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Abstract

SwissFEL, the hard x-ray free-electron laser facility at
PSI, is in an advanced commissioning phase. The commis-
sioning of the 5.8 GeV Linac started in 2016 and the first
FEL pilot-experiments were performed at a reduced beam
energy in the end of 2017. In 2018, it is foreseen to progres-
sively increase the electron beam energy and photon energy
up to the maximum design values, interleaved by several
FEL pilot experiments. This paper gives an overview of
the commissioning progress including the achieved machine
performance and first operational experience.

INTRODUCTION

The newest large research facility at the Paul Scherrer
Institute, the hard-X-ray free-electron laser SwissFEL [1]
has recently commenced its scientific program with a series
of pilot experiments. SwissFEL aims at delivering ultra-
short coherent photon pulses through two beam lines called
Aramis (hard X-rays, 1-7 10%) and Athos (soft X-rays, 6.5-
50 A). So far only the Aramis beam line has been commis-
sioned with two experimental stations in operation, called
Alvra and Bernina. Alvra is a multipurpose pump-probe
station focusing on ultrafast biology and chemistry, while
Bernina specializes in pump-probe crystallography for the
study of ultrafast dynamics in solid matter, in particular
strongly correlated systems, as well as structural biology.

The SwissFEL accelerator consists of an electron source,
an S-band (3 GHz) booster linac and a C-band (5.7 GHz)
main linac (Fig. 1). The electron source is a laser driven
2.5-cell S-band RF photoinjector gun. The electron bunches,
with charge ranging between 10 and 200 pC, are longitu-
dinally compressed in two stages at nominal energies of
300 MeV and 2.1 GeV, respectively. A higher-harmonic cav-
ity (X-band, 12 GHz) linearizes the electron phase space
before the first compression stage. The accelerated and com-
pressed electron bunches are sent into the Aramis undulator
line comprising 13 in-vacuum undulator modules of 4 m
length each. A second undulator line, Athos, is currently
under construction. It will be driven by 3 GeV electrons ex-
tracted in a switchyard halfway along the main linac. Table 1
lists the most important parameters of the SwissFEL facility.

This paper is an updated version of the contribution pre-
sented at the IPAC’18 [2] since new important results are
been achieved between May and September 2018. SwissFEL
linac reached its nominal electron beam energy of 5.8 GeV,
first lasing with an photon energy of 9 keV and in the summer
period other four pilot experiments were performed.
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STATUS OF C-BAND LINAC

The C-band main linac is the centrepiece of the Swiss-
FEL accelerator defining the available electron and hence
photon energy. It consists of a total of 26 RF modules, each
providing a nominal accelerating voltage of 240 MV with
four tuning-free copper structures [3,4]. Figure 2 shows a
part of the tunnel with C-band accelerating structures. The
effectively achieved accelerating voltages vary between 200
and 280 MV, depending on the conditioning states of the
modules. In each station, an IGBT-switched solid-state mod-
ulator manufactured by Ampegon (first half of the linac) or
ScandiNova (second half) drives an E37212 Toshiba klystron,
which can furnish up to 50 MW for a duration of 3 us. The
RF pulse is compressed in a barrel-open-cavity (BOC) [5]
before being delivered to the four structures via a precisely
adjusted waveguide network. Currently 25 of the 26 stations
are available for beam acceleration. One RF station in Linac
2 is currently used for the upgrade of the software system.
In case of failure of one RF station in Linac 1 and/or Linac
3 there is enough RF power reserve in order to guarantee the
operations. The delivered power is typically around to 80%
of the maximum value.

Table 1: SwissFEL Main Parameters

Parameter Value
Photon wavelength 0.1-5.0 nm
Photon energy 0.25-12.4 keV
Pulse duration 1-30 fs
Electron energy 5.8 GeV
Electron bunch charge 10-200 pC
Repetition rate 100 Hz

A campaign of measurements on the RF stations has been
performed to characterize the actual stability of the klystron
voltage. A high performance differential amplifier has been
used for this scope. This implements a high stability low-
noise voltage generator and a low overdrive recovery time
comparator in order to accurately monitor the pulse-to-pulse
reproducibility. The results of these measurements showed
that pulse-to-pulse stability of the klystron high voltage are
better than the specified value of 15 ppm.

After the conditioning periods dedicated for each RF sta-
tion, typically from 3 to 4 weeks for RF stations, the Swiss-
FEL Linac has reached the nominal electron bunch energy
of 5.8 GeV required for Aramis beamline in September 2018.
In the present configuration, the linac delivers 5.5 GeV for a
total energy of 5.8 GeV (300 MeV from the injector linac).
The beam energy is for a compressed bunch with off-crest op-

WE1A05
605

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOIL.

