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Abstract. A beamline for the x-ray free electron laser (XFEL) of SPring-8
Angstrom Compact free electron LAser (SACLA) provides hard x-ray pulses
in the range 4.5-19.5keV. Its optical system in an optics hutch delivers
a pink beam below 15keV with either of two double-mirror systems or a
monochromatic beam with a double-crystal monochromator. These XFEL beams
are used for various types of measurement at experimental stations, e.g. x-ray
diffraction, coherent diffraction imaging, x-ray spectroscopy and pump-and-
probe measurement. The experimental stations consist of experimental hutches
and control stations, and a femtosecond optical laser which is synchronized with
XFEL pulses. Photon diagnostics have been performed for measuring radiation
parameters in a shot-by-shot manner.
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1. Introduction

Since SPring-8 Angstrom Compact free electron LAser (SACLA), an x-ray free electron laser
(XFEL) facility in Japan, started user operation in March 2012, intense, coherent and ultrashort
x-ray pulses have been used for experiments in various fields of science, such as structural
biology, materials science, x-ray nonlinear optics and chemical physics. A coherent x-ray pulse
of SACLA typically contains photons in the order of 10!! and has a temporal width in the order
of 10fs or smaller [1, 2]. These properties provide opportunities for investigating, e.g., structures
of non-crystalline objects, nonlinear phenomena and ultrafast dynamics. The usefulness of an
XFEL has been shown in recent reports of scientific applications at the Linac Coherent Light
Source (LCLS) in the US [3-11].

The XFEL pulses of SACLA are generated, transported and diagnosed on a hard x-ray
beamline, BL3, with undulators, beamline optics, photon diagnostic system and experimental
stations. The undulators produce hard x-ray pulses in the range 4.5-19.5keV [1]. The x-ray
pulses are delivered with the beamline optics, which were designed carefully to avoid radiation
damage and the degradation of the coherent wavefront.

The photon diagnostic system on BL3 measures radiation parameters such as intensity,
spectrum, center-of-mass position and spatial profile. In particular, the shot-by-shot diagnostics
of XFEL pulses is mandatory in the case of the photon source that is based on the principle
of self-amplified spontaneous emission (SASE). The stochastic nature of the SASE mechanism
induces the fluctuations of radiation parameters.

Users perform experiments at five experimental stations, each of which consists of an
experimental hutch (EH) and a control station. The EHs are equipped with common-use optics
and monitors. Instruments such as sample chambers and x-ray detectors can be installed in EHs
for individual experiments. A femtosecond optical laser for pump-and-probe experiments has
been installed in a laser booth outside the EHs.
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This paper reports the design concept, detailed specification and present status of BL3. First
we give an overview of BL3 in section 2. Then the design and performance of the beamline
optics are shown with the basic photon-beam parameters (section 3). Section 4 gives a brief
description of the experimental stations. Section 5 is devoted to the optical laser system that is
synchronized with the XFEL source. Finally, we show a summary and future outlook.

2. Overview of the hard x-ray beamline, BL3, of SACLA

2.1. Design concept

In designing the beamline, we first took account of flexibility in user experiments. Basic
beamline optics and photon diagnostic instruments are centralized in an optics hutch (OH) and
commonly utilized for experiments at every EH. This arrangement allows us to minimize the
number of fixed optical components and diagnostic instruments in the EHs. Enough space is left
open in each EH to accept a variety of setups for user experiments.

Another target in our design is to facilitate the x-ray-based tuning of the XFEL machine.
The optics and diagnostic system in OH are accessible from the accelerator control room
for the machine tuning. For example, the double-crystal monochromator (DCM) is applied
for the precise alignment of electron trajectory in the undulator section and the tuning of the
undulator K parameter [1, 12]. This tuning method especially played an important role in
the commissioning phase of SACLA. Intensity, position, wavelength and profile monitors are
employed in the daily tuning. In addition, each beamline component is carefully designed to
avoid deterioration of the wavefront of the coherent beam.

2.2. Layout

Figure 1 shows schematic drawings of BL3. Its basic constituents are undulators, electron-beam
dump, x-ray transport channel in a frontend section and an OH, four EHs (EHI-EH4) in the
experimental hall, and the fifth EH (EHS5) in the SACLA-SPring-8 Experimental Facility.

