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Fig. 1. Enhanced ratio of coincidence probability vs. vertical slit width. The solid line shows a
fit result with a coherence length o, = 66.3 um.
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Fig. 2. Temporal mode number determined by intensity interferometry vs. energy bandwidth.
The solid line shows a fit result with a pulse width s; = 32.7 ps.
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One of the factors limiting the performance of any optics is the surface roughness [1,2].
Unfortunately the technology to manufacture and measure large and smooth optical surfaces did
not progress as rapidly as the demands [3]. The aim of this article is to demonstrate a novel
technique for measuring surface waviness with extremely high sensitivity and decent precision,
which is based on the numerical retrieval of the surface topology from multiple total reflection
images taken at various distances with coherent X-ray illumination.

The more or less general rough surface scattering problem cannot be exactly solved. Therefore
only approximate analytic approaches to this problem exist. Two techniques have been most
widely used: perturbation theory and the quasi-classical approximation, also known as the
Kirchhoff approximation [4]. In this work, the Kirchhoff-tangent plane approximation will be used
in describing the problem [5]. It is built on the assumption that wave reflection at each point of the
surface acts as if the surface coincides with the tangent plane at each point. The value of the field
and its normal derivative at the surface are then easily expressed through the incident field. The
scattered field is determined using the Helmholtz formula.

One can distinguish several conditions that simplify this consideration. Firstly, imaging of a
rough surface with hard X-rays (10-30 keV) is possible only at a glancing incidence angle, i.e. few
milliradians. Owing to this geometrical factor, the image contrast is only sensitive to the
longitudinal roughness, and is composed of well pronounced one-dimensional fringes
perpendicular to the incidence plane. Thus, the problem can be reduced from a two-dimensional to
a one-dimensional one.

Secondly, X-ray images are primarily formed from the contributions of roughness spatial
frequencies localized in the low- and medium-frequency range (coherent specular reflection). In
general, this indicates that the surface image is sensitive to roughness spatial wavelengths in the
region spanning from a few centimeters down to a fraction of a millimeter.

Thirdly, a smooth wavy surface can be considered as a purely phase object which changes
phases of the reflected waves but keeps their amplitudes unchanged.

The use of iterative methods is one of the most common approaches to the solution of the
inverse phase problem. In the case of normal incidence, a technique of iterative phase retrieval
from a set of images taken at various distances was successfully implemented using visible light
optics [6], electron microscopy [7], and x-ray holography [8]. Suppose there are several intensity

 distributions 7, ® recorded at distances L,, n=1,...,N. A functional J can be introduced

7=3] fi0,-12) a] 0

n=]
where [, is a simulated intensity. The inverse problem can then be formulated as the retrieval of
surface parameters, which minimize the functional J. The intensity profiles of 256 points were



extracted from the experimental images. Here, the discrete wavelet transform coefficients of the
surface function were used as the optimization parameters. Compactly supported biorthogonal
spline wavelets were used for decomposition and synthesis of surface profile. The optimal wavelet
type was selected by trial and error in searching for better convergence of the iterative algorithm.
The total number of fitting coefficients, however, was reduced to 144 in accordance with an
effective spatial frequency bandwidth.

Experiments were performed at the 1km-long beamline, BL29XUL, at the SPring-8 facility [9].
A sketch of the experimental setup is shown in Fig.l. Two substrates were examined. The
substrates were fabricated at the Ultra Precision Machining Center of Osaka University, Japan
[10]. To acquire images of the sample substrates, an X-ray zooming tube (C5333, Hamamatsu

Co.) was used.

1,70.2-0.9m L;7~1000 m

Monochromator

Si Mirmror Silll

2
High resolution Incident angles L
CCD camera 6=1.2-1.8 mrad Energy E-1520 keV

Fig.1. Sketch of the experimental setup.

For each substrate, a set of images (N=17) was obtained separated by AL=50mm, starting from
a minimal gap L =170mm between the surface center and the photocathode of the zooming tube.

