
much shorter than the XFEL duration (6–8 fs in FWHM)
(Inubushi et al., 2017; Inoue et al., 2018), the first-color and the
second-color beams were almost temporally overlapped.

The spectrum of the two-color beam was measured by
two dispersive spectrometers combined with a transmission
grating beam splitter. The XFEL beam was multiplexed by the
grating, and the transmitted beam and the primary diffracted
beam were introduced to the spectrometers at experimental
hutch 1 (EH1) and at experimental hutch 5 (EH5) (Tono et al.,
2013), respectively. Each spectrometer consisted of a focusing
mirror for enlarging the divergence angle of the XFEL beam,
a flat Si analyzer crystal [Si (111) crystal at EH1 and Si (331)
crystal at EH4] and a multi-port charge-coupled device
detector (Kameshima et al., 2014). The spectrometer at EH1
(EH5) measured the spectrum of the second-color (the first-
color) beam at a resolution of 1.1 eV (0.3 eV). Details about
the grating, the spectrometer at EH1 and the focusing system
at EH5 are described elsewhere (Katayama et al., 2016;
Yumoto et al., 2020).

Fig. 2(a) shows average spectra of the two-color XFEL
beam for different numbers of undulators in the second and
the third sections. Except for the case when no undulator was
used for amplifying the seed beam, !E/E of the first-color
beam was !0.02% in FWHM, which was slightly larger than
that of the seed beam. This broadening of the spectra can be
explained by the presence of an energy chirp in the e-bunch

(Inoue et al., 2019). !E/E of the second-color beam was
!0.3% in FWHM, which is comparable with that of normal
SASE operation at SACLA. There was a negative correlation
between the intensities of the first-color and the second-color
beams, because the electron energy spread caused by the
lasing of the first-color beam reduced the XFEL gain for the
second-color (Xie, 2000).

This relation is more clearly shown in Fig. 2(b), in which
shot-to-shot pulse energy correlation between the first-color
and the second-color beams are plotted. Here the pulse energy
of each color was measured using an inline spectrometer
(Tono et al., 2013) and a calibrated intensity monitor (Tono
et al., 2011). The intensity monitor evaluated the total pulse
energy of the two-color XFEL beam, whereas the inline
spectrometer monitored the pulse energy of the first-color or
the second-color beam, whichever is weaker. By combining
results of the measurements, the shot-to-shot pulse energy of
each color was evaluated.

When six undulators were used to amplify the seed beam
[red circles in Fig. 2(b)], lasing of the first-color beam was close
to saturation and the average pulse energy of the first-color
beam (60 mJ) was much larger than that of the second-color
beam (2.3 mJ). As the undulator length in the third section
became longer, the pulse energy of the second-color beam
increased at the cost of a decrease in the pulse energy of the
first-color beam. For each undulator condition shown in

Fig. 2(b), the average pulse energy of
the first-color beam was 60 mJ (red
circles), 35 mJ (blue squares), 9.4 mJ
(green triangles) and 0.1 mJ (black
diamonds), whereas that of the second-
color beam was 2.3 mJ (red circles),
8.1 mJ (blue squares), 39 mJ (green
triangles) and 145 mJ (black diamonds).
These results indicate that the intensity
ratio between the first-color and the
second-color beams is controllable over
a wide range by changing the undulator
length of each section. It is noteworthy
that our method can generate an intense
narrowband beam, compared with the
case when the SASE–XFEL beam is
simply monochromated; even if all
undulators are employed for generating
SASE beams at SACLA, the average
pulse energy after an Si (220) channel-
cut crystal is !8 mJ.

4. Summary

In this paper, a new split-undulator
scheme is proposed to generate a two-
color XFEL consisting of broadband
and narrowband beams. It has been
experimentally confirmed that a two-
color XFEL beam with a photon energy
separation of!30% can be generated at
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Figure 2
(a) Average spectra of the first-color (left) and the second-color (right) beams for different numbers
of undulators in the second and the third sections. The inset of the right figure is the magnified
spectra of the second-color beam for the number of undulators in the third section being seven and
eight. (b) Shot-to-shot pulse energy correlation between the first-color and second-color beams.
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Comparison between Si(111) & Si(220) 8

Si(111) Si(220)
Averaged profile of seeds 
Seeds from Si(111) μCC often have 
parasitic peaks, due to residual 
roughness on the reflection surface. 

Si(220) μCC generates round-shaped 
seeds. 
Higher seeding efficiency 
Easier to tune
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Averaged spectra of seeded XFELs 
We tried direct comparison of spectra 
of seeded XFELs under almost same 
e– beam conditions (same day), and 
obtained higher spectral intensity with 
the Si(220) μCC. 
Although this result is insufficient for 
confirming advantage of Si(220) μCC, 
seeding with Si(220) is more stable 
and reproducible in our experience.

