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(57) Abstract: There is provided an X-ray imaging method for reducing unnecessary components caused by a transmittance distri-

bution of an object and unevenness in irradiation by a light sourc
ray imaging by SDG.

e and accurately calculating a differential phase at the time of X-
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DESCRIPTION
X-RAY IMAGING METHOD AND X-RAY IMAGING
APPARATUS

Technical Field

[0001]The present invention relates to an X-ray imaging
method and an X-ray imaging apparatus.
Background Art

[0002]An X-ray phase contrast technique is a technique for
acquiring a phase image of an object by detecting a
phase shift of an X-ray caused by the object.

[0003]0ne of phase contrast techniques, scanning double-
grating (hereinafter referred to as SDG) as disclosed
in NPL1 has been devised in recent years. SDG uses a
diffraction grating which forms a periodic interference
intensity distribution (hereinafter referred to as an
interference pattern) at a specific distance from the
diffraction grating and a shielding grating which is
placed at the position where the interference pattern
is formed. Detecting an X-ray intensity distribution
while simultaneously moving the two gratings enables
acquisition of a phase contrast image in one imaging
operation.

[0004]Fig. 7 illustrates a configuration of an imaging
apparatus which performs SDG described above.

[0005]1The imaging apparatus illustrated in Fig. 7 includes an
X-ray source 111 which has spatial coherence on a
diffraction grating such that an interference pattern
is formed and a diffraction grating 113 for dividing an
X-ray applied from the X-ray source 111 into diffracted
light components and forming an interference pattern.
The imaginéhapparatus is also provided with a shielding
grating 114 including periodically arranged shielding
portions blocking an X-ray and transmitting portions
transmitting an X-ray, which is placed at a position

where an interference pattern is to be formed. The
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imaging apparatus further includes a detector 115 which
detects an intensity distribution of an X-ray
transmitted through the shielding grating, a moving
unit 116 of the diffraction grating, and a moving unit
117 of the shielding grating. Note that the shielding
grating 114 has the same period and the same period
direction as the period and the period direction of an
interference pattern formed by the diffraction grating
113 when an object is not placed between the X-ray
source and the position where the interference pattern
is formed. ,

[0006]The principle of SDG will be briefly described. When
an X-ray emitted from the X-ray source 111 passes
through an object 112, the wavefront of the X-ray has a
tilt (hereinafter referred to as a differential phase)
corresponding to the refractive index and the shape of
the object. When the X-ray having passed through the
object is diffracted by the diffraction grating 113, an
interference pattern with a distortion corresponding to
the differential phase of the object is formed. The
process of placing the shielding grating 114 at a
position where the interference pattern is formed
(hereinafter referred to as a Talbot position) and
detecting the X-ray transmitted through the shielding
grating 114 by the detector 115 enables detection of
distortion in the interference pattern caused by the
object as an X-ray intensity distribution. However,
since the X-ray is periodically shielded by the
shielding grating 114, this process can acquire only
part of information on the phase of the object.

[0007]Accordingly, the X-ray intensity distribution is
detected by moving the diffraction grating 113 and the
shielding grating 114 in sync with each other in a
direction of the period of the shielding grating by an
amount corresponding to one period or more while

keeping the relative position between the shielding
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grating 114 .and the interference pattern.

[0008]The SDG operation enables acquisition of an image in
which an absorption image and a differential phase
image of an object are superimposed in one imaging
operation. '

[0009]An X-ray intensity distribution acquired by the method
of NPL1l, however, includes unnecessary components
caused by an X-ray transmittance distribution of an
object: and unevenness in X-ray irradiation by an X-ray
source. Accordingly, the method of NPL1 suffers from
the inability to accurately measure the phase
distribution of an X-ray having passed through an
object.

Citation List
Non Patent Literature

[O0O10]NPL 1: Y. Nesterets and S. Wilkins, “Phase contrast
imaging using scanning-double-grating configuration,”
OPTICS EXPRESS, Vol. 16, No. 8, April 2008
Summary of Invention

[0011]The present invention has been made in consideration of
the above-described problem, and has as its object to
provide an X-ray imaging method and an X-ray imaging
apparatus for reducing unnecessary components caused by
a transmittance distribution of an object and ‘
unevenness in irradiation by a light source at the time
of X-ray imaging by SDG and enabling higher-accuracy
measurement of a phase distribution.

