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Pa3BHUT HOBBII BapHaHT aHAJIMTHYECKOI TeopHUH (POKYCUPOBKHM CHHXpOTpOHHOro usnydyerus (CH) B Ha-
HOMETPOBEI pa3Mep ¢ UCTTIOJIL30BAHUEM coCcTaBHBIX npenoMisoiux nuH3 (CILI). INpeanoxeHa oTHOCH-
TEJIBHO MPOCTasl KAK C TOYKH 3PEHUA TEXHUYECKOU peasiu3allMM, TAK U C TOYKH 3pEHUsI TEOPETHYECKHUX pac-
yeToB MoJie/b anuadbarnueckoil npenomisiiowteii 1uH3b! (AIJT) B Bune kackana CI1J1. [TokaszaHo, 4To 1no-
TEHLHAJILHO peaJiu3yeMbleé C MCIOJAb30BAHUEM TEXHOJOIHI MUKPOCTPYKTYPUPOBAHMUS IMMOBEPXHOCTH
kpemHus riaHapHslie AT crioco6Hbl okycuposars nydok CH B pasMmep MeHblie, yeM w, = A(88) /2
(A — w1MHa BoJIHEL, 0 = 1 — n, n — koagduumeHT npenomieHus ), nocturaemelii s CITJI. ObHapyxeHo,
YTO MPUH BBICOKUX 3HepTUsx hortoHoB (Dosee 50 k3B) TeopeTnuecKy BO3MOXKHBIE pa3Mepbl ¢thOKYCUPOBaH-
Horo ny4yka xectkoro CH cocrasasiior meHee 10 um s AT u3 kpemuus 1 MeHee 7 um s AT u3 Hu-
KeJIsl.
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TOYHHAA TEOPUA N3OBPAXEHWA C NMOMOLLUBHO
MAPABOJIMHECKOW HEMPEPBLIBHO MPEJIOMJIAKOLLIEN
PEHTFTEHOBCKOW JINH3bI

B. I Kon™

Poccuflexutl nayunmll uenmp « Kypuamoscrutl uHemumyme
123182, Mocxkea, Poccus

[Mocrynuna & penaxkneio 30 aesapa 2003 r.

PazeuTa Teopua cdopMupoBaHUA M306PaKeHNA ¢ NOMOLWLIO PEHTTEHOBCKOR NMH3LI, CcOCToAWeR 13 o4eHb Bonk-
Woro 4ucna anemeHTos. Kaxab il anemeHT nMeeT 4BOAKO-BOTrHYThIA napabonuyeckuii npocpune n o4eHs cnabo
NPenoMAAET PEHTTEeHOBCKWEA Ny4oK. Takaa NMH33 MOMET MMETh OTHOCWTENbHO DONbLWYID ANWHY, CPABHUMYIO C
AnwHOR drokyca, No3aToMy npubnwmenne £TOHKOW > NUH3L Henpumednmo. MonyyeHo ToYHoe BblpaeHwe gns
nponaraTopa HeNnpeps BHO NPenoMAALWER NMH3bI, KOTOPBIA ONWUCLIBAET NEPEHOC U3NYHEHWA Yepes npenomna-
oWy napabonuyeckyw cpeay Boisuncned nponaratop w3obpameHns, koTopblil onnceiBaeT hOKYCWPOBKY Na-
pannensHoro NyYka U nepeHoc nsobpamenns (doxycuposky mukpoobbekta), a Takme dypee-npeobpazosanue
YHKUMM NPONYCKaHMA MUKPooDbBLeKTa ¢ NoMmolbd NWH3bLI, JdrpeKTUBHAA anepTypa PeHTreHOBCKOA NUH3LI
NOAHOCTBH ONPeAenAeTCA NOrNOLWeHWeM W3NYHeHNA W He 3aBUCHT OT ee FeOMeTPUYeCcKNX NonepeYHbiX pasMe-
poe. Ecnn 3anucaTe KoMnnekcHbifi NokKa3aTens NpenoMneHwA B Buge n = 1 — 4 + i3, To AWaMeTp ny4xka B
choryce npumepto B 0.83/d pas meHbwe guamerpa acdbdexkTusHoi anepTypul, npuyem ko3addbuUMeHT oYeHb
cnabo 3aBUCKUT oT AnnHbl NuH3bl. HenpepoiBHo npenomnawillas nnH3a He umeeT abeppaunii B TOM CMbICNe, 4TO
BCE NyYW, NpoWeglne Yepes anepTypy NuH3sl, dorkycupyroTca B ogHoil Touke Jlunsa momeT cdoxycuposaTe
u3ny4yeHuwe BHYTpU cebs n obnagaer ceoOlCTBAMMW BONHOBOAA, T & MOMET BOCCTAHABAWBATL CTPYKTYPY Ny4Ka
NpW HEKOTOPbIX 3HAYEHUAX ONUHBI ¢ TOYHOCTEIO A0 WCKaeHWd, obycnosneHHslx nornoweHneM, HeogHopogHoe
NOrNoLWeHWe PeHTreHOBCKMX Ny4eid B NUH3e NPUBOANT K MHTepecHoMy 3dreKTy BM3Yanu3auum Npo3padd Hbix
MukpoobbekToB npu ux cporycnposadHom wsobpaxennu. llpu atom w3obpaxaertca rpagvedT casura cassl,
co3gasaemoi mukpoobbwexTom. ObcymaaroTca ocoberHHocTn dypee-npeobpa3oBaHna, CBA3AHHLIE ¢ NOrnoLe-
HUEM W3NYYEHWA B NINH3E.
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Focusing X-Ray Beams to Nanometer Dimensions

