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• Low-emittance beam injection is need for SPring-8-II, that is a 
future upgrade project of SPring-8, due to its small transverse 
aperture.

• Renewal cost of high-voltage substation for the old injector 
accelerators was huge.

• SPring-8/SACLA declared a green facility. By shutting down the old 
injector accelerators, electricity consumption can be saved.

Beam injection to SPring-8 from SACLA

Motivations



C-band accelerators 
(40 MV/m)

SACLA

SPring-8

In-vacuum undulators
(18 mm period)

XFEL facility SACLA
(SPring-8 Angstrom Compact free-electron LAser)

Thermionic cathode

3 key technologies of SACLA

2011 SACLA commissioning
2012 User operation with BL3
2014 BL2 in operation

SCSS accelerator moved to BL1
2020 Beam injection to SPring-8



SACLA XFEL facility

SACLA linear accelerator

Injector

BC1 BC2 BC3
S-band C-band C-bandL-band

476 MHz
Sweeper

60 Hz kicker

Undulators

BL1
BL2
BL3

XSBT

SPring-8 
storage ring

1 GeV linac 
+ 

8 GeV synchrotron

Energy slit

Energy slit

XFEL photon beam

Electron 
gun

800 MeV linear accelerator (former SCSS)

BL1: EUV and soft x-ray (20-150 eV)
BL2 and BL3: hard x-ray (4-15 keV)

SACLA electron beam
Energy up to 8.5 GeV
Bunch charge ~ 200 pC
Repetition 60 Hz
Emittance ~ 0.15 nm-rad@LINAC

~ 1 nm-rad@injection point of SPring-8



BL1 (SCSS+)

BL2
BL3

XSBT (to SPring-8)

Electron beam switchyard

Kicker magnet
（Yoke length 0.95 m, Bmax=0.9 T）

SiC power supply （60 Hz, 1 kV-299 A）

Stability of the kicker 
magnetic fields  
measured by a gated 
NMR.



• Must keep XFEL user operation while injecting the beam.

• Beam injection and XFEL tuning should be independently 
performed.

• Injection beam energy is fixed at 8 GeV, while the energies of 
XFEL beamlines are changed depending on XFEL user 
experiments.

• Reference clock frequencies of SACLA (238 MHz) and SPring-8 
(508.58 MHz) are not related by an integer multiple.

Issues

Beam injection to SPring-8 from SACLA



• Independent setting of RF parameters for three destinations.
• A 16 bit tag containing bunch destination is attached to each electron bunch.
• Measured data are saved with the bunch tag and handled separably by 

destination, for example a beam energy FB on individual destination possible.
• 7 pulsed quadrupoles are installed this year and another 14 quadrupoles next 

year to facilitate transverse beam envelop matching.

3 virtual accelerators

XFEL BL2 XFEL BL3 XSBT

Electron beam orbits measured and displayed by destination.



Beam parameter control

H. Maesaka et. al., in Proc. of IPAC2019, Melbourne, May 2019, 3427 (2019).
T. Fukui et. al., in Proc. of IPAC2019, Melbourne, May 2019, 2529 (2019).

1. Distribution patterns for 1 sec (60 bunches) are prepared in a table.
2. Destination of the next bunch is sent to devices through a reflective 

memory network.
3. Each device works with prestored parameters of the destination.  
4. Switch patterns for beam injection.



7.4 GeV at B
L2

(29 pps)

7.4 GeV electron 
bunches at 60 pps

RF units
(150 MeV/unit)

60 Hz trigger  line

7.4 GeV

8 GeV
7.7 GeV

Kicker

7.7 GeV at 

8 GeV for injection

(1 pps on request)

Bunch destination

60 Hz
EMA SW EMA SW EMA SW EMA SWEMA SW EMA SW EMA SW EMA SW EMA SW

BL3 (30 pps)

Q-mag

BL2: on, 0°
BL3: on, 0°
XSBT: on, 0°

BL2: on, 0°
BL3: on, 0°
XSBT: on, 0°

BL2: off
BL3: on, 0°
XSBT: on, 0°

BL2: off
BL3: on, 0°
XSBT: on, 0°

BL2: off
BL3: off
XSBT: on, 0°

BL2: off
BL3: off
XSBT: on, 0°

BL2: on, -27°
BL3: on, -31°
XSBT: on, -30°

BL2: on, +27°
BL3: on, +31°
XSBT: on, +30°

Last 2 units used for energy feed back

EMA SW: Equipment Manager Agent SWitch

• Injection beam energy is fixed at 8 GeV, while the beam energies of BL2 and BL3 
are frequently changed depending on user experiments.

