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Semianalytical theory of a long set of x-ray compound refractive lenses (CRLs)
based on the recurrent relations is developed further. We take into account accu-
rately a geometrical aperture, an angular divergence of incident radiation and a
source size. This theory is able to calculate the width of rocking curve of a long
(40.7cm) Be CRL which coincides with the experimental data obtained earlier.
By means of this approach we have estimated the transverse coherence length for
the x-ray beam after passing a set of CRL of arbitrary complexity. We show that
at the focus this coherence length 1s equal to a diffraction limited beam size (beam
s1ze 1n the case of point source) and has mimmal difference with the real beam
size.



Parabolic compound refractive lenses made from
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Parameters of element :
R=02mm, d=0.01 mm

p=1mm, a=1mm

Such lens is a good imaging tool.




Parabolic equation and parabolic medium
single lens =& compound lens & continuous lens

AN ;

Wave field of radiation has slowly varying transverse part

E(x,z) = exp(ikz)A(x,z) k=2m/A, n=3-ip
which is a solution of parabolic equation
.2 B d xZ
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Analytical formula for a long PCR lens propagator
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(Kirchhoff propagator) P(x —x',2) =

Thin (short) lens

2
: R
(transmission function) T(x,F) = BXP( ”T—:E ]. F. = —2Nﬂ
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Analytical formula for the image propagator
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A(x;.z) = [dx,6(x,.x,)A(x,.2,) JETP, 2003, v. 124, p. 224 rus

v. 97, p. 204 eng

The integral is not a convolution
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Me1 coobuiaem o pesynbTarax 3KCrNepUmMeHTa rno POKYCMPOBKE MyUKa CUHXPOTPOHHOTO
N3JTy4YeHUa C MOMOLLBHO OYeHb ANWHHOW COCTABHOW napaboninyeckou nnH3LL. J1nH3a
coctoana us 407 anemeHTos. KaxabIvi U3 3NeMeHTOB MMen ABOSKO-BOTHYTYHO napabo-
NUYECKYHO MOBEPXHOCTb ¢ paguycom KpusmsHel 0.2 mm. TonwuHa anemeHTa p = 1 mm.
O6bwasa anuHa cocTasHoW NUH3LI pasHa L = 407 mm. MaTtepuan - anrommHUIA.
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DnemeHTapHbIe NINH3bL o A ”‘*ﬁ
6bININ CAENaHBL FPYMNov |
Ilenrenepa us yHueepcuteta
AaxeHa (I'epmaHus)

http://www.xray-lens.de

CocTaBHaAsa NUH3a ¢ TAKUM
60NbLUVM YUCTIOM 3NIEMEHTOB
WCNonb3oBanach BrepsabIe.
[Ona storo 661N nsrotosneH
cneuuanHbIv aepxarens.

Ha qpoTto nokasaH Habop NUH3
B OTKPLITOM Aepxarerne.




JKcnepumeHT 6bIn BbINOSHEH Ha cTaHumm BM-5 Esponerickoro ueHTpa CMHXpOTPOHHOTO
usnyueHusa (ESRF) 8 NpeHobne ($paHuua). Ha pucyHke nokasaH obuii BUA 3KCnepu-
MEHTANbHOT O 3aNna ¢ NMH30W B YepHOM aepxatene (B uUeHTpe). TTyyok usnyvyeHns naer
cnpaea Haneso. TTocne nuHsbl yctaHoeneHa FRel oN (Fast Readout Low Noise) kamepa.
3TO NO3ULUUOHHO-UYBCTBUTENbHLIW AeTekTop Ha 2048x2048 nukcenen ¢ pasmepom

nukcena 0.75x0.75 mkm?2.

JTWH3a YCTAHOBJIEHA HA
CTONMUKE, NO3BONAHOLLEM
OCYLWECTEINATD €€ ABTOMATH-
YECKOE BpAlLEHWE U NepemMe-
ueH1Me No KomaHagam c
KOMMNbROTEPA.

PesynbTar UsmepeHuWii 3anm-
cbIBAETCA B (PAWN € paspe-
weHwem 2 6ariTa Ha NUKcen.

