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A compact X-ray free-electron laser emitting in the
sub-ångström region
Hitoshi Tanaka and Makina Yabashi et al.*

The free-electron laser, first proposed by Madey1 in 1971,
has significantly reduced laser wavelengths to the vacuum
ultraviolet2,3 and soft X-ray regions4. Recently, an X-ray free-
electron laser (XFEL) was operated at 1.2 Å at the Linac
Coherent Light Source (LCLS)5. Here, we report the successful
generation of sub-ångström laser light using a compact XFEL
source, combining a short-period undulator with an 8 GeV elec-
tron beam. The shortest wavelength attained—0.634 Å
(63.4 pm)—is four orders of magnitude smaller than the
694 nm generated by Maiman’s first laser6. The maximum
power exceeded 10 GW with a pulse duration of 10214 s. This
achievement will contribute to the widespread use of XFEL
sources and provide broad opportunities for exploring new
fields in science.

When attempting to shorten the wavelengths of lasers, the first
difficulty arises in the vacuum ultraviolet (VUV) region at wave-
lengths around !100 nm. In this region, optical cavities—an essen-
tial component in conventional optical lasers—become unavailable
due to the decrease in reflectivity of mirrors in the normal-incidence
condition. One way to overcome this hurdle is to use a plasma-based
cavity-free laser, which is capable of reaching the soft X-ray region
with a wavelength of a few nanometres7. High-harmonic generation
from gas media has also been extended to produce soft X-rays8,9.
However, the difficulties increase significantly when approaching
the hard X-ray region10, because the smaller light–matter interaction
greatly suppresses the efficiency of nonlinear optical processes,
which is another basis of conventional lasers.

In the 1970s, the concept of a free-electron laser (FEL), indepen-
dent of any of the nonlinear properties of matter, was proposed1

and demonstrated11. In an FEL source, the undulator that wiggles
the high-energy, relativistic electron beam amplifies the power of
the light dramatically by means of the light–electron interaction
under a periodic magnetic field. In the 1980s, a new scheme called
self-amplified spontaneous emission (SASE)12,13 was presented,
which enables cavity-free, single-pass operation. In a SASE-FEL, a
long undulator amplifies the initial spontaneous radiation originat-
ing from the shot-noise fluctuation of the electron beam. The most
significant characteristic of this scheme is its wavelength scalabil-
ity2–5,14; light properties are predictable over the whole wavelength
region only by controlling the parameters of the electron beam and
the undulator. Here, the wavelength l of light is expressed simply as

l = lU(1 + K2/2)/2ng2 (1)

where lU, n, K and g are the periodic length of the undulator, the
order of harmonic, the magnetic deflection parameter and the
g-factor proportional to the electron beam energy, respectively.
Equation (1) shows that an increase in beam energy is effective for
shortening the wavelength. This guiding principle led scientists to

embark on building X-ray FEL (XFEL) facilities using large-scale
accelerators, such as the Linac Coherent Light Source (LCLS)5 and
the European XFEL15,16, using beam energies higher than 10 GeV
(see refs 17 and 18 for general reviews of XFEL light sources).

Returning to equation (1), however, it can be seen that it is
possible to shorten the wavelength with less beam energy by using
a smaller value for lU. This concept, combining a compact-scaled
accelerator with a short-period undulator19, was first tested and
verified at the SPring-8 Compact SASE Source (SCSS) test accelera-
tor3, which generated a laser in the vacuum ultraviolet (VUV)
region. The concept was then applied to the development of an
XFEL facility, the SPring-8 Angstrom Compact free-electron
LAser (SACLA)20, which aims to operate a sub-ångström laser.

As a key component of the SACLA technology, we have devel-
oped an in-vacuum undulator system that places magnetic arrays
inside the vacuum chamber to achieve a smaller gap between the
arrays. The increased magnetic field of this device allowed us to
provide a sufficiently high value of the deflection parameter (up
to K¼ 2.2), which is important for enhancing the light–electron
interaction strength, with a short periodic length of lU¼ 18 mm
(ref. 21). The wavelength of the generated light could be finely
tuned by changing parameter K through precise adjustment of the
gap. Furthermore, a high-gradient, C-band accelerator system
operating at a radiofrequency of 5.7 GHz with an acceleration gradi-
ent of over 35 MV m21 was used to efficiently boost the beam
energy up to 8.5 GeV. The main parameters are listed in Table 1
and a schematic configuration is provided in Fig. 1.

Two conditions are essential for achieving efficient amplification
of hard X-rays. One is to generate a high-density electron beam with
a transverse emittance below 1p mm mrad and a high peak current
above a few kiloamperes. We note that the present lower-energy
operation imposes small emittance due to a less relativistic effect
that naturally reduces emittance. To meet this requirement, we devel-
oped a pulsed thermionic electron gun with a single-crystal CeB6
cathode that generates a low-emittance beam of !0.6p mm mrad
(ref. 22), and a three-stage bunch compression system that increases
the peak current from the initial value of 1 A to the final level of 3 kA.
Notably, a new scheme, which operates nonlinear correction cavities
before full bunch compression, has been developed23 to compensate
for the strong nonlinearity in energy chirp during this high-
compression process by a factor of 3,000. Finally, we achieved a
small projected emittance of 1p mm mrad with a high peak
current .3 kA, which satisfied the design targets (see Methods).

The other critical condition is to reduce possible errors in
electron motion while passing through the undulator. For this
purpose, we developed an X-ray-based alignment scheme using
spontaneous X-rays from each undulator module. The electron
beam trajectory over all the undulator modules was first straightened
precisely to an accuracy of 1 mrad, ensuring a transverse overlap

*A full list of authors and their affiliations appears at the end of the paper.
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2-4. FEL Radiation Parameters 
  We conducted simulations of FEL radiation parameters using a code SIMPLEX [2-1]. Various 

parameters set at a fixed K-value of 2.2 are summarized in Table 2-4-1. In Fig.2-4-1, dependences of 

peak power and pulse energy on photon energy are calculated for K-values of 2.2, 1.9, 1.5, and 1.1. 

For larger K-values the photon energy decreases (i.e., the wavelength increases) from Eq. 2-4-3. At 

the same time, peak power enhances because of increased FEL parameter U from Eq. 2-4-1. We also 

show the gain curve along the undulator with  higher K-values in Fig.2-4-2. For larger K, the pulse 

energy reaches saturation more quickly due to smaller gain lengths from Eq. 2-4-2.  

Typical time and energy spectrum are shown in Fig. 2-4-3 and Fig. 2-4-4, respectively. The 

correlation plot between time and energy is presented in Fig. 2-4-5. 

 

Table 2-4-1 FEL radiation parameters (fundamental radiation) 

Electron beam energy (GeV) 8 

Repetition rate (Hz) 60 (max) to 1 (min) 

UND K value 2.2 

FEL parameter ̪
2

4.4e-4 

Saturation length (m)
 ̪3 

45 

Wavelength (nm) ̪
4

0.13 

Photon energy (keV)
 

9.9 

Bandwidth 9.2e-4 

Source size (um, rms) 33 

Angular divergence (urad, rms) 0.73 

Peak power (GW) 29 

Pulse energy (mJ) 0.78 

Photons per pulse (phs/pls) 5.0e11 

Pulse width (fs, FWHM) 30 

Power ratio of higher-order harmonic (2nd:1st) 1.3e-4 

Power ratio of higher-order harmonic (3rd:1st) 2.8e-3 

̪2: � � � �
11

2 2 2 33

1 2
8 16

e e e P

n

r n r IF K F K
ce

JO J O
U

S S EH
ª ºª º

  « »« »
¬ ¼ ¬ ¼

1
  (Eq. 2-4-1) 

� �
� �

2
2 2 2

1 0 12 2 2
2

4 4

1 2 1 21 2

K K KF K J J
K KK

ª º§ · §
 �

·
« »¨ ¸ ¨� � ¸
« »© ¹ ©� ¹¬ ¼

 

2
/B eE m cJ  : Lorentz factor  

O: Radiation wavelength  

7 

New capabilities we did not imagine in the designing phase

In the past few years, X-ray free-electron lasers (XFELs)1,2

have stimulated to discover interesting phenomena originating
from nonlinear interactions between intense X-rays and

matters. These processes are mostly driven by ultrafast
transition of inner-shell electrons with large energy transfers3–5.
For example, Vinko et al.4 reported creation of solid-density
plasma with a temperature above 106 K, which has been pumped
by 1.8 keV XFEL light and probed by Ka emission spectra
spreading over 200 eV at photon energies around 1.6 keV.
Rohringer et al.5 found an amplification of 849 eV Ka emission
from neon atoms in population inverted conditions, which are
generated with irradiation of intense 960 eV XFEL light. Although
these experiments have been performed by using a single XFEL
beam, a two-colour double-pulse (TCDP) XFEL with a wide
photon energy range and precisely controlled delay is desirable
for investigating phenomena in a time–energy domain. By using
the TCDP scheme, time-resolved X-ray spectroscopy of X-ray-
induced phenomena will reveal mechanism and dynamics of
ultrafast transition of electronic states. To obtain the information
over a large spectral range, wide tunability of the X-ray probe
pulse becomes essentially important. For the X-ray diffraction
measurements of nanocrystals6,7 and single particles8, the TCDP
allows to investigate ultrafast structural changes, in which a large
spectral separation between two pulses is indispensable for
discriminating diffracted or scattered X-rays of the probe pulse
from those of the pump pulse. The TCDP can also offer a method
like multi-wavelength anomalous diffraction9.