The number of RF cavities and their phases are changed bunch by 
bunch to satisfy the requirements of three destinations. 

T. Hara et al., Phys. Rev. Accel. Beams 16, 080701 (2016).

Bunch-by-bunch energy control



• The electron bunch of SACLA is synchronized to 238 MHz and 60 Hz (power line).
• Revolution frequency of SPring-8 is 208 kHz (508 MHz reference clock).
• The time difference up to 4 ns occurs between SACLA and RF bucket of SPring-8. 
• Delay injection for N revolutions to have the minimum time difference (< 100 ps).

SACLA 238MHz

SPring-8 208kHz
(revolution)

AC60Hz

master trigger (XFEL)

master trigger (SR inj)

4 ns max. 100 ps max.

Measure Δt and calculate an optimum delay (the number of revolutions N) 
to get the minimum time difference (Δt < 100 ps).

Δt

Delayed by N turns（0.2 ms max.）

Synchronization of the two accelerators



• To further reduce the time difference, frequency modulation is applied to 238 
MHz of SACLA during the delay time. 

• Finally the two accelerators are synchronized within 3.8 ps (rms).

SACLA 238MHz

SPring-8 208kHz
(revolution)

AC60Hz

master trigger (XFEL)

master trigger (SR inj)
4 ns max. 3.8 ps (RMS)

Δt
FM of 238 MHz 

Synchronization of the two accelerators

T. Ohshima et. al., in Proc. of IPAC2019, Melbourne, May 2019, 3882 (2019).



• Accumulation to 100 mA takes about 10 minutes with 10 Hz injection (XFEL 

operation interrupted).

• During top-up injection, the electron beam is injected when SACLA receive the 

request from SPring-8 (performed in parallel with XFEL operation).

Beam injection to SPring-8
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Beam profiles observed at the injection point of the SPring-8 storage ring.

Beam from SACLA
（without slit）

Beam from Synchrotron
(SSBT slit open)

Beam from Synchrotron
(SSBT slit close)

• Estimated emittance is ~1 nm-rad, 
that is well below the requirement 
for SPring-8-II (~10 nm-rad). 

• Emittance of an old 8 GeV 
synchrotron was ~200 nm-rad.

Improvement of beam quality

5 mm



Beam transport to SPring-8 (XSBT)

• XSBT (XFEL to Storage ring Beam Transport) is about 600 m long.

• First half of XSBT (300 m), connecting SACLA to an old synchrotron, was newly 

constructed with a DBA lattice.

• Last half of XSBT, connecting the old synchrotron to the SPring-8 storage ring, 

is the reuse of an old injection line with a FODO lattice.
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Emittance growth at the transport line
about 500 μm (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 10−8 − 10−10 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 10−8 − 10−9 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 10−10.

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 (Δϵx;y) attributed to quantum

excitation can be written in the horizontal (x) or vertical (y)
plane as

Δϵx;y ¼
55reℏγ5

48
ffiffiffi
3

p
mec

Z
Hx;yðzÞ
ρ3x;yðzÞ

dz; ð1Þ

where the integration is taken along the beam trajectory z. re,
ℏ, γ, me, 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.Hx;y

is defined as Hx;y ¼ βx;yη02x;y þ 2αx;yηx;yη0x;y þ γx;yη2x;y with
Twiss parameters (αx;y; βx;y; γx;y) and linear dispersion func-
tions (ηx;y; η0x;y). ρx;y is 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

FIG. 7. Current monitor signals measured between the
476 MHz rf 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.
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Δϵx;y ≅ −
2reγ3

