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Abstract

Existing Energy Recovery Linacs (ERLS) are success-
fully operated as kW-class average power infrared Free
Electron Lasers (FELS). Various groups worldwide ac-
tively pursue ERLSs as a technology of choice for a num-
ber of new applications. These include high brilliance
light sources in a wide range of photon energies utiliz-
ing both spontaneous and FEL radiation production tech-
niques, electron cooling of ion beams, and ERL-based
electron-ion collider. All of these projects seek in var-
ious ways to extend performance parameters possible in
ERL s beyond what has been achieved in existing relatively
small scale demonstration facilities. The demand is for
much higher average currents, significantly larger recircu-
lated beam energies and powers and substantially improved
electron sources. An overview of the ongoing ERL projects
will be presented along with the summary of the progress
that is being made in addressing the outstanding issues in
thistype of accelerators.

INTRODUCTION

The idea of energy recovery is not new [1]. The first
demonstration of energy recovery using superconducting
linac took place at HEPL facility nearly two decades ago
[2]. However, it was not until successful operation of
TINAF DEMO-FEL [3] that the interest of various groups
worldwide was spurred to serious pursuit of ERL technol-
ogy for new applications.

ERLs seek to obtain much higher average currents than
what otherwiseisavailable from linear accelerators. By de-
celerating the high energy beam in the same (superconduct-
ing) RF linac which is used for acceleration, one achieves
essentially zero loading from the two beams, leading to dra-
matic reduction in necessary installed RF power and beam
dump energy, as well as much higher average current than
what otherwise is available without energy recovery. Un-
like the storage rings, ERL does not recycle electrons, but
rather their energy, and electrons spend at most few turns
(< few ps)in ERL. Inthisrespect, ERLsarevery muchlike
conventional linacs meaning that the properties of “short-
lived” electrons are primarily determined by the electron
source and not by lattice equilibrium asin the storagerings.

PARAMETER SPACE

Since there are proposals to use ERLs for very differ-
ent applications, the goal parameter space is quite diverse.

* Supported by the NSF, CHESS is supported by NSF/NIH-NIGMS
DMR-0225180

0-7803-8859-3/05/$20.00 ©2005 IEEE

Multi-GeV machines are envisioned for hard x-ray produc-
tion and electron-ion colliders, while energies of < 100
MeV are adequate for long (> pm) wavelength oscillator
FEL s and electron coolers of ions.

Light sources

Here, theimportant considerations are the wavel ength of
radiation and light production technique to be employed.

FELs. Lasing on free electrons is an efficient way for
light production but also the one that can impose strict de-
mands on el ectron beam in the 6-dimensional phase space.

In the infrared spectral region, the availability of high
reflectivity mirrors allows oscillator FEL configuration.
This low-gain regime uses short wigglers, which leads
to relaxed energy spread requirement AE/E < 1/4N,,
whilethe relatively long wavelength of light makes achiev-
ing the diffraction-limited electron beam (e, , < A/4m),
e.g. 0.25 % rmsenergy spread and 13 mm-mrad normalized
rms emittance was required for 40 MeV TINAF DEMO-
FEL to lase at 3 um wavelengths and longer [4]. Since
the lasing gain is proportional to electron peak current, the
FEL s benefit from subsequent bunch compression follow-
ing the injector, making longitudinal emittance an impor-
tant consideration due to relatively low full to injection en-
ergy ratio (< 10). High average power FELs (~100 kW)
require beam currents of 100 mA and higher. All of these
parameters, with the exception of the high average current,
have been already demonstrated by the existing ERL-FELSs.
20 mA has been demonstrated at BINP FEL without lasing,
and 9.1 mA was achieved at TINAF FEL upgrade.

As the wavelength of the desired radiation becomes
shorter, the requirements on electron beam become corre-
spondingly more stringent. Single pass high-gain operation
demands high peak currents (~kA) simultaneously with
low energy spread (~10~*) and small transverse emittance
[5]. For example, 4GLS at 700 MeV requires 3 mm-mrad
or better rms normalized emittance, 1.5 kA peak current
and < 10% rms energy spread to achieve lasing at the pro-
posed 100 eV [6]. These single bunch requirements are no
different than those for low repetition rate high-gain FELSs.
Because of high efficiency of the lasing process, the FELs
operating in XUV/soft/hard x-ray regions are less likely to
depend on high average current. In short, XUV/soft/hard
x-ray ERL-FELs would require high beam energies (>
GeV) and demanding single bunch qualities, whereas al-
ready demonstrated average currents are most likely suffi-
cient for future short wavelength ERL-FELSs.