[0012]According to one éspect of the present invention, an X-
ray imaging apparatus comprises: a X-ray source; a
diffraction grating for diffracting X-ray from the X-
.ray source to form an interference pattern wherein dark
and light portions are arranged; a shielding grating
including a shielding portion shielding the X-ray and a
transmitting portion transmitting the X-ray; a X-ray
detector for detecting an intensity distribution of the

X-ray transmitted through the shielding grating; an
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arithmetic operation unit for deriving a phase
informétion of an object based on a detection result of
the X-ray detector; and a moving unit for moving the
diffraction grating and the shielding grating, wherein
the interference pattern and the diffraction grating
are capable of being brought into a first relative
position such that the shielding portion of the
shielding grating shields a half of the light portion
of the interference pattern, and a second relative
position such that the relative position between the
shielding grating and the interference pattern is
shifted from the first position by a width of the
shielding portion of the shielding grating, in. a
direction of a period of the shielding grating, wherein
the X-ray detector detects a first X-ray intensity
distribution while diffraction grating and the
shielding grating are moved by the moving unit in the
direction of the period of the shielding grating with
keeping the first relative position between the
interference pattern and the shielding grating, and a
second X-ray intensity distribution while diffraction
grating and the shielding grating are moved by the
moving unit in the direction of the period of the
shielding grating with keeping the second relative
position between the interference pattern and the
shielding grating, and wherein the arithmetic operation
unit calculates a phase information of an object based
on the first and second X-ray intensity distributions.

[0013]0Other aspects of the present invention will become
apparent from the following description of the
embodiments. .
Brief Description of Drawings

[0014] [Fig. 1]Fig. 1 is a schematic diagram of a
configuration of an X-ray imaging apparatus according
to an embodiment of the present invention.

[Fig. 2]Fig. 2 1is a flow chart illustrating the
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procedure of an imaging method according to Example 1
of the present invention.

[Fig. 3A]JFig. 3A is a schematic view illustrating a
relative position between an interference pattern and a
diffraction grating and a shielding grating at the time
of acquiring a first X-ray intensity distribution
according to Example 1 of the present invention.

[Fig. 3BlFig. 3B is a schematic view illustrating a
relative position between an interference pattern and
the diffraction grating and the shielding grating at
the time of acquiring a second X-ray intensity
distribution according to Example 1 of the present
invention.

[Fig. 4]Fig. 4 is a flow chart illustrating the
procedure for determining the position of the
diffraction grating according to Example 1 of the
present invention.

[Fig. B5A]JFig. 5A 1is a chart illustrating an X-ray
intensity distribution on the diffraction grating used
on the imaging simulation about the X-ray imaging
apparatus according to Example 1 of the present
invention.

[Fig. 5B]Fig. 5B is a chart illustrating an X-ray phase
distribution on the diffraction grating used on the
imaging simulation about the X-ray imaging apparatus
according to Example 1 of the preSent invention.

[Fig. 5C]JFig. 5C is a chart obtained by differentiating
the X-ray phase distribution in Fig. 5B in a direction
of the period of the shielding grating according to
Example 1 of the present invention.

[Fig. 5D]Fig. 5D is a chart illustrating a first X-ray
intensity distribution on the diffraction grating
calculated from the imaging simulation about the X-ray
imaging apparatus according to Example 1 of the present
“invention.

[Fig. 5E]Fig. 5E is a chart illustrating a second X-ray
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intensity distribution on the diffraction grating
calculated from the imaging simulation about the X-ray
imaging apparatus according to Example 1 of the present
invention.

[Fig. S5F]Fig. 5F is a chart illustrating a differential
phase image of the object calculated ffom the imaging
simulation about the X¥ray imaging apparatus according
to Example 1 of the present invention.

[Fig. 6]Fig. 6 is a schematic diagram illustrating a
configuration of an X-ray imaging apparatus according
to Example 2 of the present invention.

[Fig. 7]Fig. 7 is a schematic diagram illustrating the
configuration of a.conventional X~ray imaging apparatus
based on SDG.

Description of Embodiments

[0015]An embodiment of the present invention will be
described with reference to the accompanying drawings.
Note that the same components in the drawings are V
denoted by the same reference numerals, and a redundant
description thereof will be omitted.

[00l6]Fig. 1 illustrates an X-ray imaging apparatus according
to this embodiment. The X-ray imaging apparatus
according to this embodiment includes an X-ray source 1
and a diffraction grating 3 which diffracts an X-ray
from the X-ray source to form an interference pattern
in which dark and light portions are arranged. The X-
ray imaging apparatus also includes a shielding grating
4 in which shielding portions blocking an X-ray and
transmitting portions transmitting an X-ray are
arranged. In the shielding grating 4, the shielding
portions and the transmitting portions are arranged in
the same period and in the same period direction as the
period and the period direction of an interference
pattern formed by the diffraction grating 3 when an
object is not placed between the X-ray source and a

position where the interference pattern is formed. The
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X-ray imaging apparatus further includes a moving unit
12, which includes a first moving unit 6 for moving the
diffraction grating and a second moving unit 7 for
moving the shielding grating. The X-ray imaging
apparatus further includes a length detector 8 which
detects the respective movement amounts of the
diffraction grating 3 and the shielding grating 4.

