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An elliptical mirror for X-ray microfocusing was manufactured using

the new fabrication methods of elastic emission machining and

plasma chemical vaporization machining. Surface pro®les measured

using stitching interferometry showed a maximum deviation around

the ideal ®gure of 7 nm peak-to-valley. The mirror showed nearly

diffraction-limited focusing performance, with a 200 nm line width at

the focus. Wave-optical calculations, taking the measured surface

pro®le into consideration, reproduced well the measured focusing

properties both at and around the beam waist.
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1. Introduction

The inherently non-dispersive nature of totally external mirrors for

X-ray microfocusing is most attractive when we consider spectro-

scopic applications that usually require broad bandpass or energy

tunability. For this purpose, Kirkpatrick±Baez (K±B) mirrors (Kirk-

patrick & Baez, 1948) are being developed at many synchrotron

radiation facilities. This classical method utilizes two concave mirrors

at a glancing angle to collect and focus X-rays in both the vertical and

horizontal axes for X-ray microfocusing. However, microfocus

mirrors for X-rays demand submicroradian ®gure perfection, as well

as a surface roughness of less than�0.3 nm r.m.s. (Freund et al., 1990;

Susini, 1995). Until quite recently, such an X-ray-quality mirror was

only possible for spherical or ¯at ®gures, but not the elliptical ®gures

required for K±B mirrors. Benders have been developed to make

elliptical ®gures from ¯at ones (Padmore et al., 1996; Yang et al., 1995;

Howell et al., 2000; Hignette et al., 2001), and a differential deposition

technique has been used to modify the ®gure of cylindrical substrates

(Ice et al., 2000). The best focal size achieved using bent elliptical

mirrors is 0.6 � 0.2 mm (Hignette et al., 2001), and using the differ-

ential deposition technique (Ice et al., 2000) is 0.4 � 0.5 mm.

Conventional polishing has also been attempted for manufacturing

elliptical mirrors (Hayakawa et al., 2001), but the resulting slope error

was of several microradians. By making the focal distance shorter to

reduce the effect of slope error, a focus size of 2 � 4 mm was

achieved. The observed focus sizes of the previous works are always

larger than the design values. Convolution of the slope error with the

designed focus size usually gives a good estimate of the observed size.

In this paper, we will show that aspherical X-ray-quality mirrors

can be manufactured using recently developed machining methods

(Mori, Yamamura & Sano, 2000; Mori, Yamauchi et al., 2000;

Yamauchi, Mimura et al., 2002). Measurement of the surface ®gure

pro®le down to the 0.1 mm spatial frequency range enables wave-

optical calculation of the focusing properties, predicting not only the

focus size but also the focus pro®le and even the pro®les in out-of-

focal planes. We have carried out line focusing tests of an elliptical

mirror at the 1 km beamline at SPring-8 (Ishikawa et al., 2001), where

we can expect coherent illumination. The observed line-focus pro®le,

with 200 nm FWHM, agreed well with the wave-optically calculated

pro®le.

2. Figuring and ®gure testing methods

We used the fabrication methods of elastic emission machining

(EEM) (Mori et al., 1987, 1988, 2001) and plasma chemical vapor-

ization machining (CVM) (Mori, Yamamura & Sano, 2000; Mori,

Yamauchi et al., 2000) as ultra-precise ®guring and polishing methods

to prepare both ¯at and ®gured X-ray mirrors. EEM is a chemical

machining method utilizing reactivity of the surfaces of ultra®ne

powder particles (Mori et al., 1987, 1988). Numerically controlled

EEM can create atomically ¯at and crystallographically non-

damaged surfaces with a ®guring of 0.1 nm range r.m.s. accuracy

(Mori et al., 1988, 2001), although the removal rate is low compared

with other ®guring techniques. Plasma CVM, developed as a precise

and effective preprocess of EEM, is a chemical-plasma process with

an r.m.s. ®gure accuracy close to 1 nm, having a high removal rate

comparable with conventional grinding. A combined process of

plasma CVM and EEM in series enables manufacture, in a reason-

able time, of the ultra-precise X-ray optical components that are

required for the highly coherent X-rays from the new generation of

synchrotron sources.

One of the great advantages of numerically controlled EEM is its

ability to correct surface ®gures using ®gure metrology data.