Light Sources Using Spontaneous Emission. The 34
generation light sources demonstrate diffraction-limited
vertical emittance, while the horizontal emittance is few
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nm-rad. Further decrease in horizontal emittance is chal-
lenging, although new lattice designs that would reduce the
emittance to below 1 nm-rad are possible [7]. Compar-
ing a generic state-of-the-art storage ring (SR) light source
with 200 mA average current, horizontal emittance of 3
nm-rad, and decoupling of 200 suggests that e.g. a 5-GeV
ERL with injector normalized emittance of 1.5 mm-mrad
and 100 mA current would perform similarly in terms of
x-ray brilliance, assuming undulator with the same num-
ber of periods. In addition, ERL is capable of smaller en-
ergy spread (~10~* vs. ~10~3 in the SR), which means a
longer undulator will be more efficient due to higher elec-
tron monochromaticity. Since the space charge effect in
theinjector islikely to be the dominant phenomenon in the
ERL (e.9. €5,y o< q), better x-ray brilliance can be expected
at somewhat reduced beam current. The ultimate goa for
a5-GeV ERL light source of hard x-rays would be achiev-
ing 0.01 nm-rad, or 0.1 mm-mrad normalized rms emit-
tance from the electron source with subseguent emittance
preservation downstream of the injector. In short, ERL
light source (e.g. 5 GeV) using spontaneous emission needs
normalized emittance of < 1 mm-mrad at 100 mA, and ul-
timately a diffraction-limited emittance (0.1 mm-mrad) at
a maximum beam current.

Short pulses (~0.1 ps) will be readily available from
ERL for pump-probe experiments. This opens new possi-
bilities for time-resolved experiments than what is possible
with SR-based light sources. This case, however, will most
likely require a special operating mode at a reduced bunch
repetition rate (~MHZz) and higher charge per bunch (~nC)
to match the pumping laser pulse frequency and reduce re-
sistive wake heating problems in the insertion devices, and
will have an increased energy spread and transverse emit-
tance than in the mode optimized for high brilliance.

Electron-lon Colliders

Two laboratories (BNL [8] and TINAF[9]) are seriously
looking as an aternative to the ring-ring scenario into a
high luminosity electron-ion collider with polarized elec-
trons produced by an ERL with energy between 2 to 10
GeV. There are several advantages to this approach includ-
ing better handling of electron polarization and potentially
higher luminosity due to absence of beam-beam tune shift
limit for electron beam. The principle technology chal-
lengeto an ERL-based el ectron-ion collider isin generating
high average current polarized electrons (several 100s mA,
while the highest demonstrated polarized electron beam
current is 1 mA). Introduction of a circulator ring where
injected electrons would stay for ~100 turns seeks to relax
this requirement [10].

Electron Cooling

To achieve high luminosity, future electron-ion collid-
erslook into implementing electron cooling of ion species.
The reduction in both transverse and longitudinal emit-
tances from electron cooling will also benefit the existing
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RHIC [11]. While operating at a low beam energy (~50
MeV) to match velocity of ions, electron coolers require
very high charge per bunch (> 10 nC) and high average
current (100s mA) to achieve the desired cooling rate. Nor-
malized rms emittance is specified to be 50 ym or less.

EXISTING ERLS

All of the existing operational ERLs are (far) infrared
FELs. A brief summary of their demonstrated performance
and planned upgradesis provided.

TINAF ERL-FEL

Following successful operation of DEMO-FEL [3],
TINAF has completed an upgrade to their infrared FEL
[12]. Installation of an additional cryomodule allowed 160
MeV maximum electron energy. During its operation the
FEL has demonstrated over 8.5 kW of continuous power
output at 5.7 zm, 10 kW for 1 second long pulses, and CW
recirculated electron beam power of 1.1 MW. The photoin-
jector has delivered up to 9.1 mA of average current at 7
mm-mrad normalized rms emittance from aDC photoemis-
sion gun operated at voltage of 350 kV.

