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ABSTRACT

We evaluated the irradiation damage induced to platinum/carbon multilayers induced by hard X-ray free-electron lasers
(XFELS). In this study, in order to test the use of the platinum/carbon multilayers for future XFEL focusing applications,
we evaluated the structures in almost exactly the condition in which they would actually be used. The X-ray reflectivity of
the multilayers was measured by using XFELSs, and a cross-section of the multilayer that was irradiated by an XFEL was
observed by transmission electron microscopy. We used a non-monochromatic beam at a photon energy of 10 keV. We
confirmed that the intensity of the conditions under which the multilayers are to be used is sufficiently lower than the
breakdown threshold of platinum/carbon multilayers.
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1. INTRODUCTION

X-ray free-electron lasers (XFELs)" 2 can now be used to produce intense femtosecond pulses in the hard X-ray region.
The use of these X-ray sources in conjunction with analysis methods has unique advantages, and their applications in
exploring new frontiers of science may be possible by using focusing optics.

There are various types of X-ray focusing optic systems, such as those using refractive, diffractive, and reflective optics®*
9. The use of reflective optics for intense X-ray focusing is effective because it is a grazing-incidence optical system. Sub-
100-nm focusing under the diffraction-limited condition has already been achieved using total-reflection mirrors. The use
of reflective optics for reducing the focal spot size requires a large grazing incidence angle in order to increase the
numerical aperture. A multilayer mirror provides for a sufficiently large grazing incidence angle to accommodate spot size
reduction, which cannot be achieved using total-reflection mirrors®,

Since intense X-ray beams damage multilayer structures® %, in this study, we evaluated the irradiation damage caused to
platinum/carbon multilayers as induced by hard XFELSs. In order to use the platinum/carbon multilayers for XFEL focusing
in the future, we evaluated those in almost exactly the condition of intended actual use. Two types of multilayer were
prepared: one with a short period and one with a long period. The X-ray reflectivity of the multilayers was measured by
using XFELs. A cross-section of the multilayer that was irradiated by an XFEL was observed by transmission electron
microscopy in order to evaluate the damage induced by XFEL irradiation. We used a non-monochromatic beam at a photon
energy of 10 keV.
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2. EXPERIMENTS

2.1 Fabrication of multilayers

We have analyzed two platinum/carbon (Pt/C) multilayer samples, which were fabricated by a DC magnetron sputtering
system. These samples were deposited on silicon (100) wafer substrates, which had thicknesses of 500 um. We employed
highly pure 2"-diameter targets made respectively of platinum and carbon, and we alternated between using the platinum
target and the carbon target. All the layers were deposited under an argon gas pressure of 0.1 Pa and a flow rate of 35 sccm.
A feedback system was used to maintain the electric power at 20 W and at 120 W for the platinum and carbon targets,
respectively.

The details of the samples evaluated in this research are shown in Table 1. The measured thicknesses are shown in Table
1 along with the nominal thicknesses. The thicknesses of the fabricated samples were estimated by using the X-ray
reflectometer method, which is a non-destructive and non-contact method for thickness determination of thin films. The
X-ray reflectivities of these samples were measured by X-ray reflectometry (Rigaku SmartLab). The experimental setup
consisted of a Cu-Ka X-ray source (4 = 0.154 nm) and a 6-26 goniometer stage for changing the grazing incidence angle
on the sample surface. The intensity of the X-ray reflected by a sample was monitored at grazing incidence angles.

Table 1. Details of the Pt/C multilayer samples. The thicknesses of the fabricated samples were measured by using the
Rigaku SmartLab. N is the number of bilayers, d is the multilayer period, and y is the thickness ratio of the platinum to
the multilayer period.

Design . Measured
Sample N (Rigaku SmartLab)
d (nm) y d (nm) y
A 45 5.0 0.5 4.78 0.508
B 45 2.5 0.5 2.45 0.527

2.2 Sample evaluation

Characterization of the Pt/C multilayers using the XFEL was conducted in beamline 3 at SACLA?Z. In order to ensure that
it functions as a multilayer film in a condition where the multilayer film is actually used, A and B multilayer films were
evaluated by using the non-monochromatic beam XFELSs at the photon energy of 10 keV. The detailed parameters of beam
are shown in Table 2. In the first Bragg angle, the change of reflectivity of the B multilayer was determined under X-ray
irradiation for a duration of 5 hours. Irradiation damage is expected to be induced by the XFEL to the B multilayer, because
the first Bragg angle of the multilayer is very great. After the irradiation, the cross-section of the B multilayer was compared
with the non-irradiated section by transmission electronic microscopy.

Table 2. Beam parameters. FWHM is full-width at half-maximum.