Vertical direction (scattering plane)

Horizontal direction

Figure 2. Example of an X-ray image taken at a distance L=0.43m from the substrate center. An incident X-ray
beam is reflected up in the. vertical direction. Surface waviness generates one-dimensional fringes perpendicular
to the incidence plane.

As an example, one of the original images is shown in Fig.2. After extracting intensity profiles
from the images, the inverse scattering algorithm was applied. A perfectly flat long was taken as
the starting point. An iterative procedure was continued until no further improvement was



observed. The ultimate difference between simulated and measured intensities, averaged over all
images, varied within o,, =3-5% depending on the measurement set.

For the first substrate, its central section was investigated by means of the Fizeau’s
interferometer prior to the experiment. The interferometer was calibrated within +£1nm accuracy
over a 150mm longitudinal range. Some environmental instabilities, however, generated £0.5nm
fluctuations in the measurements. Therefore, the accuracy of the expected slope measurement was

limited to 1 prad. A comparison of surface profiles (actually, residuals after removing second-
order fitting curve) obtained with the optical interferometer and by X-ray topography is shown in
Fig.3. Good agreement between the two profiles is observed. The surface-height standard

deviation measured with the interferometer is O‘,(j) ~5.3A, while when measured with X-rays is

0',(,’) ~5.5 A. The difference in surface heights between the two measurements has a standard
deviation of o ,;, ~3A. Figure error of the optically measured profile is o; ~ 1.1 prad. This agrees

well with the expected slope-measurement accuracy. The X-ray measurements, however, give
o, =0.8 prad, already an improvement to the resolution of the optical method. '

For the second substrate, images were taken at two sample positions: normal and inverted, i.e.
when the sample was inverted by 180° around the axis perpendicular to the surface. The substrate
was oriented so that both measurements covered an almost identical sample area (+0.1mm lateral
error in positioning). The retrieved surface profiles are shown in Fig.4. Within the central £20mm
area, height standard deviation at the normal and inverted position are 0',(,') ~1.7A and a‘f,z) ~2.4A,
respectively. The difference in surface heights between two measurements has a standard
deviation of &,, ~ 1.3A. Apart from the discrepancy at one of the edges, the obtained profiles
correlate well with each other.
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Figure 3. Comparison of surface profiles obtained by an
optical interferometer (solid line) and X-ray topography
(dashed line). The difference in surface heights between
the two measurements has a standard deviation of

Oy =3A.

Figure 4. Comparison of surface profiles obtained from
two sets of images taken at normal and inverted sample
positions. The difference in surface heights between the
two measurements has a standard deviation of

O-Ah =~ ].3A.

The presented results provide straightforward evidence of the very high sensitivity of X-rays to
waviness in the surface of grazing incidence optics. With respect to the conventional metrology
technique, X-rays sensitivity can be evaluated as, at least, one order higher. Taking into account



the high demand for new technologies for fabricating and characterizing high performance grazing
incidence X-ray optics, the advanced technique is well suited to modern requirements.
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Shearing x-ray interferometer with an x-ray prism and its improvement

Yoshiki Kohmura, Hidekazu Takano, Kentaro Uesugi, Yoshio Suzuki, Tetsuya Ishikawa
SPring-8, 1-1-1, Kouto, Mikazuki, Sayo-gun, Hyogo, 679-5198, Japan

Abstract

A wave-front dividing interferometer was devised in which half of a highly spatially coherent beam deflected by an x-ray
prism is overlapped with another half. By placing the samples in the two beams and the x-ray imaging detector closely
downstream of the sample, the differential phase of the sample is recorded on the imaging detector. The separation of the two
paths at the sample plane, the amount of shear, was approximately 2 pm in the present experiment. This is easily controllable by
changing the distance between the sample and the imaging detector. Phase retrieval using the fringe scanning method was
successfully demonstrated for various kinds of weakly absorbing samples.

