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Introduction

A X-ray spectrum

A X-ray grazing incidence optics in Czech Republic
A X-ray grazing incidence optics basics

A Rotational symmetric and Multi-foil X-ray mirrors
A Selected space applications of X-ray mirrors



Electromagnetiaadiation spectrum
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D. T. Attwood Soft X -rays and Extreme Ultraviolet Radiation: Principles and Applications (Cambridge

University Press, Cambridge, 1999)

13.5nm /92 eV EUV Lithography
6.2nm /200eV = BEUV Lithography
2.347 4.39nm /283171 531 eV Water Window Microscopy
571 17 keV X-ray Microscopy

Laboratory —Pp 50eV 7T 10 keV Space applications



Grazing Incidend&sl) replicated-ray Optics
49 yearsof research andevelopmenin Czech Republic

Replication Technology for X -ray Optics Manufacturing

- AN e = 7, *oytajy, — 2Tl )
Mandrels used for the manufacture of X -ray mirrors Replicated X -ray mirrors (hyperbolas,
(Glass ceramics Sital, Acad of Sci, Prague, 1969) Ni surfaces, Acad of Sci, Prague)
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1969
1970
1971
1976
1979
1980
1981
1981
1985
1987
1988
1989
1990
1993
1996
1997
1997
1999
2001
2005
2006
2007
2008

Historyd milestones and examples of projects
(Acacemyof Science zechTechnicalniversity ReflexRigaky

First considerations started

First X -ray mirror produced ( Wolter 1, 50 mm)

Wolter 1, 80 mm

Wolter 1, 115 mm

First mirrors flown in space (two Wolter 50 mm, Vertikal 9 rocket)
Vertikal 11 rocket (two Wolter 50 mm)

Firstlarge  Wolter mirror (240 mm)

Salyut 7 orbital station ( Wolter 240 mm nested)

Applications for plasma physics, EH 17 mm, PP 20 mm

First high quality X -ray foils for foil mirror X -ray telescope ( SODART )
Fobos 1 Mars probe, TEREK X-Ray Telescope

KORONAS | X -ray mirror, Wolter 80 mm

First Micromirror (aperture less than 1 mm, Bede Ltd.)

Collaboration with SAO, USA, WF X-ray optics started

First Lobster Eye test module produced, Schmidt geometry

Double -sided X -ray reflecting flats (SAO MA USA, CTU Prague)
Lobster Eye Angel geometry project started

First Lobster Eye test module produced, Angel geometry

Thin segmented X -ray mirrors

Replicated Image Slicers for LEO, EU FP6 projects, Cambridge

MFO Kirkpatrick -Baez optic, University of Boulder, CO, NASA, USA
Innovative technologies for X -ray telescopes, PECS, ESA XEUS projects

i 2018 EUV/ BEUV/WW/ SXR/XR Grazing I ncidence mirrors
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Examples of Imaging Gl X -ray optics

X-ray image of the

laser plasma by the 1985 =t Applications for plasma
17 mm EH microscope

(IPPLM Warsaw) physics
(EH 17 mm, PP 20 mm)

FOBOS 1 Mars probe,
TEREK X-ray telescope

- KORONAS |
(Wolter 80 mm)
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GRAZING INCIDENCE
X-RAY MIRRORS



Flat X-ray Mirror

FIAT MIRROR




Variation of reflectivity with X

Reflectivity

-ray energy and grazing angle (
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Microroughness of of Au coated X -ray mirror ( AFM)

Nanotcope Tapping AFM
ICan size S00.0 nm
Zebtpoint 0.60210 U
agan rate 1.130 H=
Number ol samples 12

X 100.000 nw/Sdiv
2.000 nw/div

Tapping AFM images of the surface of the double - sided flats developed for Schmidt lobster -eye
telescopes . The resulting microroughness RMS is 0.3 nm. Test facility at the Astronomical
Observatory in Brera, Italy.
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Replicated Gl Mirrors
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° Geometry and size
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MIRROR '—5'5
Example: Elliptical mirror
A Mirror surface has shape of
rotational ellipsoid
A Source is placed in left focus
A Detector or sample is placed
in right focus
A Radiation strikes mirror
surface at grazing angles 0,5° %

+ 20°
Mirror is focusing radiation
from left focus on right focus

o

Czech Space Week, Prague, Novemb&r2018
11



Replication technology

A Replicationtechnologydevelopments irthe Czechoslovak Acad. of Sci.,
NationalResearchnstitute for Materials(1969)

- 2-3 mirrors from one maste

A Improvementof replicationtechnology:
- lessdamageof mandrel

_ a- master,
- reducedweight b - masterwith electroformed
nickellayer
d - cutting/finishingof the
A Laboratoryand spacepplicatiors edges

e - removing theNi mirror shell
- Wolter objectives 17 mm and20 mmdia

- EHWolter used(1985 for taking photographs of laser plasma
in Institute of Plasma Physics and Lagkcrofusionin Warsaw
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Replication technology

MANDREL
with Au surface
layer

Ellipsoidal mirror for
spectral region
10 T 15 nm
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To o

Now manufactured by
Rigaku Innovative Technologies  Europe

A partof RigakuCorporation group (Tokydapan)

Establishedn 2008as European centdor the design, development and
manufacturing ofX-ray optics X-ray detectorsand X-ray sources

Colaborationwith Czechacademidnstitutions and hightech companies

Ellipsoidal and parabolic optitsr EUVBEUYWW/SXRXR
(laser plasma researcEUVILWW and XNJ @ YA ONR a O2 L) =

Slope error 40arcseq5d tmkcroroughness 2 nm 0.5nm)
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Replicated GI Mirrors

Ellipsoidal GI mirror
for WW application
(2.371 4.4 nm)

Ellipsoidal GI mirror
For EUVL
applications

(10-15 nm)
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) Rigakwu

Ellipsoidal GI EUV mirror for

Ellipsoidal GI EUV mirror for

13.5 nm
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Replicated GI Mirrors for Imaging and Analysis
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Ellipsoidal optic for 8 keV microfocus
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