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Stable operation of a fully energy-recovered 1-mA-class electron beam
at a compact energy-recovery linac
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A compact energy-recovery linac (cERL) has been under development at KEK to drive key accelerator
technologies, demonstrate energy recovery under various conditions, and support beam applications. cERL
began beam operations in 2013 to create stable, low-emittance, energy-recovered beams. The project
focused on gradually increasing the current transported in a stepwise fashion while maintaining low beam
losses at each step. However, the energy recovery of high-current beams is an issue that needs to be
addressed. In this study, we propose a method for high-current beam tuning of approximately 1 mA under
energy-recovery conditions with extremely small beam loss. We prepared a collimator and a local fast beam
loss monitor to reduce the beam loss. We report successful results at approximately 1 mA, demonstrating
100.0% energy recovery with extremely small beam loss. The radiofrequency (rf) amplitude and phase
varied by less than 0.02% and 0.02°, respectively. The study findings are expected to provide insights into
steady beam operation for high-brightness beams and high-efficiency energy-recovery operations required

for future extreme ultraviolet free-electron lasers.

DOI: 10.1103/qvpb-jsqx

“Contact author: hiroshi.sakai.phys @kek jp

"Present address: National Institutes for Quantum Science and
Technology (QST), Sendai, Miyagi, 980-8579, Japan.

*Retired from High Energy Accelerator Research Organization,
KEK, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan.

YPresent address: Michigan State University, East Lansing,
Michigan 48824, USA.

I'Present address: Institute of Modern Physics (IMP), Chinese
Academy of Sciences, Lan Zhou, Gan Su, 730000, China.

Present address: National Institutes for Quantum Science and
Technology (QST), Kizugawa, Kyoto, 619-0215, Japan.

“Present address: National Institutes for Quantum Science and
Technology (QST), Chiba, Chiba, 263-8555, Japan.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOL.

2469-9888/25/28(9)/091603(13)

091603-1

I. INTRODUCTION

The energy-recovery linac (ERL) can accelerate high-
current beams with low emittances and short bunches.
The ERL concept was proposed by Tigner [1], based on the
following principles: The high-current beam generated by
the high-brightness electron gun is first accelerated by the
accelerating cavities and recirculated. The beam returns to
the same cavities and is decelerated by the same accel-
erating cavities. By decelerating at the same cavities, this
beam energy is stored in the same accelerating cavities and
“reused” for the acceleration of the beam from the injector.
This energy-recycling scheme is a key feature of the ERL.
In particular, using a superconducting cavity with no
cavity-wall losses for accelerating cavities enables approx-
imately 100% energy-recovery operation of high-current

Published by the American Physical Society
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continuous-wave (cw) beams. Compared with storage

rings, ERLs can produce short bunches and are not limited
to an equilibrium emittance governed by synchrotron
radiation quantum excitation. In addition, they can support
higher beam currents compared with single-pass linacs.
Furthermore, the technology is sustainable and can sig-
nificantly reduce the operating power by reusing the beam
power in superconducting cavities.

ERL applications vary widely [2]. For example, using
ERL for collider accelerators in high-energy [3] and nuclear
particle experiments [4,5] has been proposed. Furthermore,
extremely high-intensity free-electron laser (FEL) light
sources, which are not possible with existing light sources,
have been proposed [6,7]. In addition, ERL-based compact
x-ray sources using laser Compton scattering [8] and THz
light source applications have been proposed [9]. The key
technologies for these applications mentioned above
include a high-brightness electron gun with low emittance
and high current, a superconducting accelerating cavity
for energy recovery, and a beam-handling technology for
energy recovery with extremely small beam loss.

Various test facilities have been constructed worldwide
to improve energy-recovery technologies for high-
brightness, high-current beams. In the 2000s, the Japan
Atomic Energy Agency [10] in Japan and the Jefferson
Laboratory (JLab) [11] in the United States conducted
energy recovery using superconducting cavities in infrared
FEL experiments as the superconducting technology
matured. For example, JLab achieved a maximum energy
recovery of 9 mA at 150 MeV. During its operation, the
beam instability of the higher-order mode beam breakup
(HOM-BBU) appeared at a few milliamperes. The effect
of the beam emittance on HOM-BBU instability was
observed. Although stable beam operation has been a
challenge for higher-current cw beam operations with
superconducting cavities, ERL operation has been success-
fully performed using energy recovery with normal-
conducting cavities in a recuperator [12], in which a current
of 30 mA was recovered. However, the wall loss of the
cavity due to normal conduction was very large, and the
acceleration gradient was very low. Notably, a multiturn
ERL is a more cost-effective operation style owing to the
reduced superconducting cavity section requirements and
lower construction and operating costs. Some facilities
successfully operate with a low-current beam for multiturn
ERL operations [5,13]. High-brightness electron guns have
been developed at CBETA, the ERL test machine at Cornell
University, achieving an emittance of less than 1 mm mrad
with a 390 kV dc electron gun at a high beam current of
65 mA [14]. Consequently, the energy recovery of high-
current beams is an issue that needs to be addressed.
In particular, the stable energy-recovery operation of a high
current without beam loss, even at high gradients, in a
superconducting cavity, is of utmost importance for devel-
oping ERLs worldwide. For example, radiation due to

beam loss during the energy-recovery operation causes
damage and/or heat load to the components of the beam-
line. Furthermore, uncontrolled beam loss is a significant
problem in the design of radiation shields, which are used
for protection during beam operations. Based on these
limitations, a compact ERL (cERL) was constructed to
ensure stable, high-current ERL beam operation.

