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We evaluated the damage threshold of coating materials such as Mo, Ru, Rh, W, and Pt on Si
substrates, and that of uncoated Si substrate, for mirror optics of X-ray free electron lasers (XFELs).
Focused 1 µm (full width at half maximum) XFEL pulses with the energies of 5.5 and 10 keV,
generated by the SPring-8 angstrom compact free electron laser (SACLA), were irradiated under
the grazing incidence condition. The damage thresholds were evaluated by in situ measurements of
X-ray reflectivity degradation during irradiation by multiple pulses. The measured damage fluences
below the critical angles were sufficiently high compared with the unfocused SACLA beam fluence.
Rh coating was adopted for two mirror systems of SACLA. One system was a beamline transport
mirror system that was partially coated with Rh for optional utilization of a pink beam in the
photon energy range of more than 20 keV. The other was an improved version of the 1 µm
focusing mirror system, and no damage was observed after one year of operation. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4950723]

I. INTRODUCTION

The advent of X-ray free electron laser (XFEL) facil-
ities1,2 allows generation of extremely high intensity X-rays
with ultra-short pulses, which are of considerable interest
for several fields. However, high-intensity pulses can damage
optical elements, potentially significantly degrading the beam
quality. Thus, optical elements at XFEL facilities should
exhibit sufficient damage tolerance and high-quality optical
performance.

Total reflection mirrors are used in beamline transport
mirror systems for conducting all of the fundamental spectrum
and suppressing higher-order harmonics; they are also used
in focusing mirror systems3,4 for producing extremely high
power-density X-ray pulses. To avoid damaging optical sur-
faces, the coating materials that are used for the total reflection
mirrors at XFEL facilities are usually low-Z materials, such as
carbon and B4C. Although low-Z coating materials have a high
tolerance owing to their low absorption and high reflectivity,
a disadvantage of these materials is a small critical angle,
yielding a small glancing angle and acceptance aperture. There
has been an increasing demand for the use of metal coatings,
which have large critical angles, to obtain high-throughput
and high numerical aperture within a limited mirror length,
working distance, and installation space. Recently, the damage
thresholds of various optical materials have been reported for

a)Author to whom correspondence should be addressed. Electronic mail:
koyama@spring8.or.jp

both normal and grazing incidence conditions in the extreme
ultraviolet (EUV) and soft X-ray regions5–13 and also in the
hard X-ray region.14–21

In this paper, we systematically studied the damage
thresholds of various coating materials. We used focused
XFEL pulses from the SPring-8 angstrom compact free
electron laser (SACLA),2 with photon energies of 5.5 and
10 keV; these focused pulses were sufficient for inducing
ablation. We studied metal (Mo, Ru, Rh, W, and Pt) coatings
on Si substrates, as well as an uncoated Si substrate. We
irradiated the samples by using multiple shots in the grazing
incidence condition. Furthermore, we discuss the application
of our results on metal-coated mirrors to a beamline plane
mirror system and a focusing mirror system.

II. DAMAGE THRESHOLD FLUENCE FOR THE
GRAZING INCIDENCE CONDITION

The irradiation tolerance of optical materials can be esti-
mated by comparing the absorption dose with the melting dose.
The melting dose has been considered as a reasonable guide for
designing optical components.22–24 Table I lists the calculated
melting doses of some materials and also lists the damage
threshold doses of some of these materials, measured under
the normal incidence condition.16 Previously, we have reported
the damage threshold doses of Si, Rh, and Pt under the normal
incidence condition. The melting doses of these materials
were calculated from their thermodynamic properties, which
accounted for their temperature-dependent heat capacity and
the latent heat of melting.25
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TABLE I. The calculated melting doses of several materials and the mea-
sured threshold doses16 under the normal incidence condition.

