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To shorten the duration of x-ray pulses, we present a nonlinear optical technique using atoms with core-
hole vacancies (core-hole atoms) generated by inner-shell photoionization. The weak Coulomb screening
in the core-hole atoms results in decreased absorption at photon energies immediately above the absorption
edge. By employing this phenomenon, referred to as saturable absorption, we successfully reduce the
duration of x-ray free-electron laser pulses (photon energy: 9.000 keV, duration: 6–7 fs, fluence:
2.0–3.5 × 105 J=cm2) by ∼35%. This finding that core-hole atoms are applicable to nonlinear x-ray
optics is an essential stepping stone for extending nonlinear technologies commonplace at optical
wavelengths to the hard x-ray region.
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The interaction of light with matter deviates from a linear
response with increasing intensity. The nonlinear responses
of light properties such as frequency, polarization, and
phase, lie at the heart of modern laser technologies.
The history of nonlinear optics in the hard x-ray region

can be traced back to a pioneering experiment by
Eisenberger and McCall in 1971 [1], in which they
generated two 8.5-keV x-ray photons from a single 17-
keV photon through parametric down-conversion (PDC) in
beryllium. The detailed features of x-ray PDC became
accessible to study [2–5] with the realization of synchrotron
sources, leading to new applications such as ghost imaging
[6,7] and the visualization of local optical response at
atomic resolution [8]. However, x-ray nonlinear effects that
involve interactions of multiple incident photons were
elusive until the 2010s, when the dramatic increase in
brilliance made avairable by x-ray free-electron lasers
(XFELs) [9] begun to revolutionize the field of x-ray non-
linear optics. The XFELs now provide the opportunities to
access the second- and higher-order x-ray nonlinear proc-
esses, including sum-frequency generation [10], second
harmonic generation [11,12], nonsequential two-photon
absorption [13–15], and nonlinear Compton scattering [16].
These studies were aimed at achieving a fundamental

understanding of the nonlinear x-ray response to matter,
especially the determination of cross-sections. Controlling
optical properties with the nonlinear interactions, which has
been the jurisdiction of optical lasers [17] and extreme-
ultraviolet sources based on high-harmonic generation [18–
21], is still largely untouched in the hard x-ray region. The
only exceptionhas been the demonstration of an atomic inner-
shell laser pumped by XFEL pulses [22], where x-ray pulses
with greatly improved temporal coherence were generated.

Here, we propose and demonstrate a fundamental x-ray
manipulation technique with a nonlinear effect, namely,
shortening the pulse duration. In addition to its significance
for improving the qualities of pulses from the present
XFELs, this technique can be expected to be essential for
forthcoming cavity-based XFELs [23,24] because the
duration of the x-ray pulses from these sources is inherently
long (∼100 fs) due to their extremely small bandwidth,
which is of the order of 10 meV.
Our technique employs saturable absorption (SA), a

well-known nonlinear effect which has been previously
observed in various wavelength regions [25–31] and is
characterized by the deterioration of absorption properties
in matter at high optical intensity. Recently, Yoneda et al.
[28] demonstrated SA in the hard x-ray region using atoms
with core-hole vacancies (core-hole atoms) produced by
inner-shell photoionization. They showed that irradiation
with an intense 7.1-keV XFEL pulse reduces the absorption
coefficient of an iron foil due to the weakened Coulomb
screening in the core-hole atoms, which causes shifting and
broadening of the absorption edge to higher energy.
Shortening of the XFEL pulse duration is achievable by
using an absorption medium with an absorption edge at an
energy slightly lower than the incident photon energy.
Here, the photons at the leading edge of the pulse are
largely absorbed in the medium, leading to a shift in the
absorption edge due to the enhanced population of core-
hole atoms. The remainder of the pulse is transmitted
through the medium with reduced absorption, effectively
reducing the pulse duration. The subject of this study is
thus the experimental verification of this idea for an
ultrafast shutter using copper (Cu) foil as the saturable
absorber.
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To realize SA with core-hole atoms, it is necessary to
create a large population of the core-hole states, i.e., the
photoionization rate (Rph) should be comparable to or
larger than the decay rate of the core-hole state [28]. Rph at
low incident x-ray intensities is given by Rph ¼ σphI=ðℏωÞ,
where σph, I, ℏω are the inner-shell photoabsorption cross
section per atom in the cold state, the x-ray intensity, and
the photon energy, respectively. Thus, the required intensity
for SA can be roughly estimated to be ℏω=ðσphτcÞ, where
τc is the core-hole lifetime. In the case of Cu, the required
intensity is estimated to be 2 × 1020 W=cm2 using the
parameters of ℏω ¼ 9 keV, σph ¼ 2 × 10−20 cm2, and
τc ¼ 0.4 fs. This level of intensity can be readily achieved
by focusing an XFEL pulse to a submicrometer spot.
However, an XFEL pulse with an intensity far exceeding
ℏω=ðσphτcÞ makes the absorber transparent over the whole
duration of the pulse. To shorten the pulse duration, the x-
ray intensity needs to be comparable to the required
intensity for SA, so that there is a variation in the trans-
mittance over the duration of the pulse.
The experiment was performed at beam line 3 [32,33] of