C. Bergﬂmann,]‘#‘ H. I(Ejb,f11"1».2':111&11,2 and J. E van der Veen

2

'Laboratorium fiir Festkirperphysik, ETH-Honggerberg, CH-8093 Ziirich, Switzerland
*Paul Scherrer Institut, CH-5232 Villigen, Switzerland and ETH-Ziirich, Ziirich, Switzerland
(Received 27 June 2003; published 10 November 2003)

We address the question: what is the smallest spot size to which an x-ray beam can be focused? We
show that confinement of the beam within a narrowly tapered waveguide leads to a theoretical
minimum beam size of the order of 10 nm (FWHM), the exact value depending only on the electron
density of the confining material. This limit appears to apply to all x-ray focusing devices. Mode
mixing and interference can help to achieve this spot size without the need for ultrasmall apertures.

DOI: 10.1103/PhysRevLett.91.204801

At synchrotron radiation sources a variety of focusing
devices for hard x rays ( > 8 keV) are presently in use for
x-ray diffraction, microscopy, and holography studies of

ises [1] and Fresnel zone
W = A(88) 12

am sizes down to about
7 MITTOT pairs can Compress

PACS numbers: 41.50.+h, 07.85.Qe, 61.10.—1

entrance and exit, respectively. The propagation of elec-
tromagnetic radiation through the wedge 1s described by
the Helmholtz equation

Au + n*k*u = 0, (1)

with A the Laplace operator, k the wave vector, and u the
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PRL 94, 054802 (2005)

11 FEBRUARY 2005

Focusing Hard X Rays to Nanometer Dimensions by Adiabatically Focusing Lenses

C.G. Schroer' and B. Lengeler”

'HASYLAB at DES Y, Notkestrasse 85, D-22607 Hamburg, Germany

“I1. Physikalisches Institut, Aachen University, D-52056 Aachen, Germany
(Received 13 October 2004; published 10 February 2005)

We address the question of what 1s the smallest spot size that hard x rays can be focused to using
refractive optics. A thick refractive x-ray lens 1s considered, whose aperture 1s gradually (adiabatically)
adapted to the size of the beam as it converges to the focus. These adiabatically focusing lenses are shown
to have a relatively large numerical aperture, focusing hard x rays down to a lateral size of 2 nm (FWHM),
well below the theoretical limit for focusing with waveguides [C. Bergemann et al., Phys. Rev. Lett. 91,

204801 (2003)].