The FEL generates highly intense coherent radiation when a
relativistic electron beam passes through a transverse periodic
magnetic field of an undulator10. Since no optical cavity is
practically available for X-rays, XFELs amplify and saturate
radiation fields in a single pass through a long undulator, which is
called a self-amplified spontaneous emission scheme (SASE)11,12.
Since the FEL uses free electrons, its wavelength can be freely
tuned by changing the resonant condition of the interaction
between radiation fields and electrons inside the undulator. The
radiation wavelength of the FEL, l, is expressed as

l ¼ lu

2g2 1þ K2

2

! "
ð1Þ

where lu is the undulator periodic length, K is the undulator
deflection parameter and g is the Lorenz factor of the electron
beam energy. Since the two-colour pulses are emitted from the
same electron bunch, the radiation wavelength should be tuned
by changing K through the strength of the undulator magnetic
field. Hence variable-gap undulators are indispensable to achieve
a wide spectral range in the TCDP operation.

The first attempt to generate two-colour pulses in the FEL
dates back to 1990s using an infrared FEL with an optical
cavity13. Recently, two-colour FEL operations are extended to
vacuum ultraviolet and soft X-ray regions14,15; however,
separation of the two wavelengths has been limited within a
few per cent.

In this article, we report the first TCDP operation in hard
X-rays using the SPring-8 Angstrom Compact free electron
LAser (SACLA)2, which currently covers the photon energy
range between 5–15 keV by SASE. Variable-gap undulators of

SACLA (see methods) enable to achieve a wide tunable range and
relative wavelength separation of more than 30% in the TCDP
operation.

Results
Experimental setup. Since sub-10-fs pulses are routinely available
in SACLA16, the TCDP operation with a simple and lucid scheme
can achieve high temporal resolution. In SACLA, 19 5-m-long
undulators (ID01-19) with 18 mm period are installed in the
beamline17. The gap of each undulator can be independently
controlled with the maximum K¼ 2.15. Figure 1 is a schematic
layout of the SACLA undulator beamline. After the eighth
undulator (ID08), a magnetic chicane is installed to detour and
retard the electron beam. The undulators are grouped into two
sections before (ID01-08) and after (ID09-19) the chicane, and
the undulator gaps of the two sections are simply set at different
K values, K1 and K2 as in Figure 1. Thus, two photon pulses
emitted from the first section and the second section have
different wavelengths, which are non-harmonic related. The
temporal interval between the two pulses can be finely adjusted at
resolution of attoseconds by changing the chicane parameters
(see methods). The temporal pulse envelope of SASE is confirmed
to be o10 fs (FWHM) by autocorrelation measurements18,19,
which is consistent with the spectral spike widths observed by a
single-shot spectrometer20.

In the experiments, the electron beam was accelerated up to
7.8 GeV in a C-band linear accelerator and injected into the
undulators. In the single-colour operation at 10 keV with K¼ 2.1,
the pulse energy of 250–300 mJ is routinely obtained with an
intensity fluctuation of o10% as the relative s.d.21. Typical
stabilities are around 3% 10& 4 (s.d.) for the central wavelength
and 0.1–0.2 mrad (s.d.) for the emission angle corresponding to
10% of the laser spot size.

Two-colour operation. Figure 2a is the measured spectrum of the
TCDP XFEL in which K1 and K2 were set at 1.7 (13.1 keV) and
2.15 (9.7 keV), respectively. In each undulator section, a slight gap
taper was applied to compensate the beam energy loss due to
resistive wakefields17. The spectrum was measured by scanning a
monochromator and each data point was averaged over 100
shots. The pulse energy of 40mJ was obtained for each photon
energy. The relative wavelength separation of more than 30% was
achieved as shown in Figure 2a.

Figure 2b shows consecutive spectra during 30 min measured
by a single-shot in-line spectrometer (see methods), which clearly
present the stability and tunability of the TCDP operation. In
Figure 2b, K1 and K2 were initially set at 1.9 (11.4 keV) and 2.15
(9.7 keV), respectively, for the first and second undulator sections.
Then K2 was first decreased from 2.15 to 2.0 by a 0.05 step from
bottom to top in Figure 2b. Since the FEL gain becomes smaller
for the smaller K2, the intensity of the second colour decreases
as the photon energy increases. The number of the undulators
of the first section was reduced from eight (ID01-08) to seven
(ID 02-08) at the middle of Figure 2b, and then K2 was increased
to its initial value 2.15 by the same step. Whereas the intensity of
the first colour (11.4 keV) drops with seven undulators, that of the

Chicane

From linear
accelerator

Undulators  ID01-08

First
colourElectron

beam

First
colour

Second
colour

First section Second section
0–40 fs

adjustable delay

Undulators ID09-19

K2K1

Figure 1 | Schematic layout of the SACLA undulator beamline. .
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second colour increases. In the TCDP operation, the electron
beam energy spread resulting from the first-colour lasing affects
the gain of the second colour22.

This relation is more clearly shown in Figure 3, in which the
shot-to-shot intensity correlation between the first and second
colour pulses is plotted. K1 and K2 were set at 2.14 (9.75 keV) and
1.95 (11 keV), and the pulse energies were estimated from the
integrated spectral area measured by the in-line spectrometer
using a Gaussian fit (see methods). To vary the electron beam
energy spread generated by the first-colour lasing, the number of
the undulators of the first section was changed between eight
(ID01-08) and four (ID05-08) by opening the undulator gaps.
When all eight undulators were closed (brown diamonds in
Fig. 3), the first-colour lasing was close to saturation. Under this
condition, the pulse energy of the first colour (9.75 keV) was
140mJ with a 23% fluctuation (s.d.), whereas that of the second
colour (11 keV) was a few mJ. The second-colour emission
increases as decreasing the first-colour intensity by reducing the

number of the undulators in the first section. The pulse energies
of two colours can be balanced or relatively adjusted by changing
the number of undulators.

Angular separation of two-colour pulses. Since the amplification
process of the second-colour pulse independently starts up from
noise after the chicane, the electron density modulation at the
first-colour wavelength or its smearing does not affect the lasing
of the second-colour pulse. Thus, the second-colour pulse can be
emitted on a completely different axis without losing the laser
intensity. In Figure 4, K1 and K2 were set at 1.8 (12.2 keV) and
2.15 (9.7 keV), and the electron beam was deflected at the chicane
by 10 mrad horizontally (Fig. 4a) and vertically (Fig. 4b). Two
radiation profiles, each corresponding to the different photon
energy, were observed on a diamond screen located 130 m
downstream of the chicane. The pulse energies of 50mJ and 31 mJ
were obtained for 12.2 keV and 9.7 keV, respectively. To maintain
a straight orbit of the electron beam, the undulator heights
and the quadrupole magnet positions were accordingly aligned
with respect to the deflected electron orbit downstream of the
chicane. Note that the increase of the effective emittance due to a
dispersion function23 is negligibly small.

Discussion
The TCDP operation of XFEL realizes a jitter-free stable X-ray
light source equipped with wide wavelength tunability of both
colours and variable delay at attosecond resolution. In SACLA,
the two colours are completely out of the SASE gain bandwidth to
each other and the maximum wavelength separation of more
than 30% has been achieved. The two-colour pulses can be
separated not only spectrally but also spatially. The spatial
separation enables the irradiation of the two-colour pulses from
different angles to a sample. For example, simultaneous two-
colour diffraction imaging from different angles becomes possible
without losing photon intensity caused by a spectrometer.
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Figure 2 | Measured spectra of the two-colour XFEL. (a) Spectrum
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2-color FEL by splitting undulator Narrowband XFEL by self-seeding
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Although reflection self-seeding looks simple, its realization is 
not straightforward. When we use a conventional channel-cut crys-
tal monochromator with a gap of ~10 mm, the optical delay caused 
by the monochromator becomes several tens of picoseconds. In this 
case, a very large (~100 m) magnetic chicane might be required for 
the temporal overlap between the e-bunch and the seed. To suppress 
the optical delay, we developed a Si channel-cut crystal monochro-
mator with a gap as small as a few hundreds of micrometres, which 
we call a micro channel-cut crystal monochromator. The delay can 
be reduced to much less than 1 ps (Fig. 1b), which is comparable to 
that of the wake in transmission self-seeding. Although the use of 
a channel-cut crystal monochromator makes the X-ray beam offset 
with respect to the incoming X-ray/e-bunch, the offset is only a few 
hundred micrometres (Fig. 1b) and we could readily achieve spatial 
overlap between the e-bunch and the seed in the second section of 
undulators by making the e-bunch offset using a pair of steering 
magnets (Fig. 1a).

We experimentally demonstrated reflection self-seeding at 
SACLA BL324 at a photon energy of 9.85 keV using a Si(111) micro 
channel-cut crystal monochromator with a gap of 90 µm (Fig. 1c 

and Methods). This monochromator is applicable to photon energy 
above 5 keV and the detailed design can be found elsewhere25. We 
operated the accelerator to produce a 7.8-GeV electron beam at 
270 pC of charge with ~10 fs duration. When all undulator segmants 
(U1–U21) were operating in the normal SASE mode, this e-bunch 
produced a SASE-XFEL with an average pulse energy of 780 µJ and 
an energy bandwidth of 30 eV in the full-width at half maximum 
(FWHM). In the reflection self-seeding mode, five undulator seg-
ments (U4–U8) were employed to generate the SASE with an aver-
age pulse energy of 25 µJ. The channel-cut crystal monochromator 
selected a 9.85 keV radiation with a bandwidth of 1.3 eV (FWHM) 
and an average pulse energy of 0.44 µJ. The conversion efficiency of 
the seed from the SASE was measured to be 0.44 µJ/25 µJ = 2 × 10−2, 
which was higher than the value reported for transmission self-
seeding20. The eleven downstream undulator segments (U11–U21) 
were used to amplify the seed.

