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DESCRIPTION
X-RAY IMAGING APPARATUS

Technical Field

[0001]The present invention relates to an X-ray imaging
apparatus for measuring an X-ray phase contrast image
of a subject.
Background Art

[0002]When X-rays are transmitted through a subject, the
phase of the X-rays is changed due to the constituent
elements and the difference in density of the subject.
The research of the phase contrast imaging method using
the phase change of the X-rays has been conducted since
the 1990s. One of the phase contrast imaging methods
is described in Patent Document 1. The method is a
kind of a method referred to as a phase stepping method.
The phase stepping methbd is featured in that the
method is influenced by neither the transmittance
distribution of the subject nor the spatial
ununiformity of the intensity of X-rays irradiated onto
the subject and has a high spatial resolution which is
in principle the same as the resolution of an imaging
element used to capture the image of the X-rays.

[0003]Patent Document 1 proposes an X-ray imaging apparatus
as described below. In the apparatus, X-rays
transmitted through a subject are irradiated onto a
diffraction grating so that a periodic interference
pattern referred to as a self-image is formed at a
position away from the diffraction grating by a
specific distance (Talbot distance). Further, in the
apparatus, in order to generate a moiré, a masking
grating having the same period as the period of the
interference pattern is provided at the position where
the interference pattern is formed, and the generated
moiré i1s detected by an X-ray detector. Further, the

apparatus is configured such that the phase information
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of the X-rays transmitted through the subject is
acquired on the basis of three or more moiré images
detected by moving the diffraction grating or the
masking grating at a constant interval, and such that a
phase contrast image of the subject is obtained from
the phase information.

Citation List

Patent Literature

[0004]PTL 1: U.S. Patent No. 7180979

[0005]PTL 2: International Publication No. W02006/131235
Summary of Invention
Technical Problem

[0006]In general, in order to reconstruct the phase contrast
image of the subject, it is necessary to obtain
differential phase contrast images in two directions
crossing each other. In order to obtain the
differential phase contrast images in two directions
crossing each other by the method proposed by PTL 1, it
is necessary that, after a moiré image is captured as
described above, the diffraction grating and the
masking grating are rotated in the grating surface, and
then another moiré image is captured. However, in the
case where the diffraction grating and the masking
grating are rotated in this way, the structure of the
imaging apparatus becomes complicated. Further, in
addition to the operation for capturing the moiré image,
the operation for rotating the diffraction grating and
the masking grating is required, and hence the
operation of the imaging apparatus also becomes
complicated.

[0007]In view of the above, the present invention is to
provide an X-ray imaging apparatus which has a simpler
configuration than that of the prior art apparatus and
which can obtain differential phase contrast images in
two directions crossing each other without rotating the

diffraction grating and the masking grating.
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Solution to Problem

[0008]In view of the above problem, An X-ray imaging
apparatus according to the present invention includes:
a diffraction grating which diffracts X-rays emitted
from an X-ray source to thereby form an interference
pattern having two-dimensionally arranged bright and
dark zones; a masking grating in which masking portions
for masking the X-rays and trénsmitting portions for
transmitting the X-rays are two-dimensionally arranged
to partially mask each of the bright zones of the
interferehce pattern; a moving device which changes the
relative position between the interference pattern and
the masking grating; a detector which detects the
intensity distribution of the X-rays transmitted
through the masking grating; and a calculator which
calculates a differential phase contrast image or a
phase contrast image of a subject on the basis of the
result of detection performed by the detector, the
calculator being configured to calculate the
differential phase contrast image or the phase contrast
image in each of two mutually crossing directions on
the basis of results of detection performed a plurality
of times by the detector.

Advantageous Effects of Invention

[0009]According to the présent invention, it is possible to
provide an X-ray imaging apparatus which has a simpler
configuration than that of the prior art apparatus and
which can obtain differential phase contrast images in
two directions crossing each other without rotating the
diffraction grating and the masking grating.

[0010] Further features of the present invention will become
apparent from the following description of .exemplary
embodiments with reference to the attached drawings.
Brief Description of Drawings

[0011] [FIG. 1]FIG. 1 is a diagram for describing a

configuration example of an X-ray imaging apparatus
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according to Exemplary embodiment 1.

[FIG. 2]FIG. 2 is a diagram for describing a
diffraction grating of an X-ray imaging apparatus in
Example 1.

[FIG. 3]FIG. 3 is a diagram for describing an
interference pattern in Example 1.

[FIG. 4]FIG. 4 is a diagram for describing a masking
grating in Example 1.

[FIG. 5A]FIG. 5A is a diagram for describing a state
where the interference pattern and the masking grating
overlap with each other in Example 1.

[FIG. 5B]FIG. 5B is a diagram for describing a state
where the interference pattern and the masking grating
overlap with each other in Example 1.

[FIG. 6]FIG. 6 is a diagram for describing a
relationship between the amount of movement of the
interference pattern and the amount of X-rays
transmitted through the transmitting portions of the
masking grating in Example 1.

[FIG. 7]FIG. 7 is a diagram illustrating measurement
steps in Example 1.

