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(a) Ellipsoid of revolution
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k Optical path length=a+(a' -b’)+b=(a+a’ ) +(b-b") = constant )
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Fig. 1

(Color online) Schematics of (a) Wolter mirror, (¢) Kirkpatrick-Baez mirror and (d) advanced Kirkpatrick-

Baez mirror. (b) Geometric characteristics of an ellipse, a hyperbola and a Wolter mirror.
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Table 1 Designed mirror parameters

M1 M2 M3 M4

Shape Ellipse Ellipse Hyperbola Hyperbola

P (for vertical imaging) (for horizontal imaging) (for vertical imaging) (for horizontal imaging)
a* (m) 22.79 22.75 95.67x10°3 58.46x 103
b* (m) 14.26 <1073 10.84x 103 0.8634x 103 0.5437x 103
Incident glancing angle 2.8 2.8 4.6 5.0
Distance from (onli];g():t** 385 215 115 65
Distance from image. 45 45.17 45.27 45.32
Mirror length (mm) 200 130 60 30

* ellipse: x2/a*+ y%/b*>=1; hyperbola: x2/a?—y?/b*=1
** At the center of the mirror

Low High
[

Fig. 2 (Color online) PSFs calculated at the (a) on-axis and (b)

(c) off-axis conditions.
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& & L7/, LRBGG & —IGORA EEDI) OHR
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5 L7854 PSF %35 L 7z (Table 2, Fig. 3)®, Table

Table 2 Summary of tolerance limits to alignment errors

Tolerance limit
Grazing incident angle 100 urad
Relative angle 13 urad
Rolling 40 urad
Yawing ~1 mrad
Relative length (1) 2 um
Relative length (2) 300 um
Focal length 110 um

Relative length (1)

N
Incident angle

D Relative angle

Elliptical mirror Hyperbolic mirror

Relative length (2)

Yawing

Rolling

Fig. 3 (Color online) Mirror alignments indicated in the table 2.
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Fig. 4 (Color online) (a) Satellite peaks produced by figure errors
on the elliptical mirror and (b) the relationship between the
figure error frequency and the absolute position of satellite
peaks. Sine amplitude: 2.5 nm, X-ray energy: 11.5 keV. (c)
Relationships between spatial frequency and ratios of the in-
tensity of the satellite peaks to the main peak for sine curves
that have amplitudes of 1, 2 and 3 nm. X-ray energy: 11.5

keV.
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Fig. 5 Shapes and residual figure errors of fabricated mirrors.
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Fig. 6 (Color online) Schematic of developed alignment system.

(a) Schematic of shape and slope profiler. (b) 3D diagram
of developed mirror manipulator. (¢) Photograph of the

whole system.
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Fig. 7 Experimental setup to form a demagnified image.
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(a) Line profiles of
formed image

(b) FWHMs of image
dependent on FOV

(c) Line profiles of image
for off-axis condition
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Fig. 8 (Color online) Images obtained in the image plane. X-ray energy: 11.5 keV.
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Light microscope Elliptical mirrors - x_ray cop
(a) -

Sample Hyperbolic mirrors
4 _ : i
: Vacuum duct

Objective (~45 m)

Elliptical mirrors

Undulator

Condenser

Diffuser

11.5kev

Fig. 9 (Color online) Magnification imaging test. (a) Experimen-
tal setup. (b) (left) X-ray and (right) SEM images. X-ray
energy = 10 keV, exposure time=20sec. (c) X-ray images
taken at 8, 10 and 11.5 keV. Exposure time =20 sec.
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Fig. 10 (Color online) Combined mirror for a one-dimensional
Wolter mirror. It has elliptical and hyperbolic shapes on a
single substrate.
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Development of achromatic full-field hard
X-ray microscopy system based on total

Satoshi MATSUYAMA Department of Precision Science and Technology, Graduate School of
Engineering, Osaka University
2-1 Yamada-oka, Suita, Osaka 565-0871, Japan

Abstract A full-field X-ray microscope is an instrument that can produce magnified images of samples
illuminated with X-rays. It enables the observation and analysis of even the internal structure of a
sample owing to its superior analysis ability and the high penetration power of X-rays. In addition,
it can be used to observe nanostructures with a spatial resolution greater than 100 nm owing to
the very short wavelengths of X-rays. On the other hand, few developments have been made in
the achromatic X-ray microscope. In this research, we describe the development of achromatic
imaging optics, i.e., advanced Kirkpatrick-Baez mirror optics with four total-reflection mirrors. The
performance of the optics was evaluated by using demagnification and magnification imaging sys-
tem setups at BL29XUL of SPring-8. The demagnification imaging test, using which the point-
spread function of the optics was determined, showed that the optics has the potential to image
X-rays with a sub-50 nm resolution. Further, the transmission images of a test pattern with resolu-
tion of ~200 nm were obtained in the magnification imaging test.
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