The undulators of BL3 are placed along the center line of the undulator hall, which can
accommodate five undulator lines. Two undulator lines, BLL1 and BL3, have been constructed.
The BL3 undulator section spans ~110 m and contains 18 in-vacuum, variable gap undulators,
each of which has a length of 5 m and a magnetic period of 18 mm. Fundamental parameters of
the undulators are summarized in table 1 [1, 2].

The x-ray beamline starts after the electron-beam dump, where the electron beam is bent
downward to enter a beam stop, and goes through the frontend section and the OH to the
experimental stations. The OH contains the main constituents of the beamline optics, such as
plane mirrors and the DCM.

The four EHs in the experimental hall are arranged in tandem. Each EH has space for two
beamlines. Hutches EH1 and EH2 (EH3 and EH4) can accommodate BL4 (BL2) in addition to
BL3. Since BL1 and BL5 are supposed to be soft x-ray beamlines, they will not be enclosed in
EHs (see figure 1(b)). Experimental stations for BL1 and BLS5 will be constructed outside the
four EHs. The fifth hutch, EHS, is located ~80 m apart from EH4. The XFEL beam and the
synchrotron-radiation (SR) beam can be used simultaneously at the crossing point of BL3 and
BL32XU, an undulator beamline of SPring-8.
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Figure 1. Schematic drawings of SACLA BL3: (a) side view and (b) top

view. S(FE): slit in the frontend section, BW: Be window; MI1: first total-
reflection mirror (plane mirror); DCM: double crystal monochromator; M2a and
M?2b: second total-reflection mirrors (plane mirrors); S(TC): slit in the x-ray
transport channel; SA: solid attenuator; GA/GM: gas attenuator/scattering-based
gas monitor; SR: synchrotron radiation from SPring-8 BL32XU.

Table 1. Fundamental parameters of the BL3 undulator [1, 2].

Parameter Value
Periodic length 18 mm
Periodic number 5000
Segment length Sm
Number of segments? 18

Maximum deflection parameter® 2.3

4 At July 2012.

b This value

is known as a K value of an undulator. The BL3 undulator can change its K value

with a variable gap length between the magnet arrays.

2.3. Performance of BL3

Since typical radiation parameters of BL3 and their design values have been reported in [1, 2],

we describe them briefly

in this paper. The beamline was designed to provide XFEL pulses

above 20keV as the fundamental radiation. The achieved parameters are listed in table 2.
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Table 2. Typical radiation parameters of BL3 at a photon energy of 10keV [1, 2].

Parameter Value
Electron beam energy (GeV) 8
Repetition rate (Hz) 60 (maximum)
Undulator deflection parameter (K value) 2.1
Photon energy (keV) 10
Bandwidth 5% 1073
Beam size at EH2 (mm, FWHM) 0.3

Peak power (GW)? >30
Pulse energy (mJ) 0.3
Average power (W)P 0.02
Pulse duration (fs) <10
Photons per pulse 2 x 101
& At July 2012.

b At the maximum repetition rate of 60 Hz.

At present, XFEL pulses are generated in the range 4.5-19.5 keV. The peak power at 10keV
exceeds ~30 GW with a pulse energy of ~0.3 mJ and a temporal width below ~10 fs (FWHM)),
which can be controlled by changing the condition of electron-bunch compression [13].
Intensity fluctuation is typically kept within 10% (one standard deviation; o). The angular
divergence (2.4 urad in FWHM) is almost consistent with the design value (1.8 urad). Note
that the radiation parameters depend on the operation condition of the accelerator [1].

The radiation parameters shown above are the averaged values over hundreds of pulses.
The results of single-shot photon diagnostics are given in section 3.3.

3. Beamline optics and diagnostics

3.1. Beamline optics

The beamline optical system basically consists of two sets of double plane mirrors and DCM
[2, 14]. Figure 2 shows the configuration of the optics. The double mirrors and DCM make a
vertical offset between the incident and exit beam axes for the purpose of y-ray shielding. This
offset is fixed at 20 mm without depending on photon energy. One of the mirror sets or DCM
is selected to deliver an incident beam with a full or limited spectral range. The two mirror sets
with different glancing angles totally reflect x-rays below cutoff energies. One set (M1 and M2a)
with a 4 mrad glancing angle delivers an XFEL beam in the range below 7.5 keV, when using
carbon coating. The other one (M1 and M2b) with a smaller angle of 2 mrad is applicable up to
15 keV. The plane mirrors reduce the contribution of higher order harmonics that have photon
energy above the cutoff energies. The DCM with Si (111) crystals covers an energy range of
4-30keV with a limited bandwidth in the order of 10~* (A E/E). Design parameters of the plane
mirrors and the DCM are summarized in table 3.

