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Fig. 1. Calculated intensity distribution caused by fractional Talbot effect
downstream of 77/2 phase grating.
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If an object is put in front of the grating, the X-ray
wavefront is inclined by ¢(x, y) in the x-direction, which is
given by

A 9P(x,y)

‘P(X,)’) = i; ax

where ®(x,y) is an X-ray phase shift at the object. When
- the grating is illuminated with such X-rays, the intensity
distribution .downstream of the grating /(x, y, z) varies as

(6)
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This suggests that one can detect a phase object if the
distortion of the periodic intensity pattern is resolved.

The measurement of ¢(x,y) is also attainable by the
Fourier transform method or the fringe scanning method.
By the Fourier transform method, the spatial resolution of
the obtained image is limited by twice the period of the
measured intensity pattern. On the other hand, there is no
such problem by the fringe scanning method. Therefore, we
used the fringe scanning method to determine (x, y). When
the phase grating is displaced by a distance kd/M along the
x-direction, where k and M are integers, intensity distribu-
tions Ir(x,y,z) given by

Li(x,y,0) = ; ¢, (2) exp{Zm':—; [x — zo(x,y) + %k] ]

k=12,....M 8)

are observed. In the fringe scanning method, fringes with
a sinusoidal profile are normally assumed. Higher orders
(n > 2) in eq. (8) may cause error. However, by selecting
an adequately large M, the error induced by the harmonics
can be reduced.'¥ We used a five-step fringe scan because
the orders that cause the error are 4th, 6th, 9th, ....>® The
magnitudes of the 9th and higher orders are normally
negligible; furthermore, the magnitudes of the even orders
are negligible if the line : space of the grating is 1 : 1. Then,
one can use
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The effect of the carrier fringe with a period d is removed by
subtracting the value obtained by the fringe scanning method
without an object from the value obtained with the object.
Thus, the map of X-ray wavefront inclination ¢(x, y) and the
differential phase map d®(x,y)/dx can be calculated. An X-

Periodic
intensity paitern

[nc-ident X-ray
wavelength: A

Phase grating
period:d

y E?” : |
4
[ X Sample = —
7 Ie_z_}'% High-resolution detector

Fig. 2. Schematic diagram of experimental setup.

ray phase shift map ®(x,y) is obtained by integrating the
differential phase map. A phase tomogram can be recon-
structed using a conventional computed tomography (CT)
algorithm from multiple phase maps measured at various
angular positions of the sample rotation.

Figure 2 shows the experimental setup used at the
beamnline BL20XU of SPring-8, Japan. X-rays emitted from
an undulator were monochromatized to 17.7keV by a Si
double-crystal monochromator. At a distance of 245 m from
the source, a phase grating was placed so that the groove is
parallel to the plumb line. We used a gold phase grating
fabricated by UV lithography and electroplating. The pitch
of the grating was 8 um and its line : space was 1: 1. The
height of the pattern was 2um, which corresponds to the
amount of w/2 phase shift for 17.7keV X-rays. We used a
CCD camera with a Ce-doped Lu,SiOs scintillator and an
optical coupling lens.!> The effective pixel size was 1.0 um
and the field of view was about 1.3 x 1.0 mm?. The camera
was placed at z = 457 mm and used to measure the periodic
intensity pattern. The position was selected because “the
visibility of the pattern reaches 100% ideally at z = d?/22 in
the case of a /2 shift phase grating.'?

As a sample, a piece of polystyrene (PS)/poly(methyl
methacrylate) (PMMA) polymer blend was placed in a cell
filled with water, which was placed in front of the grating.
The sample had structures consisting of PS-rich and PMMA-
rich regions, which have been proved to be observable by
Bonse-Hart-type X-ray interferometer.'®)

Figure 3(a) shows an intensity pattern obtained by
exposing with X-rays for 1.5s. An enlarged image of the
area indicated by the broken-line box in Fig. 3(a) is shownin
Fig. 3(b), where a distortion of the periodic intensity pattern
is observed. Figure 3(c) shows a map of the X-ray wavefront
inclination obtained from the intensity patterns using eq. (9).
The sample was rotated in 2° steps over 180° and 90 phase
maps were obtained. g

Figure 4(a) shows an axial section of the reconstructed
phase tomogram at the position of the dotted line in
Fig. 3(c). A three-dimensional rendering view is shown in
Fig. 4(b) where the PS-rich region is made transparent. A

* bicontinuous structure of the polymer blend is clearly shown

in Figs. 4(a) and 4(b). The pixel values in the reconstructed
phase tomogram indicate the refractive index difference
between the object and the surrounding water." The refrac-
tive index differences were 0.2 x 1077 between the PS-rich
region and water, and 1.1 x 1077 between the PMMA-rich
region and water. These values are consistent with the result
of X-ray phase tomography obtained using a Bonse-Hart-
type X-ray interferometer.'® The detection limit of the
refractive index deviation was evaluated to be 6.2 x 10~°
from the noise of the tomogram. This value is related to the
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Fig. 3. (a) Intensity patiern distorted by piece of polymer blend. (b) Enlarged image of region indicated by broken-line box in (a).
(c) Wavefront inclination map caused by refraction at object. In this figure, the X-ray wavefront inclined in one direction indicates a
positive value and the wavefront inclined in the opposite direction indicates a negative value.
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Fig. 4. (a) Axial section of reconstructed phase tomogram of piece of polymer blend. (b) Three-dimensional rendering view, in which
PS-rich region is made transparent. (c) Evaluation of spatial resolution. The solid line and dots show the profile (left ordinate) and its

differential (right ordinate) on line A-A’ in (a).

detection limit of the density deviation of 9mg/cm?® because
the refractive index difference is approximately proportional
to the density difference.

Figure 4(c) shows a profile across the boundary between
the PS-rich and PMMA-rich regions indicated by A-A’ in
Fig. 4(a) and its differential. The spatial resolution in the
phase tomogram was evaluated to be 8 um on the basis of
the full-width at half maximum (FWHM) of the differential
profile. There was a certain distance between the detector
and the object using this method. Therefore, the blur caused
by Fresnel diffraction was unavoidable. Because the distance
was about 540 mm and the wavelength of the X-rays was
0.7 A, the amount of the blur is estimated to be /1z = 6.1
um, which is considered as the factor that mainly influenced
the spatial resolution. When the object is placed downstream
of the grating, the periodic intensity pattern is deformed
and the blur caused by the Fresnel diffraction is reduced.
However, note that there is a trade-off relationship between
spatial resolution and sensitivity because sensitivity is pro-
portional to the distance between the object and the detector.

In this study, we succeeded in measuring the X-ray phase
shift by placing a phase grating in front of a high-resolution
detector. Thus, it is possible to append phase sensitivity to a
conventional X-ray imaging setup in a simple manner. The
proposed approach is also available with spherical-wave X-
rays in an X-ray imaging microscope, avoiding the above-
mentioned blur caused by Fresnel diffraction theoretically.
If a phase grating is placed in an optical path of an X-ray
microscope so that the periodic intensity pattern appears on
the image plane, the X-ray phase shift at the object plane
can be measured from the distortion of the intensity pattern.
The combined use of an X-ray imaging microscope and
the proposed method will lead to the development of a new
type of differential phase X-ray microscope for quantitative

analysis. We consider that such a combination is an impor-
tant future research direction for the proposed method.
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