1. INTRODUCTION

The various methods for phase retrieval are reported for the scattered / diffracted x-rays [1,2] and the
trasmitted x-rays [3,4]. The interferometers, using the coherent superposition of transmitted and reference
beams, offer the most direct method for unique retrieval of the phase. The crystal Bonse-Hart interferometers
(usually as amplitude dividing interferometers) are widely used for the phase retrieval in the hard x-rays
[5,6]. Although a shearing geometry has also been attempted [7], the narrow angular acceptance of the
crystal optics limits the spatial resolution. In this paper, we will show that the wave-front division using an

x-ray prism [8,9] can be used for an x-ray shearing interferometer without significant angular windows and
with a better spatial resolution.

2. EXPERIMENTAL SETUP

To obtain a high spatial coherence demanded for the wave-front dividing interferometer, a 250 m long
beamline with an undulator source, BL20XU, of SPring-8 was utilized [9]. Monochromatic x-rays at 12.4
keV (A= 1A) through a silicon monochromator and cross-slits, 18 X 19 um?* at 195 m upstream of the end
station, make the spatial coherence length of x-rays to be approximately 1 mm at the end station. An x-ray
prism [9] was set so as to make its edge line vertical.

A cubic prism made of aclyric resin with 20 mm sides was inserted in the beam to deflect half of it [9,
10]. The x-ray glancing angle onto the prism and the deflection angle were 4 deg and 23 prad (A6). The
direct and the refracted beams overlap with the width of 150 um (L; A6 ) at 6.5 m (L;) downstream of the
prism where the photo cathode of x-ray zooming tube detector (modified C5333, Hamamatsu Photonics
Co.) [11] was placed (Fig.1). The interference fringe spacing is 4 um (d=A/(A0)). The deflection angle is
chosen so as to compromise of the large interference region and the detectable fringe spacing. The detector
has the magnification factor, the pixel size at the sample plane and the field of view of 55, 0.22 pm and 220
um¢g. The measured spatial resolution of the detector was 0.7 um at 8 keV [12]. The observed visibility of
the fringes was 0.6.

X-ray prism Phase-shift (Sample)
| :
Path A ] / j (D(A
Path B i
ERERCRRAL
O(B)

e

Lo
Figure 1: The schematic diagram of the two-beam shearing x-ray interferometer.



A sample was placed in front of the image detector by 96 mm (L,). Interference signal between two
slightly tilted beams are recorded with the detector. The phases of the two beams suffered local shifts in
transmitting through the sample, causing a modulated interference pattern. The distance L, was close to the
minimum possible due to the structure of the detector. The amount of shear was 2.2 pm (L, A9) at the
sample position. When Fresnel number, Ng (= a*/( L L)), is much greater than unity, the phase is easily
retrieved without significant effect of Fresnel diffraction, where a is the sample structure size.

Samples observed are, (a) a Kapton foil (125 pmt with rough tapered edges, (b) a Nylon mesh (pitch 93
pm) and ascidian larvae (a biological specimen). The optical microscope images and the observed x-ray
interference images (1 minute exposure) of the samples are shown in Fig.2. The upward / downward bents
of the individual fringes were observed where the sample thickness has a positive / negative gradient in the
downward direction (Flg 2(d)-(D)). Where the phase gradient of the samples are large (2 27 over the shear

i along the lower Kapton f01l edge in F1g 2(d)).

(d)

Figure 2: The visible microscope image for the samples (a) an edge of a Kapton foil (125 pumt), (b) a Nylon mesh (pitch
93 um) and (c) an ascidian larvae (biological specimen). The observed x-ray interference images (d, ¢, f) for the samples
(a, b, c).

2. EXPERIMENTAL RESULT

For the precise phase retrieval using the interferometers, the fringe scanning method [13] and the
Fourier transform method [14] are widely used. We applied the fringe scanning method, since the higher
spatial resolution close to that of the detector is easily achieved. For the phase shift in one of the optical
paths the translational motion of the prism was introduced.