The optical system was fabricated for the speckle-free transport of XFEL light [14]. The
plane mirrors and the DCM are operated in an ultra-high vacuum condition to be free from
contamination. The surfaces of the mirrors are figured and smoothed with the elastic emission
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Figure 2. Three alternative configurations of the beamline optics on BL3: (a) M1
and M2a, (b) M1 and M2b and (c) DCM.

Table 3. Design parameters of the beamline optics [2, 14].

Plane mirrors

M1 M2a  M2b DCM

Distance from the exit of the undulator section (m)* 86.3 88.8 91.3 87.5

Glancing angle (mrad) 24 4 2 —17t0 524
(—1°to 30°)

Applicable range of photon energy (keV) <15 <75 <I5 4-30

Direction of the outgoing beam® Upward Parallel Parallel Parallel

Length (m) 04 04 04 0.09

Width (m) 0.05 0.05 0.05 0.03

Substrate Si Si Si -

Coating - C* Cce -

Crystals - - - Si(111)

2 At July 2012.
b With respect to the incident beam axis.
¢ A bare Si area of the surface is also available.

machining technology and ultraprecise metrologies [15]. Figure errors of 1 nm (peak-to-valley)
and 0.15 nm (root-mean-square (rms)) were achieved [14].

The XFEL beam is also processed with slits and attenuators. One slit unit, which consists
of a pair of L-shaped blocks, is placed in the frontend section. A 4-jaw slit is in OH, placed
after the beamline optics (see figure 1). Two kinds of attenuators are employed to reduce XFEL
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Figure 3. Photon diagnostic system on BL3. SCM1-8: screen monitor module;
BM1,2: thin-foil beam monitor; WM: thin-foil wavelength monitor; GM:
scattering-based gas monitor; SCM (MCP): screen monitor with a micro-
channel-plate image intensifier.

intensity. A solid attenuator consists of thin silicon crystals with different thicknesses from 0.1
to 3.0 mm. It can be combined with a gas attenuator, in which Ar gas works as an absorber, for
the fine tuning of intensity.

In order to separate sections of beamline at different levels of vacuum quality, vacuum-tight
x-ray windows with a 0.06 mm thick Be foil are placed between the frontend section and OH,
and OH and EH1. In addition, each EH is equipped with at least one Be window, which allows
users to perform the experiment under ambient pressure. The Be foil transmits the XFEL beam
without degrading the coherent wavefront. It is produced by physical vapor deposition, which
is effective for suppressing the formation of internal voids [16]. The foil surface is polished
to have an average roughness smaller than 50 nm. The speckle-free quality of the foil has been
confirmed by transmission coherent-x-ray imaging at the 1 km beamline (BL29XU) of SPring-8
[16]. The Be foils are tolerant of the low average power of the XFEL beam (0.02 W at 60 Hz)
even though they are not cooled. In addition, the Be windows are usually kept in a vacuum
to avoid oxidation induced by x-ray irradiation. We have not observed traces of oxidation or
other signs of deterioration in the film since BL3 started operation. The Be window between the
frontend section and OH also works as a cutoff filter for stray light, the main source of which is
broad band, coherent synchrotron radiation emitted by electrons traveling through the bending
magnet in the beam dump section. The stray light can greatly affect the photon diagnostic system
in OH. Since the Be windows are mounted on vacuum gate valves, they are retractable.

3.2. Photon diagnostic system

Photon diagnostic system is implemented on BL3 to provide fundamental photon-beam
parameters for user experiments and the tuning of the accelerator and beamline. Figure 3 shows
the monitoring system in the x-ray transport channel. Four kinds of modules are arranged for
measuring spatial profile, intensity, center-of-mass position and photon energy:

Screen monitor (SCM) modules for spatial profile and intensity.
Thin-foil beam monitors (BMs) for intensity and center-of-mass position.
Thin-foil wavelength monitor (WM).

Si PIN photodiode for intensity (PD).

Scattering-based gas monitor (GM) for intensity.

A

SCM with an image intensifier for the x-ray-based alignment of the electron beam
trajectory.
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Figure 4. SCM module on BL3. It consists of a Si PIN photodiode (PD, top),
a Ce:YAG screen (middle) and a boron-doped diamond screen (bottom). An
incident angle for the PD (two screens) is 0° (45°).

