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Target missions

Recent development of our optics

1. MEMS X-ray optics

2. Plastically shaped Si optics



Future missions

Hard X-ray Telescope

X-ray Survey

All Sky Monitor

Polarization

Hard X-ray Telescope
Microcalorimeter

 Astro-H (2013, J-US-E)

 MAXI (2009)

 NuStar (2011)

 SRG (2012)

 GEMS (2014)

 IXO (~2022, E-US-J)

Observatory Observatory

20 m

14 m

Chandra

XMM

Suzaku

X-ray CCD, etc...



Small but unique

 DIOS (2015, Japan)
   JAXA small satellite series
   large field of view telescope
   microcalorimeter

 Micro-X (2011,12 ...,  US)
   Sounding rocket experiment
   demo of microcalorimeter for IXO

1.5 m

400 kg

90 M light year

•Puppis A: Middle 
Aged (4000 years 
old) Oxygen-rich 
remnant

•Complex 
interactions 
between ejecta and 
interstellar 
environment

•High surface 
brightness, 1 keV 
temperature

Puppis A Supernova Remnant

Micro-X Science

Enectali Figueroa-Feliciano - LTD 13

Pup-A

Payload 520 kg

3.8 m

4-stage optics, 0.2-1.5 keV, 
f=0.7 m, Δθ < 2‘, SΩ  >100 cm2 deg2

Wolter-I optics, 0.2-3 keV, 
f=2 m, Δθ < 2‘, S > 200 cm2

missing baryons



How to diet ?

 1. Stiff mirror substrates
 Glass sheet, Si wafer
 ~2.5 g/cc
 flatness : <1 μm

 smoothness : <1 nm

 2. Micro pore optics
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Fig. 13: Zygo measurement of flat Si wafer (ON 

Semiconductor, diameter 150 mm, dopant B). 

 

 

 

 
Fig. 14: Thermally formed (technology I) Si wafer to test cylinder 

(R = 150 mm, 72 x 23 x 0.625 mm). 

Fig. 15: Shape deviation of thermally formed Si wafer from ideal 

cylinder (± 10 µm). 

 

 

 

 

 

 

 

Fig. 16: Test module for tests performance of glass foils vs. shaped 

Si wafers. Test elliptical Kirkpatrick-Baez optical system, focus 

0.5 m, 58 x 50 x 100 mm, glass foils 40 x 40 x 0.3 mm, Si wafers 

40 x 40 x 0.4 mm.  
 

 

Fig. 17: Test parabolic KB X-ray imaging system based on 

parabolically shaped glass foils with dimensions of 300 x 

100 x 0.3 mm. The complete KB module has dimensions 

108 x 320 x 50 mm and the focal length is 0.6 m. 
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Glass sheet

Si wafer

 X-ray diffraction
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Micro-pore X-ray optics

 Micro Channel Plate (MCP)

 fused glass fibers

 Conical Wolter-I

 Ang. reso. : 120 arcsec

 Mass : 30 kg/m2

Price+02 NIM-A

Bavdaz+04 SPIE

50 !m
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 Silicon Pore Optics (HPO)

 ribbed Si wafers

 Conical Wolter-I

 Ang. reso. : 5 arcsec

 Mass : 200 kg/m2

the development of attachment techniques in order to build up three-dimensional structures, and the commercial 

requirements of the microelectronics industry have forced wafer manufacturers to fabricate atomically flat (<1 micron 

over 30cm) and very smooth surfaces (sub-nm), and finally silicon is a good thermal conductor. More details of the 

fabrication steps are provided in an accompanying paper
6
 and the main steps are outlined briefly here. 

 
The current generation 300 mm size of silicon wafers do not 

limit telescope size, since a large telescope would be 

assembled in modules based on very thin mirror plates (~250 

microns). The modular fabrication of a pore optic is then 

hierarchical, and requires only very compact equipment to 

produce high resolution mirror units, less than one litre in 

volume. The build-up of such a module starting from a single 

silicon wafer is summarised starting with Figure 4a. 

