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Intense sub-micrometre focusing of a soft X-ray free-electron laser (FEL) was

achieved by using an ellipsoidal mirror with a high numerical aperture. A hybrid

focusing system in combination with a Kirkpatrick–Baez mirror was applied for

compensation of a small spatial acceptance of the ellipsoidal mirror. With this

system, the soft X-ray FEL pulses were focused down to 480 nm � 680 nm with

an extremely high intensity of 8.8�1016 W cm�2 at a photon energy of 120 eV,

which yielded saturable absorption at the L-edge of Si (99.8 eV) with a drastic

increase of transmittance from 8% to 48%.

1. Introduction

X-ray free-electron lasers (XFELs) have produced femto-

second X-ray pulses (Emma et al., 2010; Ishikawa et al., 2012;

Shintake et al., 2008; Ackermann et al., 2007; Allaria et al.,

2012; Kang et al., 2017; Milne et al., 2017; Tschentscher et al.,

2017) with high intensity, which can be further enhanced by

using a focusing optical system. For the hard X-ray region,

total reflection optics in the Kirkpatrick–Baez (KB) config-

uration (Kirkpatrick & Baez, 1948), which consists of a pair

of one-dimensional grazing-incidence elliptical mirrors, have

been widely utilized due to their high damage threshold and

high reflectivity in a wide range of photon energies (Boutet &

Williams, 2010; Yumoto et al., 2012; Mimura et al., 2014; Kim et

al., 2018; Matsuyama et al., 2018). By tightly focusing hard

X-rays, ultra-intense X-ray light fields can be generated,

promoting research into nonlinear X-ray optics, such as X-ray

two-photon absorption (Tamasaku et al., 2014, 2018; Ghimire

et al., 2016), saturable absorption of X-rays (Yoneda et al.,

2014; Rackstraw et al., 2015) and lasing from an atomic inner

shell (Rohringer et al., 2012; Yoneda et al., 2015).

For focusing of soft X-ray FELs, the KB configuration has

been widely employed (Owada et al., 2018; Dziarzhytski et al.,

2016; Schlotter et al., 2012). However, it is more difficult to

achieve a small focus in the longer wavelength regime, because

the surface profile becomes much steeper under a higher

incident angle required for a higher numerical aperture (NA)

condition. Typical focus sizes are currently limited from one to

several micrometres. A multilayered normal-incidence mirror

in a single-reflection geometry was developed for sub-micro-

metre focusing with an intensity of 1016 W cm�2 (Nelson et al.,

2009), which enabled the observation of saturable absorption
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in solid aluminium (Nagler et al., 2009). The normal-incidence

mirror has a large numerical aperture and large acceptance,

but the multilayered structure imposes a limitation on the

wavelength to be applicable.

Recently, we have developed a new scheme to produce

high-quality grazing-incidence ellipsoidal mirrors, where a

two-dimensional focus is generated with a single optical

device. The single reflection geometry provides the advantage

of short focal lengths in both the vertical and horizontal

directions so as to produce a small focus. Furthermore, an

alignment procedure becomes straightforward with a simpler

mirror manipulator system. In order to fabricate high-NA

ellipsoidal mirrors with a steep surface profile, a two-step

fabrication process was developed. A precise quartz mandrel,

which has an ellipsoidal surface, is first fabricated (Takei &

Mimura, 2017), and the shape of the mandrel is replicated to a

thick nickel layer by means of a room-temperature electro-

forming process (Kume et al., 2014). The figure error of the

mandrel was �20 nm peak-to-valley, which is sufficiently low

for reflecting soft X-rays with a wavelength around 10 nm. A

nickel surface has a broadband reflectance for the wavelength

ranging from 10 nm to 30 nm (Henke et al., 1993). With this

process, we were able to suppress the wavefront error below

�/4, and produce a sub-micrometre focusing spot for broad-

band high-order harmonics in the extreme ultraviolet (EUV)

region (� = 10–20 nm; Motoyama et al., 2019) and for soft

X-ray synchrotron radiation (� = 4 nm; Mimura et al., 2018).

In this report, we describe a focusing system with an ellip-

soidal mirror for sub-micrometre focusing of soft X-ray FEL

pulses with high efficiency. Since the spatial acceptance of the

ellipsoidal mirror fabricated with the present process is limited

to a few millimetres, being smaller than the typical size of the

unfocused soft X-ray FEL beam, we combined a KB mirror

system as the prefocusing optics to match the incident beam

size with the acceptance of the ellipsoidal mirror. We

constructed this hybrid two-stage focusing system at the soft

X-ray FEL beamline (BL1) of SACLA (Owada et al., 2018),

and produced a 480 nm � 680 nm focus with an extremely

high intensity of 8.8 � 1016 W cm�2 at a photon energy of

120 eV. Saturable absorption in Si3N4 thin film was success-

fully observed.