In this study, we propose a method for high-current
beam tuning at approximately 1 mA under energy-recovery
conditions. We prepared a collimator and a local fast beam
loss monitor to reduce the beam loss. The results demon-
strated 100.0% energy recovery with extremely small beam
loss, addressing existing gaps regarding the energy recov-
ery of high-current beams.

The remainder of this paper is organized as follows:
Sec. II provides a brief description of the cERL. The beam-
tuning methods for reducing the beam loss of a cw high-
current beam under energy recovery are also introduced,
explaining the important components of the cERL in
Sec. II. Section III presents the measurement results of
the beam parameters and energy-recovery efficiency under
approximately 1 mA stable beam operation. Section IV
discusses the correlation between the radiation dose outside
the radiation shield during energy recovery and the energy-
recovery efficiency, as well as the beam parameters under
energy-recovery conditions. Section V concludes the study.

II. MATERIALS AND METHODS

This section presents a brief overview of the cERL,
reviewing the critical components for high-current beam
operation under energy-recovery conditions. In addition, it
presents a method for high-current beam tuning at approx-
imately 1 mA under energy-recovery conditions.

A. Experimental setup of cERL
1. Overview of compact ERL

The cERL was constructed at the High Energy
Accelerator Research Organization (KEK) in 2009 to study
the feasibility of a future 3 GeV ERL light source [15].

Beam dump

Main-linac module

P
(c)Rey Hori/KEK hotocathode de gun

FIG. 1. Schematic view of the cERL [15].
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FIG. 2. Setting of local fast loss monitors (blue circles). The locations of the local collimators are expressed as COL1, 2, 3, 4, and
COLS. ALOKA radiation monitors (yellow circles) are also shown with numbering [15].

Figure 1 shows a schematic of the cERL. The cERL
comprises a high-brightness photocathode dc gun [16]
capable of producing ultralow emittance beams at a high
average current for long periods, a green 1 W power laser
for irradiating the photocathode, an injector cryomodule
with three two-cell 1.3 GHz superconducting cavities [17],
a main-linac superconducting cavity with two nine-cell
1.3 GHz superconducting cavities, where energy recovery
is performed [18], a recirculation loop for energy recovery
to maintain high beam quality, and a beam dump for
the decelerated beam. A main-linac superconducting cavity
was designed to suppress the HOM-BBU, which made the
beam unstable in the JLab-FEL for high-current beam
operation [11], for a beam energy-recovery condition of
more than 600 mA [19]. Further details of cERL can be
found in [15], along with the description of 10-pA cw beam
commissioning in 2013.

2. Critical components for cw beam operation

This section describes the critical components for cw
beam operation at 1 mA. Figure 2 shows the radiation
monitor and collimator system settings for high-power cw
beam operation. For high-current cw beam operation under
highly efficient energy-recovery conditions, the small beam
loss along all beamlines must be minimized. We installed
five beam collimators to achieve such low beam losses,
as shown in Fig. 2. The detailed injector beamline with
dispersion functions is shown in Fig. 3. Each collimator had
four water-cooled copper rods, which were inserted in both
horizontal and vertical directions, as shown in Fig. 4. The
beam halo, defined as a collection of low-density particles
around the core of the transverse beam distribution, and the
beam tail, defined as a collection of low-density particles
around the core of the longitudinal beam distribution, are
primarily eliminated by two collimators, COL1 and COL2,
located in the low-energy section of a 3-MeV injector
beam, as shown in Fig. 3. The remaining beam halos

were eliminated by three other collimators: COL3—COLS.
Each collimator was locally shielded with a 20-mm-thick
lead jacket and lead blocks. The tolerable amounts of beam
losses were 1 and 10 pA (at 6 MeV) for the local shields
at the COL1 and COL2 collimators, respectively, and
50-100 nA (at 26 MeV) at the COL3—COLS5 collimators.

We prepared a local fast beam loss monitor to detect
beam loss and cut the drive laser of the electron gun
for safety purposes. This monitor comprises a photomulti-
plier tube (PMT Hamamatsu, R11558) and a Csl (pure)
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FIG. 3. Top: plot of the dispersion function along the cERL
beamline from the exit of the injector cryomodule to the end of
the main linac. The horizontal axis shows the distance from the
exit of the injector cryomodule to the end of the main linac. The
main components, including collimators (COL1 and COL2),
are shown at the bottom of the top figure. The vertical axis shows
the dispersion functions along the beamline shown in the bottom
figure. The blue (red) line shows the horizontal (vertical)
dispersion functions, respectively. Bottom: expanded view of
the injector part from the electron gun to the main linac with the
merger. The line shows the beamline from the gun to the main
linac, including the components.
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FIG. 4. Cross section of collimators (COL1 and COL2). The
horizontal rods (left and right collimator rods) are set at the
upstream side of the collimator, and the vertical rods (upper
collimator rod and lower collimator rod) are set at the down-
stream side of the collimator along the beamline. The distance
between the horizontal and vertical rods along the beamline is
24 mm. The outer diameter of the rod is 14 mm. The upper and
lower rods and the left and right rods are set so that they do not
collide with each other.

scintillator with dimensions of 25 x 10 x 10 mm,
designed to observe the local beam loss and interlock with
the beam within 10 ps. We prepared 16 local fast beam loss
monitors in the cERL, denoted by the solid blue circles in
Fig. 2. These loss monitors were placed approximately
10 cm away from the cERL beamline.

cERL is shielded by a 1-m-thick concrete block roof and
1.5-m-thick concrete block walls for radiation protection
purposes. The 12 radiation monitors (Hitachi Aloka
Medical, MAR-782) (referred to as the “ALOKA radiation
monitor” hereafter) were located in a cERL accelerator
denoted by solid yellow circles, as shown in Fig. 2.
Furthermore, we directly measured the radiation on the
cERL roof.