~10x gain

~7x gain

Applicable photon energy:

Long term stability: seeding is stable over 3 days

XFEL intensity after Si (111)DCM @User experiment(Dec. 2018)

Gain of spectral brightness 
(compared with normal SASE XFEL)

• < 8 keV (in principle) 
• 8-12 keV(confirmed)

•Typical gain is ~6, 
irrelevant of reflection plane 
of channel-cut crystal

cf. best record (left figure): 
~10 (220 reflection),  
~7 (111 reflection)

Self-seeded XFEL (only available at BL3)

magnetic
chicane

e-bunch

variable-gap
undulators

1st
color

Advanced two-color mode (SASE beam+seeded beam)

Total pulse energy (1st color + 2nd color): ~200 uJ 
Maximum photon energy separation: ~6 keV 
Maximum time interval between twin pulses: ~300 fs

2nd
color

time
interval

Two-color XFEL (only available at BL3) 

Hara et al., Nat. Commun. 4 (2013).
Inoue et al., PNAS 113 (2016).

We here propose and demonstrate a new split-undulator
scheme to generate a two-color XFEL consisting of narrow-
band (!E/E! 0.02%) and broadband (!E/E! 0.3%) beams.
This unique XFEL beam will further expand the potential of
XFELs for exploration and application of interactions
between intense X-rays and matter. One of the potential
applications is X-ray coherent anti-Stokes Raman scattering
(XCARS) spectroscopy for low-Z elements such as carbon,
sulfur and oxygen; the shape of the XCARS spectrum
becomes the same as that of the K-edge absorption spectrum
by using the narrowband beam as the pump light and the
broadband beam as the Stokes light. Another possible appli-
cation is creation and diagnostics of matter at high energy
density, such as solid-density plasma (Vinko et al., 2012), in
which the broadband beam is used for exciting matter and the
narrowband beam probes the excited states. Narrow band-
width of the probe beam enables advanced diagnostic tech-
niques, for example X-ray Thomson scattering (Glenzer &
Redmer, 2009) and resonant inelastic X-ray scattering.

2. Concept

The schematic in Fig. 1 shows the concept for generating a
two-color XFEL consisting of broadband and narrowband
beams at SACLA. All undulators are grouped into three
sections. Between the first and the second undulator sections, a
pair of steering magnets, a magnetic chicane and a channel-cut
X-ray crystal monochromator are installed.

The first-color beam with a narrow bandwidth is generated
in the first and the second undulator sections via reflection-
type self-seeding (Inoue et al., 2019). The channel-cut crystal
produces a seed beam by monochromatizing the SASE–XFEL
beam from the first undulator section. Then, the seed beam
is amplified in the second undulator section by setting the
deflection parameter at the same value as that in the first
undulator section. Here, for spatiotemporal overlap between

the e-bunch and the seed beam in the second undulator
section, the e-bunch is offset and detoured between the first
and the second undulator sections using the steering magnets
and the magnetic chicane. The third undulator section with
a different deflection parameter produces the second-color
beam with a broad bandwidth through SASE from the
common e-bunch. The photon energies of the first-color and
second-color beams are independently controllable by tuning
the deflection parameters of the undulators. Furthermore, the
pulse energy of each color can be adjusted by changing the
undulator length of each section.

3. Experimental demonstration

To experimentally confirm the concept described above, a
two-color XFEL consisting of 10 keV narrowband and
7.2 keV broadband beams was generated at SACLA BL3. The
7.8 GeV e-bunch with a charge of 130 pC and !10 fs duration
was injected into the undulators. The deflection parameter for
each undulator section was set at 2.10 (the first and the second
undulator sections) and 2.60 (the third undulator section) with
a slight gap taper to compensate the energy loss of the e-bunch
due to resistive wakefields. Eight upstream undulators were
used as the first undulator section and generated a 10 keV
SASE–XFEL beam. A silicon (Si) (220) channel-cut crystal
with a gap of 97 mm (Osaka et al., 2019), which was installed
between the eighth and the ninth undulators, selected 10 keV
radiation with an energy bandwidth of 0.6 eV in full width
at half-maximum (FWHM) and an average pulse energy of
0.1 mJ. All existing undulators located downstream of the
channel-cut crystal (thirteen undulators) were used for either
amplifying the seed beam or generating the second-color
beam with a central photon energy of 7.2 keV. The delay of the
second-color beam with respect to the first-color beam, which
was caused by the slippage effect in the third undulator
section, was estimated to be less than 2 fs. As this value is
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Figure 1
Schematic of a split-undulator scheme to generate a two-color XFEL consisting of narrowband and broadband beams at SACLA.
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EH5 ‘100exa’ KB 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Available photon energy: 5~15 keV 
Throughput of optics: 25~60 % 
Typical focus size: 1~2 µm fwhm
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Throughput of optics: >90 % 
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