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Outline

9 Target missions

2 Recent development of our optics
< 1. MEMS X-ray optics
<& 2. Plastically shaped Si opfics



Future missions

9 Astro-H (2013, J-US-E) 9 IXO (~2022, E-US-J)

Observatory Observatory
Hard X-ray Telescope - :
Microcalorimeter

X-ray CCD, etc...

Suzaku

20 m

2 MAXI (2009)
All Sky Monitor

2 NuStar (2011)
Hard X-ray Telescope

5 SRG (2012)
X-ray Survey
d

4 GEMS (2014)

Polarization




Small but unique

920 M light year

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

microcalorimeter

4-stage opfics, 0.2-1.5 keV,
f=0.7 m, A® <2',SQ >100 cm? deg?

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

Wolter-| opfics, 0.2-3 keV,
f=2m, AO <2, S > 200 cm?
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How to diet ?

2 1. Stiff mirror substrates 5 2. Micro pore optics
& Class sheet, Si wafer
& ~2.5g/cc Xray g

) A
& flatness : <1 um ///”///////////////////
<& smoothness : <1 nm
x /A 7 4
Glass sheet e _ \
R Mass per one mirror e« A”
Mirror number o A°
. Optics weight «< A7 = A"
Si wafer
~ 2 X-ray diffraction
st (512 ()
Zhang+07 SPIE, Hudec+06,07,08 SPIE A 20 pm 1 keV
Ghigo+06 SPIE Ezoe+09 SPIE
Friedrich+05 SPIE limits size reduction

Hudec+06,07,08 SPIE



Telescope Mass (kg/m?)

100000

100

10

Objectives

Bavdaz+04 SPIE (revised)




* Micro Electro Mechanical Systems
1. MEMS* X-ray optics

1. concentric micro pores 3. spherical deformation

4. two- or four-stage optics

K

2. finishing side walls

rms roughness < 3 nm

& Mass : on the order of 10 kg/m? (< ~20 um width pore)
& Angular resolution : ~15 arcsec (< diffraction at 1 keV)

& Filling factor : >50 %
{ . . (Ezoe+08 AXRO, Mitsuishi+09 SPIE
& Manufacturing cost saving patent pending)



Elemental technologies

step1: Curved micro pore structure

Silicon DRIE
(Si structure)

step2: Finishing sidewalls

Hydrogen annealing
(Smoothing Si)

step3: Spiierical deformation

Hot plastic
deformation

(Si)

X-ray LIGA
(Ni structure)

Magnetic field
assisted finishing
(Polishing
Si & Ni)

Elastic
deformation

(Ni)




Step 1 : Microsiructure fabrication

2 Deep Reactive lon Etching (DRIE)
DRIE machine @ ISAS

SFe CaFs
A SiF4 i = Bosch Process (-CFa-)n
= ANE By AV

Etching mode Passivation mode

2 X-ray LIGA (lithography and electroplating)

synchrotron X-rays

.l v v l.
PMMA + + b T AU
T
— — 101 | % &
X-ray radiation & Au sputtering & Dissolve PMMA 3.2m

development Ni electroplating



paiz/ e
J4XA  DRIE-fabricated Si optics

HMXPER

2 Silicon

2 High aspect ratio :
~30

2 Working area :
¢ 4 Inch

2 Micro roughness

~30 nm rms @ Off axis

~10 nmrms @ On axis

micro pore surface  Cross section



2 Nickel

2 High aspect rafio :
~100

2 Working area . On Axis
35x100 mm? 200 um

LIGA-fabricated mirror chip
2 Micro roughness :

~20 nm rms @ Off axis

~5nNmrms @ On axis

MmICro pore surface



o  Step 2 : Finishing side walls

2 H2 annealing for DRIE Si

Large n
r}’l
0pm B

r—
small—y + chemical potential

2 Magnetic field assisted finishing (MAF) for X-ray LIGA Ni

Magetic abrasive

Riveros+09 SPIE



X-ray Reflection Test

Al Ko Detector

1.49 keV

chip

Angular Profile

A
= Total
D)
8 Collimated
Reflected
/\ :

Mirror Rotation Angle

0.5

Normalized counts

()

LIGA + MAF Nj

s 2.5 ni

(b) -

rms O nm

ms S nm

o [deg]

* Orms

* Orms

=2.5+0.1 nm for LIGA + MAF Ni
= 4.6x0.2 nm for DRIE + H» anneal Si

Ezoe+ Microsys. Tech. in press




Step 3. Deformation

2 Hot plastic deformation
@ Sphericalradius : 1 m
@ No side wall finishing

2 optical imaging

& form accuracy

off-axis paraboloids

<3 arcsec

Mitsuishi+ IEEE JQE submitted

mirror FWHM ~3 arcmin

N

oooooooooooooooooooooooooo

halogen lamp

(main wavelength: ~800 nm)




Current development

2 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 Hz annealing & MAF

2 X-ray Imaging test until this Japanese fiscal year
(2010 March)
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2. Plastically-shaped Si optics

2 Si wafer for mirror substrate instead of Al foill

d

<

Hot plastic deformation of Si Nakajima+04 Nature Materials

@ no spring back after shaping

@ applicable for foll optics and SPO
>900 °C spherical, R T m

mm r

100 .

600 s .
|77 100
-0 um
l-500 um 0

Ezoe+-09 Applied Optics



X-ray Reflection

2 X-ray reflectivity @ Al Ka 1.49 keV

& rms roughness ~ 1 nm

& no significant change betore/after shaping
2 Verification of X-ray reflection on shaped Si wafer

Detector

X-ray 6100 pm
)

Reflectivity

0.1

0.01

10-3

noS5_refl.qdp

L L
— bo oot TT e ,,,
N CJoNoxG)
0o

rms O Nnm
I Nnm
3 nm

Angle [deg]

Ezoe+ 09 Applied Optics



Height [mm]

O

=

Z 3
—>

2 Wafers

—0.5

1

—4-20 2 415

nape was NOT good

& Die

Form Accuracy

R ~ 1003 mm, residual ~2 um peak to valley

& Wafer : R ~ 1030 mm, residual ~20 um

deformation die

data

a=0.124 +/- 0.001 m
b=1002.971 +/- 0.057
r=1002.971 +/- 0.057 mm

best fit circular curve

Position [mm]

Height [mm)]

A [um]

-0.5

-100 10 -1.5

wafer

a=-0.255 +/- 0.004 m'
b=1028.731 +/- 0.347
r=1028.727 +/- 0.347 mm

2140 um

Position [mm]

Ezoe+ 09 Applied Optics



Current development

2 Smooth & flat wafers
@ TTV (total thickness variation) on the order of 0.1 um

@ micro roughness on the order of 0.1 nm <+

2 Deformation process
& New conical deformation dies

2 X-ray imaging test of conically shaped wafer
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