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Results of computer simulations of the transmission of an X-ray beam through a
two-dimensional photonic crystal as well as the propagation of an X-ray beam
in free space behind the photonic crystal are reported. The photonic crystal
consists of a square lattice of silicon cylinders of diameter 0.5 pm. The amount of
maltter in the path of the X-ray beam rapidly decreases at the sides of the
cylinder projections. Therefore the transmission is localized near the boundaries,
and appears like a channeling effect. The iterative method of computer
simulations is applied. This method is similar to the multi-slice method that
is widely used in electron microscopy. It allows a solution to be obtained with
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Kak yBuaeTb HaHO-00beKTbl ?

[13C (CCD, charge-couple device) geTeKkTopbl

NMEIOT pa3Mep nukcena 25 MKM 1 6onbLue.

PeHTreH nogaeTtca Ha (pnyopecUeHTHYIO NNeHKy, TonwunHa < 1 MKM
[1NeHKa KOHBepPTUpPYeT PeHTreH B BUOUMbIU CBET

OnTuka (NMUH3bI) yBenunumeaeT 4o S0 pas (ctaHgapTHO 20 pa3s)
B pesynbTaTe nonyyaem pasMep nukcena < 1 MKm

Ho PA3PEULCHUE MAKOCO @EH’IEH?‘?’EOPG He Jiydiie, H4em 1 mrxm
[lepunog cpoToHHOro kpuctanna 0.5 mkm (500 HM) n MeHblLLe |
He xBaTaeT ! PelleHue:

PeHTreHOBCKUe JNIMH3bl MOryT yBenUunThb elle B 20 pas
TonbKo B 3TOM crly4ae MOXXHO YTO-TO YBUAETD.

PeHTreHOBCKMU MUKPOCKON peanbHO AaeT HOBble BOSMOXHOCTHU

OT0 He urpyLuka, nourpanu u 6pocunm.




Some CRL applications. High resolution x-ray 2D microscopy.
Snhigirev et al. with Lengeler's CRLs

(1) — The object is illuminated through a CRL with a large aperture
to condense the beam at the object area under illumination
(condenser 2)

(2) — Objective CRL (objective) has a short focus length and it works
as a microscop. Large magnification is necessary to adjust CCD
detector resolution (about 1 ;im)

This technique allows one to see a real structure of opal crystals
and photon crystals. The theory is not developed

HR
condenser 2 objective X-ray CCD
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High-Resolution Transmission X-ray Microscopy: A New
Tool for Mesoscopic Materials  (Natural opal)