[FIG. 8A]FIG. 8A is a diagram for describing a
diffraction grating of an X-ray imaging apparatus in
Example 2. '

[FIG. 8B]FIG. 8B is a diagram for describing an
interference pattern in Example 2.

[FIG. 8C]FIG. 8C is a diagram for describing a masking
grating in Example 2.

[FIG. SA}FIG. 9A is a diagram for describing a state
where the interference pattern and the masking grating
overlap with each other in Example 2.

[FIG. 9B]FIG. 9B is a diagram for describing a state
where the interference pattern and the masking grating
overlap with each other in Example 2.

[FIG. 10]1FIG. 10 is a diagram for describing a

relationship between the amount of movement of the
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interference pattern and the amount of X-rays
transmitted through the transmitting portions of the
masking grating in Example 2. _
[FIG. 11A]FIG. 11A is a diagram for describing a
diffraction grating of an X-ray imaging apparatus in
Example 3.
[FIG. 11B]FIG. 11B is a diagram for describing an
interference pattern in Example 3.
[FIG. 11C]JFIG. 11C is a diagram for describing a
masking grating in Example 3.
Description of Embodiments

[0012]An exemplary embodiment according to the present
invention will be described with reference to FIG. 1.
An imaging apparatus illustrated in FIG. 1 includes: an
X-ray source 1 which emits X-rays; a diffraction
grating 4 which diffracts X-rays emitted from the X-ray
source 1 to form an interference pattern having two-
dimensionally arranged bright and dark zones; a moving
device 5 for diffraction grating which changes the
position of the diffraction grating 4 in the grating
surface of the diffraction grating 4; a masking grating
6 in which transmitting portions for transmitting X-
rays and masking portions for masking X-rays are two-
dimensionally arranged; a moving device 7 for masking
grating which changes the position of the masking
grating 6 in the grating surface of the masking grating
6; an X-ray detector 8 which acquires the intensity
distribution of X-rays transmitted through the masking
grating 6; and a calculator 9 which calculates a
differential phase contrast image or a phase contrast
image of a subject from the detection result of X-ray
intensity distribution acquired by the X-ray detector 8.
Note that the moving device 5 for diffraction grating
and the moving device 7 for masking grating are moving
device for changing the relative position between the

interference pattern.and the masking grating 6, and



WO 2011/149033 6 PCT/JP2011/062149

hence it is not always necessary to provide both the
moving devices. Further, when the relative position
between the interference pattern and the masking

grating 6 can be moved by, for example} a moving device
for X-ray source for moving the X-ray source, neither
the moving device 5 for diffraction grating nor the
moving device 7 for masking grating need to be provided.

[0013]PTL 2 discloses the method of moving an X-ray source
for band scanning, which can also be applied to the
present invention, and hence detailed explanations
thereof is omitted. 1In principle, an X-ray source is
moved to an opposite direction of the movement of the
interference pattern. Then, a movement distance of the
interference pattern on a diffraction gratings is
derived by multiplying the movement distance of the X-
ray source by an amount derived when the distance
between the diffraction gratings and a masking portion
is divided by the distance between the X-ray source and
the diffraction gratings.

[0014]In the following, the above-described configuration
will be described in detail. As the diffraction
grating 4, it is possible to use a phase type
diffraction grating in which phase advance portions and
phase lag portions are two-dimensionally and
periodically arranged, or an amplitude type diffraction
grating in which masking portions and transmitting
portions are two-dimensionally and periodically
arranged. A phase type diffraction grating according
to the'present embodiment has a structure in which the
thickness of the X-ray transmitting member is
periodically changed so that a fixed amount of phase
shift is produced between the phase of the X-ray
transmitted through the phase advance portion and the
phasé of the X-ray transmitted through the phase lag
portion.

[0015]When X-rays 2 emitted from the X-ray source 1 are
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incident on the diffraction grating 4, an interference
pattern, in which bright zones and dark zones are two-
dimensionally arranged, is formed at a position away
from the diffraction grating by a predetermined
distance (Talbot distance) expressed by 7Z; of

Expression (1).
1,1 _ 12
[0016]Expression (1): — T T N g2
Z, Z, Nd

[0017]Here, in Expression (1), Zy represents the distance
between the X-ray source 1 and the diffraction grating
4, A represents the wavelength of X-ray 2, and d
represents the grating period of the diffraction
grating 4. Further, in the case where the amount of
phase shift is n/2 and where the diffraction grating is
a phase type diffraction grating in which the phase
advance portions and the phase lag portions are
arranged in a checker pattern, N is a real number
expressed by n-1/2, while in the case where the amount
of phase shift is n and where the diffraction grating
is a phase type diffraction grating in which the phase
advance portions and the phase lag portions are
arranged in a checker pattern, N is a real number
expressed by n/2;l/4. Further, in the case where the
diffraction grating is the amplitude type diffraction
grating in which the masking portions and the
transmitting portions are arranged in a checker pattern,
N is a real number expressed by‘n. In the above
expressions, n is a natural number.

[0018]In the masking grating 6, the masking portions for
masking X-rays and the transmitting portions for
transmitting X-rays are two-dimensionally arranged.

