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ABSTRACT

With the development of hard X-ray free electron lasers, there is a pressing need to experimentally determine the single
shot damage limits of presently used and potential future optical coating materials. To this end we present damage
results, and analysis of fluence threshold limits, from grazing incidence geometry experiments conducted at the Spring-8
Angstrom Compact free electron LAser (SACLA) on Carbon coatings at 7 and 12 keV photon energies.

Keywords: X-ray mirrors, damage results, carbon coatings

1. INTRODUCTION

Hard X-ray Free Electron Lasers (XFELs) open the possibilities for experiments that would be impractical or impossible
at other X-ray facilities such as synchrotrons. These include, but are not limited to, experiments on 3D single particle
diffraction imaging' the dynamics of biologic crystals®, and non-linear experiments® with X-rays. With more XFEL
facilities being built and planned, it is foreseen that they will aim to deliver larger pulse energies and higher peak
brilliances. With the desire to increase in pulse power the natural question arises: what is the maximum pulse fluence
that a grazing incidence FEL mirror can tolerate? To facilitate the answer to this question, we have conducted grazing
incidence damage studies at the Spring-8 Angstrom Compact free electron LAser (SACLA) facility on Carbon coated
mirrors at 7 and 12 keV photon energies.

We choose Carbon as a mirror material due to its current use in Soft X-ray FELs, the extensive work on optical damage
of amorphous carbon at lower energies™'’, and as its low Z nature, small complex part of its index of refraction,
dissipates the absorbed energy over a larger volume.

2. EXPERIMENTAL SETUP

The experiment was conducted at the SACLA X-ray FEL user facility''. The facility provides X-ray pulses with an
average pulse energy of order 200 pJ at 7 keV photon energies and slightly less at 12 keV. A pair of Kirkpatrick-Baez
(KB) optics was used to focus the beam to a spot size of 1 um by 1 pm full width at half maximum (FWHM) measured
with a knife-edge wire scan'®. The system efficiency, including Beryllium isolation valves, was of the order of 50%,
meaning at both 7 and 12 keV a maximum deliverable pulse energy, to the test mirror sample, was 100 pJ.

The test mirror sample is a super polished single crystal silicon optic 100 mm long, 10 mm wide and 8 mm thick, coated
with an amorphous carbon layer 50.1 nm thick using DC magnetron sputtering. The density of the coating was slightly
less than bulk density of 2.2 g/cm’®. Furthermore root mean squared roughness of the mirror substrate was estimated to be
0.7 nm using Copper K-alpha reflectometry.

During the experiment we used procedures and techniques used in recent experiments'® at the Free-Electron LASer in
Hamburg (FLASH) facility. The sample was measured at grazing angles typically used for single coated grazing X-ray
optics. The mirror sample was placed in the focal position of the beamline KB optics for alignment and measurement.
An alignment camera was located 2 m downstream of the sample and registered the position of either direct beam or the
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beam reflected from the sample. Using an attenuated XFEL beam we aligned the optical sample to an angular tolerance
of better than 0.05 mrad.

For the 7 keV measurements a sample angle of 4 mrad was chosen. This angle is below the critical angle at 7 keV. We
collected 60 single shot damage measurements under various fluence conditions. We used the full XFEL beam, un-
attenuated, along with 3 different levels of attenuation using 25, 50 and 75 pm thick Aluminum foils. The incident pulse
energy for each damage measurement was recorded using a gas intensity monitor. The shot-to-shot pulse energy jitter
was measured to be 9% at 7 keV and 16% at 12 keV. This jitter allowed for a near continuous change in power settings
between the discrete attenuation settings.

For the 12 keV measurements the sample angle was first chosen to be 2 mrad, which is below the critical angle at 12
keV. However, the full XFEL beam left no observable damage to the sample. One hundred full fluence, 100 uJ pulses
were collected in the same location on the sample. This was collected with the notion that any damage, even if it was too
small to be observed, would accumulate and show an effect. However, this proved not to be the case. We concluded that
there was not enough pulse energy required to damage the sample below the critical angle using the 1 um by 1 um
FWHM XFEL beam.

Measurements were also conducted at 3.5 mrad angle, which is above the critical angle. The information gathered at
angles above the critical angle, where the sample goes from reflecting >99% of the incident pulse energy to < 1%, is
important for alignment consideration. If a beamline mirror for an XFEL becomes misaligned, it is critical to know the
damage threshold under the worst-case scenario. Twenty-five damage measurements were taken above the critical angle
under 3 different attenuation settings using a combination of Silicon and Aluminum filters. A representative set of
damage craters is shown in Figure 1.
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Figure 1: Representative confocal microscopy of the single shot damage imprint craters. (a) 12 keV photons energy with an
average pulse energy of 35 uJ at 3.5 mrad incidence angle. (b) 7 keV photon energy with an average pulse energy of 75
wJ at 4.0 mrad incidence angle. (c) 7 keV photon energy with an average pulse energy of 48 uJ at 4.0 mrad incidence
angle.

3. ANALYSIS AND RESULTS

To determine the threshold damage fluence, we used the method of fitting the area of the damage spot size to the
logarithm of the pulse energy'®. The intercept of the linear fit determines the threshold pulse energy below which no
single shot damage should be observable. This method relies on the assumption of an elliptically Gaussian incident
beam. The lengths of the damage craters were determined using confocal microscopy. Scanning electron microscopy and
atomic force microscopy were both tried, however due to their aspect ratio varying from 50 pm to 1 mm in length and
<lpm in width, these methods prove impractical to determine the area of the damage craters. Confocal microscopy also
proved challenging, as the resolution of the images could not provide accurate determination of the widths of each of the
damage craters. To approximate the widths, and hence the areas, it is noted that the knife-edge beam profile scan of the
cross-section are nearly equal in size horizontally and vertically. Therefore a reasonable estimate of the width is the
projection of the length. In other words, the width is set equal to the sine of the grazing angle multiplied by the length.

A plot of the damage area against the logarithm of the pulse energy is shown in Figure 2. Fitting the pulse energy to
damage area yields a threshold damage pulse energy of 38.4 pJ, for the 7 keV photon energy at 4 mrad. For the 12 keV
data a pulse energy of 5.2 uJ was determined to damage the optic above the critical angle at 3.5 mrad, and a pulse energy
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abovel00 pJ is required to damage the optic below the critical angle at 2 mrad. If we use the 1 um x 1 um FWHM focal
spot size then the single pulse damage fluence limit at 7 keV becomes 3.84 kJ/cm” and at 12 keV become 10 kJ/cm?
below the critical angle and 0.5 kJ/cm® above the critical angle. The values below the critical angle may appear to be
high, but recall that nearly all the pulse energy is reflected off the mirror.
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Figure 2: Damaged area verses logarithm of pulse energy with fits for 7 keV and 12 keV.

4. CONCLUSION

We have conducted single shot damage measurements on amorphous Carbon to determine damage fluence thresholds for
grazing incidence XFEL optics. At 7 keV with a 4 mrad grazing angle, just below the critical angle, the damage fluence
was determined to be 38.4 J/cm®. For 12 keV the threshold damage fluence was determined to be grater then 10 kJ/cm®
below the critical angle and 5 J/cm? just above the critical angle.
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