For the 4-step fringe scanning method, 0, 1/4x, 2/4w and 3/4n phase -shifts were given to path A by
moving the prism by 0, 1/4d, 2/4d and 3/4d (where d is the fringe spacing). The intensity distributions at
the detector plane, Iy, I;, I, and I; were measured with and without the sample. The phase at the detector
plane is calculated with the following equation, where A¢ is the differential phase due to the sample (similar
equation is derived with A¢=0 for the dataset taken without the sample).

2m(ka-kp)(0)-Ap=tan” (- 1)/( Lo 1) M

and

Ap=p(A)—9(B) ~ 8¢/8x (Ax) 2,



where k-kg are the X-ray wave-vectors along the path A and path B.

The phase distributions at the detector plane are calculated using eq.(1). Since the phase values calculated
are the principal values from -7/2 to 7/2, the phase unwrapping is carried out for the calculated phase
distributions with and without the sample, independently. Subtraction between these two unwrapped phase
gives the differential phase distribution of the sample without the complete knowledge of the carrier fringe.
The differential phase of samples with various thickness gradient can be retrieved by adjusting the amount of
shear.

The box areas in Fig.2(d)-(f) are analyzed. The calculated differential phase image for Fig.2(d) is shown
in Fig.3(a). The areas where the thickness gradient is positive (negative) is shown in dark (bright) color. For
the upper Kapton foil edge, the differential phase image shows almost monotonious thickness increase
downward (Fig.3(a)). The measured differential phase for the upper Kapton edge is integrated along the line
in Fig.3(a) and is shown in Fig.3(b). The derived phase due to the foil thickness was 15 rad (2.4 A) close to
the calculated value of 16 rad (2.5 A), assuming the thickness of 125 pum and the index of refraction n=1-
2.0X10° at A= 1 A. The several horizontal lines in the differential phase images, in and out of the samples,
are partly caused by the insufficient surface finish of the prism.
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Figure 3: The calculated differential phase (a) for the upper Kapton foil edge inside the region of interest in Fig.2(d)

using the 4-step method and (b) The phase distribution of the upper Kapton foil edge by integrating the measured
differential phase distribution.

Similar phase determination was done for one of the end of the nylon and an ascidian larva (almost
transparent for the 1A X-ray) as shown in Fig.4(a) and (b), using 12-step method. In Fig.4(b), othoris, the
gravity sensor with the diameter of about 10 pm is clearly observed.
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Figure 4: The calculated phase (a) for the Nylon mesh and (b) for the ascidian larvae using the 12-step method.




3. IMPROVEMENT

To improve the precision of the phase retrieval, the surface of the X-ray prism needs to be improved.
For this purpose, ultra precision cutting has been done on the surface of the acrylic resin using a single
crystalline diamond tool which was developed at RIKEN. The surface roughness was evaluated to
approximately 30 nm (RMS) with a Zygo NewView 200.

Figure 5:The surface roughness of improved acrylic X-ray prism evaluated with Zygo Newview200.

5. FUTURE PROSPECT

The present method is easily combined with the tomographic technique. The three dimensional
refractive index distribution will be measured for visible-opaque and x-ray-weakly-absorbing samples with
buried structures. Application of this new technique to material science, biological and medical sciences
will be promising and fruitful.
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The present status of X-ray polarization imaging using aberration compensating
X-ray phase retarder system and perspective for X-ray ‘polarization interference’

