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A superconducting (SC) linac allows a few orders of magnitude larger average beam current than a
normal conducting linac, therefore the powerful beam is expected to lead to outstanding discoveries in
various scientific fields, such as high luminosity accelerators and high brilliance light source. However, the
high construction and operation costs of the SC linac is a critical issue for realizing large scale facilities. To
resolve this problem, we propose a continuous wave (cw) operation of an SC linac shared by electron/
positron beams for effective multipurpose utilization. A high current positron source is required for
high-energy physics projects: a linear electron-positron collider and a muon collider, while high-current
and high-quality electron beams are expected to realize the high brilliant x-ray light sources. As an
example, we discuss the injector of the International Linear Collider, an x-ray free-electron laser, and an
energy-recovery linac light source. We found a feasible solution of a basic design for the proposed
multibeam operation despite the high-quality beam requirements and complicated operation: control of
mixed beams without pulsed magnets, and heat load in the cavity, high stability of beam energy, and
operation at high average current.
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I. INTRODUCTION

As the surface of a superconducting (SC) accelerator
cavity has an extremely small resistance, high accelerating
rf fields can be applied with little heating. Consequently,
the long-pulse or continuous-wave (cw) operation enables
us to increase beam repetition rate, and the cost performance
per beam current is the highest among linear accelerators
such as normal-conductivity cavities, and laser-based
accelerators. This technique is therefore expected in state-
of-the-art large-scale linear accelerators for projects in
high-energy particle physics, photon science, and neutron
science and applications [1–4]. Some of these projects utilize
the 1.3 GHz TESLA nine-cell cavity developed under the
International Linear Collider (ILC) project [1], an electron-
positron collider aiming at the collision energy of 500 GeV.
Although it is developed for 1 ms pulse operation, cw
operation is possible at the relatively lower acceleration
gradient. It is expected to be applied in several fields because
it allows the longer pulse operation.
As one example, future linear collider projects such as

the ILC and the Compact Linear Collider (CLIC) [5]
require high-current positron sources with a flux of
1014–15eþ =s, which is several orders of magnitude larger

than the existing positron source. In addition, the much
higher positron flux is necessary for muon colliders [6,7].
Such a high current positron beam is generated by driving
electrons or gamma rays towards a metal target with a large
atomic number. Among the most serious technical prob-
lems is the thermal loading of the positron target. The
operation with longer pulses is expected to reduce the peak
current and mitigates the thermal loading. In the baseline
scheme of the ILC, positron source is based on gamma rays
from a helical undulator driven by 150 GeVelectron beam.
Because of the high operation cost of the high-energy
electron beam, the pulse duration is limited to 1 ms.
Therefore, several other positron sources driven by a lower
energy electron beam are proposed. Some of them are
based on gamma rays by the inverse Compton scattering
with lower electron beams, which is potentially realized
through the SC linac in cw operation by a technique of
energy recovery [8,9]. Another is called a conventional
method, directly driving electron beams toward the target
[10,11]. The conventional method is considered as the
backup scheme because the required energy of the drive
electrons is only a few GeV and it enables the long pulse
operation at a reasonable operation cost for reducing the
thermal loading. The long-pulse structure of the positrons is
be converted to 1 ms pulses at the damping ring (DR)
before injection into the main linac as shown in Fig. 1.
As the current backup scheme of the positron source of

the ILC is based on an normal conducting (NC) linac, the
long pulse consists of thousands of micropulses (duration
1 μs) at 300 Hz to avoid heating by rf fields. Owing to the
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complicated pulse structure, two individual GeV-class NC
linacs are required to accelerate the drive electrons for the
target and the positrons for injection into the 5 GeV DR.
The high peak current of the micropulse causes another
problem such as a shockwave on the target and beam loading
of the accelerator linacs. Therefore, we proposed to utilize an
SC linac instead of the current backup scheme. The SC linac
makes it possible to operate at a long pulse without micro-
pulses, therefore it is expected to moremitigate the problems
as well as the thermal loading problem. In addition, the SC
linac can also accelerate the polarized electrons for the ILC
collision experiment at the same bunch pattern. The three
beams are collectively called the “ILC injector.” In our
proposal, the three beams (polarized electrons, positrons
and drive electrons) share a 6–7 GeV SC injector linac.
The schematic is shown in Fig. 2.