The masking grating 6 is arranged at the position where
the interference pattern is formed, and partially masks
of each of the bright zones of the interference pattern

by each of the masking portions. The period of the
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masking grating 6 of the present embodiment is set to
coincide with the period of the interference pattern in
the state where a subject 3 does not exist, and the
direction of the period of the masking grating 6 is
also set to coincide with the direction of the period
of the interference pattern.

[0019]The moving device 5 foi diffraction grating has a
driving device to move the diffraction grating 4 in the
direction of the period of the diffraction grating 4.
When the diffraction grating 4 is moved by the moving
device 5 for diffraction grating, the interference
pattern is also moved. When the interference pattern
is moved, the relative position between the

interference pattern and the masking grating 6 is
changed, so that the amount of X-rays transmitted
through the respective transmitting portions of the
masking grating 6 is periodically changed.

[0020]Similarly, the moving device 7 for masking grating has
a driving device to move the masking grating 6 in the
direction of the period of the masking grating 6. When
the masking grating 6 is moved, the relative position
between the interference pattern and the masking
grating 6 is changed, so that the amount of X-rays
transmitted through the respective transmitting
portions of the masking grating 6 is periodically
changed.

[0021]The detector 8 detects, a plurality of times, the
intensity distribution of X-rays transmitted through
the masking grating in correspondence with the change
in the relative position between the interference
pattern and the masking grating 6, which change 1is
produced by the moving device 5 for diffraction grating
or the moving device 7 for masking grating.

[0022]Further, the calculator 9 calculates a differential
phase contrast image in each of the mutually-crossing

two directions on the basis of the results of detection
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performed the plurality of times by the detector 8, and
calculates a phase contrast image by integrating the
differential phase contrast image. The method of
calculation of the phase contrast image of the subject
performed by calculator 9 will be described below.

[0023]In FIG. 1, the subject 3 is arranged between the X-ray
source 1 and the diffraction grating 4. However, it
may also be arranged between the diffraction grating 4
and the masking grating 6. When the subject 3 exists
between the X-ray source 1 and the diffraction grating
4 or between the diffraction grating 4 and the masking
grating 6, the positions, at which the bright zones and
the dark zones of the interference pattern are
respectively formed, are changed according to the
refractive index distribution of the subject. The
reason for this will be described briefly below.

[0024]When the phase of an X-ray transmitted through the
subject 3 is changed according to the refractive index
distribution of the subject 3, the differential phase
which is the spatial change rate of the phase of the X-
ray is also changed. Since the traveling direction of
the X-ray is changed in proportion to the differential
phase of the X-ray, the positions of the bright and
dark zones of the interference pattern on the masking
grating 6 are also changed in proportion to the
distribution of the differential phase. B

- {0025]Whén ﬁhe"x—diréétfon_différéntialmphése—ofmthé X;fay

transmitted through the subject 3 is defines as @, the
change of the traveling direction of the X-ray is
obtained as Ag@y/(2m). Thus, when the positional change
of the interference pattern in the x direction is
defined as Ax, the positional change Ax is given by Ax
= AQyxZ1/(2n). Therefore, when the positional change Ax
of the interference pattern in the x direction is
measured, the x-direction differential phase of the X-

ray transmitted through the subject can be obtained
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from the relationship expressed by Expression (2). The
differential phase ¢, is referred to as a differential

phase contrast image of the subject in the x direction.

_27rAx

277

[0027]The method for obtaining Ax will be described below.
One of the diffraction grating 4 and the masking

[0026]Expression

grating 6 is moved, by corresponding one of the moving
device 5 and the moving device 7, in one direction in
the grating surfaces of the one of the diffraction
grating 4 and the masking grating 6, so that the
relative position between the interference pattern and
the masking grating 6 is changed in the one direction
at an equal interval. In this case, the intensity
distribution of the X-rays transmitted through the
masking grating 6 is detected by the X-ray detector 8
at least at three relative positions corresponding to
the changes in the relative position between the
masking grating 6 and the interference pattern.

[0028]Next, when calculation processing based on an algorithm
of the phase stepping method is performed by the
calculator 9 by using the results of the plural
detection, the positional éhange Ax of the interference
pattern in the x direction can be calculated. Thus,
the differential phase contrast image in each of two
mutually crossing directions can be obtained in such a
manner that the relative position between the
interference pattern and the masking grating is changed
in the direction crossing the x direction so that the
intensity distribution of the X-rays is detected at
least three relative positions corresponding to the
changes in the relative position, and that the
calculation processing based on the detecticn results
is performed. Even when the two mutually crossing

