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Abstract

A key technology issue of energy recovery linac (ERL)
devices for high-power free-electron laser (FEL) and
fourth generation light sources is the demonstration of
reliable, high-brightness, high-power injector operation.
Three ongoing programs that target up to 0.5 Ampere
photocathode injector performance with required ERL
brightness, are described. The first is a DC gun and
superconducting RF (SRF) booster cryomodule. Such a
748.5 MHz device is being assembled and will be tested
up to 100 mA at the Thomas Jefferson National
Accelerator Facility (JLAB) beginning in 2006. The
second approach is a high-current normal-conducting RF
(NCREF) injector. A 700 MHz gun will undergo thermal
test in late 2005 at the Los Alamos National Laboratory
(LANL), which when equipped with a suitable cathode,
would be capable of exceeding 0.5 Ampere operation.
Finally, a half-cell 703.75 MHz SRF gun with a diamond
amplifier and other cathodes, will be tested to 0.5 Ampere
at the Brookhaven National Laboratory (BNL) in 2007.
The status and projected performance for each of these
injector projects is presented.

INTRODUCTION

When we consider future ERL high-current projects
that are under construction or have been proposed, we
find similar “requirements” for their photocathode
injectors [1]. Table 1 shows resultant “mean” values for
the principal injector parameters, together with an
associated range. It is also apparent that three injector
technologies are being considered for ERL facilities,
namely: DC, NCRF and SRF guns that will likely be
followed by SRF boosters. Below, we describe the status
of one example of each high-current injector technology.
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Table 1: ERL injector nominal values and range

Parameter Value Nominal Range
Output Energy (MeV) ~7 2-15
CW Average Current (mA) ~ 200 100 — 500
Bunch Charge (nC) ~05 0.075-3
Transverse rms Normalized Emittance (um) ~15 <1-6
Longitudinal rms Emittance (keV-psec) <45 25 - 145
Bunch Length (psec) ~4 2-7
Energy spread (%) at Injection <0.5 0.1-05
RF Frequency (MHz) ~ 700 500 - 1300
RF Feedthrough Power (kW) < 500 50 - 500
Photocathode Frequency Response Visible Visible

DC GUN AND SRF BOOSTER

The present leading candidate for high-average-current
ERL injectors is a DC photocathode gun closely coupled
to an SRF booster accelerator. One such device has been
designed and fabricated by Advanced Energy Systems
(AES) and is presently being assembled at JLAB for
testing on their injector test stand.

The device begins with a 500 kV DC gun followed by
an emittance compensation solenoid. The electron beam
enters the 748.5 MHz SRF cryomodule, shown in Fig. 1,
from the left. This consists of three single cell
fundamental cavities and one 2245.5 MHz third harmonic
cavity that accelerate the beam to 7 MeV. The third
harmonic cavity is the second cell in the string, whose
function is to linearize the longitudinal phase space on
exit from the cryostat. The addition of the longitudinal
phase space correction cavity significantly improves the
beam quality in these injectors. Specifically at 1 nC or
0.75 A, this configuration can deliver 5.1 microns
transverse and 43 keV-psec longitudinal rms emittance at
7 MeV, which is more than adequate for very high-power
IR FEL operation.

When every RF bucket is filled with 133 pC, the single
cell device provides an average current of 100 mA and an
average electron beam power of 700 kW at the 7 MeV
injector output. The sequence of single cell cavities
provides latitude for adjusting the longitudinal phase
space through different cavity phasing and ameliorates
HOM and wakefield effects driven by high current.
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Figure 1: DC Gun and SRF booster (upper left) showing
3™ harmonic (lower) and fundamental cavity (upper right).

Figure 3: 2245.5 MHz third harmonic SRF cavity.

Fig. 2 shows four completed single-cell SRF cavities,
while Fig. 3 shows the 3" harmonic cavity, all minus their
helium vessels. Cavity cleaning has begun at JLAB with
assembly scheduled for completion by the end of 2005.
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Initial beam tests in 2006 will demonstrate bunch charges
up to 1 nC at low pulse repetition frequency (PRF), with
later RF power upgrades enabling 100 mA
characterization in 2008.

NORMAL-CONDUCTING RF GUN

The second high-power injector approach that is under
development at AES is the normal-conducting, CW,
photocathode RF electron gun that is shown in Fig. 4.
Los Alamos performed the physics and RF design for this
700 MHz, 2Ys-cell, 3 nC device that delivers 100 mA at a
35 MHz PRF. Higher currents could be delivered without
impacting the gun thermal or beam properties, simply by
increasing the PRF. A third full cell does not support
acceleration but rather serves as a vacuum manifold to
permit very high pumping on the gun during operation.
The crucial issue for this concept is the extremely high-
average-power and the peak power densities that result
from the resistive losses in the copper of the gun.