[0017]The X-ray imaging apparatus further includes a detector
5 which detects an intensity distribution of an X-ray
having passed through the shielding grating 4 and an
arithmetic operation device 9 for calculating a
differential phase image of an object from a first X-
ray intensity distribution and a second X-ray intensity
distribution obtained by the detector 5. Note that the
first X-ray intensity distribution and the second X-ray
intensity distribution will be described later. The
arithmetic operation device 9 and the detectbr 5 are
connected by a cable 10. The components will be
described below.

[0018]An X-ray emitted from the X-ray source 1 is diffracted
by the diffraction grating 3, thereby forming an
interference pattern. To this end, an X-ray needs to
have coherence. The X-ray source 1 is designed such
that A x (R/s) is sufficiently larger than a period d
of the diffraction grating 3 (where A is an X-ray
wavelength, R is the distance between the X-ray source
1 and the diffraction grating 3, and s is the size of
an X-ray generation area of the X-ray source 1).

[0019]Although the object 2 is placed between the X-ray
source 1 and the diffraction grating 3 in Fig. 1, an
object 2 may be placed between the diffraction grating
3 and the shielding grating 4.

[0020]The diffraction grating 3 is a one-dimensional phase
modulating grating with a periodic structure which
periodically modulates the phase of an applied X-ray by

one of n radians and n/2 radians. Although a one-
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dimensional shielding grating which periodically blocks
an X-ray may be used instead of the one-dimensional
phase modulating grating, the one-dimensional phase
modulating grating is more desirable in terms of the
dosage of X-rays entering the detector. An
interference pattern to be formed by the diffraction
grating 3 is formed at a position satisfying Expression
0:

1 1 1 A
zg z N g2

: : Expression 0

[0021]In an interference pattern to be formed in this
embodiment, light portions and dark portions of the
interference pattern are arranged so as to have widths
in the proportion of 1:1. However, the present
invention can also be applied to a case where any other
interference pattern is formed. Note that the widths
of light and dark portions of an interference pattern
in this specification each refer to an interference
pattern width in a direction of the period of the
interference pattern. Also note that a light portion
in this specification refers to a portibn with a high
X-ray intensity while a dark portion refers to a
portion with a low X-ray intensity.

[0022]In Expression 0, zp is the distance between the X-ray
source 1 and the diffraction grating 3, z is the
distance between the diffraction grating 3 and the
interference pattern, d is the period of the
diffraction grating 3, and A is an X-ray wavelength.

[0023]Letting n be a natural number, N is given by (n - 1/2)
in the case of a n/2 radian modulation grating, is
given by (n/4 - 1/8) in the case of a n radian
modulation grating, and is given by n in the case of a
shielding grating.

[0024]Note that a substance with high X-ray transmittance
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such as silicon is preferably used as the material for
the diffraction grating 3. In addition, a diffraction
grating whose phase modulation amount is one of n
radians and n/2 radians is generally used, the
diffraction grating used in this embodiment is not
limited to this.

[0025]The shielding grating 4 is a one-dimensional shielding
grating in which shielding portions blocking an X-ray
and transmitting portions transmitting an X-ray are-
arranged in a one-dimensional periodic manner. The
period and the period direction of the shielding
grating 4 are the same as the period and the period
direction of an interference pattern to be formed at a
position where the shielding grating 4 is placed by the
diffraction grating 3 when an object is not placed
between the X-ray source and the shielding grating.
Note that the shielding portions of the shielding
grating in this specification need not completely block
X-rays.

[0026]The shielding grating 4 is placed at a position to
shield a half of each light portion of an interference
pattern when an object is not placed between the X-ray
source and the shielding grating. Assume that the
relative position between the shielding grating 4 and
the interference pattern at this time is a first
relative position. If, of the interference pattern and
the shielding grating 4 at the first relative position,
only the shielding grating 4 is moved in the direction
of the period of the shielding grating by the width of
each shielding portion, the shielding grating 4 shields
a half of each light portion of the interference
pattern when the object is not placed between the X-ray
source and the shielding grating. The light portion of
the interference pattern shielded by the'shielding
grating 4 at this time is a light portion passing

through the shielding grating when the interference
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pattern and the shielding grating 4 are at the first
relative position. Assume that the relative position
between the shielding grating 4 and the diffraction
grating 3 at the time is a second relative position.
Note that the position of the shielding grating 4 is
adjusted to suit the position of the interference
pattern in this embodiment, the position of the
interference pattern may be adjusted to suit the
position of the shielding grating 4. The position of
the diffraction grating 3 may be adjusted in order to
adjust the position of the interference pattern.
Although the proportion of the width of each shielding
portion to the width of each transmitting portion in
the direction of the period of the shielding grating 4
is 1:1 in this embodiment, the proportion may be set to
any other value depending on the proportion of the
width of each light portion of the interference pattern
to the width of each dark portion.

[0027]In other words, it suffices that the shielding grating
shields a half of each light portion of the
interference pattern and transmits the other half of
the light portion and that the relative position
between the shielding grating and the interference
pattern can switch between the first relative position
and the second relative position.