The SC linac is also a promising facility to realize x-ray
light sources with high flux and brilliance owing to the high
electron beam current. The European X-ray Free-Electron
Laser (XFEL) at DESY [2] has successfully generated the
first x-ray laser with an SC linac. Subsequently, SLAC
started the LCLS-II XFEL project [3], which will operate the
SC linac in cw mode. As an x-ray source with exceptional
brightness, XFEL with an oscillator is also proposed [12].
Alternatively, one of the candidates of the next-generation
x-ray light source is an ERL composed of an SC linac and a
recirculation loop [13–15]. Because the recirculating beam
returns its beam energy to the linac, the average beam current
is much higher than a linac without energy recovery. It also
makes it possible to transport the high-quality beam and
utilize its high brilliant light source. The km-scale recircu-
lation loop of an ERL provides 20–30 beam lines, whereas
the XFEL provides only a few beam lines. Some sub-GeV
class ERLs have already been demonstrated and are under
construction at several laboratories [15–18].
However, the huge construction and operation costs of

the SC linac are critical issues. To reduce these costs,
several projects accelerate the electron beam multiple times
through the SC linac [19–22]. In this article, we propose
another approach: effective use of an SC linac by sharing of
multipurpose tasks. As one example, we apply an electron/
positron multibeam as the injector of the ILC, XFEL and
ERL light source (ERL-LS) with little degradation of the
source performances [23,24]. The multibeam injection has
been already proven successful at SLAC Linear Collider,
SLC and the injector for the storage rings of the KEKB
accelerator and the Photon Factory [25,26]. In addition, a
superconducting linac at TRIUMF also has a plan to share
the electron beam for ARIEL target and FEL-ERL [27].
However, several features that are not required in these
multibeam operations may be crucial in this proposed
scheme. These features include control of mixed beams
without pulsed magnets, heat load in the superconducting
cavity, high stability of beam energy, operation at high
average current (larger than 10 mA), and bunch compres-
sion to sub-ps bunch length.

II. LAYOUT OF ACCELERATOR

The layout of our proposal for the ILC injector is shown
in Fig. 3. The 6–7 GeV linac is divided into a short and long
linac. First, the drive electrons are accelerated sufficiently
to hit the positron target. Because the positron just emitted
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FIG. 2. Layouts of the ILC injector based on the electron driven
(conventional) positron source based on (a) a normal conducting
linac and (b) a cw superconducting linac.
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FIG. 1. The schematic of the pulses before/after the main linac
of the ILC. The pulse length of the ILC injector is much longer
than that of the main linac of the ILC to reduce the thermal
loading at the backup scheme.
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FIG. 3. Schematic of the proposed layout for the ILC injector with positrons, drive electrons, and polarized electrons.
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from the target is low quality and accompanied by other
radiation particles emitted from the target, it is accelerated
by the NC booster to nearly 400 MeV and collimated
before injection into the long SC linac to avoid breaking
the superconductivity. The beam optics of the long SC
linac are optimized such that the transverse size of the
positron beam remains much smaller than the iris radius of
the accelerating cavity (35 mm), even during multibeam
operation. For easy beam operation, the polarized elec-
trons and positrons are injected at the same energy, while
the drive electrons are injected at higher energy. The
energy of each electron beam differs at the end of the SC
linac (see Table I), so the orbits of the three beams can be
separated without pulsed magnets. The NC booster should
be operated in long pulse or cw mode, but the frequency
can be other than 1.3 GHz. In the Very High Frequency
(VHF) region (∼180 MHz), long period cw operation has
been demonstrated in an NC linac [28].
The SC linac has sufficient capacity to furnish high-

