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High peak current operation of x-ray free-electron laser multiple beam lines
by suppressing coherent synchrotron radiation effects
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The parallel operation of multiple beam lines is an important means to expand the opportunity of user
experiments at x-ray free-electron laser (XFEL) facilities. At SPring-8 Angstrom free-electron laser
(SACLA), the multi-beam-line operation had been tested using two beam lines, but transverse coherent
synchrotron radiation (CSR) effects at a dogleg beam transport severely limited the laser performance. To
suppress the CSR effects, a new beam optics based on two double bend achromat (DBA) structures was
introduced for the dogleg. After the replacement of the beam optics, high peak current bunches of more
than 10 kA are now stably transported through the dogleg and the laser pulse output is increased by a factor
of 2-3. In the multi-beam-line operation of SACLA, the electron beam parameters, such as the beam energy
and peak current, can be adjusted independently for each beam line. Thus the laser output can be optimized
and wide spectral tunability is ensured for all beam lines.
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I. INTRODUCTION

XFELs have distinctive characteristics such as high peak
intensity, short pulse duration and coherence [1-7]. They
have been used in diverse scientific fields including
biology, physics, chemistry, and material science [8—11].
Since XFELs require a high brightness electron beam, a
linear accelerator is used as an electron beam driver.
Consequently the number of operational beam lines is
limited to one, which has been a drawback of XFEL
facilities in contrast to synchrotron radiation sources having
many beam lines operated in parallel around a storage ring.
In order to mitigate this drawback, multi-beam-line oper-
ation has been tested at SACLA by distributing the electron
beam to multiple beam lines from bunch to bunch [12].

Figure 1 shows a schematic of the SACLA facility [2].
The undulator hall can accommodate up to five beam lines
and two of them (BL2 and BL3) are currently in operation
as XFEL beam lines. BL1 is a dedicated soft x-ray FEL
beam line driven by the former SCSS test accelerator and
independently running from the XFEL beam lines [13—-15].
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For the multi-beam-line operation, the electron bunches
from the SACLA linear accelerator are alternately sent to
the two XFEL beam lines, BL2 and BL3 [12]. For BL3, the
electron beam travels straight from the end of the linear
accelerator, and the electron beam is deflected by 3° at a
switchyard for BL2. There is another beam transport line
called XSBT (XFEL to Synchrotron Beam Transport) used
for the beam injection to the SPring-8 storage ring, for
which the electron beam is deflected by —3° in opposite
direction of BL2, at the switchyard.

The first multi-beam-line operation of SACLA was
tested using a kicker and a DC septum magnet [12]. The
deflection angle of the kicker was made as small as possible
to ease stability requirements for its pulsed power supply,
so the electron beam was deflected by 0.5° at the kicker and
2.5° at the DC septum magnet. Consequently the electron
beam optics of the 3° dogleg beam transport became
asymmetric and the cancellation of transverse CSR effects
was neglected. Although parallel lasing had been success-
fully achieved at the two XFEL beam lines, stable lasing
was only obtained with reduced peak currents lower than
3 kA due to the CSR effects of the dogleg with this old
beam optics.

For the single beam line operation of SACLA, the electron
bunches are longitudinally compressed to 10-15 fs (FWHM)
and the peak current reaches more than 10 kA. When these
high peak current bunches pass through the dogleg, the
electron beam orbit instability and projected emittance
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FIG. 1.

growth in the deflecting plane occur [16,17]. In order to avoid
the degradation of the electron beam quality, a new beam
optics is introduced to the BL2 dogleg beam transport.

II. CANCELLATION OF CSR EFFECTS

When an electron bunch is deflected in a dipole magnet,
synchrotron radiation is emitted and its spectral compo-
nents comparable to the bunch length become coherent
[18]. Then the CSR fields emitted from the tail electrons
interact with the head electrons inside the same electron
bunch during the travel through the dipole magnet and its
downstream [16]. The CSR fields have both transverse and
longitudinal components with respect to the direction of
movement of the electron. The transverse component
directly adds a transverse kick to the electron in the plane
of deflection, while the longitudinal component changes
the electron energy. Once the electron energy is changed
inside the dipole magnet, the electron orbit deviates from a
reference orbit and namely CSR dispersion, which differs
from ordinary momentum dispersion, arises [19]. In case of
the dogleg beam transport of SACLA, the effect due to the
longitudinal component is dominant, which is confirmed
by the fact that 1-D and 3-D simulations give no significant
difference [20,21]. In order to avoid these transverse effects
of CSR, it is necessary to cancel out the transverse kicks
and the CSR dispersion at the end of the dogleg beam
transport.

