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The problem of spatial coherence due to the source size
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S IS the source transverse size, s Is the source projection.

s =S Zi/Zo — this relation follows from geometry

Each point source has an own optical axis. Each point source
creats the same image of the object which Is shifted from the
main optical axis. A convolution of Iimage over a source

projection can Kill the contrast because a mean intensity Is
not changed.



How to understand Coherence

A simple example with a two slits interference (Young's experiment).
It Is followed from Fresnel propagator that period of fringes p = 1Z,/d.
The source projectionis s = 5Z,/Zy. A convolution of fringes over the
distance s does not kill the contrast if s < pord < L, = AZy/S.
Coherence is a condition to observe interference.

It Is necessary for the phase contrast because a phase does not
change the integral intensity.



Transverse Coherence Length
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A very useful parameter Is a transverse coherent length

L. = Ala, where A Is a wave length, a = 5/Z Is an angle of source.
If a transverse size of object d < L,., then a radiation diffracted

by object is coherent.

If the object Is a slit then it plays a role of secondary coherent
source for all subsequent objects. The 2D slit or a pinhole is

a standard way to obtain a coherent source.




B MPOCTOWU CXEME 3KCMEPUMEHTA MO ®A30BOMY KOHTPACTY (MCTOYHMUK,
OBbEKT, AETEKTOP) NPOEKLUUA PASMEPA UCTOYHUKA - EOMHCTBEHHAA
NMPUYHUHA NMOTEPU KOMEPEHTHOCTWU, KOTOPYHO HEBO3MOXHO YCTPAHUTbL. HO
PEAJIbHbBIX TMTPUYUH NOTEPU KOEPEHTHOCTU HAMHOI'O BEOJIbLUE.

1. ASMEHEHME NO3ULUU CAMOI'O UICTOYHUKA B NMPOLECCE USMEPEHUA

2. BUBPALIUU NMOJNTIOXEHUA MNMYYKA U3NYYHEHUA INMPU OTPAXEHUU B KPUCTATIJIAX
MOHOXPOMATOPA

3. BUBPALUU OETEKTOPA U BCEIO 30AHUA, TOE NPOBOOATCA USMEPEHUA

4. PACCEAHMUE MNMYYKA HA NOCTOPOHHUX OB BEKTAX B BO3YXE, HA NOBEPX-
HOCTAX U B OB bEME KPUCTAIJIOB (LLEPOXOBATOCTb U HEOOHOPOOHOCTD)

9. LULWPUHA CITEKTPA U3NYYHEHUA (HEMOHOXPOMATUYHOCTD)
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Study of micropipe structure in SiC by x-ray phase contrast imaging
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Phase contrast images of dislocation micropipe in SiC crystal are experimentally studied at various
distances from the sample using synchrotron white beam. Computer simulation of these images
enabled us to understand the peculiarities of image formation and measure the diameter of the
micropipe. The phase contrast imaging of micropipes without monochromator is explained by the
absorption of x rays in a thick (490 gm) SiC crystal, effectively forming a high brilliance radiation
spectrum with a pronounced maximum at 16 keV. © 2007 American Institute of Physics.

FIG. 1. Typical images of micropipes in 5iC wafers cut perpendicular to the
[0001] growth direction (a) and along the growth direction (b). The arrow in
(b) indicates the fragment shown in (c)—(e) at various sample-to-detector
distances: 10, 30, and 50 cm, respectively. Halos in (a) correspond to etch
pits on the wafer surface.
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CUHXPOTPOHHOM MU3J/IY4EHUHN Ha NpuMepe
MUKPOTPYOOK B Kapbute KpeMHUs

T. C. ApryHoBa, @TU PAH um. A. ®. Noppe, C-TeTepbypr
B. I. KoH, PHL| "Kyp4yaTtoBckmum MHcTUTyT", MOoCcKkBa
Jung Ho Je, X-ray imaging center, Pohang University, Korea



The Pohang Light Source (PLS), the only third-generation light source in Korea and the fifth one in the world, has been playing its role
faithfully as the heart of Korean high-tech science since September 19953.
The PLS is the national user facility, owned by the Korean Government and operated by Pohang Accelerator Laboratory (PAL) and

POSTECH. PAL has been conducted an upgrade project on the PLS since 2009, and it has been providing as the PLS-ll in 2012. There is
also a FEL facility in Pohang called PAL-XFEL.
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We see that the phase shift profile Ap(x) creates the intensity profile A/(x) In general
It Is necessary to solve the inverse problem, i.e. to obtain Ap(x) from Al(x). There are

some approaches to this task. If [Ap(x)|

max

Image of complex transparent object

X-ray energy 20 keV, source distance 50 m, source size 30 pm.
Intensity depends on object thickness A@ and detector distance r
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Inverse problem can be solved by one step.

