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Abstract

Single-crystal silicon mirrors are enabling optical components in synchrotron radiation sources and X-ray
free-electron laser facilities, where residual figure error, slope error, and surface microroughness directly limit
diffraction-limited focusing, brilliance preservation, and imaging resolution. The fabrication of high-quality
X-ray mirrors remains technically demanding because single-crystal silicon is brittle and damage-sensitive,
while X-ray optics require deterministic control of surface errors over a broad spatial-frequency range to-
gether with near defect-free, atomically smooth surfaces.

Here, we report an integrated fabrication process combining ultra-precision grinding, rapid bonnet polishing,
and magnetorheological finishing for high-precision X-ray optical components. The surface mechanical re-
sponse of single-crystal silicon was investigated, and the influence of magnetic field strength, slurry flow rate,
and immersion depth on the magnetorheological finishing force was clarified. Based on optimized abrasive
formulations, a low-stress magnetorheological finishing strategy was developed to suppress surface and sub-
surface damage during material removal.

To enable deterministic correction over multiple spatial scales, a tunable removal-function control method was
established, and a frequency-domain matching algorithm was developed to correlate removal functions with
measured surface-error spectra. This approach allows suitable removal-function combinations to be selected
according to the spatial distribution of surface errors, thereby improving both correction accuracy and pro-
cessing efficiency. As a result, nanometer-level error correction across the relevant spatial-frequency range
was achieved.

Using the developed process, a 600 mm single-crystal silicon mirror and a cylindrical Kirkpatrick-Baez mirror
were fabricated. The 600 mm mirror achieved a peak-to-valley figure error of 7.1 nm and a root-mean-square
surface roughness of 0.18 nm, while the cylindrical KB mirror achieved a peak-to-valley figure error of 6.38
nm and a root-mean-square roughness of 0.23 nm. X-ray microscopic imaging tests further confirmed that
the fabricated optics delivered imaging performance comparable to that of similar J-Tec components. These



results demonstrate a viable process route for the domestic fabrication of high-performance X-ray optics for
synchrotron radiation and X-ray free-electron laser applications.
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