The beam was rastered at high speeds by a fast-steering
magnet immediately before the beam dump to prevent
localized heating due to the effect of a high-current beam
on the beam dump.

B. Method of beam tuning toward cw 1 mA beam
under energy-recovery conditions

1. Optics and beam-tuning method

For beam tuning, we first used the burst mode before
cw beam operation. In this burst mode, burst lengths of
0.1-1.2 ps and a burst repetition rate of 5 Hz were used.
This short burst length enabled beam profile monitoring.
The bunch charge was typically 0.7 pC at 1.3 GHz beam
repetition. Beam optics matching was performed upstream
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FIG. 5. The beamline configuration on the cERL.

from the electron gun [20]. The energy of the injector part
was adjusted by fine-tuning the amplitude and phase of the
injector cavity; it was determined by the bending magnet
of the merger to the circumference section, as shown in
Fig. 5. The energy of recirculation was obtained as follows:
First, the beam energy was optimized to set the design
voltage of ML 1, as shown in Fig. 5, by scanning the phase
to the on-crest condition. Second, we set the design voltage
of ML2, as shown in Fig. 5, using the same method as that
for ML1. For ML1 and ML2 adjustments, the beam energy
was measured using the position of the screen monitor
immediately after the bending magnet at the entrance of the
first arc section to set the on-crest condition. After tuning
the beam optics in the recirculation loop without bunch
compression in the arc section, the beam was decelerated
using ML1 and ML2 to achieve energy recovery. After
passing through ML1 and ML2, the beam energy was
minimized by changing the path length of the circum-
ference of the cERL. The path length was altered primarily
by changing the beam optics in the second arc section and
the chicane magnets, as shown in Fig. 5. The beam energy
after deceleration was measured using a screen monitor
immediately after bending the demerger section. The
bending angle of the bending magnets in the demerger
was set to match the energy of the injected beam. The main-
linac cavities, ML1 and ML2, were detuned, and the
injected beam was directly threaded to the dump, allowing
the demerger dipoles to be set.

2. Reduction of unexpected beam halo
in a 1 mA cw beam operation using collimators

A beam produced from a dc gun is accelerated once
around the recirculation loop. Unwanted tails or halos in
the beam are also transported, resulting in beam loss. In
particular, owing to the time response of the cathode
material, the beam tail is produced after a short laser pulse
and forms a beam halo in the transverse direction because
the tail experiences different accelerating voltages com-
pared with the core of the beam [21].

The beam halo and tail were cut by the collimator
before the main-linac acceleration to reduce radiation loss.
Therefore, we used COL1 and COL2 to cut the beam halo
and tail. The tail of COL2 can be cut off owing to the finite
dispersion function at the COL2 position. However, to cut
the tail more efficiently at the COL1 positions, which have
no dispersion function, the orbit of the injector cavity was
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FIG. 6. Top: beam profile on a screen monitor, where the
dispersion is approximately 0.23 m after the COLI position just
before entering the merger section and before inserting the
collimator (COL1). Bottom: beam profile on the same screen
monitor after inserting collimator (COL1). In both figures, the
beam intensities in the core of the measured beam profile are
saturated to emphasize the beam halo.

intentionally threaded at a finite angle so that the tail was
kicked by the injector cavity field. Figure 6 shows an
example of beam collimation. The beam profiles were
measured at the position where the dispersion was approx-
imately 0.23 m after the COL1 position. The low-energy
tail part of the beam was successfully reduced using the
vertical collimator COL1, as shown in Fig. 6. Notably, we
successfully cut the tail at the COL2 position. However, as
shown in Fig. 6, the beam tail was kicked by the injector
cavity field, and the longitudinal beam profile was pro-
jected onto the larger vertical transverse beam profile such
that the vertical collimator in COL1 could cut the beam
tail more effectively. We also conducted detailed, precise
collimator tuning using a fast-loss monitor while monitor-
ing the beam current of the beam dump. Figure 7 shows the
typical tuning of the collimator at COL2. After setting a
length of a few millimeters from the beam center, the
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FIG. 7. Top: position of four rods at a collimator (COL2).
Middle: measured signal of a fast-loss monitor under collimator
tuning. Bottom: beam current at beam dump under collimator
tuning. The horizontal axis shows the elapsed time.

measured signals of the fast-loss monitor reduced drasti-
cally, as shown in Fig. 6. We also monitored the beam
current at the beam dump to avoid scraping the beam core
during collimator tuning. COL3, COL4, and COLS5 were
also used to reduce beam loss, if necessary.