DOI: 10.1103/PhysRevLett.94.054502

Many experimental techniques at synchrotron radiation
sources, such as x-ray scanning microscopy [1], x-ray
photon and fluorescence correlation spectroscopy [2], and
coherent scattering techniques [3] for the study of nano-
particles, require small and intensive hard x-ray microbe-

|

PACS numbers: 41.50.+h, 07.85.Qe

In this Letter, we consider a refractive x-ray lens that can
overcome this limit by gradually (adiabatically) following
with its aperture the size of the beam as it converges to the
focus. In this way, the refractive power per unit length
increases inside the lens toward its exit approaching a

1 * . i 1. 1 a i |
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FIG. 3. (a) Intensity distribution of monochromatic x rays
propagating through an AFL. (b) Intensity distribution behind
the lens. The lateral beam size in the focus is 4.74 nm (FWHM).
(c) Intensity distribution behind a nanofocusing lens [5] (lateral
beam size 14.2 nm). Distances along the optical axis in (b) and

(c) are measured from the exit of the lens.
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SYNCHROTRON compound refractive lenses
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IS5N 1600-5775

V. G. Kohn*” and M. S. Folomeshkin™
(2021). 28, 419—-428

*National Research Centre ‘Kurchatov Institute’, Moscow 123182, Russia, and "Shubnikov Institute of Crystallography of
Federal Scientific Research Centre ‘Crystallography and Photonics’ of Russian Academy of Sciences, Moscow 119333,

Russia. *Correspondence e-mail: folmaxim@gmail.com
Received 1 October 2020

Accepted 21 December 2020
A more general analytical theory of X-ray beam propagation through

compound refractive lenses (CRLs) than the earlier study by Kohn [(2003).
Edited by A. Momose, Tohoku University, Japan JETP, 97, 204-215] is presented. The problem of nanofocusing with CRLs is

examined in detail. For a CRL with a relatively large aperture the focusing
Keywords: X-ray focusing; compound refractive  efficiency is limited by the radiation absorption in the lens material. The
lens; minimum X-ray beam size; nanofocusing;  anertyre does not affect the focusing process and it is replaced by the effective
aperture. The X-ray transverse beam size at the focus is then by a factor of y =
B/8 times smaller than the transverse beam size just behind the CRL. Here,
8 and B are the real and imaginary parts of the CRL material refractive index
n=1— 4+ ip. In this instance, to improve focusing efficiency, it is advantageous
to decrease the CRL aperture and increase the photon energy E. However, with
increasing photon energy, the material absorption decreases, which results in the
CRL aperture impact on the transverse beam size. The latter leads to the fact
that with a proper CRL length the beam size is independent of both the aperture
and photon energy but depends only on the CRL material electron density and 1s
approximately equal to w, = 1/(85)"*, where A denotes the radiation wavelength,
as predicted by Bergemann et al. [(2003). Phys. Rev. Lert, 91, 204801].

analytical theory.
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Figure 3

Trajectories of X-rays for the accurate solution of the problem (red line)

and in the approximation of compressed lenses (blue line).

Yroa NpPCJIOMJICHHA CHHCIO JIY4ia

Ap=—K3iAz

Jl1st KpacHoro Jy4ua (popmMyJibl CJI0KHEe, HO eCTh.

He IHHOKA4A34HbI, TAK KAK HE€ BAa/KHO.



Ray Tracing - PCR lens (the rays trajectories)
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The ray trajectory in a paraxial approximation is =
described by a simple equation:
3
2
x=x.(2) o Ji"’ S x;, The lens looks like a wave
dz” L, guide. It can focus x rays

many time inside itself.

The solution is simply obtained

1/2
@ =x,c0s) ok s, w =, L =(2)
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KpuBbl€ OTHOCUTENBHOW MHTEHCUBHOCTU Ha Bbixode u3a Cl1J]
TMna 3 npn E =950 k3B U L = (n/4)L. . YepHaqa nuHUA -- pacuyeT
C YYETOM anepTypbl (MTEPALNOHHbIN). KIpEICHaFI NMNHUS --
pe3ynbTaT aHanuTU4eckon Teopun.



P(x,r;)) Ay [™ myapAs
k) — — — du cos(u) exp (—gu’/uj g =
(x) C},/Z 1o Jo (u) exp ( g U) 4\ r;:Cy
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7 @ Ugp = —X
300.0 - oy . AV
250.0 3 -
200.0 — — IHTEHCUBHOCTb
; ~ B dokyce ana Cl1J1
150.0 - —  Tuna 3 npu Tex xe
. - ycrnoBuEaX, Kak u
100.0 e T paHblle. KpacHas
5 - NUHKUS -- 6es
50.0 B - MOrMOoLLEHNs.
0.0 - - YepHag -- TO4HO.