Figure 2a shows the single-shot spectra generated by the sec-
ond section of undulators (U11–U21) with and without the seed, 
measured by a single-shot spectrometer (see Methods). Here, 
we produced the XFEL beam without the seed by rotating the  
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channel-cut crystal monochromator to not match the Bragg con-
dition. The injection of the seed dramatically narrowed the XFEL 
energy bandwidth to ~2 eV (FWHM) for every shot. As the X-ray 

pulse duration of SACLA is estimated to be ~6 fs (ref. 26), the seeded-
XFEL pulses are considered to be nearly Fourier-transform limited. 
Figure 2b shows the averaged spectra of the SASE-XFEL using all 
undulator segments (U1–U21) in the normal SASE mode and of 
the seeded-XFEL. The peak intensity of the seeded-XFEL greatly 
exceeds that of the SASE-XFEL, which corresponds to an increase 
in spectral brightness by a factor of six with respect to the normal 
SASE mode. We evaluated the quality of the e-bunch injected to 
the second section of undulators by measuring the intensity evolu-
tion of the seeded-XFEL along the undulators (Fig. 3). The intensity 
gain length of the seeded-XFEL (Lseed) was measured to be 3.4 m, 
while that of the SASE-XFEL (Lsase) in the normal SASE mode was 
2.1 m (inset of Fig. 3). Because the pulse energy of the XFEL beam 
at the saturation point is expected to be roughly reciprocal to the 
gain length, the high ratio of Lsase to Lseed (62%) indicates that the 
degradation of the e-bunch quality in the first section of undulators 
has little impact on the pulse energy of the seeded-XFEL. In fact, the 
average pulse energy of the seeded-XFEL (450 µJ) was more than 
half that in the normal SASE mode (780 µJ).
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Typical pulse duration: ~6 fs
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Although reflection self-seeding looks simple, its realization is 
not straightforward. When we use a conventional channel-cut crys-
tal monochromator with a gap of ~10 mm, the optical delay caused 
by the monochromator becomes several tens of picoseconds. In this 
case, a very large (~100 m) magnetic chicane might be required for 
the temporal overlap between the e-bunch and the seed. To suppress 
the optical delay, we developed a Si channel-cut crystal monochro-
mator with a gap as small as a few hundreds of micrometres, which 
we call a micro channel-cut crystal monochromator. The delay can 
be reduced to much less than 1 ps (Fig. 1b), which is comparable to 
that of the wake in transmission self-seeding. Although the use of 
a channel-cut crystal monochromator makes the X-ray beam offset 
with respect to the incoming X-ray/e-bunch, the offset is only a few 
hundred micrometres (Fig. 1b) and we could readily achieve spatial 
overlap between the e-bunch and the seed in the second section of 
undulators by making the e-bunch offset using a pair of steering 
magnets (Fig. 1a).

We experimentally demonstrated reflection self-seeding at 
SACLA BL324 at a photon energy of 9.85 keV using a Si(111) micro 
channel-cut crystal monochromator with a gap of 90 µm (Fig. 1c 

and Methods). This monochromator is applicable to photon energy 
above 5 keV and the detailed design can be found elsewhere25. We 
operated the accelerator to produce a 7.8-GeV electron beam at 
270 pC of charge with ~10 fs duration. When all undulator segmants 
(U1–U21) were operating in the normal SASE mode, this e-bunch 
produced a SASE-XFEL with an average pulse energy of 780 µJ and 
an energy bandwidth of 30 eV in the full-width at half maximum 
(FWHM). In the reflection self-seeding mode, five undulator seg-
ments (U4–U8) were employed to generate the SASE with an aver-
age pulse energy of 25 µJ. The channel-cut crystal monochromator 
selected a 9.85 keV radiation with a bandwidth of 1.3 eV (FWHM) 
and an average pulse energy of 0.44 µJ. The conversion efficiency of 
the seed from the SASE was measured to be 0.44 µJ/25 µJ = 2 × 10−2, 
which was higher than the value reported for transmission self-
seeding20. The eleven downstream undulator segments (U11–U21) 
were used to amplify the seed.

Figure 2a shows the single-shot spectra generated by the sec-
ond section of undulators (U11–U21) with and without the seed, 
measured by a single-shot spectrometer (see Methods). Here, 
we produced the XFEL beam without the seed by rotating the  
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Atomic inner-shell laserat 1.5-ångströmwavelength
pumped by an X-ray free-electron laser
Hitoki Yoneda1,2, Yuichi Inubushi2,3, Kazunori Nagamine1, Yurina Michine1, Haruhiko Ohashi2,3, Hirokatsu Yumoto3,
Kazuto Yamauchi2,4, Hidekazu Mimura2,5, Hikaru Kitamura6, Tetsuo Katayama3, Tetsuya Ishikawa2 & Makina Yabashi2

Since the invention of the first lasers in the visible-light region,
research has aimed to produce short-wavelength lasers that gen-
erate coherent X-rays1,2; the shorter the wavelength, the better the
imaging resolution of the laser and the shorter the pulse duration,
leading to better temporal resolution in probe measurements.
Recently, free-electron lasers based on self-amplified spontaneous
emission3,4 have made it possible to generate a hard-X-ray laser
(that is, the photon energy is of the order of ten kiloelectronvolts)
in an ångström-wavelength regime5,6, enabling advances in fields
from ultrafast X-ray spectrosopy to X-ray quantum optics. An
atomic laser based on neon atoms and pumped by a soft-X-ray
(that is, a photon energy of less than one kiloelectronvolt) free-
electron laser has been achieved at a wavelength of 14 nanometres7.
Here, we use a copper target and report a hard-X-ray inner-shell
atomic laser operating at a wavelength of 1.5 ångströms. X-ray
free-electron laser pulses with an intensity of about 1019 watts
per square centimetre7,8 tuned to the copper K-absorption edge
produced sufficient population inversion to generate strong amp-
lified spontaneous emission on the copper Ka lines. Furthermore,
we operated the X-ray free-electron laser source in a two-colour
mode9, with one colour tuned for pumping and the other for the
seed (starting) light for the laser.
We found that temporal coherence was greatly improved in the

pumped copper (Cu) medium using the X-ray free-electron laser
(XFEL) seedingmethod. For the hard-X-ray atomic laser, both narrow
bandwidth and excellent longitudinal coherence are very important
for ultrafast X-ray spectroscopy10, X-ray quantum optics11–14, and fun-
damental physics applications.
A major challenge in realizing atomic X-ray lasers is to create a

population inversion between energy levels with large gaps between
them. High-density, highly charged plasma has been used as the gain
medium. In 1984, soft-X-ray lasers at wavelengths of about 20 nmwere
realized by neon-like selenium excited by electron collisions1, and by
hydrogen-like carbon generated in plasma recombination processes2.
However, the shortest wavelengths achieved in these schemes were
approximately 3 nm. Since then, considerable progress has beenmade
with tabletop pumped soft-X-ray lasers15.
An alternative approach is an optical pumping scheme, which

directly generates a population inversion through photoabsorp-
tion16,17. Optical pumping very efficiently creates inversion without
exciting unfavourable states and generates good spatial mode match-
ing between the pumping source and the laser generated. A severe
drawback has been the requirement of an intense, short-wavelength
pump source. However, the advent of an intense XFEL light source
(the SPring-8 Angstrom Compact Free Electron Laser, SACLA) has
now made such realizations possible. In 2012, a neon soft-X-ray laser
at 14.6 Å was produced by using sub-kilovolt XFEL pulses to pump the
K-shell electrons of neon atoms7. Stimulated radiation from a solid
surface was also observed in the extreme-ultraviolet region18. Here we

describe the realization of a hard-X-ray Cu Ka (photon energy hns 5
8.0 keV) laser at a seed wavelength of ls 5 1.54 Å by using intense
XFEL pulses (pump wavelength lp 5 1.4 Å) to pump the K-shell
electrons of Cu atoms. Furthermore, we operated the XFEL source
in a two-colour mode: one colour tuned for pumping and the other
for seeding.We found that the excited Cumedium amplifies the XFEL
seed pulse by two orders of magnitude with improved longitudinal
coherence.
Experiments were performed at the SACLA beamline BL319, as

schematically shown in Fig. 1. As a first experiment, we used single-
colour self-amplified spontaneous-emission XFEL light tuned to the
Cu K-absorption edge at lp5 1.4 Å (that is, a photon energy of hnp5
9.0 keV) for optical pumping. The nominal pulse duration was
approximately 7 fs with a bandwidth of about 40 eV. To increase
X-ray intensity, we used a two-stage focusing system that can generate
an ultrasmall spot8 on a target. The target was a Cu foil of thickness 20
mm. The average diameter of the focal spot on the target in this experi-
ment was measured to be 120 nm at full-width at half-maximum
(FWHM) using a wire-scan method. The pulse energy at the target
was about 40 mJ at maximum, which corresponds to a pump intensity
of Ip < 63 1019 W cm22. To avoid the effects of damage induced by
intense X-rays, we scanned the target so as to use a fresh surface for
every shot. X-ray emission spectra in the forward direction were ana-
lysed with a dispersive spectrometer consisting of a flat silicon crystal
(111 or 311 reflection) and a multi-port charge-coupled device
detector14,20,21.
In Fig. 2a, the spectral integrated energies Es of the output Ka1

emission are plotted as a function of the pulse energy density Ep of

Undulators Two-stage focusing

Pump

Cu target

Pump

Seed

a

b

Figure 1 | Schematic drawing of experimental setup. XFEL pulses are
generated with undulators in single-colour mode (the ASE experiment) (a) or
two-colour mode (the seeding experiment) (b). The two-stage focusing system
generates, on average, a 120-nm focusing spot. The energy ratio between the
pump and the seed pulse is monitored with a transmission type spectrometer.
The Ka lasing spectrum is measured with a dispersive spectrometer that
combines a silicon analyser and a multi-port charge-coupled device camera.

1Institute for Laser Science, University of Electro-Communications, Chofu, Tokyo 182-8585, Japan. 2RIKEN SPring-8 Center, Sayo, Hyogo 679-5148, Japan. 3Japan Synchrotron Radiation Research
Institute (JASRI), Sayo, Hyogo 679-5198, Japan. 4Graduate School of Engineering, Osaka University, Suita, Osaka 565-0871 Japan. 5Department of Precision Engineering, The University of Tokyo, Bunkyo,
Tokyo 113-8656, Japan. 6Department of Physics, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan.