Ap . =-0.09 Ap, . =-0.009

’ \_,P\/]_ >
—— . . 01 4

1 IIIIII
60  -30 0 30 60 60 30 O 30 60

Distance in jim

Distance in pum

1.05 1. Uﬂﬂ-—
1. %-——_n.._r'\“ﬁ-wﬂ'klh#ﬁb,lﬁ.h i ""_"'_'_'""“ﬁ‘-.- -'"‘-_Lﬁ L'I f‘».-'* Iﬁ..'m—-—-—-»—-—
95 r=30cm ‘995 -
1.05 A 1.0053 f.-"
|I . =4 |I
f A [ 'l 1 po \ [l
1. } H\-"',‘,l ul III I rh'ﬁll.l |._,-'-'|.-""-"'“""'"— l_ 'T_:'—'—'—“-*H"w-'l-h“‘v". J I'-J III | |"'".".' lwnhL-'\f“-'—'—
r= 100 cm 995 = v
1. UE; 1. UUE-
F__,.a—"‘-- '. ' I(\/A..,'"‘—"*' 1 A f../-’\f'. I| '.I -\vﬂm
|
r=2300 cm EI'EIE = *’ \ _,-"



FAST TRACK COMMUNICATION

Far-field x-ray phase contrast imaging has
no detailed information on the object

| ) IOP PUBLISHING
V G Kohn!, T S Argunova*’ and J H J¢’

! Russian Research Center ‘Kurchatov Institute’, 123182, Moscow, Russia J Ph}’s D: Appl Ph}’S 43 (2010) 442002 (3[3[3)

* TIoffe Physical-Technical Institute, RAS, 194021 St Petersburg, Russia
¥ X-ray Imaging Center, Department of Materials Science and Engineering, Pohang University of
Science and Technology, San 31 Hyoja-dong, Namku, 790-784 Pohang, Republic of Korea

I(x) =1 — (tRP/r)cos(n(x/r1)? + /4) B(x), r = (AL)'2,
Z=z0z1/ (20 + z1), P=4mORo/A, B(x)=2(x./x) Ji(x/x.),

R — pagnyc smidmica B c€UeHUM MEKPOTPYOKH IOIEPEK MyuKa (OCh x),

Ry — pagnyc BIOIb Iy4Ka, x.= r1%/(2nR),

0 =1-—n, n—xodxpduumeHT nperoMiIeHus, A — JUIMHA BOJHLI
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Imaging of micro-steps on as-grown surface of sapphire with X-ray phase udain
contrast technique

T.S. Argunova ™", V.G. Kohn", J.-H. Lim ¢, V.M. Krymov “, A.V. Ankudinov®

* Ioffe Institute RAS, 194021 St. Petersburg, Russia

® National Research Centre “Kurchatov Institute”, 123182, Moscow, Russia PhYSiCS Letters A 525 (2024) 129901

* Pohang Accelerator Laboratory, 37673, Pohang, South Korea

ARTICLE INFO ABSTRACT

Communicated by S. Khonina Basal-faceted sapphire ribbons grown using the Stepanov-LaBelle technology have a low density of surface steps.