[ * & © & | & ¢ & & [ & & ° 1 Pasmep nydka

-0.05 0.0 0.05 He MeHgeTcq.
X, Lm



Ecnu nornolieHnem npeHebpeyb, TO MHTErpan BblMUCIIAETCS U
pasmMep ny4yka B poKyce wr paBeH

wr= 0.886 Lr;/Ag = (0.886h/S))w., Ay =AS,
3pecsb rf -- pokycHoe pacctosHue, h = (p/(p — d))"?, S; = sin(L/L,)

3aBUCUMOCTb pasMepa nydka

(B HM) B (POKYCE OT 3HEPTUM

] . dpoToHoB angd Cl'1J1 Tuna 3 u

20 - _ L =(n/4)L; B ABYX NpUBNMXKEHUSNX:

' . YepHasa kpuBaga — y4yeT nornoLleHus
] - 0e3 yyeTa anepTypbl. KpacHas

v KpuBasi — yyeT anepTypbl 6e3 yyeTa

10 20 30 40 50
E keV norrnoweHn4.

30 - _




Pe3ynbmambl aHanumuy4eckol meopuu (KOMNaKmHo)
Ecnu nadaroujas eoniHosasi (hyHKUUSI U3NyYyeHUs

Wo(x)=Coexp(—imx’ /M), 1/fy. =1/fy —IACL/wy,  C, = (2In2/m)2 = 0.6643

w, = FWHM of intensity profile |Wo(x)?

mo Ha koHye Cl1J1 ¢ dnuHol L oHa umeem makol xe eud
¢ 3ameHou Cy u fyc Ha C u f,, Komophbie paeHbI

Je=a. /b, C= Cﬂ(ﬁ.}c/ﬂ,z)m a, = fo.€L — 2.8, by =cp+ 8o /7,

c; =cos(L/z.), s; =sin(L/z.), z. = (PR/Z"I)W- n=1-n=90




Pacyem aduabamuyeckol npenomnsrouwell NUH3bl no hopmynam

0(L) = dx(L)/dL = 8,C; —x,S, /L,. (7)

Obb1uHO Ha uctouHukax CH paccrosiHue OT uc-
TOYHMKA [0 SKCIIEpUMEHTAJIbHOM CTaHLIMM BecbMa
BEJIMKO U MPUOIMKEHHO MOXHO CUYUTATh, UTO IpHU
MaJIOM MOIepevyHOM pa3Mepe MyukKa HauyaJIbHbIA yro
nyd4a O, paBeH HYIIO. YBEJIUYMUBASA B LIMKIIE YMCIIO

9JICMCHTOB #; HA €AUMHHUILLY, MOXHO HAaWTHU TaKOe 3Ha-

4yeHUe, MpU KOTOPOM BIIEPBbIE BBITOJIHSIETCS YCIIO-
Bue x(L) < x, — s, s = §/2. 910 onpeneasieT LIMHY
nepsoit CIIJI, kotopyio Heobxoaumo 3anucarb B
Tadsmny. [1pu atoit miuHe onpenensieM 6(L) u 3ame-
HSIEM [TapaMeTpbl X, U 0, Ha HOBbIE 3HAYECHUSI U TIEpe-

xonuMm kKo Bropoil CIIJI. OnucaHHyio mnpoueaypy
HY>KHO MOBTOPSITh 0 T€X MOp, IMOKA He A0iIeM 10
nociaeaHeit CILJI B kackane. Yuciio 371eMEHTOB B I10-
cnegHeit CIIJI MoxHO paccunTaTh TaKUM Xe 0bpa-
30M, MpeaBapUTe/IbHO 3alaB 3HAYeHUE MUHUMAaJlb-
HOro pasMepa nyuka Ha KoHue AILJL.