G2015 Macmillan Publishers Limited. All rights reserved

4 4 6 | N A T U R E | V O L 5 2 4 | 2 7 A U G U S T 2 0 1 5

ARTICLE
Received 5 Apr 2014 | Accepted 27 Aug 2014 | Published 1 Oct 2014

Saturable absorption of intense hard X-rays in iron
Hitoki Yoneda1,2, Yuichi Inubushi2,3, Makina Yabashi2, Tetsuo Katayama2,3, Tetsuya Ishikawa2,

Haruhiko Ohashi2,3, Hirokatsu Yumoto3, Kazuto Yamauchi2,4, Hidekazu Mimura2,5 & Hikaru Kitamura6

In 1913, Maurice de Broglie discovered the presence of X-ray absorption bands of silver and

bromine in photographic emulsion. Over the following century, X-ray absorption spectroscopy

was established as a standard basis for element analysis, and further applied to advanced

investigation of the structures and electronic states of complex materials. Here we show the

first observation of an X-ray-induced change of absorption spectra of the iron K-edge for

7.1-keV ultra-brilliant X-ray free-electron laser pulses with an extreme intensity of

1020Wcm! 2. The highly excited state yields a shift of the absorption edge and an increase of

transparency by a factor of 10 with an improvement of the phase front of the transmitted

X-rays. This finding, the saturable absorption of hard X-rays, opens a promising path for

future innovations of X-ray science by enabling novel attosecond active optics, such as lasing

and dynamical spatiotemporal control of X-rays.
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X-ray two-photon absorption competing against
single and sequential multiphoton processes
Kenji Tamasaku1*, Eiji Shigemasa2, Yuichi Inubushi1, Tetsuo Katayama3, Kei Sawada1,
Hirokatsu Yumoto3, Haruhiko Ohashi3, Hidekazu Mimura4, Makina Yabashi1, Kazuto Yamauchi5,6

and Tetsuya Ishikawa1

The success1,2 of X-ray free-electron lasers (XFELs) has
extended the frontier of nonlinear optics into the hard X-ray
region. Recently, sum-frequency generation3 has been reported,
as well as parametric downconversion4–6. These are of the
lowest (second) order, and higher-order processes remain
unexplored. Here, we report the first observation of a third-
order process: two-photon absorption of a 5.6 keV XFEL
beam by germanium. We find that two-photon absorption com-
petes with single and sequential multiphoton processes7,8,
but we successfully determine the intrinsic cross-section by
analysing the pulse-energy dependence. We also discuss the
two-photon absorption cross-section by comparing a new
mechanism unique to X-rays with the conventional mechanism
and show that the latter is consistent with the present result.
The experimental determination and understanding of the
cross-section would allow two-photon absorption spectroscopy.
Our result indicates that X-ray analogues of other third-order
nonlinear optical processes9, such as nonlinear Raman and
optical Kerr effects, are available for XFEL applications in
spectroscopy, imaging and beam control.

X-ray two-photon absorption (TPA) is the simplest of the third-
order nonlinear processes and its study provides an opportunity to
understand their nature, both theoretically and experimentally. As
has been shown for second-order processes3–6, the mechanism of
X-ray nonlinearity is quite different from that in the optical
region. At present it is not clear that X-ray TPA is dominated by
the same mechanism as in longer wavelength regions, from the
optical9 to soft X-ray regions10–12. Experimentally, third-order non-
linear processes require intense X-rays, which also invoke strong
single-photon and sequential multiphoton processes and create
highly charged states, even in the hard X-ray region7. Soft X-ray
TPA has been observed for the helium-like neon12. It is essential
for applications to determine the intrinsic nonlinear properties in
the ground state. This relates to a ubiquitous damage problem in
X-ray free-electron laser (XFEL) applications, as is discussed theor-
etically for structural analysis13–15.

Figure 1a presents a schematic of the experimental set-up. The
X-ray beam from SACLA2 was focused to a full-width at half-
maximum (FWHM) of 110(H) × 140(V) nm2 by a Kirkpatrick–
Baez (KB) mirror system. Using a spectrometer consisting of a
Johansson-type monochromator and a multiport charge-coupled
device (MPCCD), we measured the X-ray fluorescence emitted
from a germanium plate at this focus8. Figure 1b shows the K-
shell fluorescence spectrum of one-photon absorption (OPA) at a

pump photon energy of 11.2 keV, just above the germanium K-
shell binding energy of 11.1 keV. We will use the OPA data to
analyse the TPA data. The higher peak is the Ka1 line, and the
lower is the Ka2 line. These correspond to the radiative transitions
from the L2 and L3 subshells to the K shell, respectively. The bump
on the Ka2 peak is due to fluctuation in the incidence.

X-ray TPA measurements were performed at 5.6 keV, the half of
the OPA photon energy, and with a fixed spectrometer energy to the
Ka1 line. Figure 1c presents a histogram of the readout from indi-
vidual pixels of the MPCCD, which consists of two peaks. The
large peak represents null events, and agrees with the readout
noise measured under dark conditions. The probability of detecting
a real X-ray photon is very low (less than 2 × 1025). Accordingly,
the MPCCD readout is proportional to the photon energy of a
single photon and the histogram represents the spectrum. No
event is recorded above 13.2 keV. The width of the noise spectrum
gives a photon-energy resolution of 1.8 keV (FWHM). The raw
spectrum can be deconvolved from the noise spectrum, which
reveals a peak at 10 keV and a series of weaker peaks around 6 keV.

It is the 10 keV peak that is assigned to the germanium Ka1 flu-
orescence by X-ray TPA. The residual contribution is considered to
arise from the scattered pump X-rays, although the Johansson
monochromator suppresses it at very low levels. To avoid counting
scattered X-rays, we sum up the raw spectrum above 8.1 keV and
obtain a Ka1 fluorescence rate of 9.6 × 1022 counts/shot, which
agrees with that estimated from the deconvolved spectrum. We esti-
mate the Ka1 fluorescence due to OPA of the higher-harmonic radi-
ation of the XFEL and impact ionization by thermal electrons16, and
confirm that these are much weaker than the TPA signal (see
Supplementary Sections 3 and 4 for details).

The pulse-energy dependence of the Ka1 fluorescence provides
direct evidence of TPA. Figure 2 shows a quadratic dependence,
indicating the two-photon mechanism. The other process to be
excluded is pile-up: if two pump photons happen to hit on the
same pixel in the same shot, it could produce an event at
11.2 keV, overlapping the Ka1 fluorescence. Moreover, such a
‘two-photon’ process would have a quadratic pulse-energy depen-
dence. However, the pile-up rate is estimated to be on the order
of 1 × 10212 events/pixel/shot, because the probability of detecting
one 5.6 keV photon in a particular pixel is "1 × 1026 counts/pixel/-
shot (Fig. 1c). Accordingly, we conclude that the observed signal at
10 keV is due to Ka1 fluorescence from X-ray TPA.

However, one may notice that the TPA fluorescence at higher
pulse energies deviates below the quadratic. This suppression is
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X-Ray Second Harmonic Generation
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We report clear experimental evidence for second harmonic generation at hard x-ray wavelengths.
Using a 1.7 Å pumping beam generated by a free electron laser, we observe second harmonic generation in
diamond. The generated second harmonic is of order 10 times the background radiation, scales
quadratically with pump pulse energy, and is generated over a narrow phase-matching condition. Of
importance for future experiments, our results indicate that it is possible to observe nonlinear x-ray
processes in crystals at pump intensities exceeding 1016 W=cm2.

DOI: 10.1103/PhysRevLett.112.163901 PACS numbers: 42.65.Ky, 78.70.Ck

It is now 40 years since Freund [1] and Eisenberger [2]
and colleagues described a theory for the nature of a solid-
state dense plasma nonlinearity that is operative at x-ray
wavelengths. The main assumption of this model is that
since all pertinent photon energies are much higher than
the binding energies of the electrons in light elements, the
electrons can be treated as free particles, and the dominant
nonlinearity is a plasmalike nonlinearity. This nonlinearity
is very different from conventional nonlinearities in the
visible regime. It is nonlocal, second order, and may be
observed in centrosymmetric materials, but requires a
nonuniform electron density. Unlike visible light, which
interacts only with valence electrons, x-ray radiation
interacts with both the valence and core electrons. It is
well known that if the interacting photon energies are all
above the electron binding energies, as in the case of the
x rays, the magnitudes of nonlinearities are very small.
Consequently, previous to the work reported here, hard
x-ray nonlinearities have only been observed in parametric
down-conversion [2–9]. The key factor for those experi-
ments is the large number of vacuum fluctuation modes at
x-ray wavelengths. Thus, although the parametric gain is
very small, coincidences of the generated signal and idler
photons can be measured even when the pump source is an
x-ray tube [2].
X-ray free electron lasers (XFELs) are revolutionizing

the study of atomic-scale structure and dynamics [10–17].
For applications including coherent imaging, focused
intensities in excess of 1019 W=cm2 are often used [18].
At these intensities, the x-ray matter interaction is charac-
terized by multiple sequential ionization, raising questions
for interpretation of experiments [10–17,19]. Recently,

Glover and colleagues have demonstrated the nonlinear
wave mixing of x-ray and near-infrared beams [20].
However, the efficiency in those experiments depends on
the intensity of the infrared laser and not on the intensity
of the x-ray laser. On the other hand, the high peak power of
the XFEL is critical for the observation of most x-ray
nonlinear effects. For example, the theory based on the
plasma nonlinearity predicts that the observation of x-ray
second harmonic generation (SHG) requires pump inten-
sities exceeding 1015 W=cm2. These intensities are orders
of magnitude larger than the damage threshold in the visible
regime, and the corresponding electric field strengths are
nearly the atomic field.
In this Letter, we report an experimental investigation of

one of the most fundamental nonlinear processes at x-ray
wavelengths. We measure the generation of the second
harmonic of a 1.7 Å (7.3 keV) pumping beam from the
SACLA XFEL. Working at an average intensity of
∼1016 W=cm2, and using a diamond crystal, we observe
a SHG signal at a rate of about 1 photon for every 150 x-ray
laser shots. This signal is about 10 times higher than the
background. The second harmonic beam is generated in a
narrow angular range of ∼0.2 mrad full width at half
maximum (FWHM) and scales quadratically with pump-
pulse energy.
Similar to SHG in the visible regime, the efficiency of

x-ray SHG depends strongly on phase matching. Unlike
visible SHG, at hard x-ray wavelengths, phase matching
cannot be achieved in the forward direction. However, it
can be achieved in other directions by using the periodic
nature of the electron density in crystals. Phase matching
occurs when 2~kω þ ~G ¼ ~k2ω, where ~kω, ~k2ω are the internal
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environments has invigorated structural analysis in vivo, at room 
temperature and during chemical reactions11,12.