©

=



29t Linear Accelerator Conf. LINAC2018, Beijing, China JACoW Publishing
5 ISBN: 978-3-95450-194-6 ISSN: 2226-0366 doi:10.18429/JACoW-LINAC2018-WE1AQ5

Linear accelerators

C-band technology
Photocathode >

RF gun BC2

0.32 GeV 2.1 GeV

A

Figure 2: C-band accelerating structures in a part of the
Linac 3.

eration in Linac 1. However, the operating energy is usually
set according to the requirements for users’ experiments and
the working point of the single module is fixed to the maxi-
mum gradient achievable for a reliable operation. Figure 3
shows a panel with the distribution of the RF amplitudes and
phases of the all RF stations including the two RF deflec-
tors, SINDIO1and S30CB 14, respectively. When less beam
energy is required, some of the last structures are set off-line
providing the redundancy that is very useful to ensure the
operation for the users. The overall objective is to run the
facility with a beam energy of 5.8 GeV at a repetition rate
of 100 Hz by December of this year. Presently the repetition
rate of the electron beam is 25Hz. All C-band modules
are systematically operated at 100 Hz. Recent tests with a
low-charge beam at 25, 50 and 100 Hz basically demon-
strated beam transport at these rates. After this first year
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Figure 3: Panel with the status of the RF stations.

of commissioning and operation, an optimization is under
study to correct the major down-time sources, increase safety
= margins and redundancy and extend operating margins of
£ the machine especially in terms of beam energy. The major
= source of downtime of the S-band and C-band stations is re-
% lated to klystron arcs. The number has already been reduced
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Figure 1: Schematic of SwissFEL accelerator layout (from Ref. [1] and [2]).

by optimizing the the operation point of the klystron. How-
ever, a modification of the ramping up procedure is under
study to recover the beam operation after an arc. Analysis of
the waveform of the anodic voltage and current after an arc
are performed to study possible improvement of the recovery
procedure.

To control the RF stations a new, in-house developed dig-
ital Low Level RF (LLRF) system measures up to 24 RF
signals per station and performs a pulse-to-pulse feedback
at a repetition rate of 100 Hz. Depending on the location
along the machine the LLRF system controls the acceler-
ating fields of up to 4 RF structures. The modular system
consists of a common digital processing unit and a frequency
dependent RF front-end which converts the differ-ent RF
frequencies to a common intermediate frequency (IF). The
topology of one C-band RF station includes the reference
RF signal that is modulated by a vector modulator, ampli-
fied by one klystron and fed into four C- band accelerating
structures. The input signal before and after the structure is
measured and a vector sum is calculated which is required
for a pulse-to-pulse feedback. The LLRF system is intro-
duced to control all the RF stations to provide low noise
RF phase and amplitude actuations and precise RF signal
detections. Pulse-to-pulse feedbacks are applied on ampli-
tude and phase at up to 100 Hz to achieve the RF stabilities.
Drift calibration is required on critical RF signals used for
feedback to improve the long-term stability of the system.
Automation tools are also required to help the operators to
easily setup and operate the RF stations [6, 7].

LINAC STABILITY

The beam stability requirements of the SwissFEL linac
result in challenging specifications on the stability of the
RF fields that can only be met using reliable and high per-
formance modulators and LLRF systems (mentioned in the
previous paragraph). FEL operation requires very high shot-
to-shot stability of the electron beam energy, which for the
S-band and C-band RF system translates in tight amplitude
and phase jitter requirements as listed in Table 2 [8]. The
achieved RF amplitudes and phases stabilities are also listed
in Table 2. These values include the contribution of all com-
ponents of the RF station. It is worthwhile noting that the
relative beam energy jitter at the Linac end was measured at
4.7 GeV and was resulted approximately 0.01% that is well
below the specified value of 0.05%.
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Table 2: Pulse-to-pulse RF Phase and Amplitude Jitters
(rms). Stability requirements are also indicated.

RF station RF phase RF amplitude
Meas. Spec. Meas. Spec.
[°] [°] [%] [%o ]
S-band 0.010-0.04 0.018 0.01-0.02  0.02
X-band 0.05 0.072 0.04 0.02
C-band 0.018-0.04 0.036 0.01-0.02 0.02

SCHEDULE AND PILOT EXPERIMENTS

SwissFEL Aramis has now completed its second phase
of pilot experiments, with one more phase to follow. The
second phase lasted from June to August of this year and
comprises again four pilot experiments, still to be carried out
at reduced performance levels with respect to the SwissFEL
design values. Figure 4 shows the schedule of the Aramis
beamline in details.
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Figure 4: Schedule of the Aramis beamline (more details
in [2]).