[Tocne Toro kak HaineHb! WiMHbI Bcex CI1J1 B kac-
Kame, dopmyibl (1)—(4) mo3BoaSIOT pacCcuuTaTh U3-
MEHEHME BOJIHOBOM (DYHKIIMU U3JTYYEHUSI T1OCJIE TIPO-
xoxaeHust Bcex CIUI u monyyuts napameTp f. Ha KOH-

ne AIlJL. Kak yxe orMeuanoch, HayaJlbHbIE YCIIOBUS
MOXKHO B3$ITh KaK y IUIOCKO#M Mafalollieii BOJHBI, T.C.

ﬁ;' =0, C,= 1. Torna, cornacHo (1), Ha koHue AILJ
moJiydyaem

f=Re(£)", w,=C,[-AIm(£ )] (8)

OrMmeTuM, uto aHanutuyeckast teopust CILI He
YUUTBIBAET allepTypy U OHAa CIIpaBeJIMBa TOJIbKO TO-
rna, Koraa mnomiolieHue Beauko M Ha KoHie AllJI
MOJYIIMPUHA TayCCOBOM KpHMBOM HMHTEHCHUBHOCTHU
MeHblie aneptypbl CILI.

OnHako npu cj1aboM MomIoLIeHUH 3TOro He IMpo-
UCXOIUT, U peaibHblil pa3Mep nydyka Ha KoHie AlLJl
OorpaHuYeH ee aneprypoii u npeaomieHueM. [1oato-



Pacyem aduabamuyeckol npenomnsirouel NuH3bl npu cnabom noanoujeHuu

wy = Af/nA)w,(8) w8 = FWHM kpusoii [Fuy))?> A.— anepmypa na konye AILT

F(uy) = L [ du cosuyexp(-gu*/ul)  uy = (A, /M)x, g = (In2/2)(A,/w,)

Hﬂg

AHAJIUTUUYECKOE pelIeHUE IJ151 W,(g) MOXKHO MOJTy-

YUTDb TOJIBKO B IpeJe/IbHbIX ciaydasix. Tak, 1ist HyJie-
BOro nomiouieHuss umeeM w,(0) = 2.783. B npyrom

rpeaeJbHOM ciay4dae g >> 1 kBaapat pyHKIuU (9) cra-
HOBUTCS (pyHKuMel ['aycca ¢ nonymupuHoi w,(g) =
= (8In2)!/2g!/2 = 2.355¢'/2. YHuBepcaabHOE peLIEHUE
151 BCX 3HAYEHU I g MOXHO IMOJIYYUTh YMCJIEHHBIMU

MeTogaMu. lakum criocodoM ObLIO BBISIBJIEHO, UTO B
uHtepBaie 0 < g <6 pyukuusa w,(g) c1adbo oTIMYaeT-

Cs OT JMHEWHOW 3aBucumoctu w,(g) = w,(0) +
+ 0.498¢, a npu g > 6 3HayeHue w,(g) C BLICOKOU TOU-
HOCTBIO COBIIaJAaeT ¢ AHAJIMTUYECKOM OLIEHKOM, I1O-



X, MKM
B ykazannHbix Bbilie maHapHbIX CI1JI U3 kpewm-

25r HUSI UCTIO/IB3YETCA CIIEAYVIOIIEeE COOTHOILIEHHE MEXIY
RuA: R=A/8. Ilpu satom p = d + 2A. TonummHa ne-
20 peMBIYKH 00BIYHO paBHa d = 2 MKM. B pacuerax 3a-
IaBaJIOCh TAKOE XK€ COOTHOlLlIeHHe MexXny Ru A, d =
15 - = 2 MKM Il 3JIEMEHTOB C aneptypoii 10 10 MKM u
d= 1 MKM 115 31€eMEHTOB C MEHbIIIEH anepTypoii.
10 Lllar S ymeHblIeHHS anepTypbl 3aBUCE] OT 4YHCA

ctyneHeii n,. Pasamep nyuka CH Ha xkoHue AILJI, uc-
XOd8 M3 KOTOPOTO pacCUMThIBAETCHA YMCIO 3JIeMEH-