After sufficiently reducing the loss in burst mode, the
operation was switched to cw mode. The laser intensity
of the electron gun increased gradually, and the current
increased while ensuring that the ALOKA radiation mon-
itor did not exceed the threshold value. The BPM, vacuum,
and power consumption of the main superconducting
acceleration cavity during operation were monitored.
However, the beam current wobbled slightly. The operation
was conducted at approximately 0.9 mA to prevent the
current from exceeding 1 mA for radiation permission
purposes. This beam was operated such that it hit the entire
beam dump via the fast-steering magnet immediately
before the beam dump.

III. EXPERIMENTAL RESULTS

A. Parameters of the energy-recovery condition

Three experimental energy-recovery runs of a 1-mA-
class beam were performed, with the parameters listed
in Table I. Runs 1 and 3 are the energy-recovery operation
parameters when the total energy is 20 MeV and the injector
energy is 2.9 MeV. Run 1 was operated at 1.3 GHz with
0.7 pC/bunch. Meanwhile, Run 3 was operated during an
x-ray generation experiment in laser Compton scattering,
with a repetition rate of 162.5 MHz and a high charge
of 5.5 pC/bunch. Conversely, Run 2 shows the energy-
recovery operation parameters when the total energy is
lowered to 17.5 MeV. For Run 2, the energy ratio in the
merger section was 1:6, which is smaller than the energy
ratio of 1:7 in Runs 1 and 3. Notably, sufficiently large
vacuum chamber apertures were required at both the
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TABLE 1. Beam parameters for an approximately 1-mA cw
energy-recovery operation.

Parameters Run1 Run2 Run3
Beam repetition rate (MHz) 1300 1300 162.5
Bunch charge (pC) 0.7 0.7 55
Gun HV (kV) 390 500 390
Injector energy (MeV) 29 3.0 29
Energy of recirculation loop (MeV) 20.0 17.6  20.0
Momentum ratio between the injector  1:7 1:6 1:7

and recirculation loop

merger and demerger to allow beam transportation without
beam loss at energy ratios of 1:7 and 1:6.

B. Measurement results of beam emittance
and energy spread

Before the cw operation, we performed beam optics
matching, as described in Sec. II B 1. The typical meas-
urement results of the beam size after beam tuning and
optics matching in Run 1 are shown in Fig. 8. The
horizontal and vertical beam sizes measured at each screen
monitor on the cERL beamline in Run 1 were approx-
imately consistent with our setting optics, assuming nor-
malized emittances of 0.3 mm mrad (for 0.7 pC).

Table II lists the results of the normalized emittance
measurements for Runs 1-3. The normalized emittances
were measured by scanning the quadrupole magnet in front
of the monitor screen located in the south-straight section,
as shown in Fig. 5. These normalized emittances were
measured after optical matching, before changing the cw
energy-recovery beam operation. For a low-charge beam
operation of 0.7 pC/bunch in Runs 1 and 2, we achieved
the lower emittance of 0.3—0.4 mm mrad. In the case of the
high-charge operation of the 5.5 pC/bunch in Run 3, we
successfully transported through the system without deg-
radation of the 1-2 mm mrad produced at the gun.

In addition, we measured the energy spread using a
screen monitor positioned at the entrance of the first arc
section with a dispersion function of 0.49 m. The root mean

2 T T T T

TABLE II. Measured normalized emittances at the south-
straight section for three runs.

Measured

emittance

(mm mrad) Run 1 Run 2 Run 3
Horizontal 0.259 + 0.005 0.406 + 0.008 2.11£0.17
Vertical 0.267 £0.092  0.256 +£0.014 1.09 +0.05

square (rms) measured beam size on this screen monitor
was 0.36 mm. From these measurements, we estimated a
measured rms energy spread of less than 0.07% on all
three runs.

C. Measurement results of energy-recovery efficiency

Energy recovery was conducted at the main linac to
achieve a high-current beam operation of the recirculation
loop. No energy was recovered at the injector section. The
primary function of the ERL is to recover energy without
losing beam energy in the recirculating loop. Therefore, a
high energy recovery efficiency of the main linac is crucial
for achieving a high-power energy recovery linac with
minimal beam loss. The energy recovery efficiency of the
main linac (g) is given by Eq. (1) [22]

&f = (Prf.acc - Prf,load)/Prf.aCC‘ (1)

This is defined as Py, = V. x 1. V, is the total accel-
erating voltage on the main linac, and 7 is the beam current
through the main linac. P,y )y, is the remaining power that
is not recovered owing to beam loading. Py ,,q is equal to
Py, When the energy is not recovered. Conversely, a
100% energy recovery efficiency of the main linac is
obtained when beam loading in the ERL mode vanishes
completely. This implies that the rf power to the main-linac
cavities should not change during energy recovery and
should not depend on the beam current. If the energy
recovery is not perfect, we can observe a difference in
Pi10ag With and without the beam during the energy
recovery operation.

