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Two trapezoidal plane mirrors of 240 mm in length were fabricated by ion beam figuring
(IBF) technology for application in a bendable KB focusing system. The correction of
surface height and slope errors in different spatial frequency ranges of the mirrors was
studied systematically. After one to two iterations of IBF, the figure height errors of the
vertical focusing mirror (VFM) and horizontal focusing mirror (HFM) were improved from
32.4 and 65.4 nm to 2.7 and 7.2 nm (RMS), respectively. If the best-fit sphere of the
surface profile was subtracted, the residual two-dimensional height errors were only 1.1
and 1.2nm (RMS). The slope errors in the low spatial frequency range were corrected
much faster than the middle frequency ones (f = ~1 mm™"), which make the low-frequency
slope error much smaller. After IBF, the two-dimensional slope errors of the two mirrors
calculated with a spatial interval of 1 and 10 mm were reduced to approximately 0.29 and
0.08 prad, respectively. Full spatial frequency characterization of the VFM before and after
IBF showed that the low-frequency figure errors (f < 1 mm~") were significantly reduced
while the middle- and high-frequency morphologies (f > 1-2 mm~") remain almost the
same as before figuring. The fabricated plane mirrors were applied in the hard X-ray micro-
focusing beamline in the Shanghai Synchrotron Radiation Facility (SSRF), which realized a
focal spot of 2.4 pm x 2.8 umat 10 keV.

Keywords: ion beam figuring, X-Ray mirror, height error, slope error, focusing

INTRODUCTION

The new generation synchrotron sources and free-electron laser can provide diffraction-limited
X-ray beams with high coherence and a nearly perfect wavefront. This brings an extremely high
requirement on the mirror figure accuracy, down to nanometer height error and hundreds to sub-
hundred nanoradian slope error, to avoid any distortion of the wavefront. At the same time, the
mirror roughness requirements also reached the sub-nanometer level. These requirements pose a
great challenge for the manufacturing technology [1, 2].

At present, the deterministic methods for X-ray mirror fabrication include elastic emission machining
(EEM) [3, 4], ion beam figuring (IBF) [5-8], and profile coating [9]. Among them, IBF is the most
commonly used high-precision manufacturing method. It has a relatively high figuring efficiency with
sub-nanometer accuracy and thus has been used by major suppliers such as Carl Zeiss and Thales SESO as
the mirror finishing process. For example, Peverini et al. reported their achievements in the fabrication of
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FIGURE 1 | (A) Measured ion beam removal function. (B) One-dimensional profile of the removal function and its Gaussian fit.
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high-precision flat mirrors and ellipsoid mirrors using IBF. A very
low figure error of 1 nm RMS was obtained on a 1.2 m long mirror,
and a 0.2 prad slope error has been achieved on a large ellipsoid
mirror with highly curved surface [10].

Meanwhile, the optics groups within different synchrotron
radiation facilities are also studying the IBF techniques to
fabricate high-precision mirrors. Liu et al, from Advanced
Photon Source, presented a method for pre-shaping mirror
substrates through figuring with a broad-beam ion source and
a contoured mask. A 100 mm-long elliptical cylinder substrate
was obtained from a super-polisher flat Si substrate with a 48 nm
root-mean-square (RMS) figure error and 0.15nm roughness
after one profile figuring process [11]. Hand et al., from Diamond
Light Source, have designed and built an IBF system for the
research and manufacture of high-quality X-ray mirrors [12].
Wang and Huang et al., from National Synchrotron Light Source
II, have made significant progress in ion beam figuring of X-ray
mirrors. They first proposed an effective 1D-IBF method with
improved calibration of coordinate correspondence and dwell
time calculation [13]. Several new dwell time calculations and
optimization algorithms were further developed to reduce the
estimated figure error residuals and enhance the computation
efficiency [14, 15]. These methods were demonstrated in their
own-built IBF system. Two elliptical mirrors of 80 mm in length
were fabricated from cylinders which showed 0.62 and 0.71 nm
RMS figure error, respectively [14]. The figure error of a flat
mirror over an aperture of 92.3 mm x 15.7 mm was reduced from
6.32 to 0.2 nm RMS [15].