brilliance x-ray light sources because the ILC requires only
a low average current (less than a few hundred μA) and a
blank interval exceeding 100 ms at 5 Hz for the damping
time. As the light source, we consider both XFEL and ERL-
LS. The XFEL provides a high-brilliance, large-flux light
source whereas the ERL-LS enables a large number of
beam lines. The layout of the XFEL and ERL-LS is shown
in Fig. 4. The two SC linacs are consistent with Fig. 3. The
beam energies at the entrances and exits of the linacs differ
by at least 10% (see Table I). The energy gain depends on
the accelerating phase. The chicane located between the
long and short linac enables individual control of the orbit
and optics of each beam. Bunch compression of the
electrons for XFEL [2] can then be accomplished, by

energy chirp induced by off-crest acceleration and nonzero
longitudinal dispersion through the chicanes.

III. BEAM PARAMETERS

A. Beam energy and current

An ERL-booster linac accelerates the electron beam up
to the short linac injection energy Eshort

in , and the return
electron beam is decelerated at the two SC linacs and
transported into the dump line as shown in Fig. 4. For the
ERL-LS, the design value of the average electron beam
current is a few 10 mA, which is limited in the threshold
current due to beam breakup caused by higher order modes
(HOM-BBU) [29–33]. In order to increase the threshold
current, the ERL-booster energy is designed to a few
10 MeV, which is larger than the other ERL projects
[13,14]. The power consumption of the booster also limits
the booster energy because it is operated without energy
recovery. On the other hand, the average current for the
XFEL is limited to a few 100 μA to prevent radiation
hazard at the beam dump. In addition, the heat load due to
the beam transport in the 2 K region should be careful
because it becomes larger at the high current and the shorter
bunch length operation [34,35]. It is assumed to be
approximately 10 W at the long linac, in which the bunch
length for XFEL beams is fully compressed, as shown in
Table II. The main beam parameters are also summarized
in Table II.

B. Bunch structure and pattern

In the same manner with the backup scheme, the pulse
duration of the proposed ILC injector is assumed to be the
60 ms (see Fig. 1). Moreover, the bunch repetition rate is
maintained constant at 50 kHz, corresponding to 1 ms
pulses at 3 MHz in the main linac of the ILC. The long
pulses of the positrons and polarized electrons should be
overlapped to match the collision timing of the ILC
experiments. On the other hand, the positrons are assumed
to trail the drive electrons by 5–6 μs because they turn
around after the almost 700 m-long linac, the positron
target, and the NC linac (see Fig. 3). For simplicity, the
polarized electrons are injected behind the positrons with
the same delay time. The pulse and bunch structure of the
electron/positron beams are shown in panels (a) and (c)
of Fig. 5, respectively. Hereafter these three pulses are
collectively termed the “ILC pulse.”

FIG. 4. Schematic of the proposed layout of the XFEL and ERL light sources. Two chicanes are located between the linacs for
individual control of each beam.

TABLE I. Beam energies at the entrance to the short linac
(Eshort

in ), long linac (Elong
in ), and at the exit from the long linac

(Elong
out ). The electrons for XFEL in the short linac and the drive

electrons in both linacs are accelerated at an off-crest phase.

Eshort
in [MeV] Elong

in [GeV] Elong
out [GeV]

XFEL 500 2.4 7
ERL-LS(acc) 30 1.9 6.5
ERL-LS(dec) 1900 6.5 1.9
Drive e− ∼30 1.7 5.7
eþ � � � 0.4 5
Polarized e− � � � 0.4 5
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The bunch charge of 3 nC in the ILC causes beam
loading, which (according to rough estimate) induces
Oð0.1%Þ fluctuations of the accelerating field in the cavity
[36,37]. An example of the accelerator gradient is shown in
Fig. 6. These fluctuations induce correlated electron fluc-
tuations at a much higher repetition rate (a few MHz or
1.3 GHz for x-ray sources). As the electron energy stability
of an x-ray light source must be better than 0.01% the
electrons for the light source are operated in the 140-ms
blank interval between the ILC pulses to avoid beam
loading. In the same way, beam loading of a few hundred
pC per bunch in the XFEL induces non-negligible energy
fluctuations of the electrons for the ERL-LS. Therefore, the
three pulses—ILC, XFEL, and ERL-LS—must never over-
lap, as shown in Figs. 5(a) and 5(b). The blank interval time
between the three pulses is larger than the time constant of
the accelerating cavity (which is of the order of a few ms),
sufficient for stabilization of the accelerating field by
feedback systems.