Production begins with ribbed plates that have very high 

quality surfaces on both sides.  

 

 

Figure 4a Silicon ribbed plates where the ribs and  reflecting plate are only ~200!m thick  

 

 

Processed silicon wafer components are then stacked 

onto a precision Si mandrel, requiring only a single 

curvature (for the conic surface). Several plates are 

stacked on top of each other while being curved in 

the azimuthal direction to form a single monolithic 

unit that is intrinsically very stiff, as well as 

possessing a very good temperature stability without 

differential expansion problems. (Figure 4b)  The 

optics module can be completed by retaining the 

mandrel as support (losing area) or detaching from 

the mandrel which is preferred for area coverage and 

mass (Figure 4c). 

 
                                                                                                                          

Figure 4b Stacking of many silicon ribbed plates onto a mandrel 

 

A number of these “sub-petal” units are integrated, 

aligned and fixed to form the major component of 

the mirror petal. Two such modules are stacked in 

series (precision alignment required), forming the 

conical approximations of the parabola and 

hyperbola of a Wolter-I optics. Such twin modules 

(p+h) are then integrated on ground onto the petals, 

qualified and calibrated. Such units are small 

enough to allow simple handling, but large enough 

to simplify the SC integration and in-orbit 

maintenance (e.g. alignments in orbit, if necessary, 

are done on the petal level). See Figure 5 

 
Figure 4c Options for leaving or removing the forming mandrel. 

 

832     Proc. of SPIE Vol. 5488

§4. 関連特許(3) 熱塑性変形を利用したシリコンX線反射鏡
　§3から派生した方法として、シリコン基板そのものをX線反射面として利用する
シリコンポアオプティクスを熱塑性変形で実現する。そもそも研磨したシリコン基
板表面は  sub-nm の表面粗さを持っており、また極めてフラットな面(<1 um)が 30 

cm 程度のスケールに渡って実現可能であることから、理想的なX線鏡となる。こ
れを用いたのが図1のHPOである。基板一枚が鏡一枚となるため、大量生産や大き
な軽量化は難しいものの、変形はより容易であり、解像度のよい光学系となること
が期待されている(Bavdaz et al. 2004, SPIE, 5488, 829 など)。
　光学系の製作法としては、図11に示すように、シリコン基板裏面にグリッド構造
をエッチングで形成し、それを土台に押しつけて弾性変形し、重ねることで理想曲
面に近づけるやり方が考えられてきている。しかし弾性変形のため、自然と元の形
に戻るため、経年変化や温度変化による解像度の劣化が重大な問題となっている。
　そこで、熱塑性変形によって変形を行う方法を提案する。塑性変形ゆえ、一度変
形してしまえば、形状は維持される。よって高解像度をより安全に実現できる。さ
らに型さえ用意すれば、2回反射の鏡面を一度の熱変形で実現できるため、従来に
比べ用意する鏡の数が半分ですむ。図12に案を示す。

the development of attachment techniques in order to build up three-dimensional structures, and the commercial 

requirements of the microelectronics industry have forced wafer manufacturers to fabricate atomically flat (<1 micron 

over 30cm) and very smooth surfaces (sub-nm), and finally silicon is a good thermal conductor. More details of the 

fabrication steps are provided in an accompanying paper
6
 and the main steps are outlined briefly here. 

 
The current generation 300 mm size of silicon wafers do not 

limit telescope size, since a large telescope would be 

assembled in modules based on very thin mirror plates (~250 

microns). The modular fabrication of a pore optic is then 

hierarchical, and requires only very compact equipment to 

produce high resolution mirror units, less than one litre in 

volume. The build-up of such a module starting from a single 

silicon wafer is summarised starting with Figure 4a. 

Production begins with ribbed plates that have very high 

quality surfaces on both sides.  

