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Abstract

Since the number of beamlines in a linac-based X-ray
free-electron laser (XFEL) facility is limited, it is quite
‘S important to increase the machine time for user experi-
= ments. In the XFEL facility, SACLA, a new XFEL beam-
= line, BL2, was constructed in addition to the existing
§ beamline, BL3, and a kicker magnet was installed into the
g beam switchyard to distribute a 60 Hz electron beam to
£ both beamlines one after another. Since a beam energy
g and an optimum bunch length are usually different for
E each beamline, we developed a beam route and parameter
§ switching software to change beam parameters pulse-by-
= pulse. The switching system successfully distributed high
f quality electron beams to both beamlines and XFEL per-
< formance for each beamline was individually optimized.
£ When a high-quality electron beam having less than
2 1 mm mrad normalized emittance, 10 fs FWHM bunch
% length, 10 kA peak current, etc. was injected into BL2,
>however, the XFEL intensity of BL2 was significantly
< smaller than BL3 due to the growth of the emittance and
@pointing jitter coming from coherent synchrotron radia-
& tion (CSR). Therefore, we rearranged the optics of the
O transport line to mitigate the CSR effect and the XFEL
§ intensity comparable to BL3 was achieved. We are also
g developing an on-demand beam route and parameter
= switching system needed for the beam injection from
«o SACLA to the SPring-8 storage ring. The on-demand
m system also showed a sufficient performance and it will
S be used for the user operation in the near future.

INTRODUCTION

Linac-based X-ray free-electron laser (XFEL) facilities
& were constructed for the past decade or so and they have
£ contributed for various breakthroughs about microscopic
_og phenomena. However, the number beamlines of an XFEL
§ facility is much smaller than a ring-based light source.
§ Therefore, increasing opportunities to use XFEL is quite
= important to maximize scientific outcomes.

2. The XFEL facility, SACLA, has been providing bril-
£ liant X-ray laser pulses since 2011 in a photon energy
% region from 4 keV to 20 keV [1]. SACLA mainly consists
& of a low-emittance thermionic electron gun [2] followed
'é by sub-harmonic accelerators [3], C-band main accelera-
g tors up to 8 GeV [4] and XFEL beamlines with in-vacuum
< undulators, as shown in Fig. 1. The user operation of
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SACLA started with one XFEL beamline, BL3, with a
maximum repetition rate of 60 Hz. An additional XFEL
beamline, BL2, was constructed in 2014 to double the
user time effectively and a kicker magnet was also in-
stalled into the switchyard to switch the beam route pulse-
by-pulse [5]. In addition, the SCSS test accelerator [6]
was moved to SACLA-BLI1 in 2014, the maximum beam
energy was upgraded to 0.8 GeV in 2016, and it has been
providing soft-XFEL in the photon energy region around
0.1 keV [7]. Thus, SACLA is now providing three XFELSs
in parallel and the experimental opportunity of SACLA is
increased substantially.

Furthermore, SACLA has a beam transport line to the
SPring-8 storage ring (XSBT) and the beam injection
from SACLA to SPring-8 is planned in the near future.
This is because the low-emittance upgrade of the
SPring-8 storage ring was proposed [8] and the upgraded
ring requires a low-emittance injection beam from SAC-
LA. Therefore, a flexible beam route switching system is
necessary to provide electron beams to both XFEL beam-
lines and the SPring-8 storage ring in parallel.

Since the XFEL photon energy is different for each ex-
perimental user, the electron beam energy for each beam-
line must be changed pulse-by-pulse. In addition, the
optimum bunch length is different for each beamline [5],
since the optics of each electron beam transport line is
significantly different. Therefore, we are developing a
flexible rf parameter switching system of each accelerator
unit to change the beam parameter pulse-by-pulse.