imaging

i I Kouhei OKITSU
REKRFTFEMBRE S RBRAT
E-Mail: okitsu@soyak.t.u-tokyo.ac.jp

Engineering Research Institute, Univ. of Tokyo

X-ray natural linear dichroism (XNLD), magnetic circular dichroism (X\MCD) and magnetic linear
dichroism (XMLD) imagings are recently performed by using linear and circular polarization
switching techniques with two-quadrant X-ray phase retarder system which compensate for off-axis
aberration (phase-shift inhomogeneity depending on angular divergence of incident X-rays). XMCD
imaging results are introduced in the present article. Also four-quadrant phase retarder system which
can compensate for both off-axis and chromatic aberrations (phase-shift inhomogeneity depending on
photon-energy dispersion of incident X-rays) recently developed is introduced. While there are three
ways for dividing waves in interferometric measurement using magneto-optical waves, that is, (1)
division of amplitude, (2) division of wavefront and (3) division into polarized beams, only (1)

division of amplitude used in the Bonse-Hart interferometer is recognized to be a unique way for

dividing waves in X-ray range. It is described, however, in the present article that (3) division into

polarized beams is another effective candidate for X-ray interferometric measurement including

imaging techniques.
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Fig. 1 Principle of the two-quadrant phase retarder system.
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Fig. 2 Ezperimental setup of (a) one-quadrant, (b)
two-quadrant and (¢) fourquadrant X-ray phase
retarders.
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Fig. 3 XMCD spectra of polycrystalline cobalt foil
obtained wusing circular polarization switching
technique with two-quadrant phase retarders.
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(a)

(b)

(c)

Fig. 5 XMCD images obtained after correction for thickness inhomogeneity of the sample. (a), (b) and (c)
correspond to positions (a), (b) and (c) indicated in Fig. 3. XMCD contrasts are reversed due to change in
sign of magnetic field applied to the sample between (a) and (b). Contrast reversal can also be cbserved
owing to photon-energy position between (b) and (c) [17,19] .
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2000——————————

P

W

(=3

[=]
™1
1

Number of photons counted
with the SSD in 20 sec
)
S

w
Q
P=
Ty

S X T W BT Y (R o s R 1

. Rotation angle of the analyzer around
the beam direction from

the crossed nicol position[deg]

Fig. 7 X-may intensity profile obtained by rotating the analyzer
crystal.

%o Fig. 6 BBHAFHEBETERXBRS Y A—
F—[223]D0BAFEZR LTS, YVarFy
YRNH Y hDOX Ty MEKRMT ERETF L
BXETFR, JuX=aoREND 2 EY— Al
Y ICEESELNADLICREBEATVWS, B
EFOFTSTHRICH, EREXEHERRS
0.02~0.04 BOBHBEXICERTEFAYELF
HROFBBREXBRBHEFNEY FERATWS, B
BT L BEF ORI, XEETHD c-liAs 45 B
BV REBC, BEEBXF R IZuroasnb
BEERERAER, ¥y b&hTw3, BEFE

- X2 EOGECEES ¢ TREFH SO SSD TR

HENXBREE Ty kLD, Fig. 7 Th
. RELOBLERY 2D, BEFLFL TN
RRBEhETNEX ZERERTC L 3HOR0
E{LdBbhy, K rADEEROS 7 r25, B

BEROER _EEICL 3EAEEEAS D)5,

Fig. 7 DEIRAX ¥ VEFEZRNVEF—TITHT,
RO LN EEA L HARELDRRT P AN,
ZhE€h, Fig.8 & Fig. 9 TH 53, Fig. 9 O (a),
®), ©, @ X, BEFICL-oTERShHEAE
XOMAER, ThTh, -0.04,-0.02,+0.02, +0.04
KRHE5CBETFEay be—AL LTELNE
BHADOHERRORRZ bV THB, 22T, M

0.0

TS IR IS IR T IR A
0 50 100 150 200 250 300
Photon energy ; AE=E - 7709 [eV]

Fig. 8 Spectrum of rotation angle of polarization obtained with an
hcp cobalt single crystal foil.