151

design(sigx)
design(sigy)
meas(sigx) +
meas(sigy) +

05

rms beam size [mm]

FIG. 8.

s [m]

The beam optics of the cERL beamline from the electron gun to the second arc section. The solid red (blue) line shows

the horizontal (vertical) beam size calculated by our beam optics under conditions of 0.77 pC/bunch and 0.3 mm mrad emittances. The
dotted red (blue) points show the measured horizontal (vertical) beam size at each screen monitor on Run 1.
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We can measure the change in Py, in each cavity with
and without the beam during beam operation. P ,,q Was
expressed as the change in difference (P, coy — Prefcav)s
where Py, .,, shows the input power to each main-linac cavity
and P .,, shows the reflected power from each main-linac
cavity. We measured the changes of (Pi,cay = Pref.cav) OF
cavities of ML1 and ML2 when the beam current (I) increased
approximately 1 mA. Finally, P ,,q through the main linac
was estimated. The energy recovery efficiency (e,¢) in Eq. (1)
is rewritten during the cw beam operation at the cERL as

(%) = (1 = (Piy — Prer)/ Prtace) X 100%, (2)
where the beam power is expressed as Py =
(Vo + V) x I, with the ML1 cavity voltage (V;), ML2
cavity (V,), and Py, (P,.r) expressed as the sum of the P;, ..,
(Pref cay) Of the ML1 and ML2 cavities, respectively. We
stably operated by monitoring the rf field using a pickup
monitor with low-level radio frequency (LLRF) control.
The rf amplitude and phase were stable to within 0.02%
and 0.02°, respectively. Owing to this LLRF control, the beam
energy in the recirculation loop of the cERL was stabilized
within an rms of 0.01% [23].

Figure 9 shows the history of the beam current during
the energy recovery of an approximately 1-mA cw beam in
Run 2. We observed fluctuations in the measured beam
current at the gun at approximately 1 mA, as shown
in Fig. 9. Considering the measurement errors of both
beam currents, the beam currents of the injection beam and

1000 |+ e e

800 - .
< i ]
3
— 600 - e
€ | Beam current (Gun)
o Beam current (dump)
5
) L i
E 400 |- _
Q L
m

200 - 4

| | |

e b b e b b e b e b e e b 1y
16:23 16:40 16:57 17:13 17:30 17:47 18:03 18:20
Elapsed Time [H:M]

FIG. 9. Beam current trend during energy recovery at approx-
imately 1 mA cw operation in Run 2. The solid red line shows
the beam current measured at the dc gun. The blue line shows the

measured beam current at the beam dump by Faraday cup. The
horizontal (vertical) axis shows the elapsed time (beam current).

dump section were transported with almost no loss,
as shown in Fig. 9. One of the main beam drift sources
shown in Fig. 9 is due to the decrease in the quantum
efficiency (QE) of the photocathode of this dc gun. The QE
before the start of cw operation was approximately 4.2%,
decreasing to approximately 3.4% after the operation. No
HOM heating was observed in the main-linac cavities. The
vacuum level of the beam dump was maintained at less than
1073 Pa without significant heating in the dump section
by rastering the beam, whereas the nominal vacuum level
without beam irradiation of the dump was at the 10~ Pa
level. The beam drifted from 0.9 to 0.8 mA within a few
hours. However, we maintained stable beam operation.
Figure 10 shows the trend of the radiation measured by all
ALOKA radiation monitors in the cERL during energy
recovery at approximately 1 mA cw operation in Run 2
(shown in Fig. 9). ALOKA radiation monitors No. 5 and
No. 6 were located immediately before and after the main-
linac cryomodule, respectively [18]. Both monitors showed
significant field emissions of approximately 100 mSv/h,
which came from the main linac. In Fig. 10, the measured
radiation in the monitors is plotted by subtracting the
background level, which originates from the main-linac
field emission. These field emission levels did not change
with constant accelerating voltage. However, the large
background of the field emission might have enhanced
the fluctuation of radiation monitors No. 5 and No. 6, as
shown in Fig. 10. After collimator tuning, we maintained a

——ALOKA 1 ——ALOKA 5 —ALOKA 9
——ALOKA 2 ——ALOKA 6 - L (
——ALOKA 3 ALOKA
—ALOKA 4 ——ALOKA 8
30 [ T T T
25 | ]
<
> L
0 20 -
.g, L
c
S 5l
E I -
e
©
o L
10 ) Al
5 i -
0 L L o = - ~ = - n’

16:23 16:40 16:57 17:13 17:30 17:47 18:03 18:20
Elapsed Time [H:M]

FIG. 10. Trend of all ALOKA radiation monitors during energy
recovery at approximately 1 mA cw operation in Run 2, as shown
in Fig. 9.
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FIG. 11. Power variation (P;, — P.) in Run 1 with respect to

the beam current. The horizontal axis shows the beam current (7).
The vertical axis shows the variation of P;, — P, from the zero-
beam current. The Pi, ¢oy — Pref.cav Variations in each cavity (ML1
and ML2) are shown in red and blue, respectively. The variation
of P;, — P, for the sum of ML1 and ML2 is shown in green.

low-radiation condition below 30 mSv/h in the cERL
concrete shield. The drifts in the measured radiation of
several ALOKA radiation monitors are shown in Fig. 9
as drifting beam currents. During this energy recovery
operation, we did not observe a sharp increase in
radiation due to a sudden beam kick or beam instabilities,
such as the HOM-BBU. Notably, we maintained stable
beam operation in Runs 1 and 3 under an approximately
1 mA cw beam energy recovery, despite observing the
same drift for a few hours.