3

Z
ϵx;yðzÞ
ρ2x;yðzÞ

dz; ð2Þ

where ϵx;y is the emittance in the horizontal or vertical plane
[24]. Comparing Eqs. (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 ¼ 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, Hx;yðzÞ 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

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 R56

(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 R56

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-II,
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-II, further emittance reduction
would be possible by correcting second-order dispersion
using sextupole magnets and optimizing initial energy

FIG. 8. Projected emittance growth along XSBT in the hori-
zontal (a) and vertical (b) planes. Emittance is not normalized and
the contribution of linear dispersion is subtracted. The calculation
results are shown for three conditions: including SR and CSR
effects (black lines), only SR effect (blue lines) and none of them
(red lines). The initial beam has 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.

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

• Since the electron bunch is lengthened quickly at the first bend, emittance 
growth caused by CSR is limited.

• Main source of the emittance growth is quantum excitation of synchrotron 
radiation.

• Due to very small emittance (0.15 nm-rad), radiation damping is negligible.
• Second-order dispersions also degrade  emittance.
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Bunch purity
• Electron bunch charge purity (contrast) of 10-8~10-10 is routinely 

requested at SPring-8 for time-resolved experiments, such as 
nuclear resonance scattering, to reduce background noise.

• In the beam injection from SACLA, a small number of electrons are 
detected at 9 buckets (18 ns) after the injected main RF bucket.

• These undesired electrons have a long life time and accumulate to 
10-7 after one night of top-up injection. 
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Bunch purity

Some electrons make a round trip 
between an L-band accelerator 
and a 476 MHz cavity, and then 
accelerated with a delay of 18 ns.

CT signal
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Hysteresis correction

Histograms of XFEL 
photon beam positions 
observed at 40 m 
downstream of the BL3 
undulator end. 
Beam size is ~300 µm 
(FWHM).

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

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 μm 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

(a)

(b)

(c)

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.
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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).
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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
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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

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 μm 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. 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.
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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).
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Summary

• XFEL linear accelerator of SACLA has been successfully used as a low-emittance 
full-energy injector of the SPring-8 storage ring. 

• Electricity consumption has been reduced by 20~30 %.
• The beam injection from SACLA has been completed as a part of the SPring-8 

upgrade project “SPring-8-II”.

SPring-8-II Present SPring-8

Lattice 5 bend
achromat

2 bend
non-achromat

E 6 GeV 8 GeV

C 1435.44 m 1435.95 m

enat 0.108 nmrad 2.4 nmrad

nx / ny 108.10 / 45.28 41.14 / 19.35

xx / xy -154 / -149 -117 / -47

bx / by
@ ID

8.2 m / 2.8 m 31.2m / 5.0m

a 4.14e-5 1.60e-4

sDp/p 0.097 % 0.109 %

U0 2.6 MeV/turn 8.9 MeV/turn

- Aiming 50 pm-rad with damping in user 
operations.
- Full energy injection from SACLA linac for 
green facility (already done).
- 4 long straights (2 for damping wigglers, 1 
for FEL study).
- Shutdown for 1+ year around 2026~2028. 

K. Soutome et al., Proc. of IPAC22, p.477 (2022).



Hardware developments for SPring-8-II
Ø Permanent magnet based bending magnets.
Ø Transparent injection (kickers, power supplies, 

ceramic vacuum chambers).
Ø Compact in-vacuum undulator with magnetic-

force cancellation.

T. Taniuchi et al., 
PRAB 23, 012401 (2020).

Most developments for SPring-8-II have been applied  
for Japan 3 GeV ring (NanoTerasu) under construction.

Prototype

- Electromagnets (quadrupoles, sextupoles, others).
- Stainless steel vacuum chambers with copper coating.
- MTCA.4 based beam position monitor (also running at present SPring-8).
- TM020-mode RF cavity with inner HOM dampers.
- Electron beam dampers with beam shaker*.

Permanent magnet
DC septum magnet

* T. Hiraiwa et al., PRAB 24, 114001 (2021).

Performance test will start soon 
on the real running machine.