directions are not orthogonal to each other, the two-
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dimensional differential phase contrast image or phase
contrast image of the subject can be obtained. However,
when the detection is performed in the two directions
which are not orthogonal to each other, the calculation
processing for obtaining the two-dimensional
differential phase contrast image or phase contrast
image generally becomes complicated. In the present
embodiment, differential phase contrast images in two
directions orthogonal to each other are obtained in
such a manner that the relative position between the
interference pattern and the masking grating 6 i1s moved
by moving the diffraction grating 4 or the masking
grating 6 in the two directions orthogonal to each
other, that the intensity distribution of X-rays is
detected by the detector 8 in correspondence with the
movement of the relative position, and that the
differential phase contrast image in each of the two
orthogonal directions is calculated by the calculator 9.
[0029]As described above, the period of the masking grating 6
is made to coincide with the period of the interference
pattern formed on the masking grating in the state
where the subject 3 does not exist between the X-ray
source 1 and the diffraction grating 4 or between the
diffraction grating 4 and the masking grating 6. Also,
the direction of the period of the masking grating 6 is
made to coincide with the direction of the period of
“the interference pattern. WTherefbre,rﬁhen>thé subject
3 does not exist, the relative positions Xo between the
respective transmitting portions of the masking grating
6 and the respective bright zones of the interference
pattern are equal to each other over the entire area of
the interference pattern.
[0030]It is seen from Expression (2) that, even when the
positional change Ax is changed by a value fixed over
the entire area of the interference pattern, the shape

of the differential phase of X~ray is not changed. The
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measurement in the state where the subject 3 does not
exist does not necessarily need to be performed in
order to obtain the phase contrast image. However, in
order to eliminate the influences of the shape error,
the arrangement error, and the like, of the diffraction
grating 4 and the masking grating 6, it is effective to
perform the measurement in the state where the subject
3 does not exist. That is, when the differential phase
change, obtained by subtracting the differential phase
of an X-ray measured in the state where the subject 3
does not exist from the differential phase of an X-ray
measured in the state where the subject 3 exist, is
used as the differential phase change of the X-ray
caused by the subject 3, the period and the direction
of the period of the masking grating 6 may not strictly
coincide with that of the interference pattern.
Further, even when there is an error in the pattern
shape of the diffraction grating 4 and the masking
grating 6, it is pbssible to eliminate the influence of
the error. |

[0031]Note that the detailed description of the phase
stepping method and its algorithm is omitted here
because they are described in many books about
interferometers, for example, in Chapter 14 (page 501)
of second edition of "Optical Shop Testing" by Daniel
Malacara. In order to obtain the phase contrast imagg o

- - - of-the subject, the différential phase Ebﬁtfés£>£ﬁééé
of the subject may only be integrated in the
differential direction.

[0032]As described above, according to the exemplary
embodiment, by using a phase stepping method,
differential phase contrast images in two mutually
crossing directions can be obtained without exchanging
the diffraction grating or changing the attaching
direction of the diffraction grating. Further, the

differential phases in the two directions can be
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calculated by commonly using one detection result, and
hence the number times of the detection of the X-ray
intensity distribution can be reduced by one.
Examples ,

[0033]1In the following, examples of the present invention
will be described.
Example 1

[0034]Example 1 according to the present invention 1 will be
described with reference to FIG. 1 to FIG. 7.
Similarly to the X-ray imaging apparatus of the
exemplary embodiment, an X-ray imaging apparatus of
Example 1 has the configuration illustrated in FIG. 1,
in which X-rays emitted from the X-ray source is
transmitted through the subject, the diffraction
grating, and the masking grating, so as to reach the X-
ray detector. Further, the relative position between
the interference pattern and the masking grating is
changed by the moving device for diffraction grating,
and the position of the masking grating is fixed.

[0035]FIG. 2 is a view of a part of the diffraction grating 4
in the present example seen from the side of the X-ray
source. In the present example, a phase type
diffraction grating made of silicon and formed by
arranging phase advance portions 41 and phase lag
portions 42 in a checker pattern is used as the
diffraction grating. The phase advance portion 41 and
the phase lag portion 42 have a difference in the
thickness of silicon so that the phase difference
between the X-ray transmitted through the phase advance
portion 41 and the X-ray transmitted through the phase
lag portion 42 becomes n/2, and are arranged with a
period d.

[0036]The masking grating is arranged such that the interval
Zo between the diffraction grating and the masking
grating satisfies Expression (1) so that an

interference pattern is formed on the masking grating.
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Here, N is set as N = 1/2.

[0037]FIG. 3 illustrates the interference pattern formed on
the masking grating when the diffraction grating of the
present example is used, and the period d; of the

interference pattern is expressed by Expression (3).
Zy+Z2,
2%

[00391Here, as described before, Z; is the interval between

d= d

[0038]Expression (3)

the X-ray source and the diffraction grating. FIG. 4
is a view of a part of the masking grating in the
present example seen from the side of the X-ray source.
The masking grating is made of gold having a small
transmittance to X-rays, and has transmitting portions
61 for transmitting the X-ray which are arranged in a
mesh pattern at the same periocd d; as the period of the
interference pattern. The transmitting portion 61 has
a square shape having one side of d;/2.

[0040]In FIG. 5A and FIG. 5B which illustrate the masking

- grating and the interference pattern/ the X-rays of
only the portions of the bright zones 51 of the
interference pattern, which portions respectively
overlap with the transmitting portions 61 of the
masking grating, are transmitted through the masking
grating to reach the X-ray detector. The X-ray
detector i1s configured by a CCD (Charge Coupled Device)
imaging device having an X-ray luminescent material in
the light receiving surface thereof. 1In the present
example, the pixel size of the X-ray detector is set to
be equal to the period d; of the masking grating, but
may be set to be an integer multiple of d;.

