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Low-emittance beam injection for a synchrotron radiation source
using an X-ray free-electron laser linear accelerator
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The full-energy beam injection system from SACLA to the SPring-8 storage ring has been developed.
Low-emittance beam injection is required for the future upgrade of SPring-8 due to its small injection beam
aperture. The electron beam injection from an X-ray free-electron laser linear accelerator not only satisfies
the emittance requirement but also it confers a cost benefit compared to a conventional dedicated injector
system. In SPring-8, the SACLA linear accelerator is now delivering X-ray free-electron laser photon
beams and serving as a full-time injector of SPring-8 in parallel.
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I. INTRODUCTION

A small dynamic aperture for injected electron beams
becomes an issue in recent upgrade of storage ring-based
light sources pursuing low-emittance toward a diffraction
limit [1-3]. It is due to nonlinearity caused by strong
focusing magnets necessary in a multibend optics design.
Some ideas have been proposed to improve injection
efficiency, such as longitudinal or swap-out on axis
injection [4-7]. We choose, however, a conventional off
axis injection scheme using kicker and in-vacuum septum
magnets in SPring-8-II, which is the upgrade project of
SPring-8 [8,9]. Instead, the emittance of the injected beam
is significantly reduced by using a low-emittance linear
accelerator of an X-ray free-electron laser (XFEL).

In 2011, the XFEL facility SPring-8 Angstrom Compact
free-electron LAser (SACLA) was constructed in the
SPring-8 campus [10]. SACLA is located next to the
SPring-8 storage ring and an XFEL to Storage ring
Beam Transport line (XSBT) connects the end of the
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SACLA linear accelerator to the exit of the existing
8 GeV booster synchrotron (Fig. 1).

Ahead of the upgrade project, the full-energy beam
injection from SACLA had been tested since 2019 using
the present SPring-8 storage ring. In addition to the low
emittance, utilization of SACLA as an injector brings an
economical advantage. In case of a conventional dedicated
injector system, accelerators are always kept in operation
for top-up injection, and the electron beam is injected only
a few times per minute with consuming electricity at most
of the time just for idling the accelerators. On the other
hand, the accelerator of SACLA is already in operation to
deliver XFEL photon beams to users, and no extra
electricity is required for the beam injection. In the case
of SPring-8, the electricity consumption can be reduced by
30% and the maintenance cost can be cut down by shutting

FIG. 1.

Bird’s-eye view of the SPring-8 campus.
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FIG. 2. Schematic layout of SACLA and XSBT.

down the more than twenty-year-old injector system con-
sisting of a 1 GeV linear accelerator and an 8 GeV
synchrotron.

II. SACLA BEAM INJECTION SCHEME

Figure 2 is a schematic of the SACLA facility. Currently,
three FEL beam lines are in operation. BL1 is a soft x-ray
FEL beam line driven by a dedicated 800 MeV linear
accelerator (the former SPring-8 Compact SASE Source
(SCSS) test accelerator), and BLL.2 and BL3 are XFEL beam
lines [11,12]. The destination of the electron beam is
switched from pulse to pulse using a kicker magnet
installed at the end of the SACLA linear accelerator
[13]. The beam repetition rate is 60 Hz and the electron
beam is delivered to either the two XFEL beam lines or
XSBT for the beam injection.

While the beam is injected to the storage ring at a fixed
energy of 8 GeV, the beam energy for the XFEL operation
changes depending on user experiments. The parameters of
the electron beam are summarized in Table I. In order to
independently control the electron beam parameters of each
destination, a multienergy operation scheme was developed,

TABLE L

in which the number of rf accelerator cavities and rf phases
are changed from pulse to pulse [14].

To achieve the pulse-by-pulse control of the destination
and the parameters of accelerator components, pattern
tables for a period of 1 s are prepared and stored in a
master controller [15,16]. Each table contains destinations
for 60 electron bunches corresponding to a beam repetition
of 60 Hz, and the master controller sends the destination of
the next pulse to all accelerator components through a
reflective memory network. Once the component receives
the destination, it runs with prestored parameters of each
beam destination, such as an 1f phase and a deflection angle
of the kicker magnet. When the beam injection is requested
from the storage ring for top-up injection, the table
including the destination of XSBT is loaded to the master
controller and the beam is injected to the storage ring in the
next second.

Since the reference clock frequencies of the SACLA
linear accelerator (238 MHz) and the SPring-8 storage ring
(508.58 MHz) are not related by an integer multiple, the
beam timing is adjusted each time of the beam injection.
The beam timing of SACLA is generated from a 238 MHz
master oscillator and a 60 Hz power line, so the maximum

Electron beam parameters for the XFEL operation and the beam injection.

