BNL is developing several superconducting RF guns 
for different applications [12]. The first gun is based on 
a half-cell 1.3 GHz elliptical cavity, made by AES. This 
gun is used to study generation of polarized electrons 

from GaAs photocathodes. The second gun, made by 
Niowave Inc. is based on a quarter-wave resonator, 
operating at 112 MHz. This gun will be used for 
photocathode studies, including a diamond-amplified 
cathode, and to generate high charge, low repetition 
rate beam for the coherent electron cooling experiment. 
The third gun, shown in Figure 5, is a half-cell elliptical 
cavity operating at 704 MHz. It was engineered and 
constructed by AES and is designed to produce very 
high average current (up to 500 mA) electron beam at 2 
MeV for the ERL prototype from a multi-alkali. This 
RF gun is equipped with a load-lock cathode delivery 
system. The accelerating unit of the ERL is a 704 MHz 
strongly HOM-damped 5-cell cavity built by AES. The 
AES built ERL ring has a highly flexible single-pass 
loop and a comprehensive system of beam 
instrumentation. At the time of writing of this 
manuscript, all elements of the ERL are in house and 
most are installed and surveyed to their exact positions. 
The first beam from the SRF gun is expected in 
December 2012, beam through the 5-cell cavity is 
anticipated in February 2012 and beam through the 
ERL loop in May 2013. We plan to study the 
performance of this unique machine: The high QE 
photocathodes and their load-lock delivery system, the 
SRF gun capable of 500 mA current at 2 MeV beam 
kinetic energy, the zig-zag beam merger, the highly 
damped 5-cell SRF accelerating cavity, and various 
advanced instrumentation elements. 

 

 

Figure 5: The SRF Photocathode electron gun installed 
in the ERL vault, as seen from the cathode insertion 

side Notice the dual waveguide system of the 
fundamental power couplers. 

 
Of particular interest are the high-current, low-

emittance properties of the system, like coherent 
emissions, beam halo evolution and mitigation and 
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600 W, and the power losses (viz., eddy current, 
hysteresis, and residual) are about 650 W. 

Low frequency SRF structures will be used at the 
initial stages of acceleration/bunching in the 10 MeV 
main ERL injector and in the CeC injector. 

3.5-nC bunches of polarized electrons will be 
produced at each cathode for each pulse. The bunches 
will be relatively long to alleviate space charge effects 
and will have to be shortened prior to injection into the 
704 MHz SRF linac. This will be accomplished by 
velocity modulation in a 112 MHz quarter wave SRF 
buncher. A third harmonic single-cell elliptical SRF 
structure will be used for linearization. The buncher 
will operate at accelerating voltage of 1.3 MV and the 
third harmonica cavity – at 0.6 MV. The gun is in an 
advanced state of construction, as can be seen in Figure 
8, showing the chamber accepting the fixed dipoles and 
the laser ports.  

 

Figure 8: A component of the funneling polarized 
electron gun. Laser input ports are shown on top. 

 

SUMMARY 
The Accelerator R&D Division of the Collider-
Accelerator Department at Brookhaven National 
Laboratory is carrying out R&D on eRHIC, a high-
current, high-energy Energy Recovery Linac (ERL) 
designed for colliding 50 mA polarized electrons at 
an energy of 20 GeV with the beams of the 
Relativistic Heavy Ion Collider (RHIC). The R&D 
includes the design of the 6-pass ERL beam 
dynamics, accelerating cavities, crab cavities and 
other SRF devices. Three focused R&D efforts in 
this context include the construction, commissioning 
and testing of three major systems: A 20 MeV, 300 
mA R&D ERL, a Proof-of-Principle (PoP) 
experiment in Coherent electron Cooling and a PoP 
experiment to demonstrate a funneling polarized 
electron gun, aimed at extending the current state-of-
the-art 4 mA guns to as much as 20 times higher.  
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