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The lecture scope:

1. Optical properties of the
materials in x-ray region.

Grazing incidence optics.
Fresnel zone plates.
Fourier x-ray optics.
Multilayer mirrors.

Bragg-Fresnel soft Xx-ray
optics.

a) Multilayer gratings

b) Modulated Optics

¢) Bragg-Fresnel lenses

d.) Fluorescence microprobe

7. Microfabrication technique.

Qptical Properties of Mafer;a!s ih

X- ray Region

Complex optical index.

n=1-98+if

8= AN /2n) B =rNNf,/(2n)

Where: Iy and {3 are atomic scattering factors;
r. - the classical clectron radii.
Ng - the number of aloms in onit volume.

Example:

For SILICON at the wavelength of €.15 hm:

d = 7.56x10°®, B =17x107,

For TUNGSTEN at the wavelength of (.15 nm:

& = 4.57x10%, B =7.56x10°®,

=



Grazing Incidence Optics,
\/.V.Ah's{ov‘ A1 El"éo‘ VV Mart/wov , 1988

Total External Reflection
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Total external reflection optical
systems

X-riy beam

X-Ray beam

Beam stop
Paraboloid
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Fresnel's light house lens
(Kinoform)

Fresnel's zone lens

X-Ray Lens

Fresnel's zones
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FREE-STANDING GoLD Zong PLaTE
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F REE-STANDING CIRCULAR SILICON ZONE PLATE.
THICKNESS - 230

FOCAL LENGTH AT 0.834 NBI-5 CM.
. o
o . - Tloﬂ.’ft'cnf Efffe:'e.hs-- SG‘Z at j= 8.34’.”
FREE-STANDING GRQTING
Made in IHT RAS. = ' Mase in IMT RAS'
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4. X-Ray Fourier Optics

fresnei-{Tircobaifs integral
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Applications of the Talbot effect:

periodical imageses franasfere

Spectrascopy

MASK MASK-FILTER PETECTOR
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The scheme of the Tatbot spectrometer
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A
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5. Multilayer mirrors

Reftaction from #he surface at O>
R << 4 (~/o“"-zo‘-7€) %

‘0.,@ one Sofution: intelrference Itd%cﬁbu.

q) MNatural c{y#fafs: m'gé absorftion
' FOW sfafs'f-'z:-_y

é) _ﬂr{{f:'ciaf mulbtiloyer structure:

—- High reffectividy

— Temperatuie stabi iy ~ 500°C
- Wavefcwgﬂ: range S0ev — £0KAeV.
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n oo P AN=44_ R=~20p
/e, 32K period, A= 4sh R x 505

Spectral resolution ad/R = 107¢
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a) Multllayer gratings
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Multilayer graiting test
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Multilayer graiting efficiency
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Multilayer grating test

Sample scan mode for the graiting depth 230nm.

a - calculation using modal theory

b - experimental resulis.
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D, Grating period

Multilayer Grating scheme showing extinction Reciprocal space for large period grating D= 20 u

length; Light path corresponds to the case :
Ix <<D
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b) Modulated Optics

X-RAY SPACE MODULATION BY DIFFRACTION
ON AN ULTRASONIC SUPERLATTICE

Si-Li

Scheme of the double-crystal X-ray diffr actometer

kcosOp=kcosg + mK
wherek =2n/A K =2n/A and m isthe number of the diffraction ﬁrder
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Dependencies of the diffracted X -ray intensities 1 at different values of
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Pale N

0‘085 ll]ll'l'llIIT]III‘III‘I]‘II"Il
A +1

0.08
0.075
0.07
0.065
0.06
0.055

'rl!lllllllvllll|Iu]|lll]llll

[ATTITITIIETI ETUYIRARTURTORE ]

lllllllllllllllljlllllllllllll

5 &7 99 10} 103 105 107 109 111
 SAW frequency, MHz

.05
9

'Depenrdmc-i;_n‘:f the angular divergences betweea the diffraction orders

Aay, Ay, obtained at different values of the excilation [requeacy of
SAW §=96-110 MHz and amphtude of the inpot signal U=15 V(the full
line shows calculated values).
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TIME MODULATION OF THE DIFFRACTED X-RAY RADIATION

detecior
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TIME MODULATION OF THE
DIFFRACTED X-RAY RADIATION
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¢) Bragg-Fresnel lenses

Refiection X-Riy hologram recording scheme.