XFEL operation

Beam injection (at the injection point)

Destination BL2 or BL3 XSBT

Beam energy 4-8 GeV 8 GeV

Bunch length (FWHM) <20 fs >5 ps (estimated)
Bunch charge 200 pC 200 pC
Emittance (projected) ~150 pmrad ~1 nmrad (estimated)
Energy spread (rms, projected) <1x1073 ~1 x 1073 (estimated)

Repetition rate

60 Hz maximum

10 Hz for accumulation
<1 Hz for top up
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FIG. 3. Beta functions and dispersion functions of XSBT from the SACLA kicker magnet to the beam injection point of the SPring-8

storage ring. Horizontal and vertical beta functions are shown in red and blue solid lines, and horizontal and vertical dispersion functions

are shown in black solid and dotted lines.

time difference with respect to a 208.8 kHz revolution
frequency of SPring-8 is 2.1 ns. The synchronization
between the beam timing of SACLA and the target rf
bucket of SPring-8 is achieved by two steps. First, a trigger
signal, which is generated 15.5 ms before the beam timing,
is delayed up to 40 turns of the storage ring (<197 us) to
reduce the time difference within 105 ps. As a second step,
the frequency of 238 MHz is modulated to further reduce
the time difference and finely synchronize the two accel-
erators. The developed timing system attains synchroniza-
tion with an accuracy of 3.8 ps (rms), which is small
enough compared to the SPring-8 electron bunch length of
10 ps (rms) [17].

III. BEAM INJECTION TO SPRING-8

Figure 3 shows the electron beam optics of XSBT. The
first half of XSBT, which is newly built to connect SACLA
to the exit of the synchrotron, is based on a double bend
achromatic (DBA) lattice. The existing transport line from
the synchrotron to the storage ring is reused as the last half
of XSBT, whose lattice is based on FODO.

For the accumulation from 0 mA, SACLA injects the
beam at 10 Hz and it takes about 10 min to reach 100 mA,
which is the nominal current of SPring-8. During the 10 Hz
injection, XFEL operation is suspended. Once the storage
ring is filled up, the stored current is maintained by the top-
up injection performed in parallel with the XFEL operation.
Figure 4 shows the stored current of the SPring-8 storage
ring during the 10 Hz injection followed by the top-up
injection. The electron bunch charge of SACLA is around
200 pC. In Fig. 4, the electron beam is injected twice a
minute under the condition of insertion device gaps being
closed. When the beam is injected to the storage ring, two
pulses, which are the injection pulse and a blank pulse for
hysteresis correction as described later, are missing in the
XFEL operation.

While the injection efficiency of 100% is achieved with
all insertion device gaps open, the efficiency is slightly
reduced to around 90% under the condition of daily user
operation gaps. The reduction of the injection efficiency
may come from a large energy chirp of the SACLA
electron beam.

Figure 5 compares the beam profiles of SACLA and the
8 GeV synchrotron using a screen monitor located close to
the injection point of the SPring-8 storage ring [18]. Since
the emittance of the synchrotron is 200 nm rad and twice
larger than the transverse acceptance of the storage ring
[Fig. 5(b)], the electron beam was usually collimated for
better injection efficiency [Fig. 5(c)] [19,20]. The expected
emittance of the electron beam from SACLA is around
1 nm rad [Fig. 5(a)], which is significantly smaller than that
of the synchrotron by more than two orders of magnitude.

The influence of the beam injection on the XFEL
operation is carefully investigated. To switch the XFEL
beam lines, the kicker magnet current alternates zero (BL3)
and a fixed negative value (BL2) with a magnetic field
stability of 107> [21]. But once the kicker magnet is flipped
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FIG. 4. Stored current of the SPring-8 storage ring during the
beam injection. The electron beam is injected from SACLA at
10 Hz from 0 mA and the current is maintained at 100 mA with
the top-up injection. Insets show the stored current during the
top-up injection.
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FIG. 5. Transverse beam profiles observed on a screen monitor
close to the beam injection point of the SPring-8 storage ring.
Injected beams from SACLA (a) and the 8 GeV synchrotron (b, c)
are shown. In (c), a collimator installed at the synchrotron exit is
closed to improve injection efficiency.

to a positive current (XSBT) for the beam injection, a
hysteresis effect of the magnet yoke is observed, which
results in orbit deviation in the XFEL undulators and
deteriorates the pointing stability of the XFEL photon
beams, particularly at BL3. The material of the yoke is
laminated silicon steel plates with 0.35 mm thickness.