Figures 11-13 show the P;, — P, variation during
energy recovery in Runs 1, 2, and 3, respectively. The
red and blue lines in these three figures show the
(Pincav — Prefcay) differences in each cavity with respect
to the beam current in ML1 and ML2, respectively. The
green line in these three figures shows the (P;, — Pr)
variation with respect to the total (Pj, — P.s) of
ML1 + ML2. We observed good linear responses between
(P;, — Pr) and the current 7 in Figs. 11-13. &; was
evaluated using a linear fit between (P;, — P,s) and
the beam current at each run. Notably, nonzero slopes of
(P;, — Prt)/I were observed in each cavity, as shown
in Figs. 11-13. Due to the low-energy beam acceleration
of the 2.9-MeV injection beam and deceleration of the
2.9-MeV beam to the damp, phase slip occurred despite
maintaining a 100% energy-recovery condition. A detailed
explanation of these phase slips is outlined in the Appendix.

Table III lists the energy recovery efficiencies in
Figs. 11-13 for Runs 1, 2, and 3, respectively. Although

0 02 0.4 06 08 1
Beam current (mA)

FIG. 12. Power variation (P;, — P¢) in Run 2 with respect to
the beam current. The horizontal axis shows the beam current (7).
The vertical axis shows the variation of P;, — P,.; from the zero-
beam current. The P;, .,y — Pyef cay Variations in each cavity (ML1
and ML2) are shown in red and blue, respectively. The P;, — P ¢
variation for the sum of ML1 and ML2 is shown in green.

P —Pref (W)

0 02 0.4 06 0.8 1
Beam current (mA)

FIG. 13. Power variation (P;, — P.¢) in Run 3 with respect to
the beam current. The horizontal axis shows the beam current (/).
The vertical axis shows the P;, — P variation from the zero-
beam current. The P;, .,y — Pyer cay Variations in each cavity (ML1
and ML2) are shown in red and blue, respectively. The P;, — P ¢
variation for the sum of ML1 and ML2 is shown in green.
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TABLE III. Measured energy recovery efficiency (e).

Beam condition Total energy recovery efficiency (e,)

Run 1 100.032% =+ 0.031%
Run 2 99.958% + 0.035%
Run 3 100.040% =+ 0.035%

a deviation of less than 0.042% was observed in Runs 1, 2,
and 3, the energy recovery rate was almost 100.00%,
considering an error bar of 0.035%. The measured error
bars in Table III are due to the accuracy of the power meter
and the error of linearity of the power meters of P;, and P
(see details in the Appendix). Notably, we stably operated
with an amplitude stability of less than 0.02% and phase
stability of less than 0.02° for ML1 and ML2 during beam
operation [23].

IV. DISCUSSION

A. Beam loss discussion

The accelerator in the cERL is surrounded by a concrete
shield. If significant beam loss occurs, the generated
photons reach the exterior of the concrete shield near the
beam loss point. Therefore, the beam loss distribution along
the beamline in the cERL reflects the photon dose rate
distribution on the roof of the cERL concrete shield.
A high-current operation was achieved by suppressing this
beam loss in the cERL. Therefore, we estimated the beam
loss location and beam loss current during an energy
recovery operation of approximately 1 mA by measuring
the photon dose rates on the concrete roof. Figure 14 shows
the measured photon dose rate distribution for Run 1.
A 1l-inch Nal(Tl) scintillation survey meter (Aloka,
TCS-171B) was used for these measurements. A maximum
value of 0.23 pSv/h was measured on the concrete roof on
the north straight line.

The photon dose rate per beam loss current was
calculated using the MARSI5 code to estimate the beam
loss current corresponding to the measured photon dose

Unit : uSv/h 01 023 0201 0.19 0.09 0.09 0.09 0,06
0.06 : 0.05
0.07
0.07 N
e 0.12

0.06 0.07 0.09 0.07 0.07 003-08 0.08 0.08
0.07 0.08 \ 0
0.06

FIG. 14. The measured photon dose rate distribution on the
concrete roof in Run 1. The photon dose rate values include a
background value of 0.05 puSv/h. The beam current was between
0.8 and 0.9 mA.

rate on the concrete roof [24,25]. In the case of beam loss in
a magnet, we assumed that the 20 MeV electrons collided
with the beam chamber at a 1° angle in the center of the
magnet. For beam loss in a collimator, we assumed that the
electrons collided head-on with the collimator. An example
of the MARSI15 calculation results is shown in Fig. 15. The
maximum photon dose rate appeared slightly downstream
from the beam loss point, as shown in Fig. 15. In this case, a
beam loss of 1 nA leads to a photon dose rate of
0.027 puSv/h on the roof of the cERL room downstream
from the chicane magnets. The calculation results of
the 17.5-MeV beam are similar to those of the 20-MeV
beam. Therefore, we applied the simulation results to the
17.5- and 20.0-MeV cases.

For Run 1, the maximum measured radiation was
0.23 pSv/h on the roof downstream of the main linac,
as shown in Fig. 14. If we apply the beam loss estimation,
as shown in Fig. 15, near the maximum radiation point of
0.23 pSv/h with the same thickness of the roof at this
point, the beam loss current can be roughly estimated to be
(0.23 uSv/h)/(0.027 pSv/h) x 1 nA=9nA =0.009 pA at
this point. The loss ratio of 0.9 mA (900 pA) was found
to be 0.009 pA/900 pA = 0.001%. The energy-recovery

In the cERL room (vertical)
Beam loss point

On the roof of the cERL room

Beam loss point

=z . "".1;'\0_ -.J..p.:'-s: A tt'_-_._r. 0.027 l]SV/h

FIG. 15. Example of the dose rate distribution calculated using
MARSI15. In this calculation, 1-nA beam loss occurred in the
center of the magnet [24].
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efficiency was 100.032% + 0.031% in Run 1. We did not
compare the actual beam loss estimates because the local
loss point was not measured in Run 1. However, the total
loss was estimated by (1 — &), and the loss estimation of
0.001% by the simulation of MARS15 from the measured
maximum values of 0.23 pSv/h, as shown in Fig. 14,
was estimated to be nearly consistent with —0.032% =+
0.031% of (1 —¢g;4). Multiple dose meters must be set
along the cERL beamline to estimate the detailed beam
loss distribution.