Calculated melting dose
(eV/atom)

Measured threshold dose
(eV/atom)

Si 0.88 0.73± 0.04
Mo 1.20 . . .
Ru 1.16 . . .
Rh 0.90 0.79± 0.08
W 1.57 . . .
Pt 0.78 0.52± 0.09

For the grazing incidence condition, the damage threshold
fluence can be calculated from the melting dose Dth as22–24

Fth =
DthρNAd

A(1 − R) sin θ
, (1)

where ρ, NA, A, R, and θ are the density, Avogadro’s constant,
the atomic weight, the reflectivity, and the glancing angle,
respectively. The variable d is the energy deposition depth,

given by d =


dx
2 + de

2, where dx is the X-ray penetration
depth, calculated by using the angle-dependent absorption
coefficient µg(θ) as

1
dx
= µg(θ) = 2

√
2π
λ


(2δ − θ2)2 + 4β2 + 2δ − θ2 (2)

with the complex refractive index n = 1 − δ + i β and X-ray
wavelength λ. The variable de is the electron collision length.26

Typically, in the hard X-ray region, the penetration depth
below the critical angle is under 10 nm, owing to the formation
of an evanescent field by total reflection. On the other hand,
the electron collision length is in the 1–100 nm range,26 and
it depends on the material and on the kinetic energy of photo-
electrons excited by kilo-electron volt X-rays. The energetic
photoelectrons diffuse into a larger volume and deeper below
the sample surface, so that the deposited energy is removed
from the X-ray interaction region. Consequently, the energy
deposition depth could become large. The effect of the ener-
getic photoelectrons has been reported by using Monte Carlo
simulations.20

III. EXPERIMENTAL SETUP

The experiments were performed at the SACLA beamline
3.27 XFEL pulses (pulse duration, ∼10 fs)28 were generated
by eighteen in-vacuum undulators that generated high-energy
photons by a short undulator period. To conduct all of the
fundamental spectrum and to suppress higher-order harmonics
and gamma rays, a double plane mirror system (with carbon-
coated surfaces) was used. We chose X-ray photon energies of
5.5 and 10 keV. Figure 1 shows the schematic of the experi-
mental setup. The XFEL pulses were focused down to 1 µm
full width at half maximum (FWHM) by using a focusing
mirror system3 consisting of elliptical mirrors (with carbon-
coated surfaces), in Kirkpatrick-Baez geometry. A dedicated
irradiation chamber,16 equipped with high-precision transla-
tion stages and a rotation stage, was placed at the focal point

FIG. 1. Schematic drawing of the experimental setup. GM: gas monitor
detector, Att: attenuator, PD: Si PIN photodiode detector.

of the focusing mirror system. The focused beam size was
measured by using a knife edge scanning method. Incom-
ing XFEL pulses were monitored by using a scattering-based
intensity monitor (gas monitor) for normalizing shot-by-shot
fluctuations.29 The fluences were controlled by inserting Si
and/or Al attenuators with various thicknesses, in front of the
focusing mirrors.

Reflected pulses from the samples were measured by
using two intensity detectors, consisting of a gas monitor and a
Si PIN photodiode. A slit and the two detectors were arranged
on an optical rail positioned by two motorized translation
stages, to enable θ-2θ scanning by moving together with the
sample rotation stage. A CCD detector was used for aligning
the sample surface parallel to the focused beam axis. The
sample surfaces were monitored by using a long working
distance optical microscope from the surface normal direction.
The samples were irradiated by multiple pulses at several
glancing angles near the critical angle, and the number of
shots was controlled by using a pulse selector.30 The damage
threshold fluences for the samples were evaluated by measur-
ing the reflectivity degradation during the sample irradia-
tion, as well as by inspecting the sample surface morphology
by using a scanning probe microscope after the irradiation
experiment.

IV. RESULTS

A. Threshold fluence at the 5.5 keV photon energy

We measured the threshold fluences of Mo, Ru, and Rh
coated Si substrates, as well as that of an uncoated Si substrate,
for the photon energy of 5.5 keV. A commercially available sil-
icon (100) wafer was used as the substrate. The coating layers
were deposited on the substrate by DC magnetron sputtering.
For all samples, the coating layer was 50-nm-thick, and a
5-nm-thick chromium layer was inserted as an adhesive layer.
During this experiment, SACLA generated pulses at 30 Hz.
The series of focused XFEL pulses (100 and 1000 shots)
were irradiated on the samples at several glancing angles. In
addition, for Rh-coated Si, we also considered irradiation with
104 and 105 shots. The measured threshold fluences, reflec-
tivities, and glancing angles are summarized in Table II, and
the measured threshold fluences are plotted in Fig. 2 vs. the
glancing angle. In Fig. 2, the solid and dashed lines denote
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TABLE II. The measured glancing angles and the damage fluences at
5.5 keV.