Future plans include lasing in UV in the short term as
well as construction of new injector capable of producing
100 mA average current.

JAERI ERL-FEL

JAERI FEL has operated with energy recovery at 5 mA
beam current in a 1 ms macropulse with 10 Hz repeti-
tion rate [13]. The electron injector consists of 230 kV
thermionic gun equipped with a grid pulser, providing 0.5
nC, 20 mm-mrad normalized rms emittance bunches with
10 MHz micropulse repetition rate. The injection and full
energies of the machine are 2.5 and 17 MeV, respectively.

Several upgrades are underway to allow for long pulse/
higher duty cycle operation, which are presently limited by
the installed refrigerator capacity. The new improved gun
presently allows 10 mA current beams [14].

BINP Accel erator-Recuperator FEL

Unlike the previous two accelerators, BINP's
accelerator-recuperator FEL is using norma conduct-
ing RF with low frequency of 180 MHz and accelerating
voltage of 0.7 MV per cavity. Thermionic gun injector
produces 1.5 nC bunches with normalized rms emittance
of 30 mm-mrad. Injection energy is 2 MeV and the full
energy is 12 MeV. The accelerator has demonstrated 20
mMA average current with energy recovery, while routine
operations with lasing occur at 5 mA. 0.2 kW of radiation
0.12-0.18 mm wavel ength has been measured [15].

Future upgrade plans include 4-orbit accelerator-
recuperator with a maximum energy of 50 MeV and av-
erage current of 150 mA. The estimated power of FEL ra-
diation is 10 kW at 3-20 m wavelength.
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NEW ONGOING PROJECTS

In addition to the planned upgrades to the existing ERL -
FELs, severa laboratories have begun addressing various
outstanding issues by constructing new demonstration fa-
cilities. The new applications for ERLs being carefully
looked into include hard x-ray light source (Cornell Uni-
versity), electron cooling of ions (BNL) and high-power
VUV/XUV spontaneous and FEL light production (Dares-
bury).

Cornell Prototype

Realizing that the beam quality from the injector is the
key factor to a future ERL -based x-ray light source, Cor-
nell University, in collaboration with TINAF, is building a
high average current high brightness electron source. The
project consists of very high voltage (500-750 kV) photoe-
mission gun, which is a part of the injector capable of ac-
celerating the beam to 15 MeV maximum energy through
five 2-cell SRF cavities [16], merger section and the beam
dump [17]. Maximum average current will be 100 mA.
The project emphasizes very low emittance beam (1 to 0.1
mm-mrad) at a moderate bunch charge (0.1 to 0.01 nC).

BNL Prototype ERL

To address the R&D issues of the RHIC-cooler project,
BNL is constructing a high current (up to 0.5 A) low en-
ergy ERL (20 MeV) [18, 19]. BNL Prototype ERL em-
phasi zes high average current, high bunch charge (up to 20
nC) — a requirement for efficient cooling of ions. The ac-
celerator will consist of 2 MV SRF gun, acryomodule con-
taining 703.75 MHz 5-cell SRF cavity optimized for high
average current operation, recirculating loop and the beam
dump. Since the single bunch parameter needs are dictated
by electron cooling considerations, the bunch lengthisrel-
atively long (5 cm rmsfor 20 nC) and normalized rms emit-
tance is ~30 mm-mrad (~3 mm-mrad for 1.3 nC bunches).

Daresbury ERL-P

ERL-P at Daresbury is a 35 MeV demonstration facil-
ity with aprimary goal of developing in-house expertisein
several important to ERLS areas, such as superconducting
RF, high average current photoinjectors, FEL operation,
prior to developing technical design report for the 4GLS
light source. For details of the project, refer to [20].

ACCELERATOR PHYSICSAND
TECHNOLOGY CHALLENGES

While the interest in ERLs as a technology of choice
for various future applications is clearly on the rise [22],
anumber of important accelerator physics challenges must
be addressed before many of the proposed ERLS can be
realized. This section goes through several of these chal-
lenges emphasizing most promising solutions and recently
made progress.

