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1996 Nature, v. 384, p. 49

A. Snigirey, V. Kohn, I. Snigireva,
B. Lengeler

"A compound refractive lens for
focusing high-energy X-rays"

30 holes of 600 xm diameter in Al
show the ESRF optics beamline

(BM5B) source size projection
150um/20ﬁ8um, ri =18 m
Energy = 14 keV

Top - electron microscope image
Bottom - focus line profile
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1998, Applied Optics, v.37, p.653
A. Snigirey, V. Kohn, I. Snigireva,

A. Souvoroy, B. L.engeler

200 holes of 500 um diameter in Al

in cross geometry (spacing 50 um,
length 11 ¢cm) show 2D image of source
with FWHM =~ 8 um x 18 um (V x H)
ESRF, BM5,E=30kev,rqa=2.2 m
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Aicrocapillary X-ray lens bbbl |
ir bubbles in epoxy glue
Yu. I. DL@C"“" N. N. Kolchevsky, et al. inside the glass capillary.

Nucl. Instr. Meth. A, 1999, v.421, p.361 Capillary diameter ~ 0.8 ; 0.4 mm
Rev. Sci. Instr., 1999, v.70, p.4161

Nucl. Insir. Meth. A, 2000, v.454, p.512
Proc. SPIE, 2001, v.4145, p.235

Design and Ray tracing

1 - glass capillar,
2 - epoxy glue or glvcerine,
3 - air bubbles,

- long injector needle,

5 - compressed air

Visible light microscope image
of the microcapillary x-ray lens,

The diameter of th capillary T

Experiment at Spring-8 shows
significant aberrations. '




X-ray lens

Y. Kohmura, K. Okada, T. Ishikawa, et al.

Nucl. Instr. Meth. A, 2001, 467-468, p.881

Experiment at Spring-8
Lens of 185 air bubbles
E=-18 keV, F=0.48m, M=10
Test sample of Tantalum
stripe pattern, thickness 0.5 um,

line 0.4 um, space 0.4 um
(arrows) =

transmissivity of ~ 94%

Source - BL47XU undulator

Detector - fluorescence screen

and CCD (6 pum pixel)

Exposure time - 20 ms

Resent experiment

shows a good resolution




Alligator x-ray lens with variable focal length

B. Cederstrom, M. Danielsson, M. Lundavist, et al.
Nature, 2000, v. 404, p.951
Proc. SPIE, 2001, v.4145, p.294 ( Be )

D.A. Arms, E. M. Dufresne, N. R. Pereira, et al.
Rev. Sci. Instrum., 2002, v.73, p.1492 (Li)
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Focusing is not good.

The deflection of 10 keV

narrow beam (slit) shows

3-d harmonic of 30 keV
A8 = 2N5 h=0.5 mm
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Planar parabolic refractive lenses made of silicon

V.V. Aristoy, M.V. Grigoriev, S.M. Kuznetsay, et al.
Opt. Comm., 2000, v.177, p.33

Appl. Phys. Lett., 2000, v.77, p.4058 | |
S Slit Refract Photofil
Proc. SPIE, 2001, v.4145, p.285 soonee sfractive otofilm
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Parabolic compound refractive lenses made of

B. Lengeler, C. G. Schroer, A. Snigirey, et al.
Anpl. Phys. Lett., 1999, v.74, p.3924 P
J. Synchr. Rad., 1999, v.6, p.1153
- - - many other - - - R

d

J. Synchr. Rad., 2002, v.9, p.119

Parameters of element : | j—
R=0.2 mm, d=0.01 mm

p=1mm, a=1mm /

Such lens is a good imaging tool. = ‘
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Imaging with the Lengeler's lens, example 1

from "X-Ray Microscopy" : Proc. 6-th Intern. Conf.,
AIP Conf.Proc., 2000, v.507, p.340

X-ray micrograph of an insect, £= 23.5 keV, M= 12
N=62, F=165m, Li=179m, Lz2=2144 m (slight defocusing)




Imaging with the Lengeler's lens, example 2
from Nucl. Instr. Meth. A, 2001, v.467- 468, p.966
FZP of 200 um diameter, 169 zones (IESS, Ttaly)

E=14.4keV, M= 24,

E=235keV, M=12, N=62, N=50, F=0.718 m,
F=165m, L1=179m, Lz=21.44m £1=0.748m, L2=18m
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gas filled

detector
Diffraction in s o CRL |
single grain of ” S
IF-Ti steel with monochromator | ccd-camera
| e '§ Iens | [f;. 7 : — } (tor alignment)

from "X-Ray Microscopy" : Proc. 6-th Intern. () Braoo reflection of a single grain
Conf., AIP Conf. Proc., 2000, v.507, p.694 deformed sample

E=-16keV, [1=45m, L2=12]1m
N=40, F=1.18 m.

Beam size : 3 um x 12 um (V x H)
Angular size : A6 = 1.3 *10(- 4)
Grain size ~ 20 um x 5O um.
Six-circle diffractometer.