Resist

Object

== Multilayer

Ay e,

- - D

1D and 2D Bragg-Fresnel
Grazing Incidence Lenses
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Model of Bragg-Fresnel Lens

LA

z
Xa=

[ag (1+K2) b K] Ka
- - — l
¥ 14K7 l 2 t

bl K

A
¢o+2n4~;55.5§o+(2n+1)%

- A1 and Az being re
Boint ™ 2 g respectively the object and image

- 2a the source-image distance.

- .;( 't'l‘:: srlﬁ e coefficient,

- b s arameter of -

- A the waveleg th. of the l-th layer.

:1§n‘a\|'1(l v{. the elllpsoldal coordinates , with: £ >1 and

-35-

APPROXIMATED EQUATIONS

Approximated equatlon in cartesian coordinates:

Ka*o/a +bf5;1 a’+b +pi—1/a +b, bl_ai‘z
X+ x
2
b’,+pb1T'\/l e-b? b2+ p 22V 2% 4b? a’p

a? p— azhbf
x (2]

IJl +p %.\/ xz+bf

Focal distance :

A |2+bf b?-aiK2

2Vk%1 b

{31

bo Is'dapendent to the magnification ratio M and 1o the
slope parameter K as:

M+1
bo- ak M-

=aKm [4]

b
dg._l_. L

20 af a2+ bz.

Relation between the Bragg angle &, the slope coefficient
K and the magniftication factor m :

15]

SinOm—FKrE [6]

2p/a’+ b
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Off-axis aberrations
0.3 Wodulation Transfer FamcUion {MTY) f
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Grating pe'riod (u)'
Wavelength (A )= 0.1 nm (12.4 KeV)

Multilayer period (d) = 3nm

Focal distance (F) = 15 cm
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Bragg—Fresnel Lens with optimal profile.
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nirror.

radiation. The profile of the surface is shown in Fig 1. As the original multilayer
mirror we used a Ni-C structure,

As the x-ray source we used an x-ray tube with a linear focus and an Fe anode.
The radiation from the tube is collimated with a standard slit collimator; the size of
each slit is 50 ym. A mirror with a shaped surface is installed in the goniometric head
18 ce from the collimator. With a 180-42m central relief zone and angle of incidence at
the w.sror surface in the range 2-2.2", the reduced slit image is situated 1.7 em from
the focusing element. As the detector we used “Mikrat LOI-2" holographic plates
with a 8.2-pm intrinsic resolution. ’

Figure 2 shows the images of an x-ray wave front in the region of a typical FeKo
spectral line obtained by (a) modulating the amplitude by forming a profile in the
mirror and (b} modulating the phase by depositing ~ 300-A-thick layer of gold on the
mirror surface in the Fresnel zones. The slit image carresponds in size {~6 pm) to
that obtained by scaling down the optical apparatus of the experiment,

FIG. 2 (w) Image in the focs] plane produced by modulating the amplitude of an x-ray wave front; (b)
image in the focal plane produced by modulating rhe phuse of an x-rsy wave front. The armow indicares the
position of the focal Ene. :

268 JETP Lew, Vol 44, Ne. 4, 25 August 1086 . Arfsiovoral 266

FIG. 1. Prodle of the surfece of & multilayer -
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Photographic resolution test.

Intensity (arb. units)

(experiment)

focus at 0.12nm

Intensity variation along the vertical !
;
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Kirpatrtk-Baez Bragg-Fresnel Optlc Principle

P
i =

The scheme of dffraction Kinkpatrik- Baez microscope .