In fact, we encountered an instability problem that the
horizontal emittance and the horizontal pointing stability
deteriorated after the dogleg beam transport line of
BL2 [5]. Since this instability was suppressed for a longer
bunch beam with a lower peak current, the cause of the
instability was considered to be a coherent synchrotron
radiation (CSR) effect. The rf parameter switching system
helped the suppression of the CSR effect by stretching the
bunch length for BL2. However, the XFEL intensity of
BL2 was significantly smaller than BL3 in case of a long-
er bunch length. Therefore, an improvement of the optics
of the BL2 dogleg part was necessary for the mitigation
of the CSR effect to generate XFEL comparable to BL3.

In this article, we describe the design and operation sta-
tus of the pulse-by-pulse beam route and parameter con-
trol system of SACLA. We also discuss the mitigation of
the instability due to the CSR effect in the dogleg part of
BL2.
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Figure 1: Schematic layout of SACLA.

STRATEGY AND EQUIPMENTS FOR BEAM
ROUTE AND PARAMETER CONTROL

The control items of the beam route and parameter con-
trol system are the beam route, the beam energy and the
bunch length for each pulse. The beam route is switched
by the kicker magnet in the switchyard. The beam energy
is changed by turning on and off the triggers for accelera-
tor units after the third bunch compressor, BC3. The
bunch length is adjusted by changing the phases of accel-
erator units before BC3.

In this section, we introduce the development strategy
of the pulse-by-pulse beam route and parameter control
system. We then describe the beam switchyard for the
beam route control including the transport line of BL2
and the timing and low-level rf (LLRF) system for each
accelerator unit to change the beam energy and bunch
length pulse-by-pulse.

Development Strategy

The pulse-by-pulse beam parameter control system has
been developed in two steps. The first step is to deliver
electron beams to each beamline with an equal rate one
after another. Since XFEL users prefer a constant interval
between XFEL pulses, the condition of the first step is
sufficient for the machine operation only for the XFEL
beamlines. The second step is to switch the beam route
and parameter in on-demand basis. Since the frequency of
the beam injection to the SPring-8 storage ring during the
top-up operation is 0.1 Hz or less, the beam route should
be switched to XSBT only at an injection request. There-
fore, on-demand switching of the beam route and parame-
ter control is necessary for the beam injection from SAC-
LA to SPring-8. We focus on the first step of the switch-
ing system in this section and we describe the second step
in the later section.

Beam Switchyard

The electron beam is distributed to each of BL2, BL3
and XSBT in the switchyard. The bending angles are +3°
for BL2, 0° for BL3 and —3° for XSBT. The switchyard
was initially equipped with a single DC bending magnet
having the bending angle of +3°. We replaced the DC
magnet with a combination of a kicker magnet and a
twin-septum magnet in accordance with the construction
of BL2 so as to switch the beam routes for individual
60 Hz bunches pulse-by-pulse [5]. The bending angle of
the kicker and septum magnets are +0.53° and 2.47°,
respectively. Magnet arrangements and beam optics
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Figure 2: Magnet arrangements and beam optics around
the BL2 dogleg in 2014. Dipole and quadrupole magnets
are indicated by the blue and red symbols, respectively.
Horizontal and vertical beta functions and a horizontal
dispersion are plotted by red, blue and black lines, respec-
tively.
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Figure 3: Schematic diagram of the timing and low-level
rf system for each accelerator unit.

around the dogleg of BL2 is shown in Fig. 2. The optics
of the dogleg was designed to be achromatic and it could
also be made isochronous by using two small dipoles in
the middle of the dogleg.

Timing and Low-Level RF Control System

A schematic diagram of the timing and low-level rf sys-
tem for each accelerator unit [9] is shown in Fig. 3. The rf
signal for each accelerator is synthesized by an in-phase
and quadrature modulator (IQ-MOD). The 1Q baseband
waveform is generated by a 238 MSPS VME-DAC mod-
ule. The rf signal from each high power rf component is
detected by an IQ detector (IQ-DET). The IQ baseband
waveforms are digitized by 238 MSPS VME-ADC mod-
ules.