Photon energy Pulse duration Pulse repetition Mean pulse energy Diameter (FWHM)

10 keV 20 fs 10 Hz 130 300 um

3. RESULTS AND DISCUSSION

Figure 1 shows the X-ray reflectivities of samples A and B measured by using the XFEL as a function of grazing incidence
angle. The solid line represents the measured reflectivity, and the dashed line shows the results of curve fitting. The
experimental data from samples A and B shows that the reflectivities of the first Bragg peak were 78.3% and 51.8%,
respectively. Sufficiently high reflectivities were obtained, and these samples function as multilayer films. The periods of
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Figure 1. X-ray reflectivity of the Pt/C multilayers (a: sample A, b: sample B) as a function of grazing incidence angles.

The solid line and dashed line show the experimental data and the calculated curve fitting data, respectively. The X-ray
reflectivities of the first Bragg peak are (a) 78.3% and (b) 51.8%.
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the multilayer and the ratios of the platinum layer thickness to the multilayer period were estimated by using the X-ray
reflectometer method and are shown in Table 3. The calculated multilayer periods were in good agreement with the results
obtained by using the Rigaku SmartLab, and the difference was less than 1%.

Table 3. Multilayer period and the ratio of the platinum layer thickness to the multilayer period of the Pt/C multilayer
samples. The thicknesses of the fabricated samples were measured by using the Rigaku SmartLab and the XFEL. d is the
multilayer period, and y is the thickness ratio of the platinum to the multilayer period.

Measured Measured o
Sample (Rigaku SmartLab) (XFEL) Deviation of
multilayer period (%)
d (nm) y d (nm) y
A 4.78 0.508 4.74 0.513 0.84
B 2.45 0.527 2.42 0.528 1.22

The change of the reflectivity of the B multilayer in the first Bragg peak was shown in Figure 2. During the 5 h of
measurements, the reflectivity was not changed. After 50, 100, 200, and 300 min, the angle of the first Bragg peak was
measured, and the results are shown in Figure 2. The angle of the first Bragg peak also did not change.

Figure 3 shows the transmission electron microscope cross-section image of non-irradiated and irradiated sections of the
B multilayer. The dark and bright layers correspond to the platinum and carbon layers, respectively. The surface and the
substrate sides of the non-irradiated and irradiated sections were observed. No evidence of irradiation damage caused by
the XFEL was found. The multilayer period and the ratio of the platinum layer thickness to the multilayer period were
estimated by using the transmission electron microscopy images. These values were a little bigger than the results from
the Rigaku SmartLab and the XFEL; one explanation for this is that there is a possibility that the cross-section is slightly
inclined.

Angle of the first Bragg peak (deg)
1.508 1.506 1.506 1.506 1.506

L L

0.8 T T T T T T T T T T

Reflectivity

03 B

02 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300
Time (min)

Figure 2. Change of the X-ray reflectivity versus time, with annotations indicating the measured angle of the first Bragg
peak of sample B at several times.
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Figure 3. Cross-sectional bright-field transmission electron microscopy image of the B multilayer. (a) and (b) show non-
irradiated and irradiated sections, where the notations “-1”” and “-2” in the figure part names denote the surface side and
the substrate side, respectively. The dark and bright layers correspond to platinum and carbon layers, respectively. davg is
the average multilayer period, and yay is the average ratio of the platinum layer thickness to the multilayer period.

During the 5 h of irradiation, the reflectivity and the transmission electron microscopy image were not changed. It was
confirmed that serious damage to the multilayer film is not generated by unfocused XFEL irradiation, based on the above
results.

A previous work found the breakdown threshold of a single layer of platinum under normal incidence®. When irradiated
with a beam that has not been focused, single-layer platinum is not destroyed. However, it is expected that the breakdown
mechanisms of grazing incidence and of the multilayer are different from those of normal incidence and of a single layer,
respectively. In this study, it was not possible to find the threshold of the Pt/C multilayer, but it was found that the Pt/C
multilayer functions correctly under the condition that we plan to actually use it. Further, in the Pt/C multilayers, it has
been reported that X-ray reflectivity was improved by carbon doping of the platinum layers'? %3, Using this technique,
high-efficiency focusing of the XFEL is expected.

4. SUMMARY

We evaluated the use of an XFEL with Pt/C multilayers for future XFEL focusing applications. Irradiation damage caused
by intense X-rays was expected. The X-ray reflectivity and cross-section of the multilayer were measured to observe the
irradiation damage. However, damage was not observed in the condition we plan to actually use it. We confirmed that the
intensity under the condition of intended actual use is sufficiently lower than the breakdown threshold of the Pt/C
multilayers. High-efficiency focusing of the XFEL using the Pt/C multilayer is expected.
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