However, the widely used long trace pro®ler (LTP) (Takacs, 1987) has

insuf®cient spatial resolution (�1 mm) for the correction to suppress

interference fringes observed in the re¯ected beam (Mori et al., 2001;

Yamauchi, Yamamura et al., 2002). Accordingly, we adopt a stitching

interferometry (Bray, 1999) combining a microscopic phase-shifting

interferometer with a large-area Fizeau's interferometer. In the

stitching procedure, we use two parameters for optimization. One is

the difference between the conventionally stitched pro®le and that

measured directly with a large-area Fizeau's interferometer. The

other is the superposition error between neighboring images of a

microscopic interferometer. The two parameters are optimized with a

weight factor related to the spatial frequency. As a result, we can

evaluate the mirror surface pro®le with a slope accuracy at the

0.1 mrad level over the spatial range from 0.1 mm to more than

100 mm. Numerical calculation using the Fresnel±Kirchhoff integral

(Born & Wolf, 1997) reproduces the observed beam pro®les re¯ected

by ¯at mirrors fairly well when we use the surface pro®le measured

with the stitching method as the boundary condition (Mori et al.,

2001; Yamauchi, Yamamura et al., 2002).

3. Elliptical mirror for 100 nm range line-focusing

The above ®guring methods were applied to the manufacture of an

elliptical mirror, with the parameters shown in Table 1, for line-

focusing of coherent X-rays. The substrate material was an Si(111)

single-crystal plate. To re¯ect up to 20 keV X-rays, the maximum

glancing angle was designed to be 1.55 mrad. A relatively long focal
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length (300 mm) was chosen to allow a suf®cient working distance. To

show the characteristic focusing at a photon energy of 15 keV, the

numerically calculated result using the Fresnel±Kirchhoff integral for

an ideal elliptical mirror is depicted in Fig. 1. The incident X-rays

used for the calculation had the beam parameters obtained at the

1 km-long beamline (BL29XUL) (Ishikawa et al., 2001) at SPring-8.

The incident vertical slit of width 100 mm was located at 1 km

upstream of the mirror, where the transverse coherence length was

assumed to be 50 mm. The FWHM and the width between the two

®rst minima were found to be 200 nm and 400 nm, respectively. As

seen from the intensity ratio (�0.05) of the central and the ®rst

satellite peaks, full coherent illumination is realized all over the

mirror surface (Born & Wolf, 1997). In other words, diffraction-

limited operation is in principle achievable in our setup.

Fig. 2 shows the measured surface ®gure and ®gure error of the

manufactured elliptical mirror. The elliptical shape was ®rst ®gured

with plasma CVM in the spatial wavelength range above 5 mm.

Figure correction, with higher submillimeter spatial resolution, was

then performed using numerically controlled EEM. The measured

®gure error around the ideal pro®le was less than 7 nm peak-to-

valley.

4. Focusing properties and wave-optical characterization

The focusing test was performed at the 1 km beamline (BL29XUL) of

SPring-8. Monochromatic X-rays at 15 keV were prepared with the

cryogenically cooled double-crystal Si(111) monochromator

(Mochizuki et al., 2001) and guided to an experimental hutch of the

beamline located 1 km from the center of the light-source undulator

(Kitamura, 1998). The manufactured mirror was mounted on one of

the goniometers (KOHZU, KTG-15) of the high-precision diffract-

ometer system (Tamasaku et al., 2001; Ishikawa et al., 1992) installed

in the experimental hutch. A wire-scanning method using a gold wire

of diameter 200 mm placed in the focal plane was employed to

measure the focused beam pro®le. A piezo-actuated translation stage

(PI, P-733) enabled wire scanning with a 25 nm ®nest step. An

avalanche photodiode detector (Kishimoto, 1992; Baron & Ruby,

1994) placed behind the wire was used for measuring the beam

intensity.

Fig. 3 shows the intensity pro®le measured under the best focus

condition achieved and its differential curve corresponding to the

focal beam pro®le, together with a calculated beam pro®le of the

Fresnel±Kirchhoff integral using the measured mirror ®gure as the

boundary condition, in which an evanescent wave is not taken into

account. The half-value width of the focal line is as narrow as 200 nm.

Fairly good agreement between the measured and calculated pro®les

indicates that the present mirror-®gure metrology is suf®cient to

predict focusing performance. This, in turn, shows that we must use

wave-optical analysis even for hard-X-ray microfocusing by re¯ective

mirror optics, instead of the conventional ray-tracing approach. The

measured pro®le is completely raw data without any compensation to

Figure 1
Focused beam pro®le calculated from ideal elliptical shape by using the
Fresnel±Kirchhoff integral.

Figure 2
Figure (a) and ®gure error (b) of the manufactured elliptical mirror surface.

Figure 3
Observed and calculated beam pro®le at the focus point. The measured
surface pro®le of the manufactured mirror is taken into account in the
calculation.