CTaHAAGPTHLIV MOHOXPOMATOP
BbIAENAN U3NyJYeHue ¢ Heob-

XOAVUMOW 3HEepruenr oToHOos.
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. [. Snigireva, V. G. Kohn, A. A. Snigirev,
"Hard X-ray focusing with extremely long compound refractive lens”,
Proc. SPIE, 2004, vol. 5539, p. 218-225

BbINW BBIMOSIHEHbI n3amMmepeHuA MHTEFPELI'II:HDH MHTEHCUBHOCTU NMYUKA NOCHe JIMH3bI

NPU NOBOPOTE JIMH3bLL B ABYX B3AUMHO-NEPNEHAMNKYTAPHBLIX MNINOCKOCTAX, TAK
Ha3bIBAeMbIe «KpUBbIE KAYaHUAa» A514a SHEPTUU E =25 k3B. Yrnoeasa WpUHA JNIMH3bI

okasanack pasHown 0.4 mpaa v opuHaKoBa B obenx NMIoCKoCTAX .

3TO 3HAYeHVe B ABA Pa3a MNpeBbILIAET OTHOLEHWE 3P MPEKTUBHOW anepTypbl K ANWHE
nunsbl A/L = 0.2 mpaa. 3ToT (PaKT HenocpeAcTBEHHO [OKG3bIBAET, UTO TpaeKTopum
nyyen B JIMH3E He SBNAFOTCA NPAMOSIMHENHBIMMW.
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AHalIUTUUYCKUEC PC3VYIbTAThI.

Mo aenupoBaHe MaJaroInero mydka (1 yIo0cTBa pacueToB).
P(x — x0, Zoc), P(x,2) = (iAz2) Vexp(in x*/12), zoc=2z0— 10, = Aei*/a?
O — YIII0Bas pacXoqUMOCTh IIydka, e; = (21n2/m)V? = 0.6643

dbopMyna crpaBeNIBa, €ClI 0 << z;

Teopema
Ecnu BomHOBas QyHKIIMA N3IyYSHNS paBHA
Eo(x,x0) = T(x,a0) P(x — x0, bo) T(x0.¢0) , T(x,a) = exp(—in x*/Aa)

TO IIOCJIC MPOXOKIACHIA IPETOMIAIOINCIT TIMH3EI ¢ KOMIIICKCHBIM (DOKYCHBIM
paccrosiHueM f.=f/(1—iy), f =R/20, y = /6, u paccTosHHUA B

BAKYYMC Z, BOJIHOBai {1)yHKHHH 6}’[[31“‘ paBHa
Ei(x,x0) = I(x,a1) P(x — xo, by) T(x0,c1), THOE
a1 — d(blfbg), bl — bg —I_ZL" — Zpbg/d, d= ﬁ'ﬂ/(l T ﬂg/ﬁ ), C1 — {?{}/(l ‘|‘Zp{?ﬂ/bld)



OOmpe cCBOMCTBA BEIPAXKEHUS IS HHTEHCUBHOCTH

g4 ex,@F) (X
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A=-Im(al), B=-Im(b!), C=-Im(c)),

MOJIYIIMPHHA IydKa W(Z) = e,0(2), e; = (8In2)2=2.355
MHTETrpalibHasl MHTCHCUBHOCTD HE 3aBUCHUT OT Z

S(xo) = esw(2),(z, x0), L, =1(x,), e3=(4In2/m)"12=1.0645
BHIHO, 9T0 W(z) o< |b|, B TO Bpemsa kak 1,(z) o |b|!

¢ IpyTroi cTOpoHEl b = By + zB;, IO2TOMY

poxycHoe paccrosiaue zy= —Re(BoB1*)/|B1)?



VYder pasMepa HCTOYHHKA HE MEHIST BUI POPMYII, HO CIIeTKa
M3MEHSET 3Ha9YCHHUS [IapaMeTPOB, X; -- KOOpJINHATa IIEHTpa
NCTOYHUKA, W; = 2.35 O; -- HONYIITUPHUHA UCTOYHUKA.

VYron kagaHnd paeeH 0=x;/ z; .