[0041]When the diffraction grating is moved in the surface of
the diffraction grating by the moving device, the
bright zones 51 of the interference pattern are also
moved. FIG. 5B exemplarily illustrates an overlapping

state between the bright zones 51 of the interference
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pattern and the transmitting portions 61 of the masking
grating when the diffraction grating is moved in the x
direction by a distance of 1/3 period, that is, a

- distance of d;/3, from the position illustrated in FIG.
5A. In this example, the overlapping area between the
bright zones 51 of the interference pattern and the
transmitting portions 61 of the masking grating in the
state illustrated in FIG. 5B is smaller as compared
with the state illustrated in FIG. 5A, and hence the
amount of the X-rays reaching the X-ray detector is
also reduced.

[0042]FIG. 6 illustrates a relationship between the amount of
movement of the interference pattern and the amount of
X-rays transmitted through the masking grating. The
solid line represents the ratio of the amount of X-rays
transmitted through the masking grating to the amount
of X-rays irradiated onto the masking grating, and the
horizontal axis represents the amount of movement of
the interference pattern with the period of the
interference pattern as a unit. The dotted line
represents, for comparison, an ideal sinusoidal wave
whose amplitude, period, and phase are made to coincide
with those of the waveform represented by the solid
line. The change in the amount of X-rays transmitted
through the transmitting portion 61 with respect to the
amount of movement of the diffraction grating
approximately coincides with the sinusoidal wave. Thus,
even when a small number of steps (small number of
times of detection)bare adopted in the algorithm of the
phase stepping method, the precision is not
significantly degraded.

[0043]In the present example, three steps which are the
minimum number of steps are used in consideration of
the measuring time and the X-ray exposure dose to the
subject, and an algorithm (three step algorithm)

corresponding to the number of steps is adopted.
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[0044]FIG. 7 illustrates the steps for measuring the subject
in the present example. In step 110, the masking
grating is arranged so that the distance Z; between the
masking grating and the diffraction grating satisfies
Expression (1), and hence an intensity distribution of
a clear interference pattern is formed on the masking
grating 6. In step 120, the intensity distribution is
acquired with the detector, and the acquired intensity
distribution is set to Iy. Here, in order to facilitate
description, positions of Py to Py are defined as the
positions of the diffraction grating 4 as follows.

That is, the position of the diffraction grating in
step 120 is set to Py.. Then, the position away from Py
in the x direction by 1/3 period of the diffraction
grating is set to P;, and the position away from Py in
the -x direction‘by 1/3 period is set to P,. Further,
the position away from Py in the y direction by 1/3
period is set to P3, and the position away from Py in
the -y direction by 1/3 period is set to P,. Note that
the x direction and the y direction are the directions
respectively illustrated by the arrows in FIG. 2, and
the -x direction and the -y direction are respectively
correspond to directions reverse to the directions of
the arrows illustrated in FIG. 2.

[0045]In step 130, the diffraction grating is moved to P; by
the moving device for diffraction grating. In step 140,
the intensity distribution is detected by the detector,
and the detected intensity distribution is set to I;.
Subsequently, the movement of the diffraction grating 4
to P, P3 and P, (in step 150, step 170 and step 190)
and the detection of the intensity distribution (in
step 160, step 180 and step 200) are repeated, and the
obtained detection results are successively set to Iy,
Is and I,4.

[0046]In step 210, by using Expression (4) and Expression (5)
based on the three step algorithm of the phase stepping
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method, the phase ¢y as the differential phase in the x
direction is calculated for each pixel from I,, I, an Iy,
and similarly, the phase ¢, as the differential phase

in the y direction is calculated for each pixel from I,

Iz an I,4.

BEhen |

_ -1
[0047]Expression (4): ¢%’_-ta (__[1+_2]6__15)

_ tan—l( '\/g(—[’j +14) )
[0048]Expression (5): ¢G'_ _-]3+_2]b__14

[0049]The phase ¢x and the phase ¢, calculated by using
Expression (4) and Expression (5) are wrapped phases
which are wrapped in the interval between 0 and 2n, and
hence are subjected to phase unwrapping so that the
differential phases Wy and Wy in the respective
directions are obtained. Further, as required, the
phase distribution of the X-rays transmitted through
the subject, that is, the phase contrast image of the
subject can be obtained by combining two phase
distributions obtained by integrating the differential
phases in the two orthogonal directions obtained in
step 220.

[0050]In the above description, the diffraction grating is
moved in each of the positive and hegative directions
of each of the x and y directions by 1/3 period by
using the position for the first time photographing as
the center, but the amount of movement of the
diffraction grating is not limited to this. However,
in order to accurately obtain the differential phase
contrast image or the phase contrast image of the _
subject, it is preferred that the respective amounts of
movement are equal to each other. The phase ¢x and the

phase ¢, can be calculated by adopting expressions
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based on the amounts of movement in place of Expression
(4) and Expression (5). Further, as for the method for
moving the diffraction grating, three or more grating
positions may only be linearly arranged in both the x
and y directions, and hence, for example, a method may
also be adopted in which the diffraction grating is
moved twice in the x direction from the initial
position Py, and then moved twice in the y direction.
Example 2 .