0-7803-8859-3/05/$20.00 ©2005 IEEE

High Current Low Emittance Injector

At the moment, it iswidely believed that photoemission
guns hold the best promise as low emittance high current
sources. Three different gun types (DC, RF and SRF) and
their variations are being pursued for ERL applications. All
three gun types share a common challenge of demonstrat-
ing sufficient lifetime robust operation of the photocath-
ode. High quantum efficiency materials, such as Cs.GaAs
and CsK2Shb, will be used. While previous experience with
these photocathodes suggests that sufficiently long opera-
tional lifetimes with high current operation are possible,
care to many technical details is necessary to realize this
in practice [23]. A possibility of using secondary emission
from diamond as ameans of amplifying photoemitted elec-
trons to ease laser system requirements and photocathode
lifetime issuesis also being explored [24].

Emittance compensation in the injector is of critical im-
portance in awide range of bunch charges for future ERLSs.
Very promising results have been recently obtained through
computer optimizations of Cornell DC gun photoinjector
[25], showing that very high degree of space charge emit-
tance compensation is possible in this type of injector in a
wide range of bunch charges (e.g. 0.1 mm-mrad emittance
for 0.1 nC charge, 0.7 mm-mrad for 1 nC).

ERLSs benefit from having as small injection energy as
practically possible to minimize the amount of power go-
ing to the beam dump. Thus, the space charge remains
important in the section of ERL that merges the high and
low energy beams. A merger design was shown to be pos-
sible, which is compatible with emittance compensation in
the presence of dipole magnets required to inject the beam
into the main linac [26].

Main Linac: SRF Technology

The SRF linac will be at the heart of most future ERLSs.
Despite much progress in the SRF technology over the last
decade, much remains to be done to make efficient, turn-
key, high current multi-GeV ERLs aredlity.

Since the power hill of alarge SRF ERL will be domi-
nated by cryogenic requirements, reliably achieving ashigh
Qo aspossible for medium gradients (15-20 MV/m) infield
emission free cavities is desirable. A potential increase in
Qo from 10'° to 2x 10 would result in several MW power
savings for 2 K refrigerator. This issue also touches on
the choice of optimal cryogenic temperature, good mag-
netic shielding, appropriate cavity treatment, etc. TINAF
isworking on Renascence cryomodule for CEBAF 12 GeV
upgrade [27] that will come closest in terms of average gra-
dient and @ requirements for efficient CW operation de-
sired for ERLS.

In the main linac, the required peak drive power is pro-
portional to the peak microphonic detuning, Af, for op-
timized loaded Q1. opt = fo/2Af, which makes the de-
sign of low microphonics stiff cavities an important pri-
ority. When microphonics is sufficiently low, however,
one's ability to operate at high @, will depend on high
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performance of RF control system. Such control system
was developed by Cornell University and has been tested
a TINAF ERL-FEL [28]. An SRF cavity was operated
with Qr, of 1.2 x 10® with 2 x 5.5 mA average current in
energy recovery mode, with the beam taking and return-
ing 47 KW RF power, while the required klystron power
remained at about 200 W level. Thisimportant demonstra-
tion shows that it is possible to dramatically reduce capital
and operational cost in ERL s through acombination of low
microphonics and high performance RF control system.

Achieving adequate higher order modes (HOMs) damp-
ing isanother critical requirement in ERLs. Primary dipole
modes need @'s of less than 10, and to avoid excessive
heat deposition of resonant excitation the primary mono-
pole modes need Q’s of ~10? . Furthermore, with HOM
power per cavity integrated over all frequencies easily ex-
ceeding 100 W for most proposed ERL s, one cannot afford
uncontrolled dissipation of this power in the cryogenic en-
vironment. HOM ferrite absorbers that intercept this un-
desired power and remove it from liquid He temperature
environment are being implemented with SRF cavities to
address thisissue [29, 30].

Emittance Preservation

Quantum excitation due to spontaneous synchrotron ra-
diation emission at multi-GeV energiesis well understood
and does not appear to be alimiting phenomenon in ERLS,
although requires a certain degree of attention for high en-
ergy (>5GeV) ERLs[31].