Table 1
Parameters of the manufactured mirror.

Substrate material CZ-(111)Si single crystal
Surface coating None
Effective mirror size in longitudinal direction 90 mm
Length of ellipse 500.15 m
Breadth of ellipse 24.25 mm
Focus length 300 mm
Glancing angle on optical axis 1.40 mrad
Maximum glancing angle 1.55 mrad
Acceptance width 130 mm



take the transmission effect at the gold-wire

edge into account, because the transition-

layer width of the gold wire, which has a

diameter of 200 mm, is as small as 10 nm and

is smaller than the step in wire scanning. A

small tail appearing at the left side of the

main peak pro®le seems to originate in an

edge effect of the gold wire. A relatively

large shoulder at the left side of the center

peak mainly originates in the residual ®gure

error lying near the center of the manu-

factured mirror surface, which is seen to

have the form of a sinusoid-like curve

having a period of about 40 mm and a peak-

to-valley height of about 5 nm. This kind of

asymmetric ®gure error makes the beam

pro®le asymmetric around the satellite-

peak region and does not affect the main

peak width as long as the height error is

suf®ciently smaller than �/�0, where � is the

wavelength of the X-ray and �0 is the glan-

cing angle. The irradiance ef®ciency, de®ned

by the ratio of the re¯ected photon ¯ux to

the incident one, was measured to be more

than 80%. The irradiance gain, de®ned by

the ratio of the re¯ected photon ¯ux density

to the incident one, is estimated to be �400,

since the acceptance width of the present

mirror is about 130 mm.

The wave-optical property of the present

mirror is more clearly seen when we

measure the beam pro®les out of the focal

plane. Fig. 4(a) shows the cross-sectional intensity pro®les measured

every 1 mm in the beam direction over the �5 mm range from the

focal plane, while the corresponding calculated pro®les for the ideal

elliptical mirror are shown in Fig. 4(b). Constructive and destructive

interference observed near the beam waist, which agree fairly well

with the calculation, indicate that the present focusing is nearly

diffraction limited.

5. Discussion

As illustrated earlier, the combination of CVM and EEM can be used

to produce aspherical X-ray-quality mirrors for X-ray microfocusing.

Although the data shown here were taken for an elliptical mirror with

a ®gure error of 7 nm peak-to-valley from the ideal shape, we can

reduce the error down to �1 nm from peak-to-valley by correcting

the ®gure based on the interferometric metrology. Currently, the

minimum achievable ®gure error is not limited by the EEM process

but by the accuracy of the stitching interferometry. Therefore, further

development of the ®gure metrology would enable us to manufacture

aspherical mirrors with a ®gure error of less than 1 nm peak-to-valley.

The implications of the CVM and EEM methods go beyond

aspherical mirrors. Since these machining methods produce no

crystallographic damage, they are applicable to precise ®guring of

Bragg-diffraction optical elements such as X-ray inclined lenses

(HrdyÂ, 1998). With coherent X-ray illumination, partly realized in the

present third-generation synchrotron radiation sources and inevi-

table in the fourth-generation ones, even a ¯at-crystal mono-

chromator could require an ultra-precise surface ®gure to maintain

spatial homogeneity of the re¯ected beam or preserve coherence. The

present machining methods and metrology would be good candidates

for preparing optical elements, for both total external re¯ection and

Bragg re¯ection, for fourth-generation synchrotron radiation sources.

The irradiance gain, de®ned by the ratio of the ¯ux density of the

incident beam to that at the focus, is �400 for the present line-

focusing mirror. When we use two elliptical mirrors that have the

surface quality and ®gure error achieved here in the K±B arrange-

ment for focusing in two dimensions, we can expect an irradiation

gain of �160 000.

6. Conclusion

We have manufactured an X-ray-quality elliptical mirror with CVM

and EEM. We achieved a 7 nm peak-to-valley ®gure error around the

ideal elliptical shape over a 90 mm length on the mirror surface with

0.1 mm positional resolution. A line-focusing test carried out at the

1 km beamline of SPring-8 gave a diffraction-limited focal line with

200 nm FWHM. Wave-optical calculations, taking the measured

pro®le into consideration, reproduced well the measured focusing

properties not only at the beam waist but also around the beam waist.

Since the present ®guring methods do not introduce any crystal

damage, they are applicable for the ultra-smooth ®guring of Bragg-

diffraction optical elements.
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Figure 4
Measured (a) and calculated (b) cross-sectional intensity pro®les at every 1 mm in the beam direction over
the �5 mm region from the best focus position.
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