Other energy losses occurred when the beam current
increased. With respect to the HOM heat load during the
approximately 1-mA operation, the HOM heat load is
calculated using our design value of 10 V/pC with a 3-ps
bunch length of the loss factor of the HOM in the main
linac [19]. In Runs 1 and 2, the calculated HOM heat load
was 6.3 mW, and in Run 3, the calculated HOM heat load
was 54 mW. These HOM heat loads contributed little to
the energy-recovery efficiency. These heat loads resulted
in no HOM heating during the energy recovery operation
of approximately 1 mA.

We concluded that an energy recovery efficiency of
almost 100.00% can be achieved by eliminating losses at
all locations along the beamline in the cERL when energy
recovery is successful, as demonstrated in Run 1.

B. Emittance measurement discussion

In Runs 1 and 2, high-efficiency energy-recovery oper-
ation of approximately 1 mA was achieved with a very
small emittance of 0.2-0.4 mm mrad. These values are
also close to the measurement results shown in Ref. [15],
indicating that the space-charge effect is negligible, even
when the charge increases to 0.7 pC/bunch. Conversely,
higher emittances of approximately 1-2 mm mrad were
obtained in Run 3, where energy recovery was performed
at 5.5 pC/bunch. These emittance growths are mainly due
to space-charge effects [26]. In particular, the calculated
emittance was 2.9 mm mrad in the horizontal direction and
1.8 mm mrad in the vertical direction when the emittance
was calculated in the case of Run 3 optics with a beam of
7.7 pC/bunch at the south-straight section. These values
are similar to the measured values in Table II for Run 3. The
energy recovery operation was possible with an emittance
as small as a few mm mrad, which is close to the design of
Run 3. For future 10-mA energy recovery operations, the
cERL can be operated at 7.7 pC/bunch at 1.3 GHz. If the
beam optics are the same as that in Run 3 for a 10-mA
energy recovery operation, energy recovery without beam
loss will be possible.

V. CONCLUSION

This study investigates energy-recovery operations with
a cERL at approximately 1 mA. Three energy-recovery
runs were performed under three different conditions.

We performed beam tuning with low emittance and
extremely small beam loss before cw operation by optimum
beam tuning and by effectively using the collimator and
loss monitor. The measured emittances were as small as
0.2-0.4 mm mrad at 0.7 pC/bunch. Furthermore, even at
5.5 pC/bunch operation, a low emittance of 2 mm mrad
was achieved. After switching to cw operation, extremely
high-efficiency energy-recovery operations of 100.0% =+
0.04% were achieved in three energy-recovery runs at an
approximately 1-mA beam. This 100.0% level of energy
recovery reduced the beam loss and achieved very low
radiation conditions.

This method, which efficiently utilizes collimators and
loss monitors, achieves 100.0% energy-recovery efficiency
at a high current of 1 mA, characterized by low emittance
and extremely small beam loss. In particular, the realization
of energy recovery at 5.5 pC/bunch shows the feasibility
of future 10-mA high-current operations with an extremely
high energy-recovery efficiency. The findings of this study
provide insights into steady beam operation for high-
brightness beams and high-efficiency energy recovery
operations required for future extreme ultraviolet free-
electron lasers (EUV-FELs) [7] and other applications.
EUV-FELs are operated under off-crest conditions with less
than a 10° phase difference from the on-crest condition.
Future studies will focus on investigating cw ERL oper-
ation under off-crest conditions for EUV-FELs.
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APPENDIX: CONSIDERATION OF ENERGY
RECOVERY OF EACH MAIN-LINAC CAVITY

In the cERL, the (Pj, cqy — Pref.cay) 0f ML1 and ML2 had
small slopes with respect to beam current, as shown in
Figs. 11-13. If the beam energy is sufficiently high, then
the beam velocity is close to the speed of light. In this case,
energy recovery is perfectly established, and no current
dependence appears. The total injection energy at a cERL
of 2.9 MeV is extremely low, and the beam does not reach
the speed of light under acceleration by the main linac. This
causes a phase slip during acceleration and deceleration,
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FIG. 16. The calculation setup layout of cERL under energy-
recovery conditions.

resulting in slightly different efficiencies for each cavity
[27,28]. We performed a particle-tracking simulation in a
simple mode to confirm whether the measured nonenergy
recovery rate was reasonable.