By Alexey Bosak, Irina Snigireva,* Kirill S. Napolskii, and Anatoly Snigirey

37133008
"Hf}rf 11744y

Adv. Mater. 2010, 22, 3256-3259









I'I1Y pemierka, nMeeT CKBO3HbIC KAHAJIbI




I'IIK pemierka, 111 HannpasJjienne




Hcropus Bompoca, 1-g craths, 31 1 BCe B KPUCTAILIE

KPHCTAJIJIOTPADHS, 2014, mom 59, Ne 1, ¢. 5—10

AUPPAKIINUA U PACCEAHUE
MOHU3UPYIOLIHUX U3JIYHEHHUH

VIAK 548.73

YUCJIEHHOE MOJEJIUPOBAHUE U30BPAXKEHUN ®OTOHHBIX
KPUCTAJLJIOB C IIOMOIIbIO JXECTKUX PEHTTEHOBCKUX JIYYEU
B CXEME HA ITPOCBET. bJIMZKHEE I10JIE
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Pa3sBUT MeTOI pacdeTa NPoOXOXKIeHHA XKEeCTKOro PEHTTEHOBCKOTO H3NYYEeHH Yepes HICATbHBIH 1 XOPOLLO
OPHEHTHPOBAHHEII (POTOHHBIH KPUCTALT, COCTOALIHA M3 IUIOTHO YIAKOBaHHBIX cep BeuwlecTsa. MeTton
OCHOBAH Ha UCITONbL30BAHHH NMPUOITHAEHHOIO pelleHH MapaKCHAILHOTO YPaBHEHHUA HA MAJBIX PACCTOMA -
HHAX. [TonydyeHa pekyppeHTHas (opMyia 418 pacrpocTpaHeHHA H3NVYeHHA Ha OJHH NepHol KpUcTaslia.
PaszpaboTaHa KOMIMBIOTEpHAs MporpaMMa L1d YHUCIeHHOro MOASTHpOBAHWA H300pakeHHH (POTOHHBIX
KPHUCTAUIOB B DJIMMXHEM IMOJIe, B YACTHOCTH Cpa3y 3a KpHcTAUIoM. Pacyer BBIMOMHEH U1 CHAHMKATHLIX
chep auamerponm 300 um. TMokaszaHo, 4To MeTOI CTAHAAPTHOTO (PA30BOTO KOHTPACTA HE MPHMEHHM K I1aH-
HEIM ODBEKTaM, TAK KAK B 00beMe KPUCTALIA MPOMCXOAWT BEChMa CHIBHOE H3MCHCHHE WHTEHCHBHOCTH,
ODYCIOBIIEHHOE pacCeAHHEM H3NYYeHHA Ha OTAeNBHBIX chepax.
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Jlnst mpakTU4eCKO# peaiu3aliui OITMCAaHHOTO Me-
TOOA pacyeTa pacCMOTpeH (POTOHHbIM KPHUCTAI, CO-
crosaiuii U3 chep Si10, nuameTpoM [ U UMEIOLIHI
cTpykTypy THna ABABAB. HanpasneHue ny4uka (ochb Z7)
COBIIAAET C OChIO reKcaroHaabHOMH cuMMeTpuH. [le-
pHOI KpUCTa/la o ocH z paseH A = D(8/3)"/2. Ha
puc. | mokazaHa yHKIIMA S(X,y) B BUIe YepHO-0es10-

Puc. 1. @yvHkuMg s(x, ¥) HA pacyeTHON 00nacTH.

Puc. 2. KapTtel pacnpeneneHUa MHTEHCUMBHOCTH MATyUe-
HUSI 18l PA3HBIX TOJLUIMH KpUcTa/ia. ToalumHa u3Meps-
ETCS YMCIIOM NEPHONOB, KOTOPOE MOKA3AHO HA MaHENsX.
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A method of calculating the transmission of hard X-ray radiation through a
perfect and well oriented photonic crystal and the propagation of the X-ray
beam modified by a photonic crystal in free space 1s developed. The method 1s
based on the approximate solution of the paraxial equation at short distances,
from which the recurrent formula for X-ray propagation at longer distances 1s
derived. A computer program for numerical simulation of images of photonic
crystals at distances just beyond the crystal up to several millimetres was
created. Calculations were performed for Ni inverted photonic crystals with the
[111] axis of the face-centred-cubic structure for distances up to 0.4 mm with a
step size of 4 pm. Since the transverse periods of the X-ray wave modulation are
of several hundred nanometres, the intensity distribution of such a wave is
changed significantly over the distance of several micrometres. This effect 1s
investigated for the first time.
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Figure 2
The function s(x, v) within the calculating area. See text for details.

) Figure 5
FIEUTE_' 3 o _ _ Intensity distributions at distances from 40 pm to 400 pm with a step of
Intensity distributions at distances 0, 8, 16 and 24 um. The images are 40 pm. The images are ordered from left to right and from top to bottom.

ordered from left to right and from top to bottom. See text for details.
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Figure 1

Structure of the two-dimensional photonic crystal used here in the
computer simulations. (a) View from the top and (b) the three-
dimensional picture.
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Figure 2
A profile of thickness r of Si matter averaged over a period along the
beam direction.

In recent works (Kohn & Tsvigun, 2014; Kohn ef al., 2014)
an iterative approach based on recurrence relations has been
proposed. It is similar to the multi-slice method used in the
theory of transmission electron microscopy [see Goodman &
Moodie (1974), and references therein], but not entirely. Our
method is valid only for periodic systems, re. for the case
where the region of three periods can be calculated in each
iteration and the side periods are improved to be equal to the
central period. This method was applied to three-dimensional
photonic crystals. In this work we apply the same approach
to the two-dimensional photonic crystal shown in Fig. | for a
special orientation of the crystal relative to the beam direction
which is shown in Fig. 1(a) as the z-axis.