All these monitors are able to provide photon-beam parameters in a shot-by-shot manner with
the aid of the data acquisition system developed at SACLA and the SCSS test accelerator [17],
which was developed as a prototype of SACLA. The same SCM modules and BMs are also
implemented in EHs. The design and measurement principle of each monitor are given below.

3.2.1. Screen monitor (SCM) and photodiode for intensity in the SCM module. Figure 4 shows
a schematic drawing of the SCM module which consists of two fluorescent screens and one PD.
These components are usually out of the beam axis. One of them is inserted to the beam axis
with a motorized linear actuator.

The two fluorescent screens work as profile monitors. One is a 0.3 mm thick plate of
Ce-doped yttrium aluminum garnet (Ce:YAG) and the other is a boron-doped polycrystalline
diamond film with a 0.03 mm thickness and an average surface roughness smaller than 50 nm.
Fluorescent images on these screens are captured with a charge-coupled-device (CCD) camera.
The Ce:YAG plate with high sensitivity is applicable to a low intensity beam in the order of
1 nJ per pulse. Because of its low x-ray transmittance, it cannot be used as an in-line monitor.
On the other hand, the diamond film is able to be a nondestructive monitor. It has a high
x-ray transmittance of >97% at 10keV with speckle-free quality. Transmission coherent-x-
ray imaging indicates the absence of serious voids or impurities that deteriorate the coherent
wavefront of XFEL [16]. Figure 5 shows a fluorescent image on the diamond screen of SCM 3,
which is placed before M1 (see figure 3). This image indicates that the beam at 10keV has a
round shape with a symmetric intensity distribution and a lateral size of ~0.3 mm in FWHM.

The PD works as a highly sensitive intensity monitor [18]. It is capable of measuring an
intensity in the order of 1 pJ per pulse. However, the output signal exhibits saturation behavior
in the region above 0.5 uJ per pulse. Therefore, the PD is mostly applied for the XFEL beam
after the DCM or the solid attenuator.

3.2.2. Beam monitor. The BM provides both the intensity and center-of-mass position of
individual XFEL pulses. Its detailed design, measurement principle and performance are
described in [19]. As shown in figure 6, quadrant PDs detect scattered x-rays from a 15 um
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Figure 5. Spatial beam profile observed with the boron-doped diamond screen
on SCM3.
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. Photodiode
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Figure 6. Schematic drawings of the structure of the BM.

thick foil which consists of randomly oriented nanocrystals of diamond. The average grain
size of nanocrystals is estimated to be 34 nm by x-ray diffraction. This foil has an average
surface roughness smaller than 50 nm. We confirmed the speckle-fee quality by transmission
coherent-x-ray imaging [19]. The total signal of the four PDs gives intensity of the incident
beam, while the difference-over-the-sum signal of upper and lower (right and left) PDs does a
vertical (horizontal) displacement [20]. We have calibrated the BM with an x-ray radiometer
which provides absolute pulse energies of XFEL [21]. Because of high x-ray transmittance of
the 15 um diamond foil (>98% at 10keV), the BMs of BL3 are normally on the beam axis for
in-line monitoring.

Figure 7 shows beam intensities and displacements which are measured with the BM in
a shot-by-shot manner. A 10keV beam typically has an average pulse energy of 0.33 mJ per
pulse with a fluctuation of 9% (o). The center-of-mass position fluctuates by 8 and 10 um
(o) in the vertical and horizontal directions, respectively. The jitter and regular oscillations of
the beam position mainly originate from temperature-control devices for the accelerator tubes.
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Figure 7. (a) Plot of pulse energy of the 10 keV XFEL beam as a function of the
pulse number. The data were taken with BM1. (b) Vertical displacement of beam
center. (¢) Horizontal displacement.

The devices with pulse-width modulators induce pulsed magnetic fields that affect the electron-
beam trajectory in the accelerator. The BM is usually applied to a XFEL beam in the region
above 0.1 uJ per pulse. The lower-intensity beam is detected directly with a PD in an SCM
module.