In order to remove the hysteresis effect, the kicker
magnet is excited with a negative blank pulse without
the beam right after the positive pulse of the beam injection.
Figure 6 shows the pointing stability of the XFEL photon
beam measured at the BL3 beam line station located 40 m
downstream of the undulator end. The center positions of
the photon beam are measured for 6 h during the top-up
injection and histograms are plotted. In Fig. 6, black lines
indicate the photon beam position without the beam
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FIG. 6. Pointing stability of the XFEL photon beam observed
at 40 m downstream of the BL3 undulator end. The data are
collected for 6 h under the top-up injection. Black lines
correspond to the last pulse before the injection, and red, blue,
and green lines correspond to the first, second, and third pulses
after the injection. Histograms of the horizontal beam position are
plotted for without (a) and with (b) hysteresis correction. The
kicker yoke hysteresis does not affect vertical stability as shown
in (c).

injection, and red, blue, and green lines are the positions
of three successive pulses immediately after the beam
injection respectively. As shown in Fig. 6(a), even applying
the blank pulse, small magnetization still remains. The
horizontal position jumps by 100 xm after the injection and
then gradually comes back. In order to reduce this move-
ment, the kicker magnet currents of these three pulses are
corrected in Fig. 6(b). Note that the photon beam sizes are
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FIG. 7. Current monitor signals measured between the
476 MHz 1f cavity and the L-band accelerator of the injector
section. Red solid and blue dotted lines correspond to sweeper on
and off, respectively. An enlarged view is inserted to show the
reversed charge having opposite polarity at 9 ns after the main
charge.

about 500 yum (FWHM) in both horizontal and vertical
directions and there is no hysteresis effect vertically.

For some time-resolved experiments of synchrotron
radiation facilities, such as nuclear resonance scattering,
a high-contrast ratio of bunch charges is necessary between
electron injected and adjacent noninjected empty rf
buckets. At SPring-8, a ratio of 107® — 10710 is typically
requested for the empty buckets [22]. In the beam injection
from SACLA, however, it turned out that a small number of
electrons are detected at the ninth bucket after the injected
rf bucket.

SACLA employs a thermionic cathode gun with an
initial bunch length of 1 ns after a beam chopper. Although
the electron bunch is longitudinally compressed by velocity
bunching in the injector section, it has a long tail after a
charge concentrated core [23]. As a result, some electrons
at the tail are captured in deceleration rf phases and
reversed in an L-band accelerator, which is installed at
the end of the injector section. Figure 7 is beam current
signals measured between the L-band accelerator and a
476 MHz rf cavity located 1.8 m upstream of the L-band
accelerator. After the main charge, which is about 1 nC and
moving downstream, a reversed charge of about 10 pC is
observed with opposite polarity meaning that it moves
upstream (a blue dotted line in Fig. 7). The reversed charge
is then accelerated and turned around again in the 476 MHz
cavity. The round-trip time of the reversed electrons
between the L-band accelerator and the 476 MHz cavity
is about 18 ns corresponding to nine times the 508 MHz
rf bucket interval of the storage ring. Once the reversed
electrons are injected to the ninth bucket after the target rf
bucket, they have a significantly long lifetime due to low-
charge density and do not decay. Therefore, the contrast
ratio gradually worsens during the top-up injection.

In order to avoid the reversed electrons being injected
into unwanted rf buckets of the storage ring, an electron
sweeper is introduced between the 476 MHz cavity and the
L-band accelerator (Fig. 2). It kicks out the reversed
electrons using pulsed electric fields. Together with the
use of energy slits at dispersive locations, the charge
contrast ratio is improved roughly by two orders of
magnitude, and 107 — 10~ is routinely obtained even
after several days of the top-up injection. In addition, an
electron bunch knockout system is developed and installed
in the storage ring, which applies rf fields to unwanted
electron bunches and excites vertical betatron oscillations.
The vertically deflected electrons are removed at a vertical
scraper. When users request a high contrast ratio, the bunch
knockout is performed several times a day to maintain the
contrast ratio at the order of 10710,

IV. EMITTANCE GROWTH IN BEAM
TRANSPORT LINE

Although the electron beam injection from SACLA has
achieved much smaller emittance compared to that from the
synchrotron as shown in Fig. 5, the emittance growth in
XSBT cannot be ignored mainly due to quantum excitation
of synchrotron radiation (SR) and second-order dispersion.