The use of two sets of DBA structures is the simplest
solution to cancel out the CSR effects of the dogleg [22,23].
By making the betatron phase advance between adjacent
dipoles an odd multiple of z in the deflecting plane, the sum
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Schematic layout of SACLA.

of the CSR dispersion becomes zero at the end of the
dogleg. Since the betatron phase advance between the two
dipoles of DBA is naturally =z, only the phase advance
between the two DBA structures is adjusted to z. In this
case, the transverse CSR kicks are also cancelled at the end
of the dogleg.

For the cancellation of the CSR effects, it is necessary to
keep the CSR fields the same for all dipole magnets.
Therefore at SACLA, all dipole magnets are made identical
and the longitudinal current profile of the electron bunch is
maintained the same. The electron bunch length of SACLA
used for the daily operation is about 10 fs (FWHM),
corresponding to 3 um, with an energy chirp of the order of
1 x 1073, Although Rss of the DBA based dogleg is as
small as 450 um, the change of the current profile is not
negligible. In order to minimize the change of the longi-
tudinal current profile, Rs4 is set to zero for each DBA
structure by making the electron beam orbit off-centered at
the quadrupole magnets of the DBA structures.

III. NEW BEAM SWITCHYARD AND
DOGLEG BEAM TRANSPORT

Figure 2 shows the magnet configuration and the beam
optics functions of the new BL2 dogleg beam transport.
The electron beam from the linear accelerator is first
deflected by two 1.5° dipoles of the DBA structure, and
the beam is deflected back at the end of the dogleg to make
the beam orbit parallel to the accelerator axis. The beta
functions are designed to be symmetric with respect to the
center of the dogleg and the horizontal beta function takes
its minimum at the dipoles.
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FIG. 2. Beam optics functions and magnet configuration of the
BL2 dogleg beam transport. The red and blue lines show
horizontal and vertical beta functions and the black line is a
horizontal dispersion function.

The first dipole of the DBA structures is a kicker magnet,
which works as a beam switchyard and deflects the electron
beam in three directions. A pulsed power supply of the new
kicker employs SiC MOSFETs as switching elements and
generates trapezoidal current waveforms at 60 Hz, which is
the maximum bunch repetition of the SACLA accelerator
[24]. The amplitude and polarity of the trapezoidal wave-
form can be changed from pulse to pulse according to the
beam energy and the direction of beam deflection.

Since the stability of the electron beam orbit at undu-
lators is crucially important for XFELS, the stability of the
kicker magnetic fields were checked before installation in
the accelerator tunnel. The magnetic fields at the flat top of
the trapezoidal waveform, where the electron beam is
deflected, were measured using a gated NMR detector
[25]. As in Fig. 3, the measured pulse-to-pulse stability is
about 10 ppm (in full width). Since the deflection angle of
the kicker is 1.5°, 10 ppm field variation corresponds to
0.26 prad and it is acceptable compared with the intrinsic
orbit stability of the SACLA accelerator, which is typically
1 urad (peak to peak). Although there is a slow drift in
Fig. 3, the resulting electron beam orbit change can be
corrected using a beam orbit feedback system.

The cancellation of the CSR effects is confirmed by
ELEGANT simulations [20]. Figure 4 shows the horizontal
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FIG. 3. Stability of the kicker magnetic fields. The kicker runs

at 60 Hz and the sampling interval of the pulsed magnetic fields is
3 seconds.
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FIG. 4. Phase space distributions of the electron bunch after the

BL2 dogleg. (a—) and (d—f) are calculated for the new beam

optics and for the old beam optics, respectively. The initial

conditions of the electron bunch are 8 GeV, 10 kA, 10 fs
(FWHM) and 0.8 mm mrad.

electron distributions in the phase spaces after the dogleg.
Figures 4(a—c) and 4(d—f) are calculated for the new beam
optics with four identical dipoles and for the old beam
optics with three non-identical dipoles, respectively. The
initial conditions of the electron bunch assumed in Fig. 4
are a Gaussian distribution with a 10 kA peak current, a
10 fs bunch length (FWHM), and normalized projected
emittance of 0.8 mm mrad.