X _ We present our results on a study of steps on the surface of a ribbon, misoriented relative to the singular face

S:,rjnchrm;un cadiation (0001) by several arc minutes. The ribbon has been characterized by means of in-line phase contrast imaging

Phase contrast technique at Pohang Light Source, South Korea. It was shown for the first time that a step height of about 1 pm can

Micro-steps be determined directly from an image. The step height obtained using the phase contrast method was confirmed

Sapphire ribbons by atomic force microscopy measurements. We have found that the experimental contrast matches the theoretical
simulations only if the calculated intensity profile has been convolved with a Gaussian function. The full width
at half maximum of the Gaussian was independently got from previous measurements. We have obtained an
analytical solution in the case of theoretical fully coherent phase contrast image. The inverse problem is easy to
solve, since there is a direct proportionality between the contrast and the step height.
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N3mepeHune BbICOTbl CTYNEHEK Ha NOBEPXHOCTU MOHOKPUCTaNJIOB
MeToAOM (pa30BOro KOHTpacta B CUHXPOTPOHHOM U3JIyYEeHUN

© T.C. ApryHoBa', B.Il. Kon?, A4.-X. Jlum?, B.M. Kpbimos', A.B. AHkyauHoB'

' Duanko-TexHuueckuit uHctutyT um. A.®. Nodde PAH,
CaHkTt-lNetepbypr, Poccusa

> HauuoHanbHblil UccneaoBarefbCkuin LeHTp ,KypyaTtoBCKWUA MHCTUTYT,
MockBa, Poccus

> YICTOYHUK CUHXPOTPOHHOrO uanyyeHus ,Pohang Light Source”,
[MoxaHnr, Pecnybnuka Kopes

[IpoBeneHO AKCIIEpUMEHTANILHOE M TEOPETHUYECKOE HCCIIEOBAHUE CHHXPOTPOHHBIX (Da30BO-KOHTPACTHHIX H300-
paeHUl MHUKPOCTYIEHEK Ha IOBEPXHOCTH Oa3MCHO-OrpaHeHHON candWpoBOl JIEHTHI, BBIPAIICHHONH MO METONY
Crenanosa. Obcyxnaercs cpaBHEHHE MOTYYEHHBIX PE3Y/IbTATOB ¢ JaHHBIMH METOIA ATOMHO-CHJIOBOI MHKPOCKOITHH.
YcraHoBnieHo, 4TO BBICOTY CTYIEHEK Iopsaaka | um MONKHO ONpelNedTb ¢ I[OMOMIbI0 IIPOCTOil CXeMbl METO/a
(ha30BO-KOHTpACTHOrO W300paKeHHsI HA MPOCBET.



Materials Physics and Mechanics. 2024;52(5): 64-73.

Surface study by x-ray scattering technique and phase contrast
imaging: the examples of graphene and sapphire

T.S. Argunova = "*, V.G. Kohn 2 ", B.S. Roshchin 2"*', A.D. Nuzhdin 2",
J.H. Lim 3, S.P. Lebedev * "', A.V. Ankudinov?

! |offe Institute, Saint-Petersburg, Russia
2 National Research Centre “Kurchatov Institute”, Moscow, Russia

> Pohang Accelerator Laboratory, Pohang, South Korea

The paper presents results of solving two problems: nano-roughness evaluation for the surface of epitaxial
graphene and height measurement for a microstep on as-grown surface of sapphire in order to provide
homogeneous graphene films on large areas of silicon carbide or sapphire substrates. To investigate
dissimilar surface properties, different approaches have been used: off-specular grazing incidence X-ray
scattering and in-line phase contrast imaging with synchrotron radiation. Statistical and local parameters
of two types of surface morphology are measured. For the graphene surface, the dependence of the root-
mean-square roughness of terrace-step nanostructure on the direction of the steps is estimated. For the
vicinal face of sapphire, a surface step height of about one micron is determined directly from a phase
contrast image, proving for the first time that the phase contrast imaging resolves surface morphology on
a micrometer scale. Atomic force microscopy confirmed the obtained results.



Journal of Surface Investigation: X-ray, Synchrotron and Neutron Techniques, 2024, Vol. 18, Suppl. 1, pp. S16—523.