Critical angle
(mrad)

Measured angle
(mrad)

Measured
reflectivity

Damage fluence
(µJ/µm2)

Si 5.7

2.0 0.96 1.2
4.0 0.91 0.58
5.7 0.74 0.095

11.4 0.005 0.052

Mo 11.1

4.0 0.91 0.28
8.0 0.76 0.088

10.8 0.33 0.019
20.9 0.003 0.024

Ru 12.2

4.0 0.90 0.28
8.0 0.78 0.093

12.2 0.33 0.012
24.4 0.002 0.016

Rh 12.2

4.0 0.90 0.25
8.0 0.76 0.051

12.2 0.35 0.013
24.4 0.002 0.014

the threshold fluence curves calculated from Eq. (1) with and
without considering the electron collision length de. In this
case, de was treated as a fitting parameter; thus, the obtained
values of de for Si, Mo, Ru, and Rh were 35, 15, 15, and 10 nm,
respectively. The fits were performed with a single value for
de of each material for the entire angular range rather than
fitting de at each point and averaging the result. As is clearly
seen from Fig. 2, in the glancing angles below the critical
angles, the electron collision length played a significant role
in reducing the damage by one order of magnitude. Energetic
photoelectrons that were excited in the samples’ X-ray interac-
tion regions transported the deposited energy into the material
bulk. In addition, no damage was observed after a 5-h-long
irradiation of the Rh-coated Si sample with an unfocused beam
without any attenuators, under both the normal and grazing
incidence conditions.

TABLE III. The measured glancing angles and the damage fluences at
10 keV.

Critical angle
(mrad)

Measured angle
(mrad)

Measured
reflectivity

Damage fluence
(µJ/µm2)

Si 3.1
2.1 0.97 11
2.8 0.94 3.7

Mo 6.1
3.4 0.93 2.0
4.6 0.80 0.85

Ru 6.7
3.7 0.87 1.9
5.0 0.74 0.85

Rh 6.7
3.7 0.93 0.81
5.5 0.84 0.35
6.7 0.50 0.18

W 7.5 4.4 0.87 0.87

Pt 8.1
4.5 0.88 0.41
6.1 0.81 0.24

B. Threshold fluence at the 10 keV photon energy

Similar to the irradiation with 5.5-keV-energy photons,
threshold fluences of Mo, Ru, and Rh coated Si, as well as
that of the uncoated Si, were measured for the irradiation with
10-keV-energy photons. In addition, we also irradiated W and
Pt coated Si, because these materials have large critical angles,
enabling to reflect high-energy X-rays at the same glancing
angle. For all samples, the coating was 100-nm-thick, and a
5-nm-thick chromium layer was inserted as an adhesive layer.
During this experiment, SACLA generated pulses at 10 Hz.
The series of focused XFEL pulses (100 and 1000 shots)
were irradiated on the samples at several glancing angles. In
addition, for Rh, we performed irradiation with 104 shots.
The measured threshold fluences, reflectivities, and glancing
angles are summarized in Table III, and the measured threshold
fluences are plotted in Fig. 3 vs. the glancing angle. Note that
the lack of data points compared with the measurement of
5.5-keV-energy photons was due to limited measurement time.
In Fig. 3, the solid and dashed lines denote the threshold

FIG. 2. Damage fluences of Si, Mo, Ru, and Rh at the irradiation with 5.5-keV-energy photons, plotted as a function of the grazing angle. Circles indicate
the measured values. Solid and dashed lines show the thresholds with and without considering the electron collision length. Dashed-dotted lines indicate the
reflectivity (right y axis). The critical angles are indicated with dotted vertical lines.