With the old beam optics, the electron bunch is locally
kinked due to the energy loss along the bunch by the CSR
fields [12]. As aresult, the projected emittance increases by
an order of magnitude. On the other hand, the emittance
growth is suppressed within 10% for the new beam optics.
Although Rs¢ is adjusted to zero for the entire dogleg
transport, the bunch length varies locally inside the DBA
structure, which prevents the perfect cancellation of the
CSR effects.

As seen in Figs. 4(b) and 4(e), the horizontal center of the
electron bunch is the same as a reference orbit with the new
beam optics, while it deviates largely with the old optics
leading to the horizontal orbit instability caused by peak
current variation.

In Fig. 5, the normalized horizontal emittance of the new
beam optics is calculated as a function of the horizontal
phase advance between the two DBA structures. The phase
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FIG. 5. Normalized horizontal projected emittance after the
BL2 dogleg calculated as a function of the horizontal phase
advance between the two DBA structures. Initial conditions of the
electron beam are the same as Fig. 4.

advance is varied by uniformly scaling the 11 quadrupole
magnets between the two DBA structures of the BL2
dogleg. As expected, the CSR effects are cancelled for a z
phase advance giving the minimum emittance growth.

IV. MULTI-BEAM-LINE OPERATION

The suppression of the CSR effects is experimentally
confirmed by measuring the electron beam orbit stability
after the BL2 dogleg. The beam position and angle are
measured using two beam position monitors (BPMs) in
front of the BL2 undulators (Fig. 1). Figure 6 is the
measured stability of the electron beam orbit in the phase
space. The electron beam energy is 7.9 GeV and the peak
current is around 10 kA. The horizontal beam orbit scatters
over an area of 16 pm rad with the old beam optics, while
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FIG. 6. Stability of the electron beam orbit after the BL2 dogleg
measured with (a, b) the new beam optics and (c, d) the old beam
optics. The beam energy and peak current of the electron bunches
are 7.9 GeV and about 10 kA.
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FIG. 7. Stability of the horizontal electron beam orbit as a
function of the horizontal phase advance between the two DBA
structures of the BL2 dogleg. The red solid circles show the
stability of the electron beam orbit in the horizontal phase space
measured in front of the BL2 undulators. The horizontal orbit
stability of BL3, which is not affected by the CSR effects, is also
shown by the blue solid circles for reference.

the scattered area decreases by an order of magnitude and
the transverse CSR effects are suppressed with the new
beam optics. Compared with the vertical orbit stability,
which is not affected by the CSR effects, the horizontal
orbit stability is worse by several times, but it is an
acceptable level for XFEL operation.

Figure 7 is the measured stability of the electron beam
orbit in the horizontal phase space as a function of the
horizontal phase advance between the two DBA structures
of the BL2 dogleg. The strength of the 11 quadrupole
magnets are changed in the same way as in Fig. 5. When the
phase advance deviates from z, the CSR effects of the two
DBA structures do not cancel to each other and the electron
beam orbit becomes unstable. The blue solid circles in
Fig. 7 are the horizontal orbit stability of BL3 simulta-
neously measured in front of the BL3 undulators, which is
not affected by the CSR effects and shows natural orbit
stability of the accelerator.

Regarding the XFEL output, the decrease of the pulse
energy is less than 30% for the phase advance between 0.9z
and 1.1z. A comparable pulse energy drop is observed by
changing Rss of the dogleg between —100 ym
and +100 pm.

Owing to the cancellation of the CSR effects, BL2 and
BL3 are now operated in parallel using the high peak
current bunches of more than 10 kA. Figure 8 shows the
laser pulse energies of the two beam lines. The electron
beam energy is 7.8 GeV and the K-parameters of the
undulators are 2.1. In Fig. 8, 60 Hz electron bunches are
alternatively deflected to BL2 and BL3, so the laser pulse
repetition at each beam line is 30 Hz.