1 - input siit, Resolubon 2-3 tun

2 - BFL -1 &S of Y

3 - Stage for BFL - 1 was readaed |

4 - Axis of rotation,

5 - Ganiometer, fecd reroluting wub! v
6,7 - Slits — :
8 - BFL -2, Cottagad T80 8 g,

9, 10 - Stage for BFL - 2, LA

11 - Recording plate. Potsible, @ < 4}4.»\

-

| T
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BERAGG - FRESNEL LINEAR ZONE PLATE

APERTURE imm X 3mm
OUTER ZONE WIDTH sp
FOCAL LENGTH AT

WAVELENGTH 15 A 6.08 cm

v -
Ty
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TWO - DIMENTIONAL FOCUSING

IN DUBLE - MULTILAYER KIRKPATRIK-BAEZ SCHEME

WITH BRAGG-FRESNEL LENSES

SR——

Wavelength 124 A

Focal distance T ¢m and 5.8 cm

Si 160B (W/Si) d=29 A

Si 160B (W/Si) d=29 A

b.
<20 4.pm
»5 B83:00% £ xev

a) The scheme of lens operation in emission of A = ¢.15nm
b) experimental results: 1, 2, 3, - pinhole camera images,
o s . . 4 - lens obtained images,

. 10 Ej - filter cut-off energy in pinhole camera

D - real spatial resolution of pinhole camera.



~-50- P

R&D Center ROMT, Russia

Lenses for Plasma Imaging System (PIMS)

[':',:] A W/C Mirror
X /
A /7
Ac A E’/‘fééé/ 33'
N %% 4
i’ et
o -
410p

The multilayer Bragg-Fresnel lenses, designed for two-dimensional imaging of a
plasma X-ray sources.

« Spectral bandwidth 5i/A = 2 10-2,

- Spatial resolution better than 10 p

'Eﬂ'iclency of each multilayer were tested at 8.3 KeV beam energy.

a) Scheme of lens operation in emission with a wavelength : Mol er MultTayer | Photon energy | Focal lengh,
of 3Agp = 0.45nm. Specimen period. nm | efficiency™ % | range, KeV cm
" int" i ire: 05-15
1 - plasma "hot point” of explosion wire; Ellipse 1 205 o4 (A=Toum) | 32.26 a1 1KeV
2 - Bragg structure; 15-23
3 - Fresnel lens structure; Ellipse 2 n 60.3 (A2=;463u;n) 64.5 at 2KeV
4. 6 - limited apertures stops: Ellipse 3 2.86 54 (A=2185m) | 100 at 3KeV
) \ . 35-33
i gh °;:i::;:'c Fiim; Ellipse 4 3.17 58 (A=363um) | 161.25 a1 5SKeV
-Sis ;

A - anode, K - cathode of high-current diode.

bh) plasma image photographs in the 15t and 3d diffraction
orders.

¢) plasma image dencilogram.

e

e

yy -



| 1D and 2D FOCUSING GRATINGS |

Elliptical Bragg-Fresnel Multilayer Lenses.

Wavelength range 0.45nm - 3.5am.
Aperture - 0.35mm x 0.5mm.
- -Minimum zone width - 0.25um.
-Absolute efficiency - 10% at the 0.45nm wavelength,
Spacing resciution less than Ipum.

Fig.7. Bragg-Fresnel elliptical lens-polarizer for the wavelength 4.5nm.
Aperture 355um x 500;tm.

20 30 40 S0

Intensity (arb. unils)

10
L

T T T
-40 -20 1] 20 40
Position (pm)

Fig.8 Intensity distribution in the ls'ocal plane of the BFML. Wavelength
4.5nm. '
(Experiment)




LURE-IMT Fluorescence Microprobe

A.Erkol, F.Legrandz, P.Dhez2, P.Chevallier?