In these years, the synchrotron radiation and free-electron
laser facilities in China are also undergoing a new wave of
upgrading and construction [16, 17]. Driven by the increasing
demand for high-precision X-ray mirrors, we are building a new
platform in Institute Precision Optical Engineering (IPOE)
combining ion beam figuring and interferometry measurement
methods. Based on this platform, two trapezoidal plane mirrors
have been fabricated as bendable mirrors for a hard X-ray KB
focusing system in SSRF. Residual figure errors of only
1.1-1.3nm RMS were achieved over the 240-mm length
substrates. The slope errors were found to have a much faster

convergence and smaller RMS value in the lower spatial
frequency range after IBF. The two mirrors have been installed
in the beamline for micro-focusing applications.

MATERIALS AND METHODS

The sizes of the two trapezoidal mirrors are 240 mm (length) x
34/20 mm (width) x 14 mm (thickness) and 240 mm x 67/20 m x
10 mm. The smaller one is for vertical focusing (VFM), and the
larger one is for horizontal focusing (HFM). A commercial IBF
machine (Trim 200) from SCIA company was used in this work.
Ar gas was used in this experiment with a beam voltage of 1500 V.
The beam removal function was calibrated in a small Si substrate,
and the measurement result of the Fizeau interferometer is shown
in Figure 1. It is very close to a two-dimensional Gaussian beam
with full width at half maximum (FWHM) of 7.2 mm in both
directions. The maximum removal rate at the center of the beam
is 5.8 nm/s.

The Fizeau interferometer (model is DynaFiz™) from Zygo
company was used to measure the low spatial frequency surface
figure of the mirrors. During the test, the surface normals of the
reference mirror remain parallel to those of the mirror under test.
A camera resolution of 1,200 x 1,200 pixels with a pixel size of
0.2635 x 0.2635 mm® was employed. An optical profiler (model is
ContourGT-X3) and atom force microscope (AFM, model is Icon
Dimension) from Bruker company were used to measure the
middle- and high-frequency surface morphologies. The optical
profilometer used x10 and x50 magnification with test areas of
0.62 x 0.47 mm” and 0.13 x 0.1 mm?, with minimum resolutions
of 923 mm ™" and 103 mm ™", respectively. AFM used a 2 x 2 um?
test area and 256 x 256 pixels resolutions.

RESULTS AND DISCUSSION

lon Beam Figuring of VFM
The surface figures of VFM before and after IBF are shown in
Figure 2. The 2-mm edge area was removed from all sides of the
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FIGURE 2| (A) Initial surface figure of VFM. (B) Initial surface figure after subtractin:
the best-fit sphere subtracted.
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FIGURE 3 | (A) One-dimensional height profile along the length direction
of VFM before and after IBF. (B) Height error after IBF without and with the
best-fit sphere was subtracted.

mirror. The mirror was mechanically polished previously to a
figure of 32.7 nm (RMS) with an ultrasmooth surface (roughness
<0.3 nm). A small curvature existed in the surface profile which
has a best-fit radius of 56.4 km (Figure 2A). If the best-fit sphere
was subtracted, the residual figure error before IBF is 13.2 nm
(RMS) (Figure 2B). The mirror surface profile (including the 2nd
order spherical error) was figured by two iterations. After that, the
radius of the best-fit sphere was increased to 603 km with a figure
of 2.7 nm RMS (Figure 2C). Due to the small mirror thickness, it
is difficult to completely remove the 2nd order curvature, and this
extremely large radius of curvature will have negligible effect for
application in the beamline. The residual height error after
subtraction of the best-fit sphere was only 1.2nm (RMS)
(Figure 2D).

The one-dimensional height profile along the length
direction at the center area of the mirror is shown in
Figure 3A. The height error (including the 2nd order
curvature) decreased dramatically from 132.9 to 7.8 nm

(PV) and from 33.9 to 2.2 nm (RMS). The height error after
IBF with the best-fit sphere subtracted is also shown in
Figure 3B. The residual error is 4.8 nm (PV) and 0.88 nm
(RMS) after subtracting the best-fit sphere, while some small
oscillations can still be seen in the height profile. These middle-
frequency errors will need to be removed in future work.