Study of the Surface Morphology and Inclusions of Heavy Metals
in Basal-Faceted Sapphire Ribbons Using In-Line
X-Ray Phase-Contrast Imaging

T. S. Argunova® *, V. G. Kohn?, J.-H. Lim¢, V. M. Krymov?, and A. V. Ankudinov*

? Joffe Physical— Technical Institute, St. Petersburg, 194021 Russia
b National Research Centre “Kurchatov Institute”, Moscow, 123182 Russia
¢ Pohang Accelerator Laboratory, Pohang Light Source-11, Pohang, South Korea

Abstract—This study presents the results of research concerning microsteps on the surface and the inclusions
of heavy metals in the volume of sapphire ribbons grown using Stepanov’s method. Basal-faceted sapphire
ribbons exhibit a low density of steps, which are caused by small changes in the orientation of the growth sur-
face or the thickness of the ribbon. Phase contrast imaging using synchrotron radiation is employed to study
the defects. It is shown for the first time that the height of a step of 1 um can be determined directly from the
image. An analytical solution for the intensity distribution of the step in the case of fully coherent X-ray radi-
ation is obtained. When the phase shift is small, there is a direct proportionality between contrast and step
height, and the inverse problem is easily solved. The height obtained using the phase-contrast-imaging
method is confirmed by measurements using atomic force microscopy. To analyze microinclusions, a com-
puter simulation program is used, which allows for assessment of their sizes. We find that the experimental
contrast matches the theoretical calculations only if the calculated intensity profile is convolved with a Gauss-
ian function. The full width at half maximum of the Gaussian is independently obtained from preliminary
measurements.



NHcpopmaLusa No IKCNepuMeHTY.

Pohang Light Source (PLS) asBnseTca UICTOMHUKOM 3-I0 NMOKOJIEHUS, C IHEpruen
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JKNepuMeHTbI No ha3oBOMYy KOHTPACTy NpoBoAATCA Ha 2-X cTtaHuusax: BLI9D n BL6C.

BL9D - noBOPOTHLIN MarHWUT, HeT MOHOXpPoOMaTopa, MaKCUMYM UHTeHCUBHOCTU 7-10 k3B
BL6C - Burnep, moHoxpomatop AE/E =2.9x10-4, anana3oH aHeprum 23 - 50 k3B

HeTekTop — MaTpuua 2560x2160 nukcenen pasmepom rpumepHo 0.325 MKM nocne
onTu4yeckoro yeenu4yeHusa B 20 pas. U3mepeHus nposoaunuck Ha ctaHumu BL6C npu
3Heprum 23 k3B.

KorepeHTHOCTbL nNpoBepsnack ¢ nomowbko onT. BoriokHa W (15 mkm) B (100 mkm)

A heKTUBHAA NpoeKUUusa pasmepa uctoyHuka == 1.8 mkm (10 cm) 2.0 (20 cm) 3.6 (40 cm)

3TO NPAMO NOKaz3allo, YTO KOIePeHTHOCTb NOPTUTCHA HEe TOJIBKO PasMepPpoOM MCTOYHUKA
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QaSOBO-KOHTpaCTHOE usoﬁpaxeu e KpuctaJiJjia Ha Ppa3HbiX PaCCTOAHUAX

Zd = 20 cm.




KorepeHTHBIM (ha30BBIM KOHTPACT OT PE3KOM CTYIIEHBKH TOJIIHUHEI
MaTepHraja BEIYUCIISACTCA aHAIUTUYECKU U paBEH

I/1y=1+ ¢ [S(x/xo) - C(/xo)], @=KS8At, xo=(hzy/2)"

S(x), C(x) — cunyc, kocunyc uHTerpaisl Openens. KonkpetHo
xo=2.32 Mmxm, DJIIPU=3 mxMm, ¢=0.2, Ar=1.12 Mmm.
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PeaynbTaTbl UCCriefoBaHUA BbIOPpaHHOro yyacTtka MeTogoM aTOMHO CUNTOBOW MUKPOCKONUM
BbicoTa CTYyNeHbKW NOJSIHOCTbLIO COOTBETCTBYET PEHTreHOBCKOMY aHanu3y, KOTopbIi
npoue, ObicTpee u uHpopmaTuBHee. NMpoaonbHoOe paspeweHne Nyyillie NonepeyvyHoro.
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N3o0paxeHue chepuuecKux BKIIOUCHUN
TSDKEIIBIX MeTauioB W (2) 1 Mo (3) B
candupe Al,O5 (1). /g candupa kpuBas
yMHOK€Ha Ha 0.1 1 yIDIOTHEeHUS rpaduKa.

J 2 Bumy OK g yactunr W B candupe Ha
/ PacCTOAHMAX 3 (CH@B&) u 20 (CﬂpﬂBa) CM.
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