SFX is contingent on a reliable and tractable supply of protein 
crystals to complete the data collection. Tens of thousands of 
diffraction patterns from specimens in random orientations are 
required to obtain a structure at a resolution of a few angstroms. 
One method of serial sample loading is to use liquid microjet 
injection13. With the continuous liquid flow forming a stable jet 
stream, a rather large sample is required, and less than 0.01% of 
the crystals are typically exposed to X-ray pulses14. This often 
requires 10–100 mg of microcrystals; consequently, the applicabil-
ity of SFX to proteins with low expression or poor crystallization 
is limited. Further, protein crystals stable in high-salt solutions 
or suspended in a viscous medium such as the lipidic cubic 
phase (LCP) require an alternative method. A microextrusion 
of crystals embedded in LCP directly from a syringe with a fine 
needle (inner diameter (i.d.) of ~50 Mm) enabled investigation  
of the 5-HT2B receptor using much smaller sample amounts  
(~0.3 mg), but this approach is probably limited to proteins crys-
tallized in LCP15,16. A more universal method that is applicable to 
a wide variety of proteins is essential to firmly establish SFX.

Here we introduce a mineral oil–based grease matrix as a 
generic carrier of protein microcrystals for SFX using XFELs. The 
grease matrix provides maximum adaptability for most classes of 
proteins with a straightforward sample-loading procedure, pro-
tection from structural deformation induced by the mechanical 
stress of osmotic pressure present in other viscous media, and 
preservation of the aqueous environment of the native protein 
molecules. We successfully applied the grease-matrix carrier to 
various proteins including lysozyme, glucose isomerase, thauma-
tin and fatty acid–binding protein type 3 (FABP3) in SFX experi-
ments and obtained electron density maps beyond 2-Å resolution 
using <1 mg of micrometer-sized protein crystals.

We carried out SFX experiments using femtosecond X-ray 
pulses from the SPring-8 Angstrom Compact Free Electron Laser 
(SACLA)6. The X-ray wavelength was kept at 1.24 Å (10 keV) with 
a pulse energy of ~300 MJ contained for a 10-fs pulse duration in 
full-width at half-maximum (FWHM). We investigated four dif-
ferent types of protein crystals that are stable in different reagent 
solutions to demonstrate the general applicability of the grease 
matrix as a carrier (Supplementary Table 1). We suspended  
protein microcrystals in the grease medium with the following 
procedure (Supplementary Video 1). First, the microcrystal solu-
tion was dispensed into mineral oil–based grease spread on a glass 
slide by gentle mixing with a spatula (Fig. 1a). The grease matrix 

Grease matrix as a 
versatile carrier of 
proteins for serial 
crystallography
Michihiro Sugahara1, Eiichi Mizohata2, Eriko Nango1,  
Mamoru Suzuki1,3, Tomoyuki Tanaka1, Tetsuya Masuda1,4,  
Rie Tanaka1, Tatsuro Shimamura5, Yoshiki Tanaka5, 
Chiyo Suno5, Kentaro Ihara5, Dongqing Pan6,  
Keisuke Kakinouchi7, Shigeru Sugiyama7,  
Michio Murata7, Tsuyoshi Inoue2, Kensuke Tono8,  
Changyong Song1, Jaehyun Park1, Takashi Kameshima8,  
Takaki Hatsui1, Yasumasa Joti8, Makina Yabashi1 &  
So Iwata1,5

Serial femtosecond X-ray crystallography (SFX) has 
revolutionized atomic-resolution structural investigation 
by expanding applicability to micrometer-sized protein 
crystals, even at room temperature, and by enabling dynamics 
studies. However, reliable crystal-carrying media for SFX are 
lacking. Here we introduce a grease-matrix carrier for protein 
microcrystals and obtain the structures of lysozyme, glucose 
isomerase, thaumatin and fatty acid–binding protein type 3 
under ambient conditions at a resolution of or finer than 2 Å.

Recent availability of intense, femtosecond X-ray pulses from  
X-ray free-electron lasers (XFELs) has opened a new era in  
structural biology by allowing the acquisition of diffraction pat-
terns before the onset of X-ray radiation damage, or ‘diffraction 
before destruction’, via single-pulse exposures1–6. Diffraction 
signals up to a few angstroms in resolution can be obtained from 
even submicrometer-size crystals, thereby greatly alleviating  
the challenge of producing large crystals. A single-pulse X-ray  
exposure will completely destroy small individual crystals;  
therefore, fresh specimens must be supplied for subsequent X-
ray pulses to continue data acquisition. This approach is known  
as SFX2. Since its first demonstration with photosystem I, SFX 
has been successfully applied to various protein systems7–10.  
In particular, the adaptability of SFX to proteins in different  
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radiation damage, showed that the femtosecond exposure time 
is markedly shorter than the time needed for the development of 
radiation damage4,5.

In the serial femtosecond crystallography approach, a stream of 
microcrystals is flowed into the XFEL beam such that occasion-
ally a microcrystal will be hit with an X-ray pulse and produce a 
diffraction pattern. The intensity of Bragg spots, each of which  
is regarded as a diffraction from a three-dimensional periodic 
structure, must be reconstructed in a Monte Carlo approach6, 
which involves taking the average of many independent observa-
tions of the intensity of each Bragg spot from different microcrys-
tals illuminated by XFEL pulses having variable pulse parameters. 
As the total diffraction count generally scales linearly with the 
crystal volume interacting with the X-ray, a large crystal is desir-
able for high-resolution data collection7, even though there are 
potential drawbacks, such as extensive mosaicity and lattice 
defects. Large crystals also afford the capacity to record a series 
of diffraction images in a known rotation sequence, which allows  
accurate scaling and merging of data using existing tools  
developed for traditional crystallography instead of a Monte  
Carlo approach that requires highly redundant observation of the 
intensity of Bragg spots.

In our approach, we rotated a large single crystal with a  
size range of several hundred micrometers by a small angle in a 
stepwise fashion in order to record still diffraction images that 
are discrete and sequential in the course of the crystal rotation. 
The size of the stepwise crystal rotation, specifying how finely  
a diffraction spot is sampled along the crystal rotation, has a  
profound effect on the quality of the resultant diffraction data. 
We obtained preliminary experimental results using sequential 
still diffraction images of a lysozyme crystal collected at beamline 
BL26B2/SPring-8, finding that one-third of a crystal mosaicity 
was an optimal step size (Online Methods).

We recorded each diffraction image from an independent 
portion of the crystal, translating the crystal before every X-ray 
pulse irradiation so as to maintain a 50-Mm distance apart from 
neighboring beam footprints (Fig. 1a). The translational size of  
50 Mm was experimentally determined to be a size free of  
radiation damage (Online Methods and Fig. 1b).

We applied the method to multiple crystals of bovine heart 
cytochrome c oxidase (CcO)8, an O2 reduction–coupled proton 
pump with a unit cell volume of 6.7 MÅ3, at experimental hutch 3 
of beamline 3 of SACLA9, to elucidate the radiation damage–free 
ligand structure of CcO in the fully oxidized ‘resting fast’ state 

Determination of damage-
free crystal structure 
of an X-ray–sensitive 
protein using an XFEL
Kunio Hirata1,2,9, Kyoko Shinzawa-Itoh3,9,  
Naomine Yano2,3, Shuhei Takemura3, Koji Kato3,8, 
Miki Hatanaka3, Kazumasa Muramoto3,  
Takako Kawahara3, Tomitake Tsukihara2–4,  
Eiki Yamashita4, Kensuke Tono5, Go Ueno1,  
Takaaki Hikima1, Hironori Murakami1,  
Yuichi Inubushi1, Makina Yabashi1, Tetsuya Ishikawa1, 
Masaki Yamamoto1, Takashi Ogura6, Hiroshi Sugimoto1,  
Jian-Ren Shen7, Shinya Yoshikawa3 & Hideo Ago1

We report a method of femtosecond crystallography for solving 
radiation damage–free crystal structures of large proteins at 
sub-angstrom spatial resolution, using a large single crystal  
and the femtosecond pulses of an X-ray free-electron laser 
(XFEL). We demonstrated the performance of the method  
by determining a 1.9-Å radiation damage–free structure 
of bovine cytochrome c oxidase, a large (420-kDa), highly 
radiation-sensitive membrane protein.

The modern synchrotron has contributed to high-resolution  
crystal structure determination by providing an especially bright 
X-ray beam. However, a method of radiation damage–free crystal 
structure analysis of proteins has not been fully realized. This is 
because reactive species, which form on a picosecond timescale 
upon X-ray irradiation, attack the molecules in the crystal even 
at cryogenic temperatures1,2.

We report a radiation damage–free data collection method, 
developed at the SPring-8 angstrom compact free-electron laser 
(SACLA) facility and based on a combined usage of a large crystal 
and the femtosecond X-ray pulses of an XFEL. A femtosecond 
X-ray pulse provides a diffraction image before the chemical 
structure of the protein is destroyed by the X-ray pulse3. Early 
studies using photosystem II, a metalloprotein susceptible to such 
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X-ray fluorescence spectroscopy demonstrates that a single core-hole krypton with a 170-as lifetime

can be photoionized again to a double core-hole state by an intense x-ray pulse. The observation indicates

that unconventional interaction between intense x rays and atoms is no more negligible in applications

with x-ray free-electron lasers. Quantitative analysis of the double core-hole creation including effects of a

pulsed and spiky temporal structure enables estimation of the x-ray pulse duration in the sub-10-fs range.