3.2.3. Wavelength monitor. A nanocrystalline diamond foil is also applied to wavelength
monitoring. Figure 8 shows a schematic drawing of the WM, which consists of a 15 um thick
diamond foil on the center of a goniometer and a two-dimensional x-ray detector on the two-
theta arm of the goniometer. The x-ray detector records shot-by-shot images of diffracted x-
rays from the foil using a Si CCD sensor with eight readout ports (multi-port CCD; MPCCD).
Diamond nanocrystals in the foil give a powder diffraction pattern consisting of arcs of
Debye—Scherrer rings. Positions of the arcs on the MPCCD sensor provide the diffraction angle
(0 in figure 8), from which the wavelength of incident light is calculated. The applicable range
of the WM is currently above 6 keV, which is limited by the acceptable angle of the detector
(30° < 20 < 60°). The 111 diffraction is used for the photon energies in 6-12keV, 220 for
12-18keV and 311 for >18keV. As in the case of BMs, the WM is usually on the beam axis to
be an in-line monitor.

The performance of the WM was evaluated using a monochromatized x-ray beam at
BL29XU of SPring-8 [22]. Figure 9(a) shows 111 diffraction peaks of the diamond foil.
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Figure 9. (a) Diamond 111 diffraction lines from the nanocrystal diamond
foil. Red, black and blue curves were recorded at 9.96, 9.98 and 10.00keV,
respectively. (b) Plot of peak positions as a function of photon energy.

From these curves, the energy resolution was estimated to be ~40¢eV. Although the resolution
is not as high as resolving spike structures in a spectrum of SASE radiation, it is useful to
monitor central photon energy (or wavelength), which is determined from the peak position of
a diffraction curve (figure 9(b)). The peak position is obtained by curve fitting with an accuracy
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Figure 11. (a) Schematic drawing of the GM. (b) Output signals of the GM (red
dots) as a function of pulse energy. Each signal is the sum of electric charges from
the two PDs in the GM. The data points are well fitted with a linear function. The
black line indicates the best fit curve.

of better than 5 eV. Figure 10 shows a plot of center photon energies of a 10 keV XFEL beam as
a function of pulse number. A standard deviation is estimated to be only 0.07% of the average
(10.009 ke V), much smaller than the bandwidth (0.5%). This result indicates the stable operation
of the accelerator, that is, a small jitter level of the electron-beam energy in the order of 10? ppm.
This jitter level is smaller than the energy spread of the electron beam [1].

3.2.4. Gas monitor. Figure 11(a) schematically shows the GM. A pair of PDs in a gas chamber
detects scattered x-rays from argon gas, a pressure of which is normally 1 x 10 Pa. The sum
of PD signals gives the relative intensity of the incident x-ray pulse. The gas chamber is placed
between two differential pumping systems which allow windowless operation of the monitor.
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Figure 12. (a) Monitoring system of a light axis of spontaneous emission from
an undulator segment. The spontaneous emission is monochromatized with the
DCM to clarify the position of light axis. A SCM with an MCP image intensifier
provides intensity distribution, center of which corresponds to the light-axis
position. (b) Examples of a spectrum of the spontaneous emission and intensity
distributions after the DCM.

An effective length of the argon-filled region is 0.5 m. Although the gas pressure is low enough
for in-line monitoring, the attenuation of the XFEL beam is significant at low photon energies;
for example, a transmittance is ~60% at 4.5 keV while >90% at 8 keV. Thus, the gas chamber
also works as an attenuator at low photon energies, as introduced in section 3.1. A transmittance
can be controlled with the gas pressure.

The GM is suitable for high intensity pulses, which would induce saturation behavior in
conventional intensity monitors such as an ionization chamber or a PD. Figure 11(b) shows a
plot of signals from the GM as a function of pulse energy. The GM exhibits a linear response
even in the high intensity region above 0.1 mJ per pulse.

3.2.5. SCM with an image intensifier. For the alignment of electron trajectory in the undulator
section, it is necessary to monitor a light axis of spontaneous emission produced at each
undulator segment [1, 12]. This light axis corresponds to the electron-beam axis in the undulator
segment. Figure 12(a) schematically shows the monitoring system using a SCM with a micro-
channel plate (MCP, Photonis Inc.) as an image intensifier. The DCM filters out broad off-
axis radiation to clarify the position of the light axis (see figure 12(b)). Although spatial
resolution of the SCM is deteriorated because of the large penetration depth of hard x-rays
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Figure 13. Single-shot spectra at 10 keV. (a) Spectrum taken by using a Si (555)
analyzer crystal, which covers only a limited spectral range (4eV). (b) Lower
resolution spectrum recorded with the Si (111) reflection index (AE/E ~ 107%),
covering the full spectral range.

in the MCP, it is still sufficient for determining the center-of-mass of the monochromatized
beam with an accuracy of better than 100 um. The smeared images of spontaneous emission
are mainly ascribed to the relatively low resolution of the SCM. Sharper images were obtained
in higher-resolution measurement with the MPCCD detector [12]. Relative positions of light
axes are determined within an angular error less than 1 urad [12]. In the electron-trajectory
alignment, deviation of the light axis is corrected by steering the electron beam with a magnet
at each undulator segment. This procedure is repeated one by one for all the undulator
segments.