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  133.1.116.104 On: Wed, 14 Sep

2016 03:13:43



051801-4 Koyama et al. Rev. Sci. Instrum. 87, 051801 (2016)

FIG. 3. Damage fluences of Si, Mo, Ru, Rh, W, and Pt at the irradiation with 10-keV-energy photons, plotted as a function of the grazing angle. Circles indicate
the measured values. Solid and dashed lines show the thresholds with and without considering the electron collision length. Dashed-dotted lines indicate the
reflectivity (right y axis). The critical angles are indicated with dotted vertical lines.

fluence curves calculated from Eq. (1) with and without consid-
ering the electron collision length de. Similar to the irradiation
with 5.5-keV-energy photons, the parameter de was treated as
a fitting parameter; the obtained de values for Si, Mo, Ru, Rh,
W, and Pt were 100, 45, 50, 30, 30, and 35 nm, respectively.
These electron collision length values were approximately
threefold larger than those for the irradiation with 5.5-keV-
energy photons. The energetic photoelectrons excited by more
energetic X-rays are likely to have higher kinetic energy;
thus, these energetic photoelectrons are likely to remove a
larger amount of deposited energy from the X-ray interaction
region and exhibit stronger diffusion. As a result, the difference
between the damage threshold fluences with and without
considering the electron collision length is larger than that for
the irradiation with 5.5-keV-energy photons.

We also observed that for the glancing angles much larger
than the corresponding critical angles (implying the normal
incidence condition), the threshold fluences of Si, Rh, and
Pt approached the values of 0.78, 0.072, and 0.023 µJ/µm2

that were previously measured for the normal incidence condi-
tion.16

V. APPLICATIONS OF METAL COATING MIRROR
AT SACLA

For the SACLA mirror optics, we estimated the maximal
fluence of an unfocused beam as ∼0.0015 µJ/µm2 (beam

diameter: ∼600 µm FWHM, peak pulse energy: ∼600 µJ)
for the 5.5-keV-energy photons and ∼0.006 µJ/µm2 (beam
diameter: ∼300 µm FWHM, peak pulse energy: ∼600 µJ) for
the 10-keV-energy photons. As is clearly seen from Figs. 2 and
3, the damage threshold fluences below the critical angles of
the metal coatings were sufficiently higher than the unfocused
beam fluences. We adopted Rh as a coating material for the
mirror optics because it has no absorption edge in the 4–23 keV
energy range and because it is a proven material used at the
synchrotron radiation facility SPring-8. In what follows, we
present the application of our results on this metal coating to
two systems. One system is a double plane mirror system, and
the other is a 1 µm focusing mirror system.

A. Double plane mirror system

We employed Rh coating in a beamline double plane
mirror system placed at an optics hutch of beamline 3 of
SACLA. Rh coating was partially coated on the mirror surface
to enable optional utilization of a pink beam with photon
energy range of more than 20 keV. The beamline optical sys-
tem of SACLA basically consists of two sets of double plane
mirrors and a double crystal monochromator in the optics
hutch. Figure 4(a) shows the schematic of the double plane
mirror system. Two mirror sets with different glancing angles
totally reflect X-rays below the critical angle (cutoff energies).
One set (M1 and M2a) has a 4 mrad glancing angle for lower-
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FIG. 4. (a) Schematic of the beamline plane mirror system. (b) The calcu-
lated reflectivity of the mirrors with Rh-coated Si and uncoated Si. The reflec-
tivity curves were considered with double reflection. The red arrow indicates
the photon energy of 22.5 keV. (c) The image of a typical 22.5-keV-energy
beam, reflected by M1 and M2b with Rh-coated plane mirrors. The measured
reflectivity at 22.5 keV was 92%, while the calculated reflectivity was 95%.

energy photons. The other one (M1 and M2b) has a small
2 mrad angle for higher-energy photons. The plane mirrors
reduce the contribution of higher-order harmonics that have
photon energy above cutoff energies.