[0051]Example 2 of an X-ray imaging apparatus embodying the
present invention will be described with reference to
FIGS. 8A, 8B and 8C, FIG. 9 and FIG. 10. 1In the
present example, the diffraction grating and the
masking grating are different from those in the Example
1, and the other configuration is the same as that of
Example 1.

[0052]FIG. 8A is a view of a part of the diffraction grating
4 in the present example seen from the side of the X-
ray source. A phase modulation grating made of silicon
and formed by arranging phase advance portions 43 and
phase lag portions 44 in a checker pattern with a
period d; is used as the diffraction grating of the
present example. The phase advance portions 43 and the
phase lag portions 44 have a difference in the
thickness of silicon so that the phase difference
between the X-ray transmitted through the phase advance
portion 43 and the X-ray transmitted through the phase
lag portion 44 becomes n. The masking grating is
arranged such that the interval Zg between the
diffraction grating and the masking grating satisfies
Expression (1) so that an interference pattern is
formed on the masking grating. Here, N is set as N =
1/4. FIG. 8B illustrates the interference pattern
formed on the masking grating when the diffraction
grating of the present example is used, and the period

d; of the interference pattern is expressed by
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Expression (6).

J _Zy+Z, d,
00531E i 6): 3
[ ]Expression (6) 2% \ﬂi

[00541Here, as described before, Zy is the interval between
the X-ray source and the diffraction grating.

[0055]FIG. 8C is a view of a part of the masking grating in
the present example seen from the side of the X-ray
source. The masking grating is made of gold similarly
to Example 1, and has transmitting portions 62 arranged
in a checker pattern with the same period ds as the
period of the interference pattern. The transmitting
portion 62 has a square shape having one side of d3/V2.

[0056]In FIG. 9A and FIG. 9B which illustrate the
interference pattern on the masking grating, only the
portions of the bright zones 52 of the interference
pattern, which portions respectively overlap with the
transmitting portions 62, are transmitted through the
masking grating to reach the X-ray detector. Similarly
to Example 1, the pixel size of the X-ray detector is
set to be equal to the period d; of the masking grating,
but may be set to be an integer multiple of ds.

[0057]In the present example, the relative position between
the interference pattern and the masking grating is
moved by moving the diffraction grating in the surface
of the diffraction grating. FIG. 9B exemplarily
illustrates an overlapping state between the
interference pattern 52 and the masking grating 62 when
the relative position between the interference pattern
and the masking grating is moved in the x direction by
a distance of 1/3 period of the interference pattern
from the position illustrated in FIG. 9A. The area of
the bright zone 52 of the interference pattern which
overlaps with the transmitting portion 62 is changed
according to the movement of the diffraction grating.

In this example, the area of the bright zone 52 which
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overlaps with the transmitting portion 62 is reduced in
the case illustrated in FIG. 9B as compared with the
case illustrated in FIG. 9A, and hence the amount of X-
rays reaching the X-ray detector is also reduced.

[0058]FIG. 10 illustrates a relationship between the amount
of movement of the interference pattern and the amount
of X-rays transmitted through the transmitting portion
62 similarly to FIG. 6 in Example 1. The solid line
represents the ratio of the amount of X-rays
transmitted through the masking grating to the amount
of X-rays irradiated onto the masking grating, and the
horizontal axis represents the amount of movement of
the interference pattern with the period of the
interference pattern as a unit. The dotted line
represents, for comparison, an ideal sinusoidal wave
whose amplitude, period, and phase are made to coincide
with those of the waveform represented by the solid
line. *

[0059]Similarly to Example 1, in the present example, the
change in the amount of X-rays transmitted through the
transmitting portion 61 with respect to the amount of
movement of the diffraction grating also approximately
coincides with the sinusoidal wave. Thus, even when a
small number of steps are adopted in the algorithm of
the phase stepping method, the precision is not
significantly degraded. Also in the present example,
the number of steps is set to 3.

[0060]As can be seen from the comparison between FIG. 10 and
FIG. 6, the amount of X-rays transmitted through the
masking grating 6 in the present example is twice the
amount of the X-rays in Example 1. Therefore, the
present example has a higher utilization efficiency of
X-rays than that in Example 1. The measurement steps
in the present example are the same as those in Example
1 described with reference to FIG. 7, and hence the

description thereof is omitted.
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Example 3

[0061]Example 3 according to the present invention will be

described with reference to FIG. 11A, FIG. 11B and FIG.
11C. The present example is an X-ray imaging apparatus
in which an amplitude type diffraction grating is used
as the diffraction grating, and the other configuration
is the same as that of Example 1.

[0062]FIG. 11A is a view of a part of the diffraction grating

in the present example seen from the side of the X-ray
source. The diffraction grating used in the present
example has a structure in which transmitting portions
45 for transmitting X-rays and masking portions 46 for
masking X-rays are arranged in a checker pattern with a
period of ds. The masking grating is arranged such that
the interval Z; between the diffraction grating and the
masking grating satisfies Expression (1) so that an
interference pattern is formed on the masking grating.

Here, N is set as N = 1.