S(xy) (x + Mz,C,)?
Irs(x, ) = ' exp | — ,
rs(&, 2s) (2m)1/ 204 P 207
where
2
o L o\ 1/2
Cs = — 0 s, 01 = ({’]’2 + ﬂ,-fg(;‘ggﬁ) ,
Os + gp

and S(xzs) is the integral intensity which is described by the equation

r2C
2
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S(x) = (2m)/22]
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X-ray CRL Parameters

Help Input Exec

PARAMETERS OF THE BEAM AFTER PASSING THROUGH THE CREL SYSTEM.
All distances are counted from the end of last CRL
INPUT: 25 86 10600 4960 1 Al 2.694 960 200 1830 15 467 48 @, 11806, 4000, 38

RESULTS: Focus distance zf = 13.186 cm, Web absorption = 0.865738
Effective aperture and Length (in the case of one CRL) = 74.827 um, 41.921 cm

Data for the POINT source:

Integral relative intensity = 4.8664 um, Rocking Curve FWHM = 0.40188 mrad
M= (z+ Z1)/(z0 + 70), 70 = 560.96 cm, Z1 = 28.944 cm

Zero distance:

Maximum of relative intensity = ©.18613, FWHM = 24.561 um

Focus distance:

daximum of relative intensity 38.911, FWHM = ©.11749 um

Detector distance:

daximum of relative intensity 6.891534, FWHM = 49.943 um

Data for the REAL source:
Integral relative intensity = 4.8663 um, Rocking Curve FWHM = @.48188 mrad
M= (z+ Z1)/(z0 + Z0), IO = 561.87 cm, Z1 = 28.944 cm
Zero distance:
daximum of relative intensity = 8.18609, FWHM = 24.566 um
L tc (1),(2) = 3.9859 um, 3.9042 um
Focus distance:
Maximum of relative intensity = 6.18%6, FWHM = @.74824 um
L tc (1),(2) = ©.11897 um, ©.11891 um
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The Gaussian Shell-model source
The function of spectral
degree of coherence

The mutual-coherence function \ /\ /\/
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4. Spatial coherence properties of a Long CRL

Coherence 1s a possibility to observe the interference fringes.
Spatial coherence is a possibility of two points in space inside
the radiation beam to create the interference pattern. One can
uses the Young experimental setup with two slites interferome-
ter for measuring this possibility. In this case the electric field
at the detector 1s defined by equation

E(x,xg) = /dx;P(.r—x,;,z)i'}(xf)Eﬂ(xhxﬂ) (24)

where z is a distance interferometer-to-detector, 7;(x;) is a trans-
mission function of interferometer, Ey(x;, xo) is the electric field
in front of interferometer. The latter function depends on the
coordinate xq of the point at the source as described above.
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Is(x) = Ip(s,x1) [1 + F(s,x1) cos (2’?1'%[31 — :I?H)}

2 C;/Q 2 2 dr
Io(s,xy) = *t i exp ( Tt cosh (ﬂ) }

Az |b| o 207 207
s* o 1 da
F(s,x1) = exp _ECI cosh ﬁ )
Admoso 4 2z z | MCo?
Oy = CH? =2 |1 | 1 — 1.
! Albl 1 il( Za 2 | oi
1 1 J:IT —.L
— =Rea !, — =Reb !, cosh(z)= i
Za 2 2

OnpeaennM JIHHY IIOIEPEUHOH KOT€PEHTHOCTH L, (X1) KaK IOIYIINPUHY
dbyHKIMN F(S,X;) B €€ 3aBUCUMOCTH OT IIEPBOr0 apryMeHTa, s = d/ 2.



A|b| (0% + 02 M?C,)1 /2
Lic(0) = eg—=— = Cpm - *
te(0) 2Cfl ’ Wy G‘C‘.}/z

Co = e3/4m = e* = 0.4413.

JIMH3EI HET, MyCTOE MPOCTPAHCTBO, B ATOM CIIydae

1 1 1/2
Lt,: —_ C{]/\ ( | 2) .
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o -- yl"JIDEDfI PasMCP HCTOYHHKA, ¢ -- YITIOBAA PACXOAMMOCTD IIYHKA

(I)'DK}«'C TOHKOII JIMH35I B CTAHIAPTHLIX YCIOBHAX 114 HCTOYHHKA CHU

B W Wy

L(0)

—, -w_’; = Mw, wy -- IudpakIMOHHBII Dpeaen pazMepa (pokyca
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wi = (Corfy)/2,  w, = (’w:‘fc — [*u,r;]z)



OOmnil coydail BRIYUCIAET OHIIAIH IIporpaMmma
JImsa nmuHBEOI 1nH3E 13 407 31eMeHTOoB BOIM3HN PoKyca nMeeM
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Figure 4

A distance dependence of the beam size for a point source (black curve number
1), for a real source (red curve number 2), and a transverse coherence length
(blue curve number 3). See text for details.