[0028] The moving unit 12 according to this embodiment
includes the first moving unit 6 and the second moving
unit 7, and the first moving unit 6 and the second
moving unit 7 move the diffraction grating 3 and the
shielding grating 4, respectively, in the direction of
the period of the shielding grating. The first moving
unit 6 and the second moving unit 7 can move the
diffraction grating 3 and the shielding grating 4 while
keeping the relative position between the shielding
grating 4 and the interference pattern at the first

relative position or the second relative position.
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[0029]In order to move the diffraction grating 3 and the
shielding grating 4 while keeping the relative position
between the interference pattern and the shielding
grating 4, the ratio between a distance by which the
diffraction grating moves and a distance by which the
shielding grating moves may be set to the ratio between
the distance between the X-ray source and the
diffraction grating and the distance between the X-ray
source and the shielding grating when imaging is to be
performed using divergent X-rays.

[0030]0n the other hand, when imaging is to be performed
using parallel X-rays, the diffraction grating and the
shielding grating can be moved in the direction of the
period of the shielding grating while keeping the
relative position between the interference pattern and
the shielding grating by making the distance by which
the diffraction grating moves equal to the distance by
which the shielding grating moves.

[0031]The moving unit need not include the first moving unit
and the second moving unit, and the diffraction grating
3 and the shielding grating 4 may be moved by one
moving unit. Each moving unit is driven by a motor dr
a pliezoelectric actuator.

[0032]The length detector 8 is a device for detecting
displacements of the diffraction grating 3 and the
shielding grating 4 in the respective movement
directions, i.e., movement amounts and is installed as
needed.

[0033]The detector 5 detects an intensity distribution of X-
rays having passed through the shielding grating 4 when
the diffraction grating 3 and the shielding grating 4
are moving in the direction of the period of the
shielding grating while keeping the first relative
position between the interference pattern and the
shielding grating 4. After that, the detector 5

similarly detects an intensity distribution of X-rays
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having passed through the shielding grating 4 when the
diffraction grating 3 and the shielding grating 4 are
moving in the direction of the period of the shielding
grating while keeping the second relative position
between the interference pattern and the shielding
grating 4.

[0034]In this specification, an X-ray intensity distribution
detected when the diffraction grating and the shielding
grating are moving while keeping the first relative
position will be referred to as a first X-ray intensity
distribution while an X-ray intensity distribution
detected when the diffraction grating and the shielding
grating are moving while keeping the second relative
position will be referred to as a second X-ray
intensity distribution.

[0035]That is, when an object is not placed between the X-ray

" source and the diffraction grating or between the
diffraction grating and the shielding grating, a half
of each light portion of the interference pattern is
shielded at the time of imaging of the first X-ray
intensity distribution, and the other half of each
light portion of the interference pattern is shielded
at the time of imaging of the second X-ray intensity
distribution. Note that when an object is placed
between the X-ray source and the diffraction grating or
between the diffraction grating and the shielding
grating, and there is a differential phase, thé
interference pattern changes its position in the period
direction depending on the differential phase.

[0036]A distance by which the shielding grating 4 moves when
the first X-ray intensity distribution and the second
X-ray intensity distribution are detected is a natural
number multiple of the period of the shielding grating
4 or sufficiently longer than the period of the
shielding grating 4. By this means, pixels of the

detector acquire the first X-ray intensity distribution
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and the second X-ray intensity distribution with phase
contract information.

[0037]An arithmetic operation unit of the arithmetic
operation device performs calculation using the
acquired first X-ray intensity distribution and second
X-ray intensity distribution, and a differential phase
of an object can be obtained.

[0038]The detector 5 includes an image pickup element capable
of detecting X-rays. For example, an image pickup
element of a type which converts an X-ray into visible
light by a phosphor and then detects the wvisible light
by a CCD element or a CMOS element can be used as the
image pickup element. _

[0039]The arithmetic operation device 9 is connected to the
detector 5 through the cable 10 and includes a control
unit, a storage unit (memory), the arithmetic operation
unit, and a display unit (not shown).

[0040]The control unit controls the operation of the moving
unit based on movement amounts of the diffraction
grating 3 and the shielding grating 4 detected by the
length detector 8 to move the diffraction grating 3 and
the shielding grating 4. Even in the absence of the
length detector 8, movement of the diffraction grating
3 and the shielding grating 4 can be appropriately
performed by storing and calculating amounts of
movement by the moving unit. The appropriate movement
in this case refers to moving the.diffraction grating 3
and the shielding grating 4 in the direction of the
period of the shielding grating while keeping the
relative position between the interference pattern and
the shielding grating 4 at the first relative position
or the second relative position.

[0041]The storage unit stores an X-ray intensity distribution
acquired by the detector 5.

[0042]The arithmetic operation unit calculates a differential

phase from an X-ray intensity distribution stored in
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the storage unit. The arithmetic operation unit also
calculates a phase image of an object as needed. A
calculation method will be described below.