In long-pulse operation, the beams must be accelerated
without energy recovery (ER) until the head of the electron
beam pulse returns from the recirculation loop. For this
reason, the average current of the pulse for the ERL-LS
gradually increases during part of the rise time [Fig. 5(b)].
Figure 7 shows the power exchange of the energy between
the electron beam and the rf power supply. The return of the
current pulse from the km-scale recirculation loop is
assumed to consume almost 10 μs. SC linacs are designed
to accelerate the average electron beam current from
100 μA to 1 mA without ER. Therefore the rise time
was selected almost 1 ms. On the other hand, ER is
unnecessary for the ILC and XFEL because of the low
average beam current.
Each beam can be accelerated or decelerated at a phase

optimized for each beam. The ILC beams are accelerated
in slightly off-crest phase to minimize the effect of the
internal wakefield caused by the 3 nC bunch charge, and
the electrons for the XFEL are mainly optimized for bunch
compression as mentioned above. Meanwhile, the electrons
for the ERL-LS should be a perfectly on-crest acceleration
to minimize the energy spread induced by the 1.3 GHz
rf curve.

IV. LINEAR OPTICS DESIGN

The energy of each beam differs along the two linacs, as
shown in Fig. 8. The accelerating gradient of the SC linac
is assumed as 15 MV=m at the cw operation. The full

TABLE II. Main beam parameters and heat load power in the
long linac. Energy recovery (ER) is the summed current of the
accelerated and decelerated beams.

εn [m · rad] q [nC] σz [mm] I [mA]
Heat

load [W=m]

XFEL 1 × 10−6 0.3 0.02 0.1 1
ERL-LS 1 × 10−7 0.01 0.3 20 (ER) 5
Drive e− 1 × 10−4 3 A few 0.05 <1
eþ 1 × 10−2 3 A few 0.05 <1
Polarized e− 1 × 10−4 3 A few 0.05 <1

10 mA
w/ ER

~60 ms

200 ms (5 Hz)

drive e- e+

 polarized e-

~20 s (50 kHz)

~6 s 

~21 s (47 kHz)

< 1 mA
w/o ER 

ERL-LS
 (1.3 GHz)

rise time 
 (< 1ms) 

     XFEL
( a few MHz)

ILC

 a few tens ms

(a)

(b)

(c)

FIG. 5. Example of the bunch and pulse structure of the
electron/positron beams for the ILC, XFEL, and ERL-LS.
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FIG. 6. Fluctuation of the accelerator gradient in the cavity
caused by the beam loading of the 3 nC ILC beam.
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FIG. 7. Power exchange between the electron beam and rf
power supply during long pulse operation of ERL-LS at high
average current (∼10 mA).
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accelerations in the long and short linacs are 4.6 GeV and
1.9 GeV, respectively. The beam-focusing system consists
of quadrupole triplets inserted between the SC accelerating
cavities. The focusing strength of each quadrupole magnet
is inversely proportional to the beam energy. The root-
mean-square (rms) transverse beam size σx;y is described
by the normalized emittance εx;y and Lorentz factor γ as
σx;y ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

βx;yεx;y=γ
p

, where εx;y is invariable for each beam.
Under this condition, the entire beam optics for trans-
porting the beams at a reasonable transverse size and
betatron function are determined by the following
strategies.
The linacs are mainly composed of superconducting

accelerator cavities stored in cryostat modules and quadru-
pole magnets located at the normal temperature region. As
shown in Table II, the positron beams have extremely large
emittance before entering the DR, therefore the linear
optics should be optimized for positron beam so that the
rms transverse sizes in the cavity, σx;y, are maintained much
smaller than the iris radius of the accelerating cavity r, e.g.,
5σx;y < r. In order to effectively remove the widely spread
beam tail and halo in both directions of x and y, the
polarities of the quadrupole triplets, focus-defocus-focus
and defocus-focus-defocus, are settled alternately at the
normal temperature region.
In addition, the entire betatron function of ERL-