3.3. Advanced photon diagnostics

The diagnostic systems that are described in section 3.2 are mainly used for the daily tuning
of the accelerator and the beamline optics. Photon beam properties of SACLA have also been
studied by using instruments dedicated for finer photon diagnostics.

3.3.1. Spectrum and pulse duration. We have developed a single-shot spectrometer which
is able to resolve spike features in a spectrum of SASE radiation [13]. Figure 13(a) shows
a spectrum taken with a Si (555) analyzer crystal at 10keV. In this case, a resolution of
the spectrometer is estimated to be 14 meV, high enough to observe individual peaks of
longitudinal optical modes with a FWHM of ~100meV. The spectrum covers a narrow
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Figure 14. Spectra of (a) the fundamental radiation at 7.9 keV and its (b) second
and (c) third harmonics. The spectra were measured by scanning the glancing
angle of DCM.

range of 4eV. A whole spectral range of the 10keV radiation (typically 50eV in FWHM) is
captured in a lower-resolution spectrum, which can be simply measured with changing the
reflection index to Si (111) (see figure 13(b)). Spike features are smeared in the whole-range
spectrum.

The single-shot spectrometer is also applicable to the photon-beam characterization in
the time domain. Widths of spikes in the higher-resolution spectrum can be related to a pulse
duration, which is evaluated to be 4.5-31 fs (FWHM) on the basis of an XFEL simulation with
the SIMPLEX code [13, 23].

3.3.2. Absolute intensity and the contribution of higher harmonics. A cryogenic radiometer
and an x-ray GM detector were applied to measure an absolute radiant power of SACLA [21].
Results with the two independent methods agree well within a combined standard uncertainty
in the order of 6-7% at 4.4, 5.8, 9.6 and 13.6 keV. The BM and the PD were calibrated with the
radiometer to output reliable pulse energy data [21, 24].

The radiometer was also applied to evaluate the contribution of higher-order harmonics.
The third harmonic contribution is estimated to be ~1% of the total radiant power at
4.4keV [21]. The contribution at different photon energies can also be measured using the
DCM [1]. Figure 14 shows spectra of the fundamental, second and third harmonics at 7.9 keV.
The spectra of the second (third) harmonic show a relative pulse energy of 0.05% (0.3%) in
comparison with that of the fundamental radiation.

4. Experimental stations

As described in section 2, BL3 runs through the five EHs, each of which has permanently
installed equipment and beam diagnostic instruments such as BMs and SCMs, which are the
same as those used in OH. The latter are used for characterizing photon beam properties just in
front of samples and for evaluating beamline transmission. Since these devices are compactly
designed, we can keep enough space in each hutch to accept versatile experimental setups.
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Table 4. Specification of the experimental stations (July 2012).

Station 1 Station 2 Station 3 Station 4  Station 5
Distance from the undulator exit? 100 106 113 120 198
Hutch size
Length (m)° 6 7 7 9 15
Width (m) 7 7 7 7 7.5
Height (m) 4 4 4 5 4
Optical laser CPA® CPA
OPA!
Focusing
Optics KB mirrors KB mirrors
Nominal focus size (um, FWHM) 1 0.05
Working distance (m) 1.35 0.35
Other components Rotary shutter BM® Guide laser BM BM
Guide laser SCM°® SCM SCM SCM
Slit® Slit Slit
SAe, f SA SA

? From the exit of the last undulator to the entrance ports of EHs.

b Along the beam axis (except for Station 5; see figure 1).

¢ Output from a chirped pulse amplifier and its higher-order harmonics (800, 400, 266 nm in wavelength).
4 Output from an optical parametric amplifier (240—-1500 nm).

¢ These components are dedicated for experiments at EH3.

f Solid attenuator.

Most components of an experimental system, such as sample chambers, optical elements and
detectors, are replaceable. Experimental systems are operated at control stations located beside
the EHs. Software for the data acquisition and device control has been constructed within a
framework of the message and database oriented control architecture (MADOCA) developed at
SPring-8 [25].