[{0043]The first X-ray intensity distribution and the second
X-ray intensity distribution acquired by the detector 5
each include not‘only a differential phase but also
errors caused by a transmittance distribution and
unevenness 1in irradiation by the light source. 1In
order to reduce such errors, a differential phase is
calculated based on the first X-ray intensity
distribution and the second X-ray intensity
distribution.

[0044]If each intensity in a first X-ray intensity
distribution IA increases by a positive differential
phase, as indicated by (Expression 1) below, each
intensity in a second X-ray intensity distribution IB
decreases by the same magnitude, as indicated by
(Expression 2) below. Note that a half of each light
portion need not be an exact half and refers to a half

within tolerance.

I, (x, od(x,
IA(x’y)= 0(2 y) 1+a (axy))
| Expression 1
]B(x,y)= Io(x,y) ]_am)(x’y)

Ox

Expression 2

[0045]In (Expression 1) and (Expression 2), ® is an X-ray
phase distribution immediately in front of the
diffraction grating, x is a coordinate in a direction
of the period of the diffraction grating within a
diffraction grating plane, and y is a coordinate in a

direction orthogonal to the period direction.
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[0046]1In the expressions, Ig is an X-ray intensity
distribution acquired without a diffraction grating and
a shielding grating, i.e., an X-ray intensity including
effects of a transmittance distribution and unevenness
in irradiation by the light source when there is no
differential phase.

[0047]An intensity distribution proportional to a
differential phase at all pixels is obtained by
dividing phase contrast information that is the
difference between the first and second X-ray intensity
distributions by the sum I, that is the sum of the
first and second X-ray intensity distributions, as

indicated by (Expression 3) below.

o oD(x,y) Ia—1Is
ox Is+ I

Expression 3

[0048]In order to calculate a differential phase in terms of
radians, the intensity distribution indicated by
(Expression 3) above that is obtained by dividing the
difference between the first and second X-ray intensity
distributions by the sum of the first and second X-ray
intensity distributions may be multiplied by a
coefficient of 1/a determined by the period of the
diffraction grating and the distance between the
diffraction grating and the shielding gtating. The
coefficient can be derived from the consideration below.
Letting 6 be the difference between an angle of the
position of the interference pattern viewed from the
diffraction grating when there is a differential phase
and an angle of the position of the interference
pattern when there is no differential phase (i.e., an
angle by which the position of the interference pattern
is shifted by an object), 6 is given by (Expression 4)
below. This indicates that the interference pattern is

formed in a direction to normal to the equiphase
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surface.

A 0DO(x,y)
27  Ox

O(x,y) =

Expression 4
[0049]Since the rate of change in X-ray intensity caused by a
shift in the position of the interference pattern is
the ratio of a shift z-tanf in the position of the
interference pattern to a width p/4 of a part of the
interference pattern shielded by a second diffraction

grating, (Expression 5) is derived.

,00(:y) _ ztanf(x,y) 4z6(x.y)
Ox pl4 P

Expression 5

[0050]In (Expression 5), z is the distance between the -
diffraction grating 3 and the shielding grating 4.
Note that the distance between the center of the
diffraction grating and the center of the shielding
grating is assumed to be the distance between the
diffraction grating and the shielding grating in this
specification. From (Expression 4) and (Expression 5),
the coefficient of 1/a is as given by (Expression 6)

below.

a 2zA

Expression 6

[0051]Although (Expression 5) is based on the assumption that
a shift in the position of the interference pattern
derived from X-rays is small, more accurate calculation
of a differential phase by exactly solving (Expression
3) to (Expression 5) can be easily performed.

[0052]The arithmetic operation unit calculates a differential
phase of an object by using the first X-ray intensity

distribution and the second X-ray intensity
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distribution detected by the detector and the
calculation method described above.

[0053]The display unit displays an image based on an X-ray
intensity distribution acquired by the detector or a
calculation result obtained by the arithmetic operation
unit.

[0054]The arithmetic operation unit may calculate a phase
distribution from differential phases obtained by
changing directions of the diffraction grating 3 and
the shielding grating 4 by the same amount. The phase
distribution may be displayed by the display unit.

[0055]Examples of the present invention will be described.
below. The present invention, however, is not limited
to the examples below.

[0056] [Example 1]

An X-ray imaging apparatus to which the present
invention is applied will be described as Example 1.

[0057]A configuration of the X—ray imaging apparatus is
basically the same as the configuration of the X-ray
imaging apparatus described with reference to Fig. 1.

[0058]A microfocus X-ray tube with a molybdenum target is
used as an X-ray source according to this example. The
distance between the X-ray source and a diffraction
grating is 1000 mm.