[0063]FIG. 11B illustrates the interference pattern formed on

[006c4]Expression (7):

‘the masking grating, and the period ds of the

interference pattern is expressed by Expression (7).

d, = Z;Zd

0

[0065]FIG. 11C is a view of a part of the masking grating in

the present example seen from the side of the X-ray

‘~source. In the masking grating which is made of gold

similarly to Example 1, transmitting portions 63 for
transmitting X-rays and masking portions 64 for masking
the X—rays are arranged in a mesh pattern with the same
period ds as the period of the interference pattern.
The transmitting portion 63 has a square shape having

one side of ds/2.

[0066]As can be seen from comparison of from FIG. 11B and FIG.

11C with FIG. 3 and FIG. 4, the interference pattern

and the masking grating of the present example are the
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same as those of example 1, and hence the overlapping
state of the interference pattern and the masking
grating, and the relationship between the movement of
the diffraction grating and the amount of X-rays '
transmitted through the tranémitting portion 63 of the
masking grating are also the same as those of Example 1.
The measurement steps in the present example are the
same as those in Example 1 described with reference to

FIG. 7, and hence the description thereof is omitted.

[0067] Further, the pattern of the diffraction grating and the

pattern of the masking grating can also be exchanged
with each other. That is, it may also be cdnfigured
such that the diffraction grating has the mesh pattern
asiillustrated in FIG. 11C, and such that the masking
grating has the checker pattern as illustrated in
Figure 11A. In this case, an interference pattern as
illustrated in FIG. 8B is obtained. When the
diffraction grating and the masking grating coﬁfigured
as described above are used, the interfereéence pattern
and the masking grating are the same as those of
Example 2. Thus, the overlapping state of the bright
zones of the interference pattern and the transmitting
portions 63 of the masking grating, and the
relationship between the movement of the diffraction
grating and the amount of X-rays transmitted through
the transmitting portions 63 of the masking grating are

also the same as those of Example 2.

[0068]In the above, the exemplary embodiment of the present

invention has been described. However, the present
invention is not limited to the above-described
embodiment but various changes and modifications are
possible without departing from the spirit and scope of
the present invention. Accordingly, the following
claims are appended to disclose the scope of the
present invention. This application claims the benefit

of priority from Japanese Patent Application No. 2010-
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121225 filed in Japan on May 27, 2010, the entire
content of which is hereby incorporated by reference in
this application.
Industrial Applicability

[0069] The present invention can be used for an imaging
apparatus for imaging a subject, which apparatus uses
the phase change produced when X-rays are transmitted
through the subject.
Reference Signs List

[0070]1 X-ray source

X-ray

Subject

Diffraction grating

Moving device for diffraction grating

Masking grating

Moving device for masking grating

O ~J o U b W N

Detector
9 Calculator

[0071]While the present invention has been described with
reference to exemplary embodiments, it is to be
understood that the invention is not limited to the
disclosed exemplary embodiments. The scope of the
following claims is to be accorded the broadest
interpretation so- as to encompass all such
modifications and equivalent structures and functions.

[0072]This application claims the benefit of Japanese Patent
Application No. 2010-121225, filed May 27, 2010, which
is hereby incorporated by reference herein 1in its

entirety.
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[1]

(2]

CLAIMS
An X-ray imaging apparatus comprising:
a diffraction grating which diffracts X-rays emitted
from an X-ray source to thereby form an interference
pattern having two-dimensionally arranged bright and
dark zones;
a masking grating in which masking portions for masking-
the X-rays and transmitting portions for transmitting
the X-rays are two-dimensionally arranged to partially
mask each of the bright zones of the interference
pattern;
a moving device which changes the relative position
between the interference pattérn and the masking |
grating; ‘
a detector which detects the intensity distribution of
the X-rays transmitted through the masking grating; and
a calculator which calculates a differential phase
contrast image or a phase contrast image of a subject
on the basis of the result of detection performed by
the detector, the calculator being configured to
calculate the differential phase contrast image or the
phase contrast image in each of two mutually crossing
directions on the basis of results of detection
performed a plurality of times by the detector.
The X-ray imaging apparatus according to claim 1,
wherein the moving device changes the relative position
in the two directions crossing each other, and _
wherein the detector detects, a plurality of times, the
intensity distribution of the X-rays in correspondence
with the change of the relative position to thereby
acquire the results of the plurality of times of
detection.
The X-ray imaging apparatus according to claim 1,
wherein the moving device moves at least one of the X-
ray source, the diffraction grating, and the masking

grating.
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The X-ray imaging apparatus according to claim 2,
wherein the moving device changes the relative position
in two directions orthogonal to each other, and
wherein the calculator calculates a differential phase
contrast image or a phase contrast image in each of the
two directions orthogonal to each other.

The X-ray imaging apparatus according to claim 1,
wherein the diffraction grating has phase advance
portions and phase lag portions, the phase difference
between an X-ray transmitted through the phase advance
portion and an X-ray transmitted-through the phase lag
portion being n/2, and the phase advance portions and
the phase lag portions being arranged in a checker
pattern, and

wherein the masking grating has the masking portions
and the transmitting portions which are arranged in a
mesh pattern.