 

 

Figure 4a Silicon ribbed plates where the ribs and  reflecting plate are only ~200!m thick  

 

 

Processed silicon wafer components are then stacked 

onto a precision Si mandrel, requiring only a single 

curvature (for the conic surface). Several plates are 

stacked on top of each other while being curved in 

the azimuthal direction to form a single monolithic 

unit that is intrinsically very stiff, as well as 

possessing a very good temperature stability without 

differential expansion problems. (Figure 4b)  The 

optics module can be completed by retaining the 

mandrel as support (losing area) or detaching from 

the mandrel which is preferred for area coverage and 

mass (Figure 4c). 

 
                                                                                                                          

Figure 4b Stacking of many silicon ribbed plates onto a mandrel 

 

A number of these “sub-petal” units are integrated, 
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X線

シリコン基板

裏面エッチングで溝

土台に
押しつける

鏡を積層して
ポアを形成

X線は紙面に垂直に入射

シリコン基板

熱塑性変形で2回反射鏡

共同研究：東北大 

中嶋一雄 教授

25 mm

pore size = hundreds !m

Bavdaz+04 SPIE (revised)



1. MEMS* X-ray optics
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1. concentric  micro pores 3. spherical deformation

2. finishing side walls 

Mass : on the order of 10 kg/m2 (← ~20 μm width pore)

Angular resolution : ~15 arcsec (← diffraction at 1 keV)

Filling factor : >50 %
Manufacturing cost saving

rms roughness < 3 nm

(Ezoe+08 AXRO, Mitsuishi+09 SPIE
patent pending)

4. two- or four-stage optics

* Micro Electro Mechanical Systems



Elemental technologies
step1: Curved micro pore structure

X-ray LIGA
(Ni structure)

step2: Finishing sidewalls

step3: Spherical deformation

Hot plastic 
deformation

(Si)

Elastic 
deformation

(Ni)

Magnetic field 
assisted finishing

(Polishing
Si & Ni)

Silicon DRIE
(Si structure)

Hydrogen annealing
(Smoothing Si)



 Deep Reactive Ion Etching (DRIE)

Step 1 : Microstructure fabrication

C4F8

(-CF2-)n

SF6

F+
SiF4 F*

Etching mode Passivation mode

Bosch Process
Al

Si

 X-ray LIGA (lithography and electroplating)

PMMA

synchrotron X-rays 

3.2 mX-ray radiation & 
development

Au sputtering & 
Ni electroplating

Dissolve PMMA

Au

AURORA @ Ritsuemikan

DRIE machine @ ISAS



DRIE-fabricated Si optics

100 µm

On Axis

O
ff A

xis

micro pore surface cross section
20 µm

25 mm

Silicon 

High aspect ratio : 

      ~30 

Working area :

      φ 4 inch

Micro roughness :

      ~30 nm rms @ Off axis

      ~10 nm rms @ On axis



LIGA-fabricated Ni optics

Nickel

High aspect ratio :

       ~100 

Working area :

       35x100 mm2

Micro roughness :

       ~20 nm rms @ Off axis

       ~5 nm rms @ On axis

200 µm

On Axis

O
ff A

xis

micro pore surface

7.5 mm

LIGA-fabricated mirror chip



Step 2 : Finishing side walls 
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 H2 annealing for DRIE Si

 Magnetic field assisted finishing (MAF) for X-ray LIGA Ni
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X-ray Reflection Test
Al Kα 

1.49 keV

Angular Profile
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ts

Mirror Rotation Angle

Collimated

Total

Reflected
・σrms = 2.5±0.1 nm for LIGA + MAF Ni

・σrms = 4.6±0.2 nm for DRIE + H2 anneal Si 

Ezoe+ Microsys. Tech. in press

Detectorchip LIGA + MAF Ni
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 I. Abstract
  We have been developing the novel ultra-lightweight and high-resolution MEMS (Micro Electro Mechanical Systems) X-ray 
optics for future satellites. As a first step, we conducted optical image analysis of a spherically-shaped test optic. Obtained 
FWHM (Full Half Maximum Width) is about 3 arcmin and the focus size is consistent with the diffraction limit of this setup.