[0059]A diffraction grating 31 is a one-dimensional phase
modulating grating which modulates the phase of an X-
ray having energy of 17.5 keV (whose center wavelength
is 0.071 nm) with a period of 6.0 um by n/2. The
diffraction grating 31 is formed of silicon whose
thickness changes periodically and is placed at a
position to which X-rays generated by the X-ray source
are applied. When the X-ray source and the diffraction
grating 31 described above are used, since a Talbot
position is calculated to be 340 mm (N = 1/2) from
(Expression 0), a shielding grating 41 is placed at a
distance of 340 mm from the diffraction grating. A
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one-dimensional shielding grating formed such that a
recessed portion with a depth of 20.0 pm and a period
of 8.04 ym is filled with gold plating in a silicon
substrate and designed to periodically block X—rays
having energy of 17.5 keV is used as the shielding
grating.

[0060]A detector used is a two-dimensional detector which
converts an X-ray into visible light by a phosphor and
then detects the visible light by a CCD and is placed
as close to the shielding grating as possible. '

[0061]The procedure of an imaging method using the X-ray
imaging apparatus according to this example will be
described with reference to the flow chart illustrated
in Fig. 2.

[0062]First, an object is placed between the X-ray source and
the diffraction grating (step 101).

[0063]The object may be placed between the diffraction
grating and the shielding grating instead. In.this
case, a differential phase of an X-ray having passed
through the object is calculated by using z in
(Expression 6) as the distance between the object and
the shielding grating. The positions of the
diffraction grating and the shielding grating are
adjusted by a moving unit such that the relative
position between an interference pattern and the
shielding grating is set to a first relative position
(step 102). The relative position between the
interference pattern and the shielding grating may be
adjusted by adjusting the position of one of the
diffraction grating and the shielding grating.

[0064]The diffraction grating and the shielding grating are
moved independently of and in sync with each other
while the relative position between the interference
pattern and the shielding grating is kept at the first
relative position. 1In the meantime, a first X-ray

intensity distribution is acquired by the detector
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(step 103). In step 103, a control unit of an
arithmetic operation device controls the moving unit
according to a detection result obtained by a length
detector such that the ratio between a distance by
which the diffraction grating moves and a distance by
which the shielding grating moves in a direction of the
period of the shielding grating is the ratio between
the distance between the X-ray source and the
diffraction grating and the X-ray source and the
shielding grating. An amount by which the shielding
grating moves during detection of the first X-ray
intensity distribution is equal to one period of: the
shielding grating.

[0065]The positions of the diffraction grating and the
shielding grating are adjusted such that the relative
position between the interference pattern and the
shielding grating is set to a second position (step
104). After that, like step 103, the diffraétion
grating and the shielding grating are moved
independently of and in sync with each other while the
relative position between the interference pattern and
the shielding grating is kept at the second relative
position. In the meantime, a second X-ray intensity
distribution is detected (step 105).

[0066]ANn arithmetic bperation unit of the arithmetic
operation device calculates a differential phase image
obtained by dividing the difference between the first
X-ray intensity distribution and the second X-ray '
intensity distribution by the sum of the first X-ray
intensity distribution and the second X-ray intensity
distribution and then multiplying the guotient by a
coefficient represented by (Expression 6) (step 106).

[0067]The calculated differential phase image is displayed by
a display unit of the arithmetic operation unit 9.

[0068]Figs. 3A and 3B illustrate the relative positions among
the diffraction grating 31, the interference pattern,
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and the shielding grating 41 when the relative position
between the interference pattern and the shielding
grating is set at the first relative position and when
the relative position between the interference pattern
and the shielding grating is set at the second relative
position. '

[0069]Fig. 3A is a view illustrating the relative position
between the diffraction grating 31 and the shielding
grating 41 when the interference pattern and the
shielding grating 41 are brought into the first
relative position.

[0070]Fig. 3B is a view illustrating the relative position
between the diffraction grating 31 and the shielding
grating 41 when the interference pattern and the
shielding grating 41 are brought into the second
relative position.

[0071]As illustrated in Figs. 3A and 3B, if an object is
placed between the X-ray source and the diffraction
grating, an interference pattern affected by an X-ray
differential phase caused by the object is formed.

[0072]Fig. 4 illustrates an example of the alignment v
procedure for placing the diffraction grating and the
shielding grating such that an interference pattern and
the shielding grating are brought into the first
relative position or the second relative position.

[0073]The alignment procedure in Fig. 4 utilizes a change in
the intensity of an X-ray entering the detector caused
by a difference in the relative position between the
interference pattern and the shielding grating.

[0074]It can readily be seen that if the relative position
between the interference pattern and the shielding
grating is changed, the width of a part of the
interference pattern passing through the shielding
grating varies between 0 and 1/2 the period of the
shielding grating, and the intensity of an X-ray

entering the detector changes.
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[0075]The first relative position and the second relative
position are each a relative position between an
interference pattern and the shielding grating when the
varying X-ray intensity takes an intermediate value.