Absorption ; A u¢



Absolute Value Absolute Value Absolute Value

Absolute Value

ROHER, EXVHARKOF 277 Rk D
KOCEELE, (a OROFIZ, BREFBIUR
HRGOEBINICLVEX N A HEICREL
T,272/100 (272 A FEMROM %2 EBE 2/ —TRL
THhd., ZODfEIX, Bonse-Hart X#RTF#EH[25,26]
DUHBRERRATHDZ 2D, KFETHES
NI-EREEIT DR RIL, Bonse-Hart 55+ T,
BREPHE L Do THB 5 Z bbb, 27/100
DAFARHBRL VWO RIZ, ATV v F—, 35
=, T4 ¥—RomIIELAaErENE
TORETHRILEIEONINEV S, HKATHIRIE
CEDBRATHD, Fig. 9 (b) & (c) DEDKED
BMEDO/PEREFHCHo BRI ARR L
DA, Fig. 10 @ (@) & (b) TH B, =2, hEIR
WD +2eV OH0IZ, EVICRELE/NE AR

VITABRONDY, TORGITLY, Zhix

AONTHEERS IV THB Z L2 B, Fig. 10

0.1 3.0
.00 :[A ®=27/100 3
Lo0 ; 2.0 -
£ g
30. B
g L0 E
0.0 <
0.0 0
0.10— 3.0
| A
200 Lod
) 2.0 .-
§_0.06_ | .5
= 0.04 B
5 L0 §
0.02— L 2
0,000l T 1 g0
mif 3.0
B 3
bmg o 3
§ -_ ’:""' S N, 2.0 -~
ém ﬁ% ........ 5
5 0.04 3 B
5 : L10 5
0.0~ % 2
0.0 — 0.0
016 30 _
-QO.O ‘205
o ) L 20 -~
'.é‘0.0 i .5
%M‘ L0 5
0.0 |2
0.0 FIrsE EPSEN A Sl INETETI S BT RPN ST AT IS | P X
0 50 100 150 0.0

200 250 300
Photon energy ; AE=E - 7709 [eV]

Fig. 9 Spectra of ellipticity of polarization obtained with an hcp cobalt

single crystal foil. (a), (b), (c) and (d) correspond to initial ellipticity
values, -0.04, -0.02, +0.02 and +0.04, respectively, which were applied
by controlling the phase retarder crystal.
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TEL: 0791-58-0802 ext.3811 FAX:0791-58-0830 e-mail: yabashi@spring8.or.jp
BIE (BASHEE)

T324-8550 HEARRKEIET A L 1385

TEL: 0287-26-6345 FAX: 0287-26-6060 e-mail: osamu.yushiro@toshiba.co.jp
FNHH CRRKRFRFERLERMFERMEL 2 4F)

T 113-8656 HHHER SR XAER 7-3-1

TEL: 03-5841-6842 FAX: 03-5841-6803 e-mail: yoshikawa@mml.t.u-tokyo.ac.jp
KILBAE (Bt B SLRERT EERERFZERT)

T350-0395 ¥ ERHARRMILETIRE 2520

TEL: 049-296-6111 FAX: 049-296-5999 e-mail: a-yoneya@harl.hitachi.co.jp
EofE (RERFMEIFER)

T305-8573 RO HEHRES 1-1-1

TEL: 0298-53-5318 FAX: 0298-53-5205 e-mail: watanabe@bk.tsukuba.ac.jp

(M4 B83m)

ERE— (Fhikb) . WEBEE (K. amemiya@k.u-tokyo.ac.jp) . SRHAER (KEK-PF,
atsuo.iida@kek.jp) . XFE—B (KEK-PF, kazumasa.ohsumi@kek.jp) . M H# (KEK-PF,
hiroshi kawata@kek.jp) . dbE&#M (KEK-PF. yoshinorikitajima@kekjp) . BHEXM (BRIr
EHK) . |AB (KEK-PF, zhang.xiaowei@kek.jp) . &S (KEK) . FEFHE (JASRI) .
Mi#i—2Z (KEK-PF, kazuhiko.mase@kek.jp) . ¥ T8 (KEK-PF, akira.yagishita@kek.jp)