SACLA [34] using self-seeded XFEL pulses [35]. A silicon
(111) double-crystal monochromator was used to select
9.000 keV radiation (wavelength λ ¼ 0.1378 nm) with a
1-eV bandwidth (FWHM). Since the bandwidth was
smaller than the width of the absorption edge in the cold
Cu, which is∼10 eV, the transmittancewas considered to be
fairly constant over the whole photon energy range in the
incident pulse. The x-ray pulse was focused to a spot size of
130 ðhorizontalÞ × 165 ðverticalÞ nm2 (FWHM) by a
Kirkpatrick-Baez (KB) mirror system [36]. A 10-μm-thick
Cu foilwith a surface roughness of less than1 μmwas placed
at the focus, and continuously translated spatially to expose
an undamaged surface to each XFEL pulse. The wavefront
aberration at the focus caused by the roughness was
estimated to be less than λ=10. According to the
Rayleigh’s quarter-wavelength rule [37], the saturable
absorber was presumed not to change the beam shape at
the focus. The shot-by-shot pulse energy was monitored in
front of themirror by a calibrated intensity monitor [32]. The
fluence of each pulse at the focus was 0.5–3.5 × 105 J=cm2,
which corresponds to an intensity on the order
of 1019 W=cm2.
First, we measured the transmittance of the Cu foil by

monitoring the transmitted intensity with a photodiode.
Figure 1 shows the transmittance as a function of the
incident x-ray fluence. The transmittance increased with the
fluence and was higher than that for the Cu foil in the cold
state (dotted line in Fig. 1). This monotonic increase
indicates that the absorption was not fully saturated and
that transmittance varied over the duration of the pulse.
To evaluate the duration of the x-ray pulse after trans-

mitting through the Cu foil (hereafter called the transmitted
pulse), we adopted an intensity correlation technique using
x-ray fluorescence [38,39]. In this technique, the shot-by-

shot spatial distribution of the fluorescence from a material
irradiated with the x-ray pulse is measured with a two-
dimensional detector. Then, the two-point intensity corre-
lation of the fluorescence is evaluated. For pulsed chaotic
light, it is known that the degree of intensity correlation of
the light is determined by the magnitude relation between
the coherence time and the pulse duration [40–42]. Since
fluorescence is chaotic, the pulse duration of the fluores-
cence can be determined from a measurement of the
intensity correlation of the fluorescence, and thereby, the
x-ray pulse duration can be characterized by taking into
account the fluorescence lifetime.
Figure 2(a) presents a schematic of the experimental setup.

A 20-μm-thick nickel (Ni) foil was placed 300 μm down-
stream from the x-ray focus and used as a source for the
fluorescence. The spatial distribution of the Ni Kα fluores-
cence was measured with a multiport charge-coupled device
(MPCCD) detector [43] located 1.6 m downstream of the
foil. A 40-μm-thick cobalt (Co) foil was inserted behind the
Ni foil as a filter to reduce contamination from Cu Kα, Cu
Kβ, and Ni Kβ fluorescence, and allow imaging only of the
NiKα distribution. Simultaneously, the NiKα spectrumwas
measured with a spectrometer in the von Hamos geometry
consisting of a silicon (333) curved crystal and another
MPCCD detector. EachMPCCD detector was synchronized
to the XFEL pulse and recorded ∼3 × 105 images in a shot-
by-shot manner. The same measurement without the Cu foil
was also performed to measure the duration of the incident
XFEL pulse.
To evaluate the fluence dependence of the incident and