The emittance growth (Ae, ) attributed to quantum
excitation can be written in the horizontal (x) or vertical (y)
plane as

5
o 55r€hy /HJC,)’(Z) dZ, (1)

€y =
Y 48\/§mec pi,y(z)

where the integration is taken along the beam trajectory z. r,,
h, y, m,, and c are the classical electron radius, the Dirac’s
constant, the Lorentz factor of the electron beam, the electron
rest mass, and the speed of light in vacuum, respectively. H, ,
is defined as H, , = B, %, + 20, 1y ey + Vo yi12, With
Twiss parameters (ayy, By y, 7 ) and linear dispersion func-
tions (77, y, n;,y). Pxy 18 the bending radius [24,25].

There are 26 horizontally deflecting and 6 vertically
deflecting dipole magnets in the 600 m-long XSBT, whose
bending radii are around 20 m with deflection angles of
5-9°. The total energy loss due to SR in these dipole
magnets is about 0.1% of 8 GeV, and the emittance growth
obtained from Eq. (1) is in the order of hundreds pm rad.
While the quantum excitation is negligible for the electron
beam with large emittance like that of the synchrotron, it
gives a severe impact on the small emittance beam of
SACLA, whose typical projected emittance at the exit of
the accelerator is 150 pm rad.

In storage rings, the emittance is determined from the
equilibrium condition of the quantum excitation and
radiation damping. The emittance decrease due to the
radiation damping is described as
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where €, , is the emittance in the horizontal or vertical plane
[24]. Comparing Egs. (1) and (2) for the case of the small
emittance beam of 150 pm rad passing through XSBT, it is
found that the radiation damping is three orders of
magnitude smaller than the quantum excitation and almost
negligible.

Figure 8 is the calculated emittance growth along XSBT
with the initial conditions assuming the SACLA electron
beam of an 8 GeV beam energy, 150 pm rad emittance, a
20 fs bunch length (FWHM), 0.1% (rms) energy spread,
and a 200 pC bunch charge. The calculations are performed
using the ELEGANT code and the contribution of linear
dispersion is subtracted in Fig. 8 [26].

As mentioned, the last half of XSBT (z = 300-600 m) is
the reuse of a nearly twenty-five-year-old transport line
based on an FODO lattice with large dispersion functions.
Therefore, H, ,(z) in Eq. (1) becomes large resulting in
severe emittance growth in the last half of XSBT (blue lines
in Fig. 8). On the other hand, the effect of coherent

N
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o
L

201 — Horizontal I
— Vertical
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0 100 200 300 400 500 600

z(m)

FIG. 9. Second-order geometrical dispersion functions of
XSBT in the horizontal (red line) and vertical (blue line) planes.

synchrotron radiation (CSR) is rather limited (black lines
in Fig. 8), because the electron bunch immediately length-
ens to longer than 100 fs (FWHM) due to large Rsq
(longitudinal linear dispersion) at the first part of XSBT
and it reaches 8 ps at the end.

In Fig. 8, a gaussian energy spread is assumed, but the
electron beam of SACLA has usually an energy-increasing
chirp from head to tail of the bunch. In this case, the
electron beam lengthens more quickly due to positive Rsg
of XSBT, which is opposite to chicane bunch compressors,
and the emittance growth becomes less important. Since the
electron beam having an energy-decreasing chirp is first
compressed and then stretched in XSBT, the emittance
growth worsens due to the CSR effect.

The red lines of Fig. 8 are the emittance calculated without
the electron energy change caused by SR or CSR.
Nevertheless, the emittance increases by 50% in the hori-
zontal plane and 15% in the vertical plane. There is no
sextupole magnets installed in XSBT and this emittance
increase is caused by second-order dispersion. Figure 9 shows
the second-order geometrical dispersion functions of XSBT.

V. SUMMARY

The XFEL linear accelerator has been successfully used as
a low-emittance injector of the SPring-8 storage ring since
September 2020. The obtained emittance of ~1 nm rad at
the injection point is small enough for the future SPring-8-11,
whose requirement is of the order of ~10 nm rad. SACLA is
now used as a full-time injector of SPring-8 and the existing
injector system was shut down in March 2021.

In the transport of a small emittance beam, the emittance
growth due to quantum excitation should be taken into
account in addition to CSR effects. To maintain small
emittance in a transport line, it is important to control linear
and nonlinear dispersion to reduce quantum excitation and
avoid the emittance growth.

Although the present emittance growth in XSBT is
acceptable for SPring-8-1I, further emittance reduction
would be possible by correcting second-order dispersion
using sextupole magnets and optimizing initial energy
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spread. However, magnet rearrangement of the last half of
XSBT is necessary to drastically reduce the emittance.
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