In order to further characterize the slope error of the figured
surface topography, two-dimensional images of slope errors
were made (as shown in Figure 4). The slope error was
calculated along the length direction over the
dimensional surface area, and the second-order curvature
has been removed. Two different slope error maps with a
spatial interval of 1 and 10 mm were calculated, and the RMS
values were determined, respectively. In the case of a 1 mm
interval (close to middle-frequency region), the slope error
decreased from 0.77 to 0.28 urad after two times figuring. In
the case of the 10 mm interval, the slope error was smaller than
in the 1 mm case in general, and it decreased from 0.65 to
0.08 urad. A more detailed calculation of the slope error at
different intervals (from 0.2635 to 42.16 mm) is shown in
Figure 5.

In Figure 5, the slope error of the vertical axis is the root
mean square of the slope error of the two-dimensional slope
error maps, i.e., the root mean square value of slope error at
different spatial frequencies. We calculated the slope error
from pixel interval 1 to interval 160 (the interval is 1, and there
are 160 groups of data points) and made the slope error-
frequency graph. The spatial frequency of the horizontal axis is
calculated from the selected interval (spatial frequency = 1/
interval, pixel intervals range from 1 to 160, so the spatial
frequencies range from 3.8 mm™" to 0.0237 mm™"). It is worth
noting that in the two-dimensional image, in order to better
compare the two images, we cut off the image to make them the
same size, but this is not carried out in the spatial frequency
error distribution, so there is a slight vertical difference
between the two images.

It can be seen that the slope error gradually decreased as the
spatial intervals increased. The reduction of slope error is
significantly larger at the lower frequency region, indicating a
stronger correction effect of IBF in this region. As a result, the
slope error calculated with larger intervals exhibited a much

two-
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FIGURE 5 | RMS values of two-dimensional slope errors of VFM
calculated at different spatial frequencies.

smaller value. Considering the different effects of the slope errors
located in different frequencies on the X-ray wavefront [18], it is
worth estimating the surface slope quality in a frequency-
dependent way rather than using a fixed spatial interval.

lon Beam Figuring of HFM
The surface figures of HFM before and after IBF are shown in
Figure 6. A few millimeters of the edge area were removed
from all sides of the mirror. A relatively large second-order
curvature was observed in the mirror before IBF. After a single
iteration figuring, the radius of curvature of HFM was
increased from 26.7 to 267 km. The height error was
reduced from 65.4 to 7.2 nm (RMS) (Figures 6A, C). If the
best-fit sphere was subtracted, the residual figure error before
IBF was 13.2 nm (RMS) (Figure 6B), and the residual error
after IBF was only 1.1 nm (RMS) (Figure 6D).

The one-dimensional height profile along the length
direction of the center area of the mirror is shown in

the best-fit sphere subtracted.
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FIGURE 6 | (A) Initial surface figure of HFM. (B) Initial surface figure after subtracting the best-fit sphere. (C) Surface figure after IBF. (D) Surface figure after IBF with
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Figure 7. The height error (including the 2nd order curvature)
decreased dramatically from 290.5 to 31.5 nm (PV) and from
74.1 to 8.0 nm (RMS). The height error with subtracting the
best-fit sphere after IBF is further shown in the following
diagram of Figure 7. The residual error is 3.9 nm (PV) and
1.1 nm (RMS) after subtracting the best-fit sphere, while some
small oscillations can still be seen in the height profile. These
middle-frequency errors will need to be removed in
future work.

Figure 8 shows the two-dimensional slope error distribution
of HFM. After figuring, the RMS of slope errors decreases from
0.78 to 0.29 prad in the case of a 1-mm interval and from 0.64 to
0.08 prad in the case of a 10-mm interval. Both VFM and HFM
showed sub-hundred nanoradians slope error after IBF if a

10 mm spatial interval was used for estimation. Figure 9
shows the slope error of HFM at different frequencies. It can
be seen that the evolution of slope error is similar to VFM, while
the effectiveness of IBF correction in the lower frequency region is
much better.

To further estimate the absolute accuracy of our
interferometer measurements, the HFM mirror was also
measured by NOM in the optics group in SSRF. The
trapezoidal mirror was mounted sideways in NOM, and a
line profile indicated in Figure 10A was measured accordingly.
The comparison of NOM and the interferometer results are
shown in Figures 10B, C. The general trend of the height
profiles of NOM and interferometer is similar while a
difference of +4 nm (PV) was observed. This can be caused
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FIGURE 10 | (A) Schematic representation of the line position of HFM
measured by NOM. (B) Comparison of the line profiles measured by NOM and
Fizeau interferometer after IBF. (C) Difference between the height profiles of
two measurements.