Figure 16 shows the setup for calculations. A beam with
an injection energy of 2.9 MeV (kinetic energy of 2.4 MeV)
was injected into the main linac, which was based on
two 1.3-GHz nine-cell cavities of the ERL-model-2 cavity
(ML1, ML2) [18,19]. Figure 17 shows the electrical field
profile of the main linac along the beam axis, defined as E,.
The distance between the centers of the upstream (ML1)
and downstream cavities (ML2) was 1.53 m. The amplitude
and phase of each cavity were controlled independently.
After acceleration in the two cavities, the beam was delayed
in the recirculation loop, injected into ML1, and tracked to
the exit of ML2. The phase of the beam after the orbit was
adjusted using the delay length, and the phase relationship
between the two cavities was fixed.

The calculation setup was similar to that for the cERL
accelerator. The procedure is as follows: (i) The phase of
MLI1 (¢1) is scanned and set to the phase in which the
energy is maximum at the ML1 exit during acceleration
(on crest). (ii)) The ML2 phase (¢2) is scanned and set to the
phase where the energy is maximum at the ML2 exit during
acceleration (on crest). (iii) The “delay” of the recirculation

4x10"}

2x10" +

Electric field (E,) (arb. units)
o

-0.5 0 0.5 1 1.5
Longitudinal position (m)

FIG. 17. The electrical field profile of the cERL main linac. The
horizontal and vertical axes show the longitudinal position along
the beam axis in the cavity and the electrical field of the beam
direction (arbitrary unit), respectively.

loop (0) is adjusted and set so that the energy at the ML2
exit is minimized after deceleration without changing
the phases of ¢1 and ¢2. (iv) The beam energy is
calculated, and the kinetic energy at each point is
obtained [(A)—~(E) in Fig. 16] after adjusting the phase
and delay length.

The kinetic energy of the cERL injection beam was
2.4 MeV and that of the beam after acceleration on the linac
was 19.4 MeV. A total of 17.0 MeV was obtained in the
main linac and accelerated in the main-linac cavities.
Table IV shows the calculated energies at positions
(A)~(E) for ML1 and ML2 with an 8.5-MV amplitude.
The accelerating energy of ML1 was obtained from the
energy difference between (A) and (B), that of ML2 was
obtained from the energy difference between (B) and (C),
and the energy difference between (C) and (D) provides
the deceleration energy of MLI. The energy difference
between positions (D) and (E) provides the deceleration
energy of ML2.

The energy recovery efficiency is defined in Eq. (2). By
contrast, the inefficiency of energy recovery (&g inefr) 1S
defined using Eq. (A1) for a clearer comparison.

8rf_ineff((%)) = (1 - 8rf)<%) = (Pin - Prcf)/Prf,acc x 100%
(A1)

Equation (Al) defines the energy-recovery inefficiency
of cERL operation. By estimating the inefficiency of the
energy recovery in each cavity of ML1 and ML2, we can
replace P;, (P,) of each cavity in Eq. (A1) with Py, ..,
(Pref cay), and Py .. with the beam power of each cavity as
V. x I. From the balance of the cavity acceleration under
the energy-recovery condition, we can redefine the ineffi-
ciency of the energy recovery as follows:

Srf,ineff(%) = (Vc,acc + Vc,dec)/[(vc,acc - Vc,dec)/z] X 100%’
(A2)

where V. ... (V. gec) 1 the acceleration (deceleration) gain
of each cavity. This implies that for ML1, V. is the gain
obtained from (A) to (B), and V4. is the gain obtained
from (C) to (D). For ML2, V_ ,.. is the gain obtained from
(B) to (C), and V. 4 is the gain obtained from (D) to (E).

TABLE IV. Energy gain calculation of each cavity on the main
linac under energy recovery conditions at the cERL.

Position  Kinetic energy (MeV)  Gain of each cavity (MV)
(A) 2.4000

(B) 10.8805 8.4805 (ML1)

© 19.4034 8.5229 (ML2)

(D) 10.8797 —8.5238 (ML1)

(E) 2.4003 —8.4794 (ML2)
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TABLE V. Comparison between the measured energy-recovery inefficiency in Runs 1 and 3 and the calculated

energy-recovery inefficiency.

Experimental results (total energy of 20 MeV)

Energy-recovery

inefficiency (& inefr) Run 1 Run 3 Calculation (%)
MLI1 —0.391% + 0.047% —0.453% + 0.054% —0.509
ML2 4+0.326% =+ 0.039% 40.374% =+ 0.044% +0.512
Total —0.032% + 0.031% —0.040% + 0.035% +0.0018

A comparison of the calculated and measured energy
inefficiencies of energy recovery for each cavity and the
total is shown in Table V. The measured values in Table V
were used in Runs 1 and 3, as shown in Figs. 11 and 13,
respectively. In addition, the inefficiency of the energy
recovery (& inefr) Was obtained from the (P;, — Pt)
variation at the maximum beam current and (P, — Pper)
at zero current, as shown in Figs. 11 and 13.

The measurement results showed energy-recovery inef-
ficiencies of 0.3%—0.5% in each cavity. Conversely, the
calculations showed inefficiencies of approximately 0.51%.
One of the inefficiency measurements of ML1 in Run 1
agrees well with the calculation within the error bar.
However, the remaining measurement results for the ineffi-
ciencies in each cavity are slightly lower than the expected
values. Some unknown systematic factors or errors remain
under the cERL condition. For example, the fringe fields
from MLI and ML2 were larger, and the calculated
inefficiency was larger. However, the measurement results
were not significantly different from the calculation results.
Therefore, approximately 100.0% energy recovery was
achieved in the measurement and calculation results.
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