5 TOB MOCJE€IHEH CTynmeHH, 3amaH paBHbIM (.5 MKM.
PacueThl BBIMOJIHEHBI C TTOMOIIBIO TIPOrpaMMbl, Ha-

0k 95 N3N NMUCAaHHOM Ha s13bIKe mporpamMMmupoBaHusg ACL [11],
| , | | . | KOTOpasi BBIMOJHAETCA MpOrpaMmMoii, HanmMcaHHOM
; Ha A3bIKe Java.
0 10 20 30 40 50 60
Z, MM

Puc. 2. [paduku Tpaexropuu jiyueit, CooTBeTCTBYIOIMX Kpato HavyanbHoit aneptypbl AILT (Si, A= 50 mxm, E= 50 k3B) ¢ pa3-
HbIM YMcIOM cTyneHei: 1, 3, 7 u 235. Yucno cryneHeit ykasaHo B KoHue kpusbiX. LLlar ymenbiieHust aneprypsl paseH 0, 20, 8
n 2 MKkM. C pocToMm uucia cTyneHeit KpuBu3Ha TpaeKTopUil BO3pacTaer.



P €3yJsibmambi YUC/TeHHbIX

pac4yemoes nNo npocpaMmMme

Ha OCHO8€e YKa3aHHbIX
npubnuxerui

Tadauua 1. [lapameTtpnl ¢dokycupoBkH ¢ nomoinbio AllJ]

(Si, £ =50 x3B)

Tabmmua 2. [Napametrpsl pokycHpoBkH ¢ nomouibio AllJ]

(Ni, £= 50 kaB)

Ay, MKM H f, MM g Wp, HM

50 l 0.230 13.2 36.9

5 0.136 19.8 22.8

23 0.097 23.1 17.6

50 0.088 23.7 16.5

30 I 0.184 8.9 26.8

3 0.132 11.5 19.3

15 0.103 14.1 14.3

30 0.093 14.6 13.4

Ay, MKM n, [, MM g Wy, HM

50 1 0.313 1.38 22.5

5 0.223 1.83 13.8

23 0.170 2.08 10.4

50 0.159 2.12 o W

30 ] 0.372 0.83 20.7

3 0.267 1.01 14.2

15 0.190 1.20 10.1

30 0.174 1.24 9.4

Taonuua 3. INapameTpol hoKycHpoOBKH ¢ momoiibio ATLJ]
(S1, N1, £= 80 x3B)

Ay, MKM n, f, MM g Wp, HM
Si
50 50 0.255 1.7 ;I
30 30 0.276 1.04 9.1
Ni
30 30 0.144 6.85 8.9
10 10 0.182 2.11 6.9




Planar Si lenses
nano-focusing and

nano-interferometry

Developed e-beam lithography and
deep etching. PRL-2009-103-064801
Chernogolovka, Russia, Yunkin



NHpopmayus 0551 npuHssmus K ceedeHuro U delicmeuro.

Budeo xocmune FOmy6 cman nnoxo pabomams. 5 onybnukoean Ha Hem 73 3anucu Ha
pasHble meMbl, 8 MOM Yucse U no Hayke. [Joknaodkl Ha pa3HbIX KOHghepeHyusIX u
ceMUHapax, JIeKuuu o hpozpaMmax 011 KoMnbromepa. 3anucu omkpbiearomesi (Noka), Ho
He eceada Xopowo u ece20a MeOsIEHHO.

51 cdenan nepesanuck ecex eudeo posiukoe Ha ceol kaHan e cemu BK. Bom ccbuika
https://vk.com/video/@id224526808

[Topsidok 3anuceli mam Hapywusicsi U 3anucu He UMerom HoMmepa 0Jisi cCbu1ok. Ha moem
calime ecmb mabnuua, nokasbigaroujasi no HoMepaM, 80M CChIIKa
https://kohnvict.ucoz.ru/sp/byindex11.htm

Takxe yacmb eudeo 2anucell ecmb Ha MOEM KaHase eudeo xocmuHaa [lnamgpopma. OH
MOJIbLKO YMO nosieursicsi. Bom ccbisika Ha amo KaHan

https://plvideo.ru/@x6xA-k-DM909/videos

3axodume, cmasebme 5auKu, ecsiu NOHpasumcesi U nodnucbkieaumecb, 6ydym u
Hoeble 3anucu. Bcem dobpa, 30opoebst u yoaqu !