Trigger signals for a klystron high-voltage pulse modu-
lator (HV MOD), VMA-DAC, ADC, etc. are generated by
VME trigger delay unit (TDU). The TDU receives a
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& 60 Hz master trigger signal and outputs the trigger signal
E; for each component at an appropriate timing.

é Beam Energy Control

The beam energy is changed pulse-by-pulse by turning
g on or off the trigger signals for some of the accelerator
2 units [10]. The example of the energy control scheme is
% illustrated in Fig. 4. Since the VME-TDU has a frequency
2 division function of the master trigger input, the trigger

rate of each accelerator unit can be set individually. In
vcase of Fig. 4, high and low energy beams are generated
£ one after another with a total repetition rate of 60 Hz
= (30 Hz each). Since the acceleration voltage of each C-
< band unit is approximately 120 MeV, the beam energy can
£ be changed in this energy step. Of course, the energy can
O be adjusted by changing the output rf power of the klys-
n tron. Although the quadrupole strength in the accelerator
g is the same for both high and low energy beams, the beam
g envelop can be matched by quadrupoles after the
£ switchyard. We confirmed that two beams with the energy
£ ratio of 1:2 could be appropriately accelerated and trans-
Z ported by the same quadrupole setting [10].

rk, p

=
+% Bunch Length Control

The bunch length is shortened by three bunch compres-
sors in SACLA. Since the bunch compression ratio de-
pends on the energy chirp generated by upstream acceler-
ator units, the bunch length can be varied by adjusting the
2 phase of the accelerator units. In contrast to the TDU
Z utilized for beam energy control, the VME-DAC and
2 ADC do not have the function to change behavior one
£ after another. Therefore, we developed software to change
~ the rf phase pulse-by-pulse, as shown in Fig. 5.
The MADOCA control system [11] used in SACLA
o controls the VME modules by the equipment manager
o (EM) on the VME-CPU. MADOCA can run some EM
g agent (EMA) processes for real-time control. The pulse-
2 by-pulse rf parameter control is implemented to the EMA
(?5 processes, EMA-SW, EMA-PID1 and EMA-PID2. EMA-
E SW accesses the IQ data to the DAC and from the ADC.
U EMA-PIDI1 and -PID2 regulate the phase of each beam
% route by proportional-integrate-differential (PID) control.
“ The ADC data taken by EMA-SW is sorted to each of
2 2 EMA-PID1 and -PID2 according to the trigger number
s.4 from the TDU. The set values calculated by EMA-PID1
 and -PID2 are sent to EMA-SW and written to DAC.

DEMONSTRATION OF BUNCH LENGTH
CONTROL

We tested the bunch length control software with an ac-
28 tual beam. The phase of one the C-band accelerator units
Zin the upstream of BC3 was changed between bunching
= (=50° from the crest) and debunching phases (+50° from
° the crest) pulse-by-pulse. The bunch length was measured
; by a transverse rf deflector system after BC3 [12].
= shown in Fig. 6, the bunch length was compressed to
£20fs FWHM for the bunching phase and the 100 fs
= FWHM for the debunching phase. Thus, the bunch length
% was appropriately controlled pulse-by-pulse.
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Figure 4: Pulse-by-pulse beam energy control scheme.
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Figure 5: Schematic diagram of the rf parameter switch-
ing system.
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Figure 6: Bunch length measurement results wrth the rf
deflector system. The left image shows a temporal profile
for the bunching phase and the right one shows that for
the debunching phase.

In this experiment, we found a large orbit distortion for
the debunching phase, even though the orbit distortion
was small enough for the bunching phase. The kick
source of the orbit distortion was the accelerator used for
the rf phase switching. Therefore, this orbit distortion was
considered to be due to the phase-dependent focusing
effect of the accelerator tube [13]. This kick indicates the
displacement of the beam from the axis of the accelerator.
Thus, the accelerator tubes should be precisely aligned,
when the bunch length is largely changed pulse-by-pulse.