The EHs and the control stations constitute five experimental stations, which are
characterized by their geometry and permanently installed equipment as follows:

Station 1: advanced XFEL optics;
Station 2: pump and probe;

Station 3: coherent focusing;

Station 4: general purpose;

Station 5: SACLA-SPring8 mutual use.

The specifications of these stations are summarized in table 4.

Station 1: advanced XFEL optics. The first experimental station offers research
opportunities mainly for advanced optics using coherent, intense and ultra-short XFEL pulses.
The EH is equipped with a rotary shutter (pulse selector) and a guide laser system. The rotary
shutter works as a frequency divider. A rotary disc with two channels blocks or transmits XFEL
pulses to reduce a repetition rate of XFEL pulses [26]. The guide laser system provides a
helium—-neon laser beam as a reference for the XFEL beam axis.
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Table 5. Specification of the focusing system at Station 3 [28, 29].

Horizontal Vertical
Focus size (um, FWHM) 0.95 1.20
Focal length (m) 1.55 2.0
Glancing angle (mrad) 1.5 1.55
Spatial acceptance (um) 615 632
Reflectivity 0.97
1.0+ (a)
1 um (FWHM
05 pm ( )
=
=
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Figure 15. Focused beam profiles measured by a knife-edge scanning method.
(a) Horizontal and (b) vertical profiles with 1 um FWHMs.

Station 2: pump and probe. The second EH is equipped with fundamental optics for
manipulating an optical laser beam for pump-and-probe experiments. The performance of the
optical laser is described in section 5. The optical laser beam can be introduced to the sample
position either on or off the axis of the XFEL beam. A compact monitor for relative arrival time
of XFEL and optical laser pulses can be installed [27].

Station 3: coherent focusing. The third hutch has a focusing system consisting of a pair
of concave mirrors in the Kirkpatrick—Baez geometry (KB mirrors) [28, 29]. Its specification
is summarized in table 5. The KB mirrors focus the XFEL beam down to 1 um (FWHM) at
10keV. Figure 15 shows focused-beam profiles measured by the knife-edge scan method. The
focal point is placed 485 mm away from the exit vacuum port of the focusing system. A power
density at the focal point can reach 10'® W cm~2 with a pulse duration of ~10fs.

The focused XFEL beam is utilized for experiments which require high x-ray photon
density; e.g. coherent diffraction imaging (CDI), x-ray nonlinear optics and femtosecond
crystallography. Fundamental instruments for these experiments have been developed at
SACLA. For example, sample injectors and the MPCCD detectors are available for CDI
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Table 6. Specifications of Ti:sapphire CPA system.

Wavelength 800 nm

Output SmlJ
Repetitionrate  1kHz
Pulse width 25fs

Oscillator At=2L/c Chirped Pulse Amplifier
=

PZT
-

AAANAAN
79.3MHz I

| Stretcher | | Compressor
A

Amplifier
Mixcr Y
AN —>
Accelerator RF
5712 MHz N
| Divider i Wshutter
238MHz & Delay [793MHz ———— Optical Parametric )
o (238 MHz) S Pl Amplifier 1 e
FEL Timing 1kHz clay TkHz
10Hz ’
—_—
Reset 10Hz

Figure 16. Schematic of the synchronized Ti:sapphire -chirped-pulse-
amplification system.

and crystallography. Single-shot spectrometers provide a research opportunity for novel x-ray
nonlinear phenomena at high x-ray intensity [13].

Station 4: general purpose. The fourth station is suitable for a sizable apparatus because of
a large capacity of EH4, which is equipped with the first KB mirrors of the two-staged focusing
system for achieving an ultrasmall spot at EHS. This hutch can be used for installing a MPCCD,
which records small-angle scattering produced by a sample placed at EH3. Note that the wide-
angle signals can be simultaneously detected with another MPCCD, which has a central opening
with a variable size below 9 x 9 mm?. This MPCCD is positioned at EH3.

Station 5: SACLA-SPring8 mutual use. The fifth station is located in the SACLA-SPring-8
Experimental Facility. Both XFEL and SR beams are available at EHS, which is the terminal
of SACLA BL3 and SPring-8 BL.32XU. This hutch is equipped with the second KB mirrors of
the two-staged focusing system, which is suitable for investigating nonlinear x-ray interactions
under ultraintense x-ray fields.