 II. Novel Ultra-Lightweight and High-Resolution MEMS X-ray Optics

  Our MEMS X-ray optics consists of five key techniques and there are 3 fabrication 
steps as shown in figure 1 and 2 respectively. At first, we fabricate etching curved micropore 
structures as X-ray reflectors on Si or Ni using DRIE (Deep-Reactive Ion Etching)or X-ray LIGA.
Second, we polish the etched surface (~nm) for high reflectivity using MAF 
(Magnetic field Assisted Finishing) or Hydrogen annealing. Finally, we deform 
micropore structures to achieve high angular resolution using hot plastic deformation. Figure 1. Five key techniques
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Hot plastic deformation
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Figure 2. Fabrication steps of  our MEMS X-ray optics

step1: Fabrication of micropore structures
(i) DRIE and (ii) X-ray LIGA 
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Figure 3. Expected goal

  Previously, we succeeded to fabricate the original 
lightest MEMS X-ray optics [??? et al]. Now we have 
been developing the novel MEMS X-ray optics 
keeping it’s lightness to improve angular resolution. 
In principle, angular resolution is described as below:         
!"~# / d~13$(# / 1 keV)(d / 20 µm)-1 #: wavelength of incident X-ray

d: slit width of micropore

 III. Optical Image Analysis

  We deformed DRIE-processed 4 inch silicon wafer spherically with a curvature of radius of 1000 mm and conducted our first 
optical imaging test for this wafer to evaluate fabrication accuracies and angular resolution. Fabricated optics and an 
experimental setup are shown in figure 4 and 5 respectively. As a result, we succeeded to take an optical focused image and           
                                                                     estimated FWHM is about 3 arcmin. Obtained CCD image and PSF (Point Spread       
                                                                     Function) are indicated in figure 6 and 7 respectively. However FWHM may be 
                                                                     limited by the diffraction because slit width of micropores is very small (~30 µm).
                                                                     Therefore FWHM is expected to improve using X-rays. 
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Figure 4. DRIE-processed silicon wafer
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Figure 6. Obtained CCD image
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Figure 7. Obtained PSF (Point Spread Function) 
of novel MEMS X-ray optics
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Figure 5. Experimental setup of an optical 
imaging test
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type: Si(111)
thickness: 300 µm
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slit width: 30 µm
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of novel MEMS X-ray optics
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type: Si(111)
thickness: 300 µm
size: 4 inch
pitch: 200 µm
slit width: 30 µm
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 Hot plastic deformation

 Spherical radius  : 1 m

 No side wall finishing

 optical imaging

 form accuracy



Current development

Fabrication of single-stage Si & Ni optics

New photo masks for high filling factor (Si     , Ni     )

New dies designed for Micro-X and DIOS

Improvement on H2 annealing & MAF

X-ray Imaging test until this Japanese fiscal year 
(2010 March)





2. Plastically-shaped Si optics

Si wafer for mirror substrate instead of Al foil

Hot plastic deformation of Si  

no spring back after shaping

applicable for foil optics and SPO

100
mm

0

100
mm600 um

-500 um

0 um

dies

wafer

>900 ℃

Fig. 2.
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spherical, R 1 m 
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X-ray Reflection
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μm

X-ray reflectivity @ Al Kα 1.49 keV

rms roughness ~ 1 nm

no significant change before/after shaping

Verification of X-ray reflection on shaped Si wafer

Ezoe+ 09 Applied Optics



Form Accuracy

Wafer shape was NOT good

Die : R ~ 1003 mm, residual ~2 μm peak to valley

Wafer : R ~ 1030 mm, residual ~20 μm
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Current development

Smooth & flat wafers

TTV (total thickness variation) on the order of 0.1 μm

micro roughness on the order of 0.1 nm

Deformation process

New conical deformation dies

X-ray imaging test of conically shaped wafer

150 mm
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