MITIGATION OF THE CSR EFFECT IN
THE BL2 DOGLEG PART

When the electron beam optimized for BL3 was trans-
ported to BL2, the XFEL intensity of BL2 did not exceed
30 uJ per pulse, corresponding to less than 1/10 of
BL3 [5], due to the emittance growth and the pointing
jitter degradation coming from the CSR effect. Even if we
stretched the bunch length to reduce the CSR, the maxi-
mum XFEL intensity was still 150 uJ per pulse at most.

We found that the phase space distortion due to CSR at
the upstream bend of the dogleg can be canceled out by
the downstream one and the emittance growth can be
diminished [14]. The new beam optics of the BL2 dogleg
is shown in Fig. 7. The cancellation condition can be
satisfied by using the double-bend achromat (DBA) lat-
tice for both bends of the dogleg and by setting the beta-
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Figure 7: Magnet arrangement and beam optics of the
new BL2 dogleg. The legend is the same as Fig. 2.

tron phase advance between the two DBAs to m. The
quality of the electron beam, such as a 0.8 mm mrad emit-
tance, a 10 kA peak current and a 10 fs FWHM bunch
length, was almost conserved in the new dogleg, although
the emittance deteriorated about one order of magnitude
in the old dogleg case. We replaced the magnets of the
BL2 dogleg in 2017 to mitigate the CSR effect. The de-
flection angle of the new kicker magnet is £1.5°, which is
three times larger than the old one. Therefore, we devel-
oped a new kicker magnet power supply driven by SiC
MOS-FETs [15].

To confirm the cancellation of the CSR effect after the
replacement of the dogleg, we measured an electron beam
pointing jitter with two rf cavity beam position monitors
(BPM) [16]. The phase space distributions of the pointing
jitter are plotted in Fig. 8. While the volumes of the verti-
cal phase space distributions were almost same, the hori-
zontal pointing jitter was significantly improved for the
new optics.

Typical trend graphs of the XFEL intensities of BL2
and BL3 are plotted in Fig. 9. A beam energy, a photon
energy and an undulator K-value were 7.8 GeV, 10 keV
and 2.1, respectively, for both beamlines. The 60 Hz elec-
tron beam was equally distributed to the two beamlines
(30 Hz eachThe acceleration rf parameters for each beam-
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Figure 8: Horizontal (a, c) and vertical (b, d) phase space
distributions of the electron beam pointing jitter after the
BL2 dogleg for new (a, b) and old (c, d) optics.
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Figure 9: XFEL intensity trend graphs of BL2 and BL3
with pulse-by-pulse switching of the beam route and
parameter.

line was individually optimized to maximize the XFEL
intensity by using the rf parameter switching software
described in the previous section. These graphs show that
the XFEL intensities are comparable each other.

The rf phase for each beamline was slightly different,
since the optimum bunch length depends on the optics of
the transport line. The phase difference of the 238 MHz
sub-harmonic buncher cavity, for example, was 0.1°.
Thus, the rf parameter switching system has sufficient
precision to adjust the bunch length of the electron beam
for each beamline.

DEVELOPMENT OF THE ON-DEMAND
BEAM ROUTE AND PARAMETER
SWITCHING SYSTEM

Toward the injection to the SPring-8 storage ring in
parallel with the XFEL operation, we are developing an
on-demand beam route and parameter switching system
as the second step. A schematic diagram of this system is
shown in Fig. 10. The beam route information is distrib-
uted pulse-by-pulse by using a reflective memory net-
work. The interface to this network is realized by a mez-
zanine card mounted on the VME-CPU. The route infor-
mation consists of the previous, current and next route
numbers and the current master trigger number. The rf
parameter for each accelerator unit, the current of the
kicker magnet etc. are switched according to the route
information. The route number, the rf parameters and the
master trigger number are recorded by an event-
synchronized data-acquisition (DAQ) system [17] pulse-
by-pulse in order to check whether the beam parameter
was switched appropriately or not.