transmitted pulse duration, the fluorescence images were
sorted by the fluence at the focus. By combining the images
with the similar fluences, the intensity correlation of the Ni
Kα fluorescencewas evaluated as a function of the horizontal
(Δx) and vertical distances (Δy) between the two positions

by gð2Þf ðΔx;ΔyÞ¼N0hIðxþΔx;yþΔyÞIðx;yÞix;y;pulse. Here,
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FIG. 1. Transmittance of the 10-μm-thick Cu foil at 9.000 keV.
The dotted line shows the transmittance of the same foil in the
cold state (0.075), which was evaluated by placing the foil at an
off-focus position (x-ray fluence of ∼10−4 J=cm2).
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Iðx; yÞ is the intensity of the fluorescence at ðx; yÞ, the
brackets represent an average over different positions and
pulses, and N0 is a normalization factor set to the average
value of hIðxþ Δx; yþ ΔyÞIðx; yÞix;y;pulse for large Δx and
Δy (

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δx2 þ Δy2

p
> 750 μm). Figure 2 (b) shows a typical

example of the measured gð2Þf ðΔx;ΔyÞ. According to
Refs. [38,44], the intensity correlation function becomes

constant (gð2Þ0 ) when Δx and Δy are smaller than the trans-

verse coherence length. gð2Þ0 is related to the intensity
envelope function of the fluorescence [PðtÞ], the frequency
of the fluorescence (ν), and the normalized power spectral
density of the fluorescence [SðνÞ] as

gð2Þ0 ¼ 1þ 1

2

Z
∞

−∞
ΠðτÞjγðτÞj2dτ; ð1Þ

whereΠðτÞ ¼ R∞
−∞ PðtÞPðtþ τÞdt=½R∞

−∞ PðtÞdt�2 is the nor-
malized autocorrelation function of PðtÞ, and γðτÞ ¼R∞
0 SðνÞ expð−i2πντÞdν is the complex degree of coherence
of the fluorescence.
Figure 3(a) shows gð2Þ0 of the Ni Kα fluorescence for the

experiments with and without the Cu foil, evaluated by
fitting the intensity correlation function with a two-dimen-
sional Gaussian function. The horizontal error bars re-
present the range of fluence corresponding to the
fluorescence images used for the analysis at each data
point, while the vertical error bars show the uncertainty of

gð2Þ0 from the fitting.
We assumed that the intensity envelope function for the

x-ray pulse impinging on the Ni foil could be described by
a Gaussian function. Under this assumption, the intensity

envelope function of the Ni Kα fluorescence may be
expressed as

PðtÞ ¼ C exp

�
−

t
τf

þ σ2t
2τ2f

�
erfc

�
− tffiffiffi

2
p

σt
þ σtffiffiffi

2
p

τf

�
; ð2Þ

whereC is a constant of proportionality, σt is the root-mean-
square duration of the x-ray pulse impinging on the Ni foil,
τf ¼ 0.3 fs is the lifetime of the Ni Kα fluorescence [45],
and erfc is the complementary error function, erfcðtÞ ¼
ð2= ffiffiffi

π
p Þ R∞

t expð−x2Þdx. Since the electron bunch from
SACLA has a Gaussian-like current profile [44], a
Gaussian intensity envelope function for the incident
XFEL pulse can be assumed. Regarding the transmitted
pulse, the simulation shown below predicts that the intensity
envelope function can also be well approximated by a

Gaussian function. By substituting Eq. (2), gð2Þ0 , and the
measured power spectral density of the fluorescence into
Eq. (1) (the measured spectrum and the complex degree of
coherence of the Ni Kα fluorescence are shown in the
Supplemental Material [46]), the duration of the incident
and transmitted pulses was evaluated as a function of the x-
ray fluence at the focus [Fig. 3(b)]. Here, the errors in the
determined pulse duration originate from the uncertainty of

gð2Þ0 . The incident pulse duration was found to be nearly
constant [6–7 fs (FWHM)] regardless of the fluence. For
incident pulses with fluences of less than 2.0 × 105 J=cm2,
the Cu foil did not make a significant difference between the
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FIG. 2. (a) Schematic of the experimental setup for evaluating
the duration of the x-ray pulse after transmitting through the Cu
foil. (b) Intensity correlation function of the Ni Kα fluorescence
for an incident x-ray fluence of ð2.56� 0.14Þ × 105 J=cm2.
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FIG. 3. (a) gð2Þ0 of the Ni Kα fluorescence for the experiments
with (red circles) and without Cu foil (blue squares). (b) Duration
of the incident and transmitted pulses evaluated by the intensity
correlation technique.
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incident and transmitted pulse duration. For more intense
incident pulses (fluences of 2.0-3.5 × 105 J=cm2), the dura-
tion of the transmitted pulse was ∼4.5 fs (FWHM), i.e., the
SA of the Cu foil reduced the pulse duration by∼35%. Given
that the transmittance of the Cu foil was 30%–35% at this
fluence [Fig. 1], the peak intensity of the transmitted pulse
can be estimated to be as high as half of that of the
incident pulse.
To confirm the validity of the experimental observations

and the assumption of the Gaussian-shaped transmitted
pulse, we performed numerical calculations of optical
propagation through the Cu foil. The simulation was
performed for a 7-fs Gaussian incident XFEL pulse with
a photon energy of 9.000 keV following the same proce-
dures described in Ref. [28] and solving the rate equations
for the populations of the ground and excited states. Here,
the rate equations considered photoabsorption, spontane-
ous and induced emissions of Kα1, Kα2, and Kβ fluores-
cence, and KLL and KMM Auger processes. The rate
equations were coupled with the optical propagation
equation, and the temporal profile of the x-ray pulse at
each position inside the Cu foil was calculated.
Figure 4(a) shows simulated temporal profiles of the

x-ray pulses after transmission through a 10-μm-thick Cu
foil. The intensity envelope functions for the simulated
pulses can be well approximated by Gaussian functions,
supporting our earlier assumption made for analyzing the

experimental data. Furthermore, the simulation results
show good agreement with the fluence dependence of
the pulse shortening observed in the experiment; the
duration of the transmitted pulse starts to decrease at
∼2 × 105 J=cm2, while the duration remains almost
constant (∼5 fs) for x-ray fluences of 3–6 × 105 J=cm2.
[Fig. 4(b)]. These simulation results support our exper-
imental observations that the SA of the Cu film shortened
the x-ray pulse duration. For higher fluences, the duration
of the transmitted pulse increases with the fluence and
approaches the duration of the incident pulse [Fig. 4(b)].
Finally, we describe the potential applicability of SA for

generating shorter x-ray pulses. In principle, the pulse
duration can be further shortened by using a thick saturable
absorber. To explicitly show the possibility, we performed
numerical calculations of optical propagation through the Cu
foils with different thicknesses, following the same proce-
dures described above. Figure 4(c) shows the duration of the
transmitted pulse for a 7-fs Gaussian incident XFEL pulse
with a photon energy of 9.000 keV. Although the required x-
ray fluence for reducing the pulse duration increases with the
thickness of the foil, one can produce shorter x-ray pulses
with a thicker saturable absorber. Our previous simulation
predicts that the duration of the transmitted pulse can be
shortened to the attosecond region by using an x-ray pulse
with an intensity on the orders of 1021 W=cm2 [28]. Notably,
such high x-ray intensities have been already realized at
SACLA using state-of-the-art x-ray focusing optics [47,48].
The generation and temporal control of attosecond x-ray
pulses by SA are feasible, and fascinating subjects.
Combining the pulse shortening by SA with the recently
avariable sub-fs XFEL sources [49,50] will be promising for
realizing single-mode x-ray pulses.
In summary, we demonstrated the shortening of x-ray

pulse duration through a nonlinear x-ray interaction with
matter. By using a Cu foil as a saturable absorber, we
reduced the duration of a 9.000-keV x-ray pulse by ∼35%.
The present study proves the applicability of the core-hole
atoms as nonlinear optical devices. This finding should
prove to be an essential step towards the extension of
nonlinear technologies commonplace at optical wave-
lengths to the hard x-ray region.
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