OUTLOOK

The third phase of the pilot experiments will last from
October to December of this year and comprises again four
experiments and the full performance level should be avail-
able (i.e., photons with up to 12.4 keV energy at 100 Hz pulse
rate). This last pilot phase will be utilized to consolidate
and characterize the machine performance before starting
the first regular user operation run in early 2019 because
in spite of the success and important milestones achieved
so far, the accelerator and the beamlines are not yet in their
final configurations. The commissioning of optical com-
ponents, photon diagnostics and the experimental stations
will proceed throughout 2018, in parallel with the machine
development and consolidation program.

During the last shutdown in summer 2018 a pair of planar
corrugated structures with orthogonal orientations were in-
stalled at the injector before the bunch compressor. For
each device, three different corrugations, 1-m long, are
mounted on a common support to manipulate and diagnose
the bunch by self-inducing longitudinal and transverse wake-
field. In one of these corrugations (linearizer), the self-
induced wakes will partially compensate for the nonlinear
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energy chirp imprinted by the RF field and the magnetic
compression. In particular, we also want to verify that the
quadrupole component of the wakefield that increases beam
emittance can be effectively canceled with a pair of planar
corrugations with orthogonal orientation [9]. However, each
device has three different corrugation periods correspond-
ing to as many impedances to carry on several studies as
described in [10]. The routine use of such a device at lower
energy in a user facility has to still be demonstrated, in par-
ticular we want to prove that it can be adjusted to different
bunch lengths, charges and that it may be used to provide
a more stable FEL beam. Figure 5 shows a drawing of the
two passive devices installed on their girder.

Figure 5: Drawing of the passive devices on their girder.

Athos Soft-X-Ray Line

The extensively redesigned Athos beam line [11] for the
generation of soft X-rays in the range 250-1900 eV is cur-
rently under construction. Its main features are 16 Apple-X
U38 undulators providing full polarization and transverse
gradient control, with small magnetic chicanes between
them to enable high-performance modes going by names
such as “optical klystron®, ’high brightness” or ’terawatt-
attosecond* [12]. In addition, a larger magnetic chicane at
the center of the undulator line will allow for two-color oper-
ation with controllable delay between the pulses up to 500 fs.
A resonant kicker magnet system [13], custom-designed to
divert the two bunches separated by 28 ns into the respective
beam lines, was installed earlier this year and has recently
undergone first tests diverting the second bunch to the Athos
dogleg.

As a diagnostic tool, a X-band Transverse Deflection
Structure (TDS) will be installed downstream of the un-
dulators of the Athos beamline, which will allow to indirect
measurement of the X-Ray pulse length by analysing the
induced energy spread on the electron bunch due to the
FEL process [14]. Furthermore, thanks to the variable po-
larization of the TDS [15] it will be possible to perform a
complete characterization of the 6D phase space by means of
measurements of bunch length, energy and transverse slice
emittances (vertical and horizontal) [16]. Since several ex-
periments at DESY (FLASH2, FLASHForward, SINBAD)
are also interested in the utilization of such a X-band TDS
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% systems for high-resolution longitudinal diagnostics, a col-
E{ laboration between DESY, PSI and CERN has been estab-
-Z lished to develop and build this advanced modular X-Band
'%TDS system [17]. Figure 6 shows a mechanical drawing of
2 a short version of the TDS constituted by 10 cells (number
of cells of the actual prototype is 96).

[T T

Figure 6: Mechanical drawing of a short version of the TDS
constituted by 10 cells.

A first undulator prototype is arrived at PSI in June 2018,
the installation of the complete undulator line is scheduled
;£ for the period from January 2019 to March 2020. The goal
2 is to carry out a first pilot experiment before the end of 2020,
< with regular user operation to start in 2021.

CONCLUSION

New important results are been achieved in the SwissFEL
between May and September 2018. The linac reached its
= nominal electron beam energy of 5.8 GeV, first lasing with
« an photon energy of 9keV and in the summer period other
E four pilot experiments were performed. The current system
O upgrade and beam development program is on track in order
o to start regular user operation in 2019. In the meantime the
% installation of the Athos soft-X-ray line is progressing well,
» aiming at commissioning and first pilot experiments before
g the end of 2020.
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