TABLE 1 | Surface roughness measured by using an optical profiler and AFM
before and after IBF.
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FIGURE 11 | PSD results of VFM before and after IBF as measured by
the Fizeau interferometer, optical profiler, and AFM.
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by the reference error of the interferometer that was not
perfectly corrected. The slope error measured by NOM is
160 nrad, given the relatively large beam size of NOM. The
consistent results proved the high figure accuracy of the
trapezoidal plane mirrors fabricated by IBF.

Analysis of Surface Morphology in the Full
Spatial Frequency Range

In addition, the low-frequency surface figure was measured by
using the Fizeau interferometer; the middle and high spatial
frequency morphologies of the mirrors were also measured
before and after IBF by using an optical profiler and atom
force microscope, respectively. The RMS values of VEM are
listed in Table 1. The middle- and high-frequency roughness
values after IBF are 0.23-0.25 and 0.11 nm (RMS), respectively,
which are similar to before IBF.

The one-dimensional power spectral densities (PSDs) of the
measured surface morphology of the interferometer, optical
profiler, and AFM are calculated and shown together in
Figure 11. It can be seen that in the low-frequency region of f
< 1 mm™’, the surface height errors were significantly reduced,
whereas the height error convergence become slower as the
frequency increased. In the higher frequency region of f >
1-2 mm™", the height errors remain almost the same as before,
which indicates that the ion beam figuring process in this work
has a negligible effect on the middle- and high-frequency errors.

Application in Hard X-Ray Micro-focusing
Beamline in SSRF

After the high-precision ion beam figuring, a linear magnetron
sputtering machine was used to coat both mirrors with 50-nm Rh
film [19]. A thin Cr bonding layer was first deposited before the Rh
layer. The coated mirrors were installed and applied in the bendable
KB system in the end station of the hard X-ray micro-focusing
beamline (XMF) in SSRF (Figure 12). The plane mirrors were bent
into an elliptical shape by mechanical benders. The object distance of
VFM is close to infinite, and the image distance is 42 cm; the object
distance of HEM is 500 cm, and the image distance is 27 cm. Due to
the toroidal mirror upstream providing collimation and pre-focusing
in vertical and horizontal directions, respectively, the divergence
angle of the incident beam is approximately 1 3 and 60 prad for VEM
and HFM. X-ray energy of 10keV was used, and the grazing
incidence is 3mrad for both mirrors. The focal spot was
measured by knife-edge scan to analyze the spot size and shape.

The focusing results are shown in Figure 13, and the simulation
results performed by SHADOW software based on geometrical ray
tracing were also added. The measured focal spot sizes (FWHM) are
2.8 and 2.4 um in vertical and horizontal directions, respectively. The
spot size in the horizontal direction is very close to the simulated
result, while the one in the vertical direction is larger than the
simulation. This can be caused by the surface errors of the upstream
mirrors after long-term usage and the small error of the bender
system in the vertical direction. The small figure error of the two
mirrors has a negligible effect on the focusing result, according to
simulation.
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FIGURE 12 | (A) Pictures of two trapezoidal mirrors after coating and (B) after the installation in the bendable KB system.
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FIGURE 13 | (A) Measured focusing spot of the KB system in a
horizontal direction and (B) in a vertical direction.

CONCLUSION

High-precision X-ray plane mirrors were fabricated by the developed
IBF process. The figure errors of the 240 mm length mirrors were
reduced down to 1.1-1.2 nm (RMS), and the ultrasmooth middle-
and high-frequency morphologies were maintained the same as
before IBF. The two-dimensional slope errors at different spatial
frequency ranges were studied in detail. It was found that IBF has a
much better correction effect on slope errors with a lower frequency,
and a sub-hundred nanoradian slope error was obtained if a spatial
period of 10 mm was used in estimation instead of the conventional
1 mm. The two mirrors were successfully installed in the hard X-ray
micro-focusing beamline in SSRF, and a focusing spot of 2.4 um x
2.8 um was obtained. The KB focusing system has been opened to
user applications.
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