5. Synchronized optical laser system

For pump-and-probe experiments between optical laser and XFEL pulses, we have constructed
a Ti:sapphire (TiS) chirped pulse amplification (CPA) system (Legend Elite, Coherent Inc.)
which consists of a mode locked TiS oscillator (Micra, Coherent Inc.), a regenerative amplifier
and a single pass amplifier. The system generates 5 mJ output pulses at an 800 nm wavelength
with a 25 fs duration (table 6). The layout of the TiS CPA system is schematically illustrated in
figure 16. This laser system is operated at 1 kHz, and gated by a pulse picker to be matched with
an operation frequency of SACLA (1-60 Hz). The second (SH) and third harmonics (TH) with
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Figure 17. Output pulse energies from the optical parametric amplifier
combining frequency mixer.

~0.1 mJ pulse energies are generated through BaB,0O, type I crystals. An optical parametric
amplifier (OPA: OPerA Solo, Coherent Inc.), which is excited by partial output pulses of the TiS
CPA system, generates tunable femtosecond pulses from 1.3 to 2.5 um in wavelength. Multiple
frequency mixers of nonlinear crystals convert wavelengths of the OPA output to shorter ones
from the visible to ultraviolet region. Figure 17 shows output pulse energies of the OPA and
multiple frequency mixers as a function of wavelength.

The TiS CPA system is seated in a temperature controlled clean hutch with a fluctuation
of £0.5°C (rms). We transport the output beam to EH2 through a beam path with a 4 m length
using four mirrors. Because of transportation loss, the maximum pulse energy available at EH2
is ~3 mJ. We measured fluctuations of power and pointing at EH2 to be smaller than 0.5% and
5 prad (rms), respectively, during 12 h. In the case of the collinear setup, the optical laser beam
is typically introduced to the XFEL beam axis using a turning mirror with a 1 mm center hole,
through which the XFEL beam passes.

The timing of the laser pulse is synchronized to the master clock for the SACLA
accelerators by feedback locking of the cavity length in the TiS oscillator (Synchrolock-
AP, Coherent Inc.). The 79.3 MHz signal divided from the 238 MHz master clock is used
for reference of the synchronization. We control PZT actuators, on which a cavity mirror is
mounted, using the beat signal between the generating and the reference frequencies. A trigger
and clock delay module (84DgR5C01, CANDOX Systems Inc.) enables us to vary the time
delay between the optical laser and XFEL pulses within sub-picosecond accuracy. Frequency
counters and phase shifters in this module are based on 238 and 5712 MHz RFs from the master
clock. The 1kHz trigger clock for the TiS CPA system is composed by dividing the 238 MHz
clock and by being retriggered with the trigger for SACLA operation (1-60 Hz). The trigger
and clock delay module can delay 79.3 MHz, 1 kHz and 10 Hz signals simultaneously with the
same time step. An optical delay stage is used for precise delay control with several femtosecond
accuracy. The temporal overlapping of XFEL and optical laser pulses is roughly monitored by
an ultrafast metal-semiconductor—metal photodetector (G7096-03, Hamamatsu Photonics Inc.)
with ~10 ps resolution.
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6. Summary and outlook

The hard x-ray beamline, BL3, of SACLA offers intense, ultrashort, coherent XFEL pulses
in the range 4.5-19.5keV. The Si (111) monochromator of the beamline optics transports a
narrow-band beam with a bandwidth of ~10~*, while the double-plane mirrors totally reflect
an incoming beam with a wider bandwidth (~5 x 10~ in FWHM at 10keV). The photon
diagnostic systems monitor intensity, position, profile and spectrum in a shot-by-shot manner.
The beamline has five experimental stations with fundamental equipment, such as a rotary
shutter, photon diagnostic systems, optical laser system and focusing systems. Both XFEL and
SR beams are available simultaneously at the fifth experimental station in the SACLA-SPring-8
Experimental Facility. The optical laser system delivers femtosecond laser pulses to EH2 and
EH3 for pump-and-probe experiments. Since the user operation started in March 2012, BL3
has been used for a variety of experiments, such as nonlinear x-ray optics, time-resolved x-ray
diffractometry, CDI and protein crystallography.

Other beamlines will provide scientists with more opportunities for using an XFEL. A soft
x-ray beamline, BL1, is currently working with one undulator module. This beamline will
be upgraded by installing new undulator modules. Beamline optics and experimental stations
are under construction. In addition to BL1 and BL3, SACLA can accommodate three other
beamlines, one for soft x-rays (BLS) and two for hard x-rays (BL2 and BL4). A switching
magnet at the end of the accelerator section divides electron bunches between beamlines [1].
The shot-by-shot switching will allow multi-beamline operation.
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