When operating the two beam lines in parallel, the
optimum conditions of the electron bunch compression
with respect to the laser output might slightly differ for the
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FIG. 8. XFEL pulse energies obtained in the multi-beam-line

operation, (a) BL2 and (b) BL3. The photon energy is 10 keV. The
red dots represent single-shot results and the blue lines show
averaged values over one second. The electron beam energy is
7.8 GeV and the repetition of the electron beam is 60 Hz.
K-parameters of the undulators are set to 2.1 for both BL2 and BL3.

two beam lines. This is mainly due to the different Rs¢ of
BL2 and BL3. As mentioned previously, Rs¢ of the BL2
dogleg is adjusted to zero for the cancellation of the CSR
effects, while there is a chicane, whose Rsq is about
—750 pum, between the switchyard and the BL3 undulators
to measure the final electron beam energy and remove dark
currents from C-band accelerating structures (Fig. 1).
Therefore, the longitudinal distribution of the electron
bunch of BL3 is slightly affected by the chicane. When
maximizing the XFEL pulse energies, the optimum con-
ditions of the electron bunch compression become different
for BL2 and BL3.
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FIG. 9. XFEL pulse energies of BL2 and BL3 measured as a
function of the CSR signal at BC3. The red and blue dots
represent the pulses of BL2 and BL3, respectively.
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BL2 (red dots) and BL3 (blue dots).

In Fig. 9, the laser pulse energies of BL2 and BL3 are
plotted with respect to the CSR intensity, which relates with
the longitudinal distribution of the electron bunch, mea-
sured at the final bunch compressor (BC3 in Fig. 1) [26].
From Fig. 9, the optimum conditions of the bunch
compression are apparently different between the two
beam lines. At SACLA, the bunch compression parameters,
namely rf phases, can be changed from bunch to bunch and
optimized independently for the two beam lines to maxi-
mize the laser pulse energies. Figure 10 shows the rf phase
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FIG. 11. XFEL pulse energies obtained in the multi-beam-line

operation, (a) BL2 and (b) BL3. The photon energies are 5.5 keV
at BL2 and 12.7 keV at BL3. The red dots represent single-shot
results and the blue lines show averaged values over one second.
The beam repetition is 60 Hz. The electron beam energy and
K-parameter are 6.85 GeV and 2.65 for BL2 and 7.8 GeV and
1.75 for BL3.
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of a 238 MHz cavity of the injector section. The phases of
60 Hz 1f pulses are alternately changed between two values
to operate the two beam lines at their optimum phases.

Spectral tunability is one of the important features of
FELs. Since SACLA employs in-vacuum variable gap
undulators with an 18 mm magnetic period, the photon
energies of the two beam lines can be independently tuned
through the undulator gap or K-parameter. In addition to
the K-parameters, the electron beam energies can be also
changed between the beam lines to achieve wider spectral
tunability at SACLA [27].

In Fig. 11, the electron bunches are alternately accel-
erated to 6.85 and 7.8 GeV by running fourteen C-band
accelerating structures at 30 Hz, which is half the repetition
of the electron bunches. Then the kicker deflects the lower
energy bunches to BL2 and the higher energy bunches to
BL3. Thus a wide spectral tuning range more than a factor
of two between the beam lines can be covered in the multi-
beam-line operation.

V. SUMMARY

The new beam optics of the BL2 dogleg beam transport
based on two DBA structures successfully suppresses the
transverse CSR effects, and the high peak current electron
bunches are stably transported to the BL2 undulators. As a
result, the laser pulse energy of BL2 is increased by a factor
of 2-3 compared to that with the old beam optics.

In the multi-beam-line operation of SACLA, the electron
beam energy and the parameters of the bunch compression
can be changed from bunch to bunch and optimized
independently for the two beamlines. Thus the maximum
laser output can be obtained simultaneously at both beam
lines with maintaining wide spectral tunability.

After the modification of the BL2 dogleg, full laser
performance using the high peak current bunches is now
available in the multi-beam-line operation. Together with
the BL1 soft x-ray FEL, the parallel operation of the three
beam lines considerably improves the usability of the
facility and substantially expands the opportunity of
XFEL user experiments.
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