1 JMT RAS, RUSSIA
2] URE, Orsay, FRANCE

In cooperation with:

M. BRUNEL,
Laboratoire de Cristallographie, CNRS, 166 X, 38042 Grenoble cédex.
FRANCE

B. VIDAL,
Laboratoire d'optique électromagnétique, Université de Marseille
. FRANCE

I. Our Main Constraints on the DC| Beam Line.

* Quite low brightness oohrco (4 meters depth) at 24 meters:

Ox: 2.7 mm O’y 0.53 mrad
O 1.5mm 'y 0.26 mrad

* Build a probe having:

- 1 or 2 microns spot size.
- Flux usable for practical applications on this beam line.
* Choose & technology able to work:

- from Ck(0.3 KeV) on SuperACO
- up to Zrk (20 KeV) on DCI

i
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Il. OurCholces.

* Keep open the possibility to reach
sub micron spot size In the future

==>> No curved mirrors optics.

* Choose a technology to compensate our low brightness
- &5 Jarge as posslble collecting aperture.

- possibllity to have phase gratings
over the consldered energy range.

==>> No transmitting Fresnel zones.

- large band pass.
==>> No crystal optics.

* Take advantage of our knowledge in multilayer X ray mirrors
and our collaboration with IPMT Chernogolovka.

==>> Bragg Fresne! lenses on multilayers.

Hl. Minimum Spot slze
l useful for fluorescence studies around 10 KeV?

* Penetration depth versus element to detect and matrix.
* Emitting volume versus element to detect and matrix.

* Minimum sample thickness to limit volume effect.

IV. Tested optics since 1989.

* May 1990: First Kirpatrick-Baez optic
with 2 linear Bragg Fresne! lenses
and “home made” manual geniometer,

*June 1991: Second Kirpatrick-Baez optic
with 2 linear Bragg Fresnel lenses
and new automatic goniometer.

=> 104 to 105 ph/sec In the multilayer band pass.

*Dec. 1992: First 2D focusing optic
with a single elliptical Bragg Fresnel lens
and visible microscope with zoom
for on line identification.

*June 1933 1 jum Focal spol was achiveo/
IO:ph/sec
Fivsi 2D mapping of the
micto peteolrrte 3ou~p£’e'
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cross of two 20 microns wire in fluorescence f' - LURE - IMT RAS MICROPROBE

with the 1 A lens setted at 13.8 keV
Specifications:

l - Wavelength range: 0.8 - 1.54 (8 - 15KeV)
i - Spatial resolution:
‘ . ZOOM: in Fluorescence mode:

W

120

20 pm in diameter, fast scan;
3pum x 3um (0.5um x 0.5um in the future), slow scan;

"0

1pm x 1um (0.1pm x 0.1um in the future), point analysis

: - Energy resolution ;: AE/E = 10-2 ( Band pass 100 eV at § KeV )

© T - Minimum step size: 0.1um.

b _7 o _Q TR N \";:'; \/ i \.:‘> - E - Photon flux in focal spot > 7.105 photon/sec. (3 x 3 pm?2 focal
S SRS (et ') 7 g spot)
[ '{ o -\;_‘: P i :f. ’ | f@ié . \""\/ pk ( - Basic optical scheme: Single lens system with demagnification of 42,

) L <\/ - ;0 : :'—a > I||{|yf;‘-/—5 i T "\:; Bragg - Fresnel Multilayer Lens:

o :4 . "T’ L "’3 j’ 8 ,{j/ix““\fj"fj'rﬁ', R Elliptical type, focal length 15cm.

i Aperture 3mm x 50um

C/W multilayers with period 3nm.
Minimum zone width of 0.3um.
- Mechanical scanning.

- Detector: Si(Li) solid state detector with dedicated computer system.



Future plans

I. Combination of 18t - 3d order diffraction in one lens
(Michette - type lens) will led to increasing:
- Efficiency in 10 times

- Resolution in 2 times

IL Application of Surface Acoustic Waves scanning
devices in X-Ray microscopy will led to:

Positioning accuracy in order of 0.01 pm

II1I. Combination of the lens and scanning device in one
element.

