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Elliptical mirrors

Ellipsoid of revolution

Hyperboloid of revolution

Ellipse

Hyperbola

Ellipse

Fig. 1 (Color online) Kirkpatrick-Baez (KB) mirror (upper) and Wolter mirror (lower). F; and F, represent the two
foci of the ellipse. Also, F, and F; on a Wolter mirror mean the two foci of the hyperbola. The ellipse and hyper-

bola have the common focus of F,.

M=b/a

M’zM”

Fig. 2 (Color online) Explanation of comatic aberration. Normal-
incidence lens (upper), inclined lens (middle) and a grazing-
incidence mirror (lower). Inclined lenses and grazing-inci-
dence mirrors have different magnifications over their optical
devices, which lead to comatic aberration.
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Fig. 3 AKB mirror. Separated-mirrors type (upper) and Monolithic-mirrors type (lower).
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Table 1 Parameters of the AKB mirror optics. Reprinted from Ref.

Vertical imaging Horizontal imaging

Shape Hyperbola Ellipse Hyperbola Ellipse

7.297x1072  22.67 |2.051x1072  22.57
1.101x10732.444%x10723.111 X 104 1.356 x 102

a (m)*
b (m)*
Incident

glancing angle 4.67 5.51 4.73 5.51
(mrad) **

Distance from
object 173 294 49.6 94.1
(mm> KKk

Mirror area
length (mm) 100 120 30 39
Magnification
Factor 196 637

Numerical
aperture 1.44 1.51
(x1073)

* Ellipse x2/a2+y2/b2=1 or hyperbola x2/a2—y2/b2=1.
** Averaged over the whole mirror area.
*4 At the center of the mirror area.

Shape (um)

BIRR AT — Dk Y R REBT HREDD 5. FEINL, BEFE
HRELTDHEND HIL ORERE (D ASME) I F—
545 m BEN /I ALE ISR 7o, S ORER, B5ERIT637
s (B 19665 () 122L, AFEDOXHPHA AT TH+
5350 nm LUF D5 fREED R R BE 7% ol L Th 5o

2T FRUC OV TR~ = 7 e R 7 B 7 ORI A
<A, PR FIC L 7oLk TR L e, mEoft b
T AN L% Elastic Emission Machining (EEM) #:29 % F\»
7o WREHANZ, A5 4 v F V7 FERHOD & 3 WotEH
WKELYHW, BxOIFKME I 5 —DBRETFEHE,
F— 2 KOIRIT 3 RITLFHAEE 2 N2 Nl - TR
FHAAAT - 7o BARHNCE BN/l %« OIEFRTETZ IR & 20k
DI Ik % Fig. 4 © Table 212779, Fresnel-Kirchhoff' [B] 47
BRI ESWclEF Yy R 2 V—y 3 VIV TZ O
F oy LIk lh, WHBRHLTIFEAE W EhhE
BLIz, £/, REHEIF0.2nm rms BE &, KFEXROD
FBIFEAE VWA TH S, HEBIC, YL O—
TAVIZLXBMIT TR/, THINDREE
i3 4 B 5 THI58% (@10keV) TH 5,

’ ()

Shape (um)

Shape (um)

o 20 a0 0 L 100
Position {mm)

20 0 o H 10 15 20 25
Posttion (mm) Position (mm)

Fig. 4 (Color online) Developed AKB mirror optics. (a) Mirror arrangement. (b, ¢c) Whole mirror shapes. (d) Shapes
and residual shape errors on the each section. ‘E-’ and ‘H-’ represent the ellipse and hyperbola, respectively.
‘Vert.” and ‘Hori.’ represent vertical and horizontal directions, respectively. Reprinted from Ref. 15.

Table2 (Color online) Simulated tolerances of the shape errors and actually measured errors. Reprinted from Ref. 15.
Simulated tolerances Measured errors
AXxis
H \% H
Relative angle
+/-7 2 2
(prad)
Relative translation 1 )
+/-0.75 +/-0.6 0.07 0.05
(um)
Relative translation 1T
+/-40 +/-35 20 8
(um)
Roll
+/-40 +/-50 15 6
(prad)
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Fig. 5 (Color online) Experimental setup (upper) and ray diagram around samples (lower). The figures were reprinted

from Ref. 15 and Ref. 14, respectively.
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Fig. 6 (Color online) Bright-field X-ray image of (a) whole image and (b) magnified image. (¢) X-ray image after
deconvolution processing. (d) Results of contrast analysis. Exposure =500 s. X-ray energy =9.881 keV. Bar=2
um. Reprinted with modifications from Ref. 15 under CC BY 4.0 License.
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Fig. 7 (Color online) X-ray energy dependence between 8 and 12 keV. (a) Bright-field X-ray images. (b) Results of
PSA. Exposure is shown below each image. Bar=2 um. Reprinted from Ref. 15.
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Fig. 8 (Color online) (a) SEM image. (b) X-ray image averaged over XAFS images between 10,159 and 10,655 €V,
showing the existence of zinc (Zn) and tungsten (W) particles. (c, d) Distributions of standard deviation (o) of
a series of XAFS images, showing the drastically changing area for image contrast during the XAFS measure-
ment, i.e. Zn and W distributions, respectively. (e) Peak-shift map to identify W and tungsten carbide (WC).
Red and blue regions represent W and WC, respectively. (f) XAFS spectra averaged over a 100 X 100 nm? square
area. Energy scan: (c) 9640-9690 eV every 2 eV, and (d) 10195-10225 eV every 1 eV. (f) Solid lines represent the
obtained spectra on the different particles. Dash lines represent the reference spectra, which were obtained from
the XAFS database (Institute for Catalyst, Hokkaido University) (data information: sample=Zn foil; cor-
respondence = Kiyotake Asakura; date=2006.12.13) for Zn, and the article (Fig. 2) published by Uo et al?”. for
W. All images were obtained with an exposure of 60 s. Bar=2 um. Reprinted from Ref. 15.
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Fig. 9 (Color online) (a) Conventional AKB mirror optics and (b) newly proposed imaging optics.
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Fig. 10

(Color online) (a) Relationship between experimental FWHMs of focused beam and incident angle errors for

an elliptical mirror and a 1D Wolter mirror. (b, ¢) Simulated position of the focused beam by an elliptical mirror
and a 1D Wolter mirror when their mirrors have incident angle errors of +/— 1urad. The figure (a) was

reprinted from Ref. 4.
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Achromatic X-ray microscope based on total-
reflection imaging mirrors

Satoshi MATSUYAMA Department of Precision Science & Technology, Graduate School of
Engineering, Osaka University, 2-1 Yamadaoka Suita-shi, Osaka 565—
0871, Japan

Abstract There is a problem that spatial resolution of X-ray microscopes is degraded by chromatic aberra-
tion. To resolve the problem, achromatic imaging optics based on four total-reflection mirrors (i.e.
an advanced Kirkpatrick-Baez mirror optics) was developed. Performance tests performed in
SPring-8 revealed that the developed microscope can provide 50-nm spatial resolution without
chromatic aberration at the hard X-ray region ranging around 10 keV. Also, long-term stability
tests and XAFS (X-ray absorption fine structure) imaging showed that it can reach the practical
level. In addition, a novel X-ray imaging optics consisting of concave and convex mirrors was
proposed to realize compact microscopes. Here, we describe the details of the developments.
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