This case 15 ol interest due to the existence of the channeling
effect for part of the X-ray beam. A profile of thickness f of 51
matter averaged over a period along the beam direction is
shown in Fig. 2. The argument 1s the transverse coordinate x.
It shows two minima on the x-axis at the boundaries of the
cylinders. These minima have a square-root dependence. It is
known that for the [ocusing lens the minimum has a parabolic
profile.
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Figure 4

Dependence of the maximum value of the X-ray beam intensity (red
curve, left-hand axis) and mean value (blue curve, right-hand axis) on the
thickness of the photonic crystal.
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Figure 5

Ray trajectories in the geometrical optics approximation. Four lines with
various initial positions are drawn with various colors to better distinguish
them.
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Figure 3

X-ray beam intensity distribution inside the photonic crystal. arity

in equation (17), introduce dimensionless variables s = x/R
and n = z/p, and obtain the following equation for the ray
trajectory in the case of an incident plane wave,

d’s ds(0)
dn? u(s) dn

0, s0)=s, (18

where

u(s) = (32)'° 8 ﬂ (1 — ﬂ)_mu — |Is)). (19)
(s2 + a?) 2

Here, a is a small parameter which is necessary for computer
calculations without a singularity. In reality the approach of
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Figure 6
X-ray beam intensity distribution behind the photonic crystal within the
Talbot period.
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Jlna noeoti pyuxyuu v'(x,0) = |w(:c:, 0)‘

e 1/1, evinonHaemect yeioeue I(x,z; —z) = I1(x,z)
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Figure 8 AP

X-ray beam intensity distribution behind the photonic crystal within the
Talbot period for the case of a wavefunction with initial modulus and zero

phase.
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Caustics, multiply reconstructed by Talbot interference
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Abstract. In planar geometrical optics, the ravs normal to a periodically
undulating wavefront curve W generate caustic lines that begin with cusps and
recede to infinity in pairs; therefore these caustics are not periodic in the
propagation distance z. On the other hand, in paraxial wave optics the phase
diffraction grating corresponding to W gives a pattern that 1s periodic in z, the
period for wavelength A and grating period a being the Talbot distance,
zr = a’ /A, that becomes infinite in the geometrical limit. A model where W
1s sinusoidal gives a one-parameter family of diffraction fields, which we explore
with numerical simulations, and analvtically, to see how this clash of limits (that
wave optics 1s periodic but ray optics 1s not) 1s resolved. The geometrical cusps
are reconstructed by interference, not only at integer multiples of z¢ but also,
according to the fractional Talbot effect, at rational multiples of = = zp/q, in
groups of g cusps within each grating period, down to a resolution scale set by A.
In addition to caustics, the patterns show dark lanes, explained in detail by an
averaging argument involving interference.



Figure 2.  Density plots of Talbot phase-grating diffraction intensity I:|‘P|2,



DopMyJIEI TEOPUM U UTEPALIMOHHBIA METOJI pacueTa

E(x, z,t) = exp(ikz — iwt) A(x, 2).
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B,(x) = A,(x) Ci(x), Cy(x) = exp|—iknt(x)],

d
t(x) = de pr(x, 2).

t; =0 for |x| <R,
£ :d[l —(Jc—d)z/Rz]l/j1 for [x — d| <R,

Ay (x) = fdxl P(x — xy,d) B, (x,),

1 X’
P(x,z) = (fAz)W exp| i >




DopMyJIEI TEOPUM U UTEPALIMOHHBIA METOJI pacueTa

B, (x)=A,, ) C(x), Cyx)= exp[—fknfz(x)]a

d
t(x) = [dz p,(x, 2).

t, = d(1 — :vatz/i?z)l’g2 for |x| <R,

t, =0 for [x — d| < R.

A, o(x) = fdxl P(x — x;,d) B, 1(xy).

We have solved this problem as described below. The
calculations were performed in an interval of 3 um with the
number of points 16384 = 2'*. This interval contains three
large periods of 1 um. This i1s equivalent to a situation where



(I)UpMy.HBI TCOPHH U HTepaHHOHHBIﬁ MCTOM pacdcTa
B,(x) = A,(x) C(x) Cy(x)
AH—I—Z(I) — fdxl P(‘I — X1, Zd) Bn(xl)'

Ax, z +z() = fdxl P(x — xy, z() A(xy, z)