DOI: 10.1103/PhysRevLett.111.043001 PACS numbers: 32.80.Fb, 41.50.+h, 42.65.!k

Intense femtosecond x rays from free-electron lasers
(FELs) [1,2] open up novel opportunities in diffractometry,
such as the diffract-before-destroy scheme in protein crys-
tallography [3–6]. On the other hand, conventional x-ray
crystallography is based on the assumption that the scat-
tering atoms are in the ground state. It is not trivial whether
the assumption is still valid for intense x rays from FEL.
Recently, it has been shown that intense soft x rays can
strip all of the electrons from a neon atom [7,8]. Although
hard x rays interact with atoms less strongly than soft
x rays do, the scattering process by intense hard x rays
might also enter the unexplored regime where excited
atoms with core holes also act as scatterers in a molecule
or a crystal.

The scattering properties of atoms are considered to
change drastically [9,10], when incident x rays photoionize
a 1s (K-shell) electron. The well-localized K shell domi-
nates the reflection intensities at higher scattering angles,
and the absence of a K-shell electron may limit the achiev-
able spatial resolution in structural analysis. The creation
of a core hole in the K shell shifts the absorption edge to a
higher energy and is predicted to suppress anomalous
dispersion [11], which could have a significant effect on
solving the phase problem in single- or multiwavelength
anomalous diffraction [12]. Thus, experimental study on
the core-hole states is of crucial importance for x-ray
nonlinear optics as well as x-ray FEL applications. The
first and inevitable step is to observe x-ray interaction
with core-hole states and to understand the process
quantitatively.

In this Letter, we report the first observation of the
double core-hole (DCH) creation by sequential hard
x-ray photoionization. We measure x-ray fluorescence
from krypton atoms to investigate core-hole states, while
the soft x-ray DCH observation used the charged particle
spectroscopy [7,13,14]. The fluorescence spectroscopy is
feasible and becomes efficient for medium-Z atoms due to

higher fluorescence yield. Figure 1 illustrates the initial
processes in atoms excited by intense x rays. The x-ray
fluorescence by F1 and F2 provides valuable information,
such as the numbers of neutral and single core-hole (SCH)
atoms interacting with x rays. Observation of F2 gives
direct evidence of x-ray interaction with the SCH atoms.
In addition, we analyze quantitatively P1 and P2 and
estimate the pulse duration in the sub-10-fs range.
The advantage of choosing krypton as the target is

twofold. First, krypton is a monoatomic gas and frees us
from the complexity of the two-site DCH state [13,14].
Second, krypton lies in the fourth row of the periodic table,
two places from selenium, which is widely used for the
anomalous phasing in protein crystallography by substitut-
ing for sulfur in amino acids [15]. Studies of krypton thus
provide a benchmark for evaluating the nonlinear response
of selenium.

FIG. 1 (color online). Schematic diagram of x-ray photoioni-
zation and decay processes in krypton. A 15-keV x-ray photon
creates an SCH atom by photoexciting the K electron (P1). The
SCH state decays with a 170-as lifetime by emitting x-ray
fluorescence (F1) or the nonradiative Auger process (A1), eject-
ing another electron. Intense x rays can excite the remaining K
electron before decay (P2), producing a DCH atom with two K
holes. The DCH state decays by F2 or A2. Minor or higher-order
processes are not shown.
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We have investigated multiphoton multiple ionization dynamics of xenon atoms using a new x-ray

free-electron laser facility, SPring-8 Angstrom Compact free electron LAser (SACLA) in Japan, and

identified that Xenþ with n up to 26 is produced at a photon energy of 5.5 keV. The observed high charge

states (n " 24) are produced via five-photon absorption, evidencing the occurrence of multiphoton

absorption involving deep inner shells. A newly developed theoretical model, which shows good

agreement with the experiment, elucidates the complex pathways of sequential electronic decay cascades

accessible in heavy atoms. The present study of heavy-atom ionization dynamics in high-intensity hard-x-

ray pulses makes a step forward towards molecular structure determination with x-ray free-electron lasers.

DOI: 10.1103/PhysRevLett.110.173005 PACS numbers: 32.80.Fb, 02.70.Uu, 32.80.Wr, 41.60.Cr

Multiphoton processes in the optical regime are well-
known phenomena investigated for decades. The advent of
extreme ultraviolet [1,2] and x-ray [3] free-electron lasers
(FELs), with femtosecond pulse width, has led to renewed
interest in multiphoton processes in the extreme ultraviolet
to x-ray spectral region. Some of the recent works on atoms
and small molecules were carried out at FLASH [1] in
Germany [4–6] and at the SCSS test accelerator [2] in
Japan [7–11], as well as at LCLS [3] in USA [12–19].
The motivation for these studies has been not only to reveal
the pathways of the multiphoton multiple ionization newly
opened by these light sources [4,10–13,20–24] but also
to employ these processes as the basis for a new type of
spectroscopy for chemical analysis [17,18,25]. These
processes have attracted broad and intense attention in
connection with electronic radiation damage [26] in x-ray
imaging. So far, however, multiphoton experiments have
been limited to the photon energy range up to 2 keV, i.e.,
the upper photon energy limit of the AMO beam line at
LCLS. Multiphoton processes at higher photon energies
are of particular importance because of their direct

relevance for the electronic damage in high-resolution
x-ray imaging measurements.
Femtosecond crystallography with x-ray free-electron

lasers (XFELs) [27,28] is in the process of revolutionizing
molecular structure determination, but the phase problem
remains a major obstacle to structural reconstruction from
measured x-ray scattering patterns. A promising approach
to solving the phase problem in a rigorous way is high-
intensity multiwavelength anomalous diffraction [29],
which makes use of heavy atoms as reference scatterers.
This technique (and related techniques) requires the ability
to describe the dynamical behavior of heavy atoms in high-
intensity hard-x-ray beams. Thus, the current experiment,
which will be described below, is a fundamental test of
our ability to provide such a description. The description is
enormously challenging because of the complex dynami-
cal pathways accessible in heavy atoms when using hard
x rays. Therefore, with the current experiment and theory,
we are taking a step towards addressing the phase problem
in femtosecond crystallography using XFELs.
In March 2012, a new XFEL facility, the SPring-8

Angstrom Compact free electron LAser (SACLA) [30],
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Native structure of photosystem II at 1.95 Å
resolution viewed by femtosecond X-ray pulses
Michihiro Suga1*, Fusamichi Akita1*, Kunio Hirata2,3, Go Ueno2, Hironori Murakami2, Yoshiki Nakajima1, Tetsuya Shimizu1,
Keitaro Yamashita2, Masaki Yamamoto2, Hideo Ago2 & Jian-Ren Shen1

Photosynthesis converts light energy into biologically useful chem-
ical energyvital to life onEarth.The initial reactionofphotosynthesis
takes place in photosystem II (PSII), a 700-kilodalton homodimeric
membraneprotein complex that catalyses photo-oxidation ofwater
into dioxygen through an S-state cycle of the oxygen evolving com-
plex (OEC). The structure of PSII has been solved by X-ray diffrac-
tion (XRD) at 1.9 ångström resolution,which revealed that theOEC
is aMn4CaO5-cluster coordinatedby awell definedprotein environ-
ment1.However, extendedX-ray absorption fine structure (EXAFS)
studies showed that themanganese cations in the OEC are easily re-
duced byX-ray irradiation2, and slight differenceswere found in the
Mn–Mn distances determined by XRD1, EXAFS3–7 and theoretical
studies8–14.Herewe report a ‘radiation-damage-free’ structureofPSII
from Thermosynechococcus vulcanus in the S1 state at a resolution
of 1.95 ångströms using femtosecond X-ray pulses of the SPring-8
ångströmcompact free-electron laser (SACLA)andhundredsof large,
highly isomorphousPSII crystals.Comparedwith the structure from
XRD, the OEC in the X-ray free electron laser structure hasMn–Mn
distances that are shorter by 0.1–0.2 ångströms. The valences of each
manganese atom were tentatively assigned as Mn1D(III), Mn2C(IV),
Mn3B(IV) andMn4A(III), basedon the averageMn–liganddistances
and analysis of the Jahn–Teller axis on Mn(III). One of the oxo-
bridged oxygens, O5, has significantly longer distances to Mn than
do the other oxo-oxygen atoms, suggesting that O5 is a hydroxide
ion instead of a normal oxygen dianion and therefore may serve as
oneof the substrateoxygenatoms.These findingsprovide a structural
basis for themechanismof oxygen evolution, andwe expect that this
structurewill provide a blueprint for the designof artificial catalysts
for water oxidation.
PSII is a multi-subunit pigment-protein complex embedded in the

thylakoid membranes of higher plants, green algae and cyanobacteria,
and is the only molecular machine capable of oxidizing water by use of
visible light. Water molecules are split into electrons, hydrogen atoms
and oxygenmolecules at the catalytic centre of PSII, namely, the OEC,
through four electron and/or proton removing steps as described in the
Si-state cycle (with i5 0–4, where i indicates the number of oxidative
equivalents accumulated). Because of its ability to split water, the OEC
is considered apromising template for the synthesis of artificial catalysts
forwater-splitting aimedat obtaining clean and renewable energy from
sunlight, which is considered a promising way to supplement the con-
sumption of limited and environmentally unfriendly fossil fuels.
Inorder to elucidate themechanismof thewater-splitting reaction, the

structure of PSII has been studied extensively byXRD,with a resolution
that has gradually increased from 3.8 to 1.9 Å using synchrotron radi-
ation (SR) X-ray sources1,15–18. In particular, the SR structure of PSII at
atomic resolution revealed that theOEC is aMn4CaO5 cluster organized
into a distorted-chair shape, in which the cuboidal part is composed of
Mn3CaO4 and the outermanganese is attached via twom-oxo-bridges1.
The high-resolution structure also revealed that four water molecules

are coordinated to theMn4CaO5 cluster, amongwhich, two are coordi-
nated to the Ca21 ion and two are attached to the outer manganese1