2D gas filled detector.

Up to 7 Bragg reflections :

(110), (200), (220), (310), (222), (400) T a80)

E —



Quasi-parabolic compound lenses made of plastic

18000 . S
M.A.Piestrup, J.T. Cremer, 4 o [frezen Stfﬂ_”fﬂ"dfsm
HR. Beguiristain, et al. g oo ~ | 4421:’ 2";";
Rev. Sci. Instrum., 2000, 30 mmeamsm—4 | | 0 cl.oim
v.71, pA375 £ oo /| e ~ Distance is smaller
f € 4000 } e | than focal distance
= 7N
| | | Pasition (mm) | | |
Y. Qhishi, A.Q.R. Baron, e 1.0 reduce beam size
T. Ishikawa, et al. R=1.5 for high-presure

Nugl. Instr. Meth. A, 2001,
vA67-468, p.962

W experiments
005 gain = 12

spot size = 100 um

= (mm)

V-size = 76 um

A. H. Aptember, K OTNOBCKUWA,

B. . Kon, BBWMETﬂ
TTpenpuHt PHL, "Kypuatosckumt UHcTuTyT”,

NA3-6524/14, 2002




Teopua napabonuuyeckon npesiomnarowen JSIMH3LL

OAVUHOYHAA P COCTABHASA P HenpepbLIBHAS

P
R
a
d
z
E(x,z) = exp(ikz)A(x,z) k=2nw/A, n=038—-ip
A nse)A 9 gxz) > s(x) - 3 X

dz 2k dx* p pR



Teopusa TTHTT nuHser - TTponaratop AMIMHHOU JINH3LL

y2
TTycToe npocTpaHcTBO ] . (x—x')
(nponaratop Kupxrocpa) Plx=x'.2) (iAz)"? exp[l‘rr AZ

ToHkas (kopoTkasa) NuH3a

s R
(transmission function) T(x.F) = exp[— m}f]’ F = 2Nin

c

OnuvHHas nuHsa: Hoeew nponaratop ( TTucema B K3T@, 1.76, 8.10 )

P (x,x',L)=T(x,r,a' P(x—x",r)T(x',ra™)

LTS a =16, RPN Zc_(pRTmmLc(hiv)
s, =sin(L/z,), ¢ =cos(L/z,) 2n 2

S, HSL_i%uLCLf S,_=Sin(u|_): u|_=t, V=§<{1



Teopua TTHTT nuHsbr - TTponaratop usobpaxeHus

X x4 b x X

o I

A(xi,zi) = IdXGG(Xi,Xn)A(){n,ZQ) TTpsmoe nHTerpasnbHoe
npeobpasoeaHme, HO He ceepTKa
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rg=(ri+rn)CL+ Z, . S\, 9n=CL_z_st 9i =CL_Z_SL
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Teopusa TTHTT nuHsbr - CpokycuporaHHoe mUsobpaxeHue

e R R
Fg =N+, ~, Y= 1—=, §=1—=w
9 F. F. :
~J ~ e Zr.: ~J
I'"i=|'"|+b|_, r.n:r.n_l_er Fc_—r I:'-:'L:F‘r:(’l_CL)
S
Ycnoeue poKycUpoBKU U306paxKeHUs : RB(I"Q) =0
L
o =n+B, ry=r+B, FL:S—Cr B, =F.(1-C,)
L
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Ray Tracing - oAHOCTOpPOHHAS NUH3a (POKYCUPOBKA)

r=L=r, F=15L=R/3, A=(8RL)"?
3~10° F=1Im - R=x1lpm, A=1lmm

TTapabonuyecknit NpogPuUsb rPaHULLI He MPUBOAUT K POKYCUPOBKE
BCeW anepTypbl. PasHbIe 4acTu anepTypbl POKYCUPYHOT Ha

pasHbIX paccToaHuax. Pasbpoc Touek cxoxpeHusa nyyeid = L



Ray Tracing - AsycTopoHHAa nuH3a (QPOKYCUpOBKQ)

r=L=r, F=15L=R/25, A=(4RL)"?

1

L cr r 1
F~<:<::1 = r )=F—§L r'ifcb)=F—ZL

!

Pas6poc nyueii = L/4 . C poctom N r{™ =p®) = F — % L



Ray Tracing - agycropoHHaa nuMH3a (nsobpaxeHue)

r=L=r, F=0.75L $opmyna NMH3bI BEINOSIHAETCS
: : : AN LeHTPANbHOMN YacTM SIUH3LL.
OpHAKo Kpas SIMH3LI TOYUKY B

n —
r o+ L/2 r + L/2 F TOUYKY HEe (POKYCUPYHOT.