LS beams should be suppressed to increase the threshold
beam current due to the HOM-BBU. It is challenging
because several beams at different energy pass through the
linacs. The betatron functions are optimized for the lowest
beam energy, therefore, those of higher energy beams
become large.
The rms transverse beam sizes are shown in Fig. 9. To

sufficiently suppress the beam size at lower beam energies,

quadrupole triplets are inserted much more than a higher
energy region. A quadrupole triplet is thus inserted after
every two cavities at beam energies below 600 MeV, and
after every four cavities at beam energies between 600 and
1300 MeV. At higher energies, they are inserted after every
eight cavities. Therefore, the rms transverse size of the
positron beam is focused to approximately 6 mm although
adiabatic damping will shrink the actual size. Note that
the quadrupole triplet allows transverse beam sizes above
6 mm because it operated at room temperature. Meanwhile,
the rms transverse sizes of the electron beams for the XFEL
and ERL-LS are maintained at less than 100 and 40 μm,
respectively. Figure 10 shows the betatron functions. The
betatron function of the decelerated beam of the ERL-LS,
which loses energy in the downstream, must be maintained
small; otherwise, the threshold beam current due to the
HOM-BBU can be reduced. It is important to design
the beam optics to restrain the betatron function of the
decelerated beam with maintaining the rms transverse size
of the positron beam small as described above. By virtue of
this strategy, the betatron function of the ERL-LS is
suppressed to within 120 m.

FIG. 8. Energies of the various beams along the long linac
(upper panel) and short linac (bottom panel). Note that the
energies of the positrons and polarized electron beam overlap.

FIG. 9. Beam sizes in the horizontal (upper panel) and vertical
(lower panel) directions of the long linac.

FIG. 10. Beta functions in the horizontal (upper panel) and
vertical (lower panel) directions of the long linac.
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As the linac is divided into two main sections, no
positrons pass through the short linac. Therefore, it is
possible to optimize the beam optics for the ERL-LS, in
which the maximum energy ratio between the accelerated
and decelerated beams is high (almost 60), due to the
injection and dump energy of 30MeVand the full energy of
1.9 GeV. Some strategies are necessary to obtain reasonable
optics without pulsed magnets. First, the linear optics is
optimized for the lowest energy beam. Second, the beam
optics are symmetrically designed over the entire short
linac, because the energies of the accelerated and decel-
erated beam are symmetric. Next, the periodicity of the
quadrupole triplet optics is slightly broken to maintain a
small betatron function [38]. To further suppress the
betatron function, the quadrupole triplets are installed
between each cavity in the cryomodules in the low energy
region. The betatron functions is calculated with 20 degree
off-crest acceleration for the XFEL, and on-crest one for the
ERL-LS. As shown in Fig. 11, the rms transverse beam
sizes of the XFEL and ERL-LS are below 500 and 150 μm,
respectively. If the emittance growth in the recirculation loop

is negligible, the rms transverse sizes of the accelerated and
decelerated beam are symmetric (data not shown).
The betatron function of the short linac is shown in

Fig. 12. It can be suppressed lower than a few m in the
cavity at the low energy region. According to our rough
estimation, the threshold current due to HOM-BBU is
slightly less than 100 mA. Therefore, the design value of
the average electron beam current is 10 mA. In this
estimate, the cavity type is assumed as the KEK-ERL
model-1 cavity: that is the ILC nine-cell cavity equipped
with enlarged beam pipes [31,34].

V. SUMMARY

In this article, we have proposed a shared SC linac as the
ILC injector: polarized electron, positron, and their drive
electron beams, and high-quality electron beams for the
XFEL and ERL-LS as the x-ray light source. The electron
beams for the light source are operated in the blank interval
between the ILC pulses not to be affected by beam loading
effects. Although each beam has a different energy, we have
now designed reasonable linear optics for the linacs for the
multibeam operation.
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