Figure 4: Normal-conducting 2'-cell CW RF gun.

Thermal, stress, and displacement analyses were
conducted on the gun design where the effects of
temperature and pressure coupled with the RF response
were all taken into account. The thermal stresses are such
that the gun is manufactured from Glidcop®. The total
thermal load of the gun is about 720 kW, but the design

Figure 5: NCRF gun cell 2 (upper left) and cell 3 (upper
right) plated and ready for brazing. Waveguide irises
machined and ready for plating (lower).

0-7803-8859-3/05/$20.00 ©2005 IEEE



Proceedings of 2005 Particle Accelerator Conference, Knoxville, Tennessee

coolant flow will adequately cool the device.

Fig.5 shows two of the gun cells plated and ready for
brazing. One of the ridge-loaded waveguide penetrations
is visible on cell 3. It also shows the “dogbone” iris of the
power coupler which is a critical thermal and braze point.
This gun represents one of the most complex brazing
cycles that has ever been attempted. Currently, we are
25% complete on the braze cycle. The gun is scheduled
for delivery to Los Alamos for testing in late 2005. An
existing Los Alamos 1 MW REF test stand will be used to
perform a thermal test of the gun at the end of 2005.
Beam tests up to about 200 mA CW could be performed
in 2006 at reduced accelerating gradient with 1 nC
bunches and 200 MHz PRF using the existing LANL RF
power, once a preparation chamber and load lock are
added to the gun to permit multi-alkali cathode insertion.

SUPERCONDUCTING RF GUN

The third injector under development at AES in
collaboration with BNL, JLAB and FZR is the high-
current SRF gun shown in Fig. 6. This gun is being
designed and fabricated to deliver 0.5 A to the ERL test
ring that is being built at BNL [1]. The high current
requires a substantial departure from the FZR 3Y%-cell
design at 1.3 GHz [2]. Firstly, we have adopted a '2-cell
gun configuration at the lower frequency of 703.75 MHz,
which is compatible with the RHIC RF frequency, in
order to accommodate the higher currents required for the
RHIC electron cooling rings and the e-RHIC collider.
Secondly, primarily because of thermal issues, we
determined to utilize a quarter wave choke joint concept
[3]. This is shown in Fig. 7 to the left of the % cell cavity.

Figure 6: SRF gun cryostat and cavity detail (upper left).

Thermal and stress analyses of this SRF gun with the
choke joint have been completed. For 0.5 A operation,
the thermal load on the cathode stalk, which is cooled
with liquid nitrogen, is between 150 and 180 W,
depending on whether a multi-alkali or diamond amplifier
cathode [4] is employed. We have completed multipactor
testing of the choke concept and demonstrated
performance to 150% of the nominal field value.
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Tris diameter = 120 mm
Beampipe diameter = 190 nun
Frequency = 703.79036 MHz

Figure 7: SRF gun choke joint and ' cell cavity.

This injector is presently in the final design phase.
Delivery to BNL is planned for early 2007. Initial gun
performance testing will therefore occur in 2007.

CONCLUSIONS

The performance of three distinct high-current ERL
injector technologies, which are under development at
AES in partnership with National Laboratories, is listed in
Table 2. The impact of harmonic correction, which is
important for each technology, is shown in parentheses
only for the SRF gun, and each requires further beam
tailoring for ERL merging. The 100 mA DC gun with an
SRF booster is presently being assembled at JLAB for
testing beginning in 2006. The normal-conducting gun is
in fabrication for delivery to LANL in late 2005. It will
undergo thermal testing equivalent to beam operation at 1
A in early 2006. Finally, the SRF gun, which will be
installed on the BNL test ERL is in final design.
Operation testing of this gun to 0.5 A will occur in 2007.

Table 2: AES ERL injector parameters

DEVICE| AES/JLAB | LANL/AES | AES/BNL
PARAMETER Injector Gun Gun/ERL
Gun Type DC NCRF SRF
RF Frequency (MHz) 748.5 700 703.75
PRF (MHz) 748.5 333 351.88
Charge/Bunch (nC) 0.133 3.0 14
Current (mA) 100 100 500
Injector Energy (MeV) 7 2.5 2
Mean Accelerating Gradient (MV/m) 7/13.5 7 235
Transverse rms Normalized Emittance (um) 12 6 25
Longitudinal rms Emittance (keV-psec) 44 145 64 (19)
[RMS Bunch Length (psec) 6.3 15.4
[RMS Energy Spread (%) 0.5 0.5 2.1(1.7)
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