Ray Tracing - TTHTT nuH3a (usobpaxeHue)
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r=L=r, F =0.793L NUH3a ¢ NPaBUSILHO 3aAAHHBIM
° : Paauycom KpueusHel R umnu

1 + 1 _ 1 u =130654  KpuTuuecko anuHoli Lc
r.r F° T NPeKpacHoO POKYCUpPYeT TOUKY

¢ NOOLIM OTKJIOHEHUEeM OT OCWU.



Ray Tracing - TTHTT nuH3a (Tpaekropuu nyden)

0
Tl'j‘fi-'- -'-i‘r‘r y 'r " "lll“ ‘.‘ . “‘ll ARe 1 r (Y Ve i‘r"l'.'r A8 '-"Jil“
L e TR TR
A
TPEEHTGPMM J'IYLIEI:"I B NApakcnanbHoOM I'IPMSJ'IHH{EHMM X
OMNUCBIBAROTCA NPOCTBbIM YPABHEHUEM:
Z
d°x,  x,
X = XT(Z), d22 — L2 peweHne KoToporo paeHo
C

1/2
X,(z)=x,cos(u,)+6,L,sin(u,), u -z Lc—[pRJ



TTHTT nuH3a - a@@eKkTUBHAA anepTypa U pasmep oKyca

JMnH3a OorpaHMYMBaeT PPoHT NJIOCKOW BOJIHbI U CXKUMAET TO,dTO
octanocb. MakcumanbHoe cxxaTtmue OoCTUraeTcs Ha paccTtoaHUu

r=FC,

TTUK MHTEHCUBHOCTU UMeeT I'ﬂYCCOBhIﬁ BNO

\ 4 \
u
‘A(xi)‘2 _ 1 exp 2T x| a, 1 C, +—

DPPeKTUBHAs anepTypa =» MHTerpanbHas UHTEHCUBHOCTb
Pasmep pokyca =2 TIWTTB nuka nHTEHcMBHOCTH

1/2
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A, = [dx|A(x,)| = s, = 0.664 (yAF,a )"?,

!

\ L)

1, L << L,
L n/4, L=(n/2)L,

AF
s, =0.47 AL =0.94a,yA, , a
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Computer simulation of images with PCR-lens

The program was elaborated as the Igor-Pro application.

It allows one to calculate the images of some simple objects
within the standard experimental setup which include
distance from source to object - rs

distance from object to lens - ro
distance from lens to 2-D detector - ri

Tgor-Pro is an interactive environment for

preparing the input data, calculation and graphics,

made by "WaveMetrics" company.

As an example of program possibilities, the Si
images of the small hole of 3 um diameter
inthe Si plate of 3 um thickness is considered.
The hole is located at different places

respective to the lens centre.

The energy E = 25 keV, the phase shift = -0.294, "3 pm
absorption coeff. = 0.001,rs = 40 m

3 um



2ngeler’'s lenses
L=10 cm,
F=115.7 cm,
FL=117.4 cm

ri=ro=229.23 cm
E=25keyv

rs= 40 m
Resolution = 0.4 um

Such lens is used
In experiments

Y (mam)

[x, y] (Emin, Emax)
[-50,0] (0.362,0.505)

[0.0]

(0.788, 0.802)

i

| = <1 1] 1 2 i | ar 48 L5 50 &1 52 ]
X (mem) X {mom)

[0,50] (0.362,0.505) [-50,50] (0.177,0.302)



2naeler's lenses

L=40cm,

F=28.925cm,
FL= 36.85cm
ri=zro=51.024 cm

E=25key

rs = 40 m

Resolution = 0.2 um

Such lens is not used
In experiments

¥ imam)

Y (mom)

[x, v] (Fmin, Fmax)
[0,0] (0.1797,0.1825) [-50,0] (0.0301,0.0519)

3 . g . — . 5 - '.-—-—

;

-3 7 -1 D 1 2 3 47 48 49 50 51 52
X (mem) X frmem)

[0,50] (0.0301, 0519) [-50,50] (0.0046,0.0148)



3aknoveHue

1. AnuHHbIe napabonuueckue HenpepbLIBHO - NpesioMnalolme IMH3LL
- NONE3HLIN UHCTPYMEHT PEeHTreHOBCKOU ONTUKU MMKPOOODBEKTOB

2. Takue nUH3LL He umeroT abeppauui U NpPeKpacHo U3obpaxaroT
3. Teopua ANUHHLIX NUH3 PA3BUTA NOJSIHOCTLIO U BCE MOHATHO
4. CywecTteyeT 0606LieHHAA @opmyna AJIMHHOU JIUH3LI
5. AnepTypa NIMH3LL YMeHbLAeTCA C POCTOM ee AJIMHLI, pa3pelueHue
TOXe YMeHblIaeTCs, HO OTHOLleHue
paspeweHue/aneptypa ~ pP/d

6. Takum obpasom y ANUHHLIX JIMH3 eCTb NepCneKTUBLI

7. bonbwoun BHIUMPLIW B UHTEHCUBHOCTU NpobriemaTUueH.