(designatedMn4A; the naming of theMn ions employed in this study
combines the nomenclatures of those used in the EXAFS4 and XRD1

studies). Although these provided an important structural basis for the
mechanismofwater-splitting, the averageMn–ligand andMn–Mndis-
tanceswere found tobe slightly longer than thosededuced fromEXAFS3–7

and fromcomputational analysis based on the SR structure8–14. This has
been suggested to result from radiation damage, as hydrated electrons
generated by X-ray irradiation19 are able to reducemetal catalytic cen-
tres (such as the OEC in PSII) rapidly, although the SR PSII structure
at 1.9 Å resolutionwas obtainedwith anX-raydosemuch reduced com-
pared to those used previously15–18. Based on the EXAFS analysis, the
dose used for collecting the SR structure at 1.9 Å resolutionmay cause
25% of the Mn ions in the OEC to be reduced to 21 ions2. Such radi-
ation damage to biological samples is inevitable with SRX-ray sources,
since the shortest time to collect a diffraction image is of the order of one
second,which is long enough for structural changes tooccuruponbreak-
age of covalent bonds by the radicals generated by the strong X-ray
irradiation.
In order to eliminate the radiation damage, a new approach employ-

ing a femtosecondX-ray free electron laser (XFEL) has been developed
whichdemonstrated that a radiation-damage-free structuremaybeob-
tained by using the ultra-short and high-brilliance XFEL pulses to col-
lect diffraction imagesbefore theonset of radiationdamage (a ‘diffraction
before destruction’ approach)20. So far XFEL has been mainly used to
collect diffractiondata fromnanocrystalsusing themethodof serial fem-
tosecond crystallography (SFX), in which a stream of nanometre-to-
micrometre sized crystals flowsacross theXFELbeamanda largenumber
of single-crystal diffraction data are collected in random orientations
at room temperature, and the data obtained are processed by aMonte
Carlo approach21–23.However, asdiffraction intensities are proportional
to the diffraction volume and inversely proportional to the unit cell
volume24, the resolutionobtainablewith thismethod is limited, especially
for large membrane protein complexes such as PSII and cytochrome c
oxidase (CcO), whose unit cell volumes exceed 6MÅ3. In addition, the
nanometre–micrometre sized crystals used for SFX are often obtained
under sub-optimal conditions, and their properties are easily affected
by post-crystallization handling procedures; all of these will limit the
resolution of large membrane protein crystals. Very recently, it was
demonstrated that a radiation-damage-free structure can be obtained
from large crystals using the XFEL beam by collecting still diffraction
images at a cryogenic temperature from well separated positions in a
crystal and by using a number of large, highly isomorphous crystals.
Thismethod has been used successfully to obtain a radiation-damage-
free structure of CcO at 1.9 Å resolution25. Here we determined the
radiation-damage-free structure of PSII in the dark-stable S1 state
by use of this method and hundreds of large PSII crystals with high
isomorphism.
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Direct observation of bond formation in solution
with femtosecond X-ray scattering
Kyung Hwan Kim1,2*, Jong Goo Kim1,2*, Shunsuke Nozawa3*, Tokushi Sato3{*, Key Young Oang1,2, Tae Wu Kim1,2, Hosung Ki1,2,
Junbeom Jo1,2, Sungjun Park1,2, Changyong Song4, Takahiro Sato4{, Kanade Ogawa4{, Tadashi Togashi5, Kensuke Tono5,
Makina Yabashi4, Tetsuya Ishikawa4, Joonghan Kim6, Ryong Ryoo1,2, Jeongho Kim7, Hyotcherl Ihee1,2 & Shin-ichi Adachi3,8

Themaking and breaking of atomic bonds are essential processes in
chemical reactions. Although the ultrafast dynamics of bond break-
ing have been studied intensively using time-resolved techniques1–3,
it is very difficult to study the structural dynamics of bondmaking,
mainly because of its bimolecular nature. It is especially difficult to
initiate and followdiffusion-limitedbondformation in solutionwith
ultrahigh time resolution. Here we use femtosecond time-resolved
X-ray solution scattering to visualize the formation of a gold trimer
complex, [Au(CN)2

–]3 in real time without the limitation imposed
by slow diffusion. This photoexcited gold trimer, which has weakly
bound gold atoms in the ground state4–6, undergoes a sequence of
structural changes, andour experiments probe thedynamicsof indi-
vidual reaction steps, including covalent bond formation, the bent-
to-linear transition, bond contraction and tetramer formationwith
a time resolution of 500 femtoseconds. We also determined the
three-dimensional structures of reaction intermediates with sub-
ångström spatial resolution. This work demonstrates that it is pos-
sible to track in detail and in real time the structural changes that
occurduring a chemical reaction in solutionusingX-ray free-electron
lasers7 andadvancedanalysisof time-resolved solutionscatteringdata.
The functional efficiencies of photoactivemolecules are governed by

long-lived electronic excited states that aredirectly involved in functional
transitions of themolecules. In fact, early stages of their photoinduced
reactions, involving bond breaking and bond making, determine the
fate of the excitedmolecules and it is therefore crucial to understand the
mechanism of the initial reaction steps leading to the functional transi-
tions. For several decades, ultrafast bond-breaking processes in various
molecular systems have been studied intensively using time-resolved
techniques1–3.Unlike bondbreaking,which is essentially aunimolecular
process and can therefore be initiated by laser photolysis in a synchro-
nizedmanner, bondmaking is inmost cases a bimolecular process that
requires two reactant parties tomeet eachother to formachemical bond.
The reaction rate of a bimolecular process is generally limited by slow
diffusion of the reactants through the solvent and it is thus difficult to
synchronize laser excitation with the moment that they meet. There-
fore, it is challenging to initiate and follow the bimolecular processwith
ultrahigh time resolution, although a few special experimental schemes
have overcome this obstacle in the case of electron or proton transfer
reactions8,9.
In this regard, a Au oligomer complex, [Au(CN)2

–]n, offers a good
model system in which to study the dynamics of bond formation in
solution4,10–12. Au(I) atoms in [Au(CN)2

–]n experience a non-covalent
interatomic interaction caused by the relativistic effect called aurophi-
licity11,12. Owing to aurophilicity, Au(I) atoms can be weakly bound to
eachother byvanderWaals interactions, forminganaggregate complex

[Au(CN)2
–]n even without covalent bonds. On photoexcitation of the

complex, an electron is excited from an antibonding orbital to a bond-
ingorbital, leading to the formationof covalentbonds amongAuatoms4.
Because Au atoms in the ground state of [Au(CN)2

–]n are located in
close proximitywithin the same solvent cage, the formation of covalent
Au–Au bonds occurs without being limited by slow diffusion through
the solvent. Therefore, the ultrahigh time resolution necessary to probe
this bond-making process can be achieved, as in typical unimolecular
reactions synchronized with laser photolysis, but the ensuing reaction
is like a bimolecular reaction between Au(CN)2

– monomers.
Recently, ultrafast Au–Au bond formation in a Au trimer complex,

[Au(CN)2
–]3,was investigatedusing transient absorptionspectroscopy5,

and the transient changes in absorption were observed with time con-
stants of variously 500 fs, 2 ps and 2 ns. The first kinetic component
(500 fs)was ascribed to the intersystem crossing to a triplet state, which
is presumably preceded by rapid contraction of Au–Au bonds within
500 fs. The secondkinetic component (2 ps)was assigned to conforma-
tional change frombent to linear structure.However, because the tran-
sient absorption signal is not directly related to themolecular structure,
those structural assignmentswere based solely on theoretical electronic
absorption spectra of model structures. As a result, those structural
assignments were disputed by a recent study using quantum chemical
calculation6. According to the ab initio molecular dynamics simula-
tion, the bent-to-linear transition occurs on the 500 fs timescale but
was assigned to the 2 ps kinetic component in the transient absorption
study. Such discrepancies between experiment and theory,mainly due
to limited structural information obtained from experiments, are not
limited to this particular system but are a common problem in chem-
istry in general.
To resolve this discrepancy, we applied time-resolvedX-ray solution

scattering13 (TRXSS) to the sameAu trimer complex. TRXSS is an effec-
tivemethod for probing photoinduced structural changes ofmolecules
in solution andhas beenused to reveal the dynamics andmechanismof
various molecular reaction systems ranging from small molecules14–17

to biological macromolecules18,19. Although subpicosecond time reso-
lution has been achieved in the case of X-ray20–23 and electron24–26 dif-
fraction of solid samples and in X-ray absorption spectroscopy27 of
liquid samples, the temporal resolutionofTRXSSbased on synchrotron
radiation13 has been limited to only 100 ps, thus preventing the obser-
vation of ultrafast processes on the timescales of femtoseconds to pico-
seconds. This limit can be overcome with the recent development of
X-ray free-electron lasers (XFELs), which generate ultrashort (,100 fs
long) X-ray pulses with,1012 photons per pulse28,29. As a result, it has
becomepossible to explore chemical andbiological processes occurring
on subpicosecond timescales usingTRXSS30. In thiswork, byperforming

*These authors contributed equally to this work.
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-> Talk by Prof. Ihee (KAIST) on Mar. 11

by W. L. Bragg

“It was a wonderful time. Like discovering a new 
goldfield where nuggets could be picked up on the 
ground, with thrilling new results every week”.

Similar to early days of X-ray crystallography ??

50 papers/year -> 1 paper / 1 experiment !!

-> Talk by Prof. Iwata (Kyoto U) on Mar. 11



XFELs are becoming popular tools like synchrotron X-ray sources

XFEL experiments are gradually maturing.

Currently, most researchers are trying to reveal unexplored information about the samples, 
rather than carry out the principle-of-proof experiments.

Improving qualities of XFELs should be a key for maximizing scientific outputs

e.g. some kinds of experiments are standardized (SFX, pump-probe).