The sequence of the on-demand switching system is
summarized below:

1. DAQ takes the data related to the route and rf pa-
rameter switching (SW-DAQ) 16 ms after the previ-
ous master trigger.

2. DAQ starts taking the other data (All-DAQ) just af-
ter the end of SW-DAQ.

3. EMA-SW gets the route information just after the
master trigger and sets the trigger and rf parameter
5 ms after the master trigger (SW-Set).

We tested the on-demand parameter switching system
in a VME test bench in a laboratory and a linac for BL1.
The beam route was switched by a given pattern of three
or four beam routes. Some waveforms of the ADC mod-
ules were also acquired once a second to impose a certain
load to the VME bus.
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Figure 10: Schematic diagram of the on-demand beam
route and parameter switching system.

The test setup in the test bench consists of two VMEs,
one master VME and one slave VME. We executed an on-
demand parameter switching software for more than
100 hours. The analysis of obtained data showed only one
delay of parameter switching. This error rate is smaller
than the other failures, such as a trip of the klystron high-
voltage power supply.

For the evaluation in the linac for BL1, we used one
-2 master VME and four slave VMEs. The test data were
5 taken for more than 40 hours and failure in the parameter
= switching was not found. Even though the only one in-
?consistency in the data was found, it was confirmed to be
< a delay of SW-DAQ and not to be the delay of EMA-SW
& itself. Figure 11 shows the histograms of the time stamp
§ of SW-Set, SW-DAQ and All-DAQ. Although SW-DAQ
© must be done before the start of SW-Set, only one event
g (indicated by the red circle in the figure) was not in time
§With SW-Set. Since the parameter switching system is
= implemented by software, this kind of DAQ delay is una-
« voidable. However, the error rate is only 1 X 1077 per
E pulse, which is smaller than the other failures. Thus, the

O parameter switching system can be used for the user oper-
o ation of SACLA.

ution of this work must maintain attribution to the author(s), title of the work, publisher, and D
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SUMMARY

We installed a new XFEL beamline, BL2, in addition to
BL3 and replaced the DC bending magnet with a kicker
magnet in order to increase opportunities for user experi-
2 ments by switching a beam route pulse-by-pulse. We also
— developed a beam route and rf parameter switching sys-

2]

Z tem to provide the optimized electron beam to each beam-
2 line. Although the XFEL performance of the initial ver-
& sion of the BL2 dogleg was not sufficient due to the CSR
= effect in the bending magnets, we modified the optics of
sgthe dogleg and the XFEL intensity comparable to BL3
.2 was obtained in BL2. This result was achieved in combi-
= nation with the rf parameter switching system, since the
£ optimum beam parameters were slightly different even
= after the optics improvement. We are developing an on-
F—‘é demand beam route and parameter switching system
O

FR1A06
of
992

der the terms of the C

ed u:

JACoW Publishing
doi:10.18429/JACoW-LINAC2018-FR1A06

10°- — SW-DAQ End
10°: :
9104 SW-Set End
E 3 —— AlI-DAQ End
310%: :
S. 3 o
102 =
10¢ . 3
1: . _ =z
0 5 1@ 15

Time [ms]

Figure 11: Histogram of the time stamp of the parameter
switching and DAQ processes. Red, green, cyan and ma-
genta lines show the end of DAQ for parameter switch-
ing, the start of parameter setting, the end of parameter
setting and the end of all the DAQ. Horizontal axis is the
delay time from the master trigger.

needed for beam injection to the SPring-8 storage ring.
This system was tested in the test bench and the linac for
BL1 and it worked well with sufficiently small failure rate
of 1 X 1077 per pulse. This new switching system will be
in use in the next year.
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