[0076]The alignment procedure used in the X-ray imaging
apparatus according to this example will be described
with reference to the flow chart illustrated in Fig. 4.
When imaging of an object is to be performed using the
X-ray imaging apparatus according to this example, a
plurality of X-ray intensity distributions is first
detected while the relative position between the
interference pattern and the shielding grating is
changed (e.g., only the position of the shielding
grating is changed) without the object (step 201).

[0077]During the detection of each X-ray intensity
distribution in stép 201, the diffraction grating and
the shielding grating may be moved in sync with each
other such that the relative position between the
interference pattern formed by the diffraction grating
and the shielding grating is not changed or may be
frozen.

[0078]In step 202, fitting is performed based on an X-ray
intensity calculated by integrating each X-ray
intensity distribution within a detected image as a
function of relative position. For example, fitting is
performed based on the X-ray intensity as a triangular
wave or a sine function using the grating period of the
shielding grating as a period.

[0079]1In step 203, a position where the fitting function
takes an intermediate value between the maximum value
and the minimum value is calculated, and the
diffraction grating and the shielding grating are
placed at the position. When the diffraction grating
and the shielding grating are placed at this position,
the relative position between the interference pattern

and the shielding grating is set to the first relative
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position.

[0080]The alignment procedure illustrated in Fig. 4 need not
be performed for each imaging operation. The
diffraction grating and the shielding grating may be
placed at positions obtained by a previous alignment
operation.

[0081]Figs. 5A to 5F are charts illustrating results of the
imaging simulation about the X-ray imaging apparatus
according to this example. _

[0082]Fig. 5A is a chart illustrating an X-ray intensity
distribution on the diffraction grating caused by a
transmittance distribution of an object and unevenness
in irradiation by the X-ray source.

[00B3]Fig. 5B is an X-ray phase distribution on the
diffraction grating caused by the object.

[0084]1Fig. 5C illustrates a differential phase obtained by
differentiation of the X-ray phase distribution in Fig.
5B in the direction of the period of the diffraction
grating and is a phase contrast image to be acquired by
the X-ray imaging method according to this example.

[0085]Fig. 5D is a first X-ray intensity distribution
calculated by light wave propagation using the X-ray
intensity distribution and the phase distribution
illustrated in Figs. 5A and 5B.

[0086]Fig. 5E is a second X-ray intensity distribution
calculated by light wave propagation using the X-ray
intensity distribution and the phase distribution
illustrated in Figs. 5A and 5B.

[0087]Fig. 5F is a differential phase image calculated from
Figs. 5D and 5E and acquired by the X-ray imaging
method according to this example.

[0088]Fig. 5F and Fig. 5C substantially coincides with each
other. This indicates that a phase contrast image with
few errors can be obtained by imaging using the X-ray
imaging apparatus according to this example.

[0089] [Example 2]
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A configuration different from the configuration of
Example 1 will be described as Example 2.

[0090]Fig. 6 illustrates an X-ray imaging apparatus used in
this example. Only a difference from Example 1 will be
described.

[0091]In this example, the distance between an X-ray source
11 and a diffraction grating 32 is increased. With
this configuration, substantially parallel X-rays are
applied to a diffraction grating 32.

[0092]Accordingly, when the diffraction grating 32 and a
shielding grating 42 are to be moved while the relative
position between an interference pattern to be formed
by the diffraction grating and the shielding grating,
the diffraction grating 32 and the shielding grating 42
can be moved by a moving unit 120 while the diffraction
grating 32 and the shielding grating 42 are fixed.

[0093]Since the X-ray source needs to have high intensity and
a small radiation angle in this example, synchrotron
radiation having energy of 17.7 keV is used in the X-
ray source 11. The diffraction grating 32 is placed in
an experimental hutch at a distance of 150 m from the
X—réy source 11. The diffraction grating 32 is a one-
dimensional phase modulating grating which modulates
the phase of an X-ray having energy of 17.7 keV with a
period of 6.0 um by n/2. Since a Talbot position is
calculated to be 257 mm (N = 1/2) from (Expression 0),
the shielding grating 42 is fixed to a plate-like
member at a distance of 257 mm from the diffraction
grating 32. The shielding grating 42 has the same
period of 6.0 pym as the period of the diffraction
grating 32 and is a one-dimensional shielding grating
which periodically blocks an X-ray having energy of
17.7 keV. ,

[0094]When the relative position between the diffraction
grating 32 and the shielding grating 42 is fixed,

alignment (an example of which is illustrated in Fig.
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4) is performed to fix the relative position.

[0095]The diffraction grating 32 and the shielding grating 42
are placed such that an interference pattern and the
shielding grating 42 are brought into a first relative
position. The relative position between the
diffraction grating 32 and the shielding grating 42 are
fixed at this position. After a first X-ray intensity
distribution is detected as in Example 1, one of the
diffraction grating 32 and the shielding grating 42 1is
shifted by the width of a shielding portion of the
shielding grating in a direction of the period. The
relative position between the diffraction grating 32
and the shielding grating 42 is fixed again. After a
second X-ray intensity distribution is detected as in
Example 1, a differential phase image is calculated by
an arithmetic operation unit, and the differential
phase image is displayed by a display unit.