Figure 4(b) shows the calculated reflectivity curves. The
complex refractive index of the materials was obtained from
atomic scattering factors given by Henke et al.31 for the photon
energy E ≤ 30 keV and by Sasaki32 for E > 30 keV. The reflec-
tivity of Rh (50 nm)/Cr (5 nm)/Si substrate at 2 and 4 mrad,
as well as that of uncoated Si substrate at 2 and 4 mrad, was
calculated as a function of the X-ray energy. These curves were
considered with double reflection. The cutoff energies were 7.5
and 15 keV at the Si surface set at the glancing angles of 4 and
2 mrad, as well as 16 and 33 keV at the Rh surface set at the
glancing angles of 4 and 2 mrad, respectively.

The plane mirrors were installed in September of 2014.
The measured (calculated) reflectivity was 77% (80%) at
15 keV using the 4 mrad system and 92% (95%) at 22.5 keV

using the 2 mrad system. Figure 4(c) shows the image of a
typical beam of 22.5-keV-energy photons. The XFEL beam
can be observed at the center of the diverging spontaneous
radiation from undulators limited by a rectangular front-end
slit aperture. Although the measured intensity was as low as
∼1 µJ, because the photon energy of 22.5 keV was close to the
upper limit on the photon energy generated by SACLA, a pink
beam with the energy region of above 20 keV can be utilized
for users who require high-energy XFEL beams.

B. Improved 1 µm focusing mirror system

We also employed Rh coating in an improved version of
the 1 µm focusing mirror system at SACLA. Improvement
was needed to increase the throughput of XFEL pulses to
a sample while maintaining its beam size at 1 µm, as well
as maintaining its working distance and component (vacuum
chamber, apparatus) size. Figure 5(a) shows the schematic of
the improved version of the 1 µm focusing system that consists
of two sets of mirrors. The mirror glancing angles can be set to
either ∼3.7 mrad or ∼2.0 mrad by translating the mirrors to be
operated. The former glancing angle can accept lower-energy
XFEL photon pulses with a large divergence angle. Figure 5(b)
shows a photograph of the mirrors arranged in the vacuum
chamber. The mirror parameters are summarized in Table IV.

This focusing mirror system was installed in beamline 3
in October of 2014 and was also installed in beamline 2. The
measured beam sizes at 10 keV were 0.85 (H) × 1.02 (V) µm2

in the 2 mrad system and 0.84 (H) × 1.07 (V) µm2 in the 4 mrad

FIG. 5. (a) Schematic of an improved version of the 1 µm focusing system.
(b) A photograph of the mirrors arranged in the vacuum chamber.
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TABLE IV. New focusing mirror parameters.

2 mrad system 4 mrad system

Surface profile Elliptical cylinder
Substrate material Si
Mirror substrate size 600× 50× 50 mm3

Surface coating Rhodium 50 nm
Graz. incidence angle (H) 2.0 mrad (V) 2.1 mrad (H) 3.7 mrad (V) 3.8 mrad
Spatial acceptance (H) 1.20 mm (V) 1.26 mm (H) 2.22 mm (V) 2.28 mm
Focal length (H) 1.30 m (V) 1.95 m

system. We observed that the focusing mirror throughput of
the 10-keV-energy XFEL pulses to a sample improved from
∼50% to >80% owing to the increased glancing angle and
larger acceptance aperture yielded by the metal coating. It is
important to note that no observable damage was incurred,
because the focusing beam size of ∼1 µm remained the same
after one year of operation.

VI. SUMMARY

We evaluated the damage thresholds of coating materials
such as Mo, Ru, Rh, W, and Pt on Si substrates, as well as of an
uncoated Si substrate for XFEL mirror optics. The measured
damage fluences below the critical angles were sufficiently
high compared with the fluence of an unfocused beam at
SACLA. Beamline transport mirror was partially coated with
Rh for enabling optional use of the pink beam with photon
energies above 20 keV. In addition, Rh coating was adopted
for an improved version of the 1 µm focusing mirror system,
and no damage was observed after one year of operation.
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