IV. Ray-tracing of Bragg-Fresnel elements

.

Warvelength range 0.08nm - 0.Znm.

-Apperture - 0.15mm x 10mm,
-Minimum zone width - 0.25um.
-Absolute efficiency - 20% at the 0.1nm wavelength.
Spacial resolution less than lpm.

3433 18KV 1@3rn WD13

Fig.9 General vew of the Bragg-Fresnel elliptical lens for the (.15dnm
. wavelength,

Apperture 50pm x 2mm.

BEE3I  28H1 %550 18kn WB28

Fig 10 The central part of the same elliptical BFML.
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"ROMIY*"
Y SPACE MODULATION BY DIFFRACTION
ON AN ULTRASONIC SUPERLATTICE

X-RA

detector

Imonochmmator l l

X-ray

Source

slit 20 ym

amplifier

: 1 ;';‘}.‘i'r'ﬁf.fﬁ Microelectronics technology for
SAW device = T X—ray OpthS:

Scheme of the double-crystal X-ray diffractometer - Submicron (subnanometer) resolution,

0_035A & - Large (10mm x 10mm) fields with topology

E”"”"'”"”'”rw,{u':'”"”E precision < 0.1pm,
0.08 | 3
0075 £ 3 - Nonlinear structures, discribed by 2 -nd
] 3 ' order curves,
007 | E

3 - Thin films, consists from monoatom layers
0085 £ N E (thickness in order of 0.5nm-1nm).
0.06 :- - Aa -1 ":

g 3 - Surface roughness in order of O0.inm -
0.055 [ - - 0.3nm
0.05 :JlJn...l...l,.,1..11...11.,|...

95 97 9 101 103 105 107 109 111

) SAW frequency, MHz . .

Dependencies of the angular divergences between the dilfraction
orders Aoy, Aa_y, obtained at different values of the excitation
frequency of SAW §=96-110 MHz and amplitude of the input

signal U=15 V(the full line shows calculated values).
Y
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_Instrumentation:

ectron-hea it H
ZRM-12 with "GASMAL" control system
Elcctron beam energy 30 KeV

Spot size S0nm

Minimum Line width 0.3ym

Field size Imm x Imm.
Waler size 102mm x 102mm
Alignment accuracy - 0.2um

JEOL 840A with "GASMAL" control system
Electron beam energy - 40 KeV -

Spot size nm

Minimum line width 0.1zm

Scan ficld size 2mm x 2mm
Walcr size 10mm x 10mm
Alignment accoracy lpm

Ion_sputtering, etching:

Argon ion gun (IMT)

Ion energy 100cV - 3 Kev
Beam size 2Zem

Wafer size - 20mm x 20mm
Etching speed I5Snm/min

Magnetron sputtering;

SCM-651 (ALCATEL)

RF magnetrons 2x600 W .
Waler size 280mm x 100mm
Target materialy C, W, Si, Ni, B4C, AIN.

Cross-section of Mutilayer X-Ray Mirror
fabricated by magnetron sputtering
method in the SCM-651 "ALCATEL" system.
(with participation of LOE, Marseille)

Multitayer materials: C and W,
Multilayer period: 3.15nm,
"Number of bilayers: 76,
Efficiency at 0.154nm: 63%

- |kg
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BFML TECHNOLOGY
Electron Beam

UV Resist

Fe, 0,

Substrate (quartz glass)

UV Beam

Mask
UV Resist

Multilayer

Multilayer Substrate

Ar* Beam

Resist Mask

Multilayer

— Muitllayer Substrate

BFML Multilayer

{1 ag—————Multilayer Substrate

Photomask
preparation

UV Exposure

lon Etching

Minl - compuler
I
Micro - computer

Condenser
lens
Electron optlcs
control unit
Rlank
sy=tem

I I Pattern generator

Programmable

Control timer

Fine positioning

Ohjective unit

taser interferometer

control

Electron-Beam Lithography system
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