Reference Signs List

[0096]1: X-ray source
3: diffraction grating
4: shielding grating
5: detector
12: moving unit
9: arithmetic operation unit
Industrial Applicability _

[0097]The present invention can be used in an object imaging
apparatus which uses a phase change caused when an X-
ray passes through an object.

[0098]This application claims the benefit of Japanese Patent
Application No. 2010-035746, filed February 22, 2010,
which is hereby incorporated by reference herein in its

entirety.
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Claims
A X-ray imaging apparatus comprising:
a X-ray source;
a diffraction grating for diffracting X-ray from the X-
ray source to form an interference pattern wherein dark
and light portions are arranged;
a shielding grating including a shielding portion
shielding the X-ray and a transmitting portion
transmitting the X-ray;
a X-ray detector for detecting-.an intensity
distribution of the X-ray transmitted through the
shielding grating;
an arithmetic operation unit for deriving a phase
information of an object based on a detection result of
the X-ray detector; and
a moving unit for moving the diffraction grating and
the shielding grating, wherein '
the interference pattern and the diffraction grating
are capable of being brought into
a first relative position such that the shielding
portion of the shielding grating shields a half of the
light portion of the interference pattern, and
a second relative position such that the relative
position between the shielding grating and the
interference pattern is shifted from the first position
by a width of the shielding portion of the shielding
grating, in a direction of a period of the shielding
grating, wherein
the X-ray detector detects
a first X-ray intensity distribution while diffraction
grating and the shielding grating are moved by the
moving unit in the direction of the period of the
shielding grating with keeping the first relative
position between the interference pattern and the
shielding grating, and

a second X-ray intensity distribution while diffraction
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grating and the shielding grating are moved by the
moving unit in the direction of the period of the
shielding grating with keeping the second relative
position between the interference pattern and the
shielding grating, and wherein

the arithmetic operation unit calculates a phase
information of an object based on the first and second
X-ray intensity distributions.

The X-ray imaging apparatus according to claim 1,
wherein

the dark and light portions of the interference pattern
are arranged in a constant period, and

the shielding portion and the transmitting portion of
the shielding grating are arranged in the same period.
and in the same period direction as those of the
interference pattern.

The X-ray imaging apparatus according to claim 1,
wherein

the arithmetic operation unit calculates the phase
information of the object by dividing a difference
between the first and second X-ray intensity
distributions by a sum of the first and second X-ray
intensity distributions, and thereafter multiplying a
result of the division by a factor determined based on
the period of the diffraction grating and a distance
between the diffraction grating and the shielding
grating.

The X-ray imaging apparatus according to claim 1,
wherein

the first relative position is defined such that, when
an integral intensity of the X-ray is calculated based
on the detection of the intensity distribution of the
X-ray one relative position by one relative position
for a plurality of relative positions between the
interference pattern and the shielding grating while

changing the relative position between the interference
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pattern and the shielding grating, the integral
intensity of the X-ray calculated for the first
relative position is an intermediate value between a
maximum value and a minimum value among the integral
intensities of the X-ray calculated for the plurality
of relative positions.

The X-ray imaging apparatus according to claim 1,

wherein

- the moving unit includes a first moving device for

moving the diffraction grating and a second moving
device for the shielding grating.

A X-ray imaging method using an X-ray imaging apparatus
comprising:

a X-ray source;

a diffraction grating for diffracting X-ray from the X-
ray source to form an interference pattern wherein .dark
and light portions are arranged;

a shielding grating including a shielding portion
shielding the X-ray and a transmitting portion
transmitting the X-ray;

a X-ray detector for detecting an intensity
distribution of the X-ray transmitted through the
shielding grating;

an arithmetic operation unit for deriving a phase .
information of an object based on a detection result of
the X-ray detéctor; and

a moving unit for moving the diffraction grating and
the shielding grating, wherein the imaging method
comprising steps of:

moving the diffraction grating and/or the shielding
grating, to be brought into a first relative position
such that the shielding portion of the shielding
grating shields a half of the light portion of the
interference pattern;

detecting by the X-ray detector a first X-ray intensity
distribution while diffraction grating and the
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shielding grating are moved by the moving unit in the
direction of the period of the shielding grating with
keeping the first relative position between the
interference pattern and the shielding grating;

moving the diffraction grating and/or the shielding
grating, to be brought into a second relative position
such that the relative position between the shielding
grating and the interference pattern is shifted from
the first position by a width of the shielding portion
of the shielding grating, in a direction of a period of
the shielding grating; _

detecting by the X-ray detector a second X-ray
intensity distribution while diffraction grating and
the shielding grating are moved by