Single bunch effects, such as coherent synchrotron radia-
tion, wake fields, RF input coupler kicks, emittance growth
due to misalignments, are common challenges for both
ERLs and low average current linacs. An important con-
sideration here is that in certain cases, such as x-ray ERL
light source, there will be no need to push for fs pulses
when maximizing brilliance of the radiation. The peak cur-
rents then are on the order of 10 A, similar to SR values,
minimizing the coherent single bunch effects. The short
bunch mode with magnetic compression, on the other hand,
makes coherent single bunch effects an important concern.
It should also be noted that when significant energy spread
is present (either correlated for bunch compression or un-
correlated e.g. due to FEL interaction), higher than the lin-
ear order optics becomes important for successful energy
recovery [32], aswell asto minimize chromatic blow up to
the beam effective emittance [33].

Beam Sability

BBU. Multipass regenerative beam break-up (BBU) has
been identified for along time as a potential limiting phe-
nomena in recirculating accelerators [34]. Several labora-
tories have developed new codes to simulate the instabil-
ity [35] and excellent agreement exists between the theory
and simulations[36]. Animportant series of measurements
have been recently carried out at TINAF ERL-FEL [37],
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and afew percent agreement between simulations and ac-
tual beam measurements was demonstrated. Several ways
to increase the threshold have been experimentally veri-
fied. In particular, optical coupling was found [38] to be
very effective to substantially increase (factor of ~200)
the threshold for poorly damped (Q > 10°) polarized
HOMs [39]. It is shown, however, that the effectiveness
of coupling is reduced as Q of the modes becomes lower
(Zth,couplea ¢ 1/4/Q); eg. an increase in the threshold
for large ERLs (multiple GeV) with well damped HOMs
(Q < 10%) isonly afactor of 2-4 larger due to introduction
of coupling in the lattice, as compared to the decoupled
case [40]. Nonetheless, it is now established by simula-
tions that through a combination of better HOM damping,
proper focusing optics in the linac, and coupling, it is pos-
sible to design a single-recirculation multi-GeV ERL with
BBU threshold in the vicinity of 1 Ampere.

Orbit and Energy Stability. To utilize ultra-small beam
emittance in ERLS, it will be necessary to stabilize beam
position with remarkable precision. E.g. for a future hard
x-ray light source, one islooking into having a diffraction-
limited electron beam, or 0.01 nm-rad emittance in both
vertical and horizontal planes. This tranglates into a sub-
micron stability requirement. As an example, the fast feed-
back on the beam at CEBAF routinely achieves 20 um rms
[41], which is limited by BPM noise. Implementation of
fast orbit feedback in SR light sources has resulted in sub-
micron level stability in a frequency range up to 100 Hz
[42]. Similar or better performance will be needed in the
ERL light source, which will require careful tolerance man-
agement and implementation of slow and fast feedbacks.

In addition, high stability in RF field amplitude and
phase is desired. The newly developed Cornell low level
RF control system has demonstrated 10~ field and 0.02°
phase stability in the presence of 5.5 mA energy recovered
beam [28].

Diagnostics and I nstrumentation

Diagnostics and instrumentation poses several chal-
lenges unique to ERLs. One such example is a develop-
ment of robust and easily read out non-interceptive beam
profile (transverse and longitudinal) measuring techniques
in the context of very low emittances, short duration pulses
at high average beam power.

Machine protection in the presence of continuously re-
plenished high power beam also poses specific challenges:
good characterization of beam halo, its source, and its min-
imization will be critical [43].

SUMMARY

The next few years will witness a considerable progress
in the field of ERLS, as both existing and new projects
continue to expand the parameter space and improve the
performance of this class of accelerators. Following the
demonstration stage, one ought to expect proposals for im-
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proved / larger scale ERLs to meet new kinds of applica-
tionsin addition to already existing ERL-FELSs.

The author acknowledges the ERL team at Cornell Uni-
versity and TINAF collaborators, as well as the whole vi-
brant ERL community for making the topic of Energy Re-
covery Linacs an exciting one.
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