Now that SACLA team is almost done with initial R&D for the machine and 
standardization of experimental set-up.

It’s a good timing to discuss about what direction we should go for next 10 years.



Photon parameters compared to other XFEL facilities

Photon energy 
(fundamental) Unique modesPulse 

energy
Duration 
(FWHM)

~6 fs 

(fixed)4-22 keV

0.25-12.8 keV

(up to 25 keV@


LCLS-II HE)

up to 1 mJ

~4 mJ for 30 fs pulse

(proportional to

pulse duration) 

Rep. rate

BL2+BL3: 

60 Hz in total

2.7 kHz

(4.5 MHz for 

intra-train)

Variable

(nominally, 30 fs)

•Two-color

•Self-seeding

120 Hz

(1 MHz 


@LCLS-II HE)

20-60 fs

Variable

(nominally, 120 fs)

•Variable

(10-40 fs)

Under

commissioning


(two-color, self-seed)

•Two-color

•Self-seeding

•Attosecond

5-24 keV 0.5-4 mJ

•Two-color

•Large bandwidth

•Attosecond

2-12 keV
~0.5 mJ for 120 fs pulse


(proportional to

pulse duration) 

100 Hz

•Two-color

•Self-seeding2-15 keV 60 Hz~1 mJ

😨 😨

•Enhance strong points? 
•Overcome weak points?



Moving SACLA forward: short- and long-term development plans

Short-term 
(2021~2023)

Maximize performance

of existing machine

Long-term 
(5-10 years from now)

Upgrade machine 
to make breakthroughes in 


photon qualities
Software development

•Machine learning-based

accelerator tuning

•Pulsed quadrupole(Q) magnets Candidates/ideas for future upgrades

•New electron gun (pulse energy↑)

•THz acceleration (photon energy↑)

•Slotted foil (short pulse)

•Dielectric assisted cavity (high rep rate)

etc…

1.4GeV
10kA, 10fs

6-8.5GeV
10kA, 10fs

400MeV
300A, 300fs30MeV

100A, 1ps

4-15keV
~600uJ

20-150eV
~100uJ

8GeV
0.2nC

-800MeV

Pulsed Q (quadrupole) magnet   (scheduled)

• Purpose:  Independently optimize beam envelope (focus) for BL3, BL2 and SPring-8

to increase XFEL pulse energy and mitigate CSR degradation at dog-leg.

• Method:  Install new Q magnets using silicon laminated steel core.

Replace magnet power supplies with fast current control.

Pulse-to-pulse (60 Hz) current control of Q magnets

• Schedule:  FY 2021,  manufacture magnets and power supplies.

FY 2022,  Install and commissioning

Replace Q-magnets

C-band accelerator

BL3 BL3 BL3
BL2

SPring-8

Be
am

 e
ne

rg
y

Q
-m

ag
ne

t
Cu

rr
en

t
= 

m
ag

 fi
el

d

8 GeV

7 GeV
6.5 GeV

16ms

Time-interleaved
Independent control
with good stability
(<100ppm)

In case of 
different energy

-> This talk

Hardware (accelerator) 
development

-> presented by Takahiro

“Completely decoupling BL2 and BL3 operations”



Short-term development: maximizing machine performance

(Bayesian approach using Gaussian processes)

•Difficult to find global maxima

Implemented machine learning (ML) 
optimizer for maximize the pulse energy

Issues in present FELs

Obstacles

Facility activities

Photon parameters are not reproducible.

Parameters sometimes drift with time, 
especially for unique operation modes

→ change from beam time to beam time

Small changes in electron conditions 
cause big differences in photon qualities.
Most parts of machine tuning rely on 
operators’ experiences, although number of 
accelerator components is huge. Machine 
optimization is sometimes inadequate.

cf. ML optimization at large-scale X-ray facilities

 

Demonstration of Machine Learning-Based Model-Independent Stabilization
of Source Properties in Synchrotron Light Sources
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Synchrotron light sources, arguably among the most powerful tools of modern scientific discovery,
are presently undergoing a major transformation to provide orders of magnitude higher brightness and
transverse coherence enabling the most demanding experiments. In these experiments, overall source stability
will soon be limited by achievable levels of electron beam size stability, presently on the order of several
microns, which is still 1–2 orders of magnitude larger than already demonstrated stability of source position
and current. Until now source size stabilization has been achieved through corrections based on a combination
of static predetermined physics models and lengthy calibration measurements, periodically repeated to
counteract drift in the accelerator and instrumentation. We now demonstrate for the first time how the
application of machine learning allows for a physics- and model-independent stabilization of source size
relying only on previously existing instrumentation. Such feed-forward correction based on a neural network
that can be continuously online retrained achieves source size stability as low as 0.2 μm (0.4%) rms, which
results in overall source stability approaching the subpercent noise floor of the most sensitive experiments.

DOI: 10.1103/PhysRevLett.123.194801

Introduction.—Synchrotron radiation sources, specifi-
cally third-generation storage ring light sources, have
been tremendously successful tools of scientific discov-
ery since the early 1990s [1]. As these facilities mature, a
new era of fourth-generation storage rings (4GSRs) based
on diffraction-limited storage rings (DLSRs) [2–8] is
being ushered in. These sources will increase average
brightness by 2–3 orders of magnitude while also deliv-
ering high degrees of transverse coherence, for the first
time even for x rays. High coherent flux will enable
scientists to understand material compositions and
dynamics ranging in length from microns to nanometers
and in time from minutes to nanoseconds. The most
notable and direct result of the new beam properties will
impact two techniques in particular. Ptychography [9]
will take direct advantage of an increase in coherent flux
to decrease measurement times by orders of magnitude.
This will allow for the collection of complex 3D chemical
maps with unprecedented resolution and will lead to
deeper understanding of electrochemical systems such as
batteries and fuel cells. The measurement of dynamics
and kinetics to study chemical systems is another cat-
egory that will be directly impacted by the new sources.
An emerging technique to study this is x-ray photon
correlation spectroscopy (XPCS) [10]. Ptychography as

well as XPCS rely heavily on high beam stability over
extended periods of time.
To large extent the success of storage ring light sources

lies in their stability, resulting in constant position, angle,
and intensity of radiation delivered at a tunable wavelength
with narrow width. In order to maintain constant intensity,
a combination of top-off injection (maintaining constant
beam current) [11,12] and precise control over source
position and size is required. In third-generation light sources
(3GLSs) the latter usually called for transverse beam size
stability within 10% of the rms electron beam size [13,14].
Now, however, first experiments at these sources are starting
to show limitations arising from such levels of source size
control and it is evident that DLSRs, operating at much
smaller source sizes, will call for significantly tighter control
over source size stability in order to exploit ultrahigh
brightness and transverse coherence.
State-of-the-art stabilization effort and its limitations.—

A typical example for the aforementioned source size
stabilization challenge is shown in Fig. 1. The vertical
electron beam size as measured at diagnostic beam line
3.1 [15] of Lawrence Berkeley National Laboratory’s
Advanced Light Source (ALS) is displayed during a typical
user run. While the horizontal beam size remains constant
(spikes observed in both planes at the same time are

PHYSICAL REVIEW LETTERS 123, 194801 (2019)
Featured in Physics

0031-9007=19=123(19)=194801(6) 194801-1 © 2019 American Physical Society



Machine learning based-tuning (optimizing pulse energy)

~900 uJ@4.5 keV

R&D started in the middle of 2020.


From 2020 winter, developed optimizers are used for daily machine tuning.


Already as good as best human operators.

350 uJ@9.1+8.9 keV 850 uJ@8.8 keV

Project led by  E. Iwai (SACLA)

As a next step, we are expanding ML technique to more complicated 
optimization problems (multiple parameters, beam profile) 


towards realizing tailor-made XFELs.

Significant results in 2021: pulse energy reached all-time high!



Questions from facility 
•Any other parameters we should optimize?
•Are there critical photon parameters in each science case?

Concept of tailor-made XFELs

Maximize pulse 
energy!

Boost spectral

density!

maximize pulse energy, 
while keeping


<50 eV bandwidth 

Tunable Parameters

1. Pulse energy

2. Spectral width

3. Beam size

4. Pointing stability

6. Functions using 1-5

 e.g. spectral density=(1)÷(2)

Optimize single 
parameter

Almost ready to 
release!

Optimize multiple 
parameters

Under  
development

5. Output of beamline 
instruments (e.g. Photo diode 
signal, MPCCD signal)

I have target 
values for all 

parameters (1-4)
 10 mJ,

10 atto-

seconds…

You cannot request 
unrealistic 

parameters…

(will be released soon)



Tailor-made XFELs for more demanding users/experiments

Option 1.

Option 2. (for extremely demeaning users/experiments)

Facility provides virtual data set 
of XFEL pulses (pulse energy, 

spectrum, profile)

prior to the experiment.

Users define

which pulses are 

acceptable. 

Facility staffs make an 
evaluation function (via neural 

network). 

The accelerator is tuned 

using the function.

Users evaluate XFEL pulses 
(acceptable or not) during 

the beam time.

Facility staffs 
update evaluation 

function.

Accelerator 
tuning.

iteration loop

R&D of these schemes for tailor-made XFELs is on-going.



Long-term development plan (machine upgrade)
Photon energy 
(fundamental)

Pulse 
energy

~6 fs 

(fixed)4-22 keV up to 1 mJ

Rep. rate

BL2+BL3: 

60 Hz in total

😨 😨

THz

acceleration Novel electron gun

Ultrafast 

electron beam

Due to the limited budget and man power, simultaneous development of all 
technologies is not realistic. We need to define the priority.

Note:

•How long will it take for implementing these technologies to SACLA?

•How much the photon qualities will be improved?

Ideas for improving 
photon qualities

-> Takahiro’s talk

Questions from facility 
•Which improvement(s) will be a game changer for your scientific field?
•What is the target values for respective parameters? 

Duration 
(FWHM)

Dielectric

assisted cavity