The X-ray imaging apparatus according to claim 1,
wherein the diffraction grating has phase advance
portions and phase lag portions, the phasé difference
between an X-ray transmitted through the phase advance
portion and an X-ray transmitted through the phase lag
portion being n, and the phase advance portions and the
phase lag portions being arranged in a checker pattern,
and |
wherein the masking grating has the masking portions
and the-transmitting portions which are arranged in a
checker pattern.

The X-ray imaging apparatus according to claim 1,
wherein the diffraction grating has transmitting
portions for transmitting X-rays and masking portions
for masking X-rays, the transmitting portions and the
masking portions of the diffraction grating being
arranged in a checker pattern, and

wherein the masking grating has the masking portions

and the transmitting portions which are arranged in a
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mesh pattern.

The X-ray imaging apparatus according to claim 1,
wherein the diffraction grating has transmitting
portions for transmitting X-rays and masking portions
for masking X-rays, the transmitting pbrtions and the
masking portions of the diffraction grating being
arranged in a mesh pattern, and |
wherein the masking grating has the masking portions
and the transmitting portions which are arranged in a

checker pattern.
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AMENDED CLAIMS
received by the International Bureau on 31 Octobre 2011 (31.10.2011)

An X-ray imaging apparatus comprising:

a diffraction grating which diffracts X-rays emitted
from an X-ray source to thereby form an interference
pattern having two-dimensionally arranged bright and
dark zones;

a masking grating in which masking portions for masking
the X-rays and transmitting portions for transmitting
the X-rays are two-dimensionally arranged to partially
mask each of the bright zones of the interference
pattern;

a moving device which changes the relative position
between the interference pattern and the masking
grating;

a detector which detects the intensity distribution of
the X-rays transmitted through the masking grating; and
a calculator which calculates a differential phase
contrast image or a phase contrast image of a subject
on the basis of the result of detection performed by
the detector, the calculator being configured to
calculate the differential phase contrast image or the
phase contrast image in each of two mutually crossing
directions on the basis of results of detection
performed a plurality of times by the detector.

The X-ray imaging apparatus according to claim 1,
wherein the moving device changes the relative position
in the two directions crossing each other, and

wherein the detector detects, a plurality of times, the
intensity distribution of the X-rays in correspondence
with the change of the relative position to thereby
acquire the results of the plurality of times of
detection.

The X-ray imaging apparatus according to claim 1,
wherein the moving device moves at least one of the X-
ray source, the diffraction grating, and the masking

grating.

AMENDED SHEET (ARTICLE 19)
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The X-ray imaging apparatus according to claim 2,
wherein the moving device changes the relative position
in two directions orthogonal to each other, and
wherein the calculator calculates a differential phase
contrast image or a phase contrast image in each of the
two directions orthogonal to each other.

The X-ray imaging apparatus according to claim 1,
wherein the diffraction grating has phase advance
portions and phase lag portions, the phase difference
between an X-ray transmitted through the phase advance
portion and an X-ray transmitted through the phase lag
portion being 1n/2, and the phase advance portions and
the phase lag portions being arranged in a checker
pattern, and

wherein the masking grating has the masking portions
and the transmitting portions which are arranged in a
mesh pattern.

The X-ray imaging apparatus according to claim 1,
wherein the diffraction grating has phase advance
portions and phase lag portions, the phase difference
between an X-ray transmitted through the phase advance
portion and an X-ray transmitted through the phase lag
portion being u, and the phase advance portions and the
phase lag portions being arranged in a checker pattern,
and

wherein the masking grating has the masking portions
and the transmitting portions which are arranged in a
checker pattern.

The X-ray imaging apparatus according to claim 1,
wherein the diffraction grating has transmitting
portions for transmitting X-rays and masking portions
for masking X-rays, the transmitting portions and the
masking portions of the diffraction grating being
arranged in a checker pattern, and

wherein the masking grating has the masking portions

and the transmitting portions which are arranged in a

AMENDED SHEET (ARTICLE 19)
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mesh pattern.

The X-ray imaging apparatus according to claim 1,
wherein the diffraction grating has transmitting
portions for transmitting X-rays and masking portions
for masking X-rays, the transmitting portions and the
masking portions of the diffraction grating being
arranged in a mesh pattern, and

wherein the masking grating has the masking portions
and the transmitting portions which are arranged in a
checker pattern.

(New) The X-ray imaging apparatus according to claim 1,
wherein the bright and dark zones of the interference
pattern are arranged in a checker pattern, and the
masking portions and the transmitting portions of the
masking grating are arranged in a mesh pattern, and a
direction of the arrangement of the interference
pattern and a direction of the arrangement of the
masking grating are different by 45 degrees from each
other.

(New) The X-ray imaging apparatus according to claim 1,
wherein the bright and dark zones of the interference
pattern are arranged in a mesh pattern, and the masking
portions and the transmitting portions of the masking
grating are arranged in a checker pattern, and a
direction of the arrangement of the interference
pattern and a direction of the arrangement of the
masking grating are different by 45 degrees from each
other.

(New) The X-ray imaging apparatus according to claim 1,
wherein at least one of the results of detection
performed by the detector is used to calculate one of
differential phase contrast image or the phase contrast

image in each of the two mutually crossing directions.

AMENDED SHEET (ARTICLE 19)
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