2. Optical configuration

Fig. 1 shows the optical configuration. The incident beam is

prefocused using a KB system with a focal length of 2000 mm,

which was installed at SACLA BL1 as a common-use micro-

focusing device with a high reflectivity for wavelengths longer

than 4.4 nm (Owada et al., 2018). The detailed parameters of

the elliptical mirror are listed in Table 1. The ellipsoidal mirror

is located 500 mm downstream from the KB focus. Here the

beam size is reduced to 2.5 mm in 1/e2 width, which is a quarter

of the size of the incident beam to the KB system, so as to

match the spatial acceptance of the ellipsoidal mirror.

In the optical design of the ellipsoidal mirror, a higher

glancing incident angle is preferable for increasing NA,

although careful investigation is required to avoid surface

damage with the intense soft X-ray FEL pulse under the

higher incident-angle condition with larger absorption

(Khorsand et al., 2010; Hau-Riege et al., 2007; Kim et al., 2013;

Koyama et al., 2013). Before we fabricated the ellipsoidal

mirror, we checked the damage threshold of a nickel-coated

silicon wafer by irradiating 10 000 shots at different incident

angles: 140 mrad, 280 mrad and 1.52 rad (normal incidence),

as shown in Fig. 2(a). In the damage test, the soft XFEL pulses,

focused by the KB system, were irradiated on the sample as

shown in Fig. 1. The surface morphology of the irradiated

position was observed with a white-light interferometer to

determine the damage threshold. As shown in Fig. 2(b), the

damage thresholds determined show a good agreement with

the calculated value under the assumption that a single pulse is
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Figure 1
Optical configuration. The soft X-ray FEL beam is first focused by the KB mirror system and refocused by the ellipsoidal mirror. The incident beam size
to the ellipsoidal mirror is a quarter of the initial size. The system was installed at the soft XFEL beamline (BL1) of SACLA.

Table 1
Parameters of the KB mirror system and ellipsoidal mirror.

KB mirror system
(Owada et al., 2018) Ellipsoidal mirror

Mirror size Length: 600 mm Length: 50 mm
Width: 50 mm Upstream diameter: 12 mm

Downstream diameter: 5 mm
Surface material Carbon Nickel
Glancing angle �26 mrad (max) 140 mrad
Spatial acceptance 15 mm 3.5 mm
Focal length (Horizontal) 2.65 m 35 mm

(Vertical) 2.0 m



incident on the surface. The dotted line indicates the fluence

when the soft X-ray pulse with a pulse energy of 200 mJ and a

diameter of 1 mm irradiates the sample. This fluence is

considered to be the upper limit in our experimental system at

the BL1 of SACLA. The damage threshold should be higher

than this value to avoid damage on the mirror surface. We set

the maximum glancing incident angle (�max) to be 140 mrad, at

which the damage threshold is sufficiently higher than the

fluence experienced by the ellipsoidal

mirror.

The length of the ellipsoidal mirror is

designed to be 50 mm by considering

the capability of the present fabrication

process. The working distance is set to

be 10 mm. When the center of the

mirror is illuminated, the numerical

aperture is approximately given by

NA ¼
2:35D=8

f þ l=2
;

where D, l and f are the diameter of the

incident beam in 1/e2 width, the length

of the mirror and working distance,

respectively. A diffraction-limited

focusing size, given by 0.62�/NA, is

evaluated to be �370 nm at a wave-

length (�) of 12.4 nm and D of 2.5 mm.

The distance (L) from the KB focus

to the final focus is 500 mm. With the

parameters L, f and �max, we were able

to determine the surface profile of the

ellipsoidal mirror including the lengths

of the major and minor axes. The spatial

acceptance of the ellipsoidal mirror is

designed to be �3.5 mm, which is larger

than D at a photon energy of 100 eV

(� = 12.4 nm). The parameters of the

ellipsoidal mirror are listed in Table 1.

3. Characterization of the focused
beam

The experiment was performed at BL1

of SACLA, with photon energies of

100 eV (� = 12.4 nm) and 120 eV (� =

10.3 nm). The KB system was aligned to

obtain a focus of �10 mm � 10 mm. At

the final focus of the ellipsoidal mirror,

two knife-edges are installed for

performing a Foucault test and a knife-

edge scan in both the vertical and

horizontal directions. The beam profiles

and the intensity of the reflected beam

were measured with a multi-channel

plate coupled with a phosphor screen.

The ellipsoidal mirror is aligned with a

five-axis mirror manipulator consisting

of piezo electric stages that provide a rotation resolution

of �1.0 mrad.

Fig. 3 shows focused beam profiles measured in the vertical

and horizontal directions at different photon energies of

100 eV and 120 eV. We found that the focused beam sizes

defined as the full width at half-maxima were 500 nm �

550 nm and 480 nm � 680 nm at photon energies of 100 eV

and 120 eV, respectively. In addition, the focusing system can
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Figure 2
Determination of damage threshold by irradiating the soft XFEL pulses. (a) Schematic of the
experimental setup. Multiple positions on the nickel-coated substrate were irradiated by 10 000
shots of soft XFEL pulses with different average intensity. (b) Damage threshold plotted as a
function of the glancing incident angle. Filled circles are experimentally determined values and the
solid line is a calculated curve for the single-shot damage threshold. The error bars are the �2� of
the fluence fluctuation of the incident soft XFEL pulses. The dashed line indicates an estimated
fluence value (0.26 � 10�3 mJ mm�2) when the soft XFEL beam (200 mJ, diameter 1 mm) irradiates
the surface.

Figure 3
Intensity profile of the focused soft XFEL pulses measured at photon energies of 100 eV in (a) the
vertical and (b) the horizontal direction, and 120 eV in (c) the vertical and (d) the horizontal
direction. The circular dots are experimentally obtained data; the solid line is a fitted curve with
Gaussian function.



stably produce a sub-micrometre beam over at least 6 h

without realignment of the mirror.

4. Saturable absorption in the Si3N4 membrane

Assuming the typical pulse energy and pulse duration of the

soft X-ray pulses available at BL1, the power density at the

focus is estimated to be higher than 1016 W cm�2. The material

placed in such an extremely intense soft X-ray field becomes

optically transparent; this is called a saturable absorption. To

date, the saturable absorption of Sn in the EUV region

(Yoneda et al., 2009), Al in the soft X-ray region (Nagler et al.,

2009), and Fe and Cu in the hard X-ray region (Yoneda et al.,

2014, 2015) have been reported. The observation of saturable

absorption is evidence of the generation of extreme and

intense power density.

Using the present focusing system, we irradiated a 150 nm-

thick Si3N4 membrane by a nano-focused soft XFEL pulse. To

excite the L-shell electron of Si (h� = 99.8 eV) with a single

photon, the photon energy of soft XFEL was tuned to 120 eV.

The beam intensity after the sample is measured with a

photodiode covered with a 200 nm-thick Zr filter that elim-

inates the stray visible light. The pulse energy was controlled

by the gas attenuator filled with Ar. Since the estimated

atomic dose at the sample ranges from 20 eV per atom to

60 000 eV per atom, the position of the sample was transver-

sely moved for every transmission measurement as shown

in Fig. 4(a).

The minimum number of photons (Np) required for satur-

able absorption can be roughly estimated considering the

number of Si atoms in which the focused beam propagates,

absorbance of the FEL to excite L-shell electrons, pulse

duration of the FEL pulse and lifetime of L-shell vacancy. In

our experimental systems, the threshold of peak intensity for

saturable absorption is estimated to be �8.0 � 1014 W cm�2,

which can be achieved with our focusing system.

The transmittance measured through the Si3N4 membrane

is plotted as a function of a peak intensity in Fig. 4(b). Each

data point in Fig. 4(b) is derived from a single-shot measure-

ment. A peak intensity is calculated assuming that the pulse

duration is 100 fs (Kubota et al., 2019; Owada et al., 2019;

Harries et al., 2018). The transmission measured with low peak

intensities as a reference value was only 8%. However, the

transmission drastically increased with higher peak intensity

beyond 1015 W cm�2, and finally reached 48% at the highest

available peak intensity of 8.8 � 1016 W cm�2. In addition, the

peak intensity at which the transmission starts to increase is

consistent with the estimated value in the previous paragraph.

The capability for generating extremely intense soft X-ray

laser fields was proven through observation of the saturable

absorption.

5. Discussion

The hybrid soft XFEL focusing system, which combined the

KB system with the ellipsoidal mirror, was designed and

demonstrated at BL1 of SACLA. We achieved focusing of the

soft XFEL beam down to a sub-1 mm spot. The intense nano-

focused beam produced by this system induced the saturable

absorption of the L-edge of Si (99.8 eV) with an incident

photon energy of 120 eV.

Owing to a broadband reflectance of the focusing optics, the

system is available for investigation of nonlinear optical

responses of various materials with M- or L-edge binding

energies in the 50 eV to 150 eV range such as Fe, Ni and Cu as

well as Si. In addition to the high peak intensity, a spatial

resolution can be better than 1 mm for scanning microscopic

experiments. We emphasize that the nano-focusing system

could be readily realized by placing the present ellipsoidal

mirror at a position downstream of the existing focusing

system.
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Figure 4
Saturable absorption of an Si3N4 membrane induced by a focused soft XFEL pulse. (a) Schematic
of the experimental setup. The single nano-focused soft XFEL pulse was focused on the 150 nm-
thick Si3N4 membrane. The intensity of the transparent light was measured using a photodiode.
(b) Transmission of the nano-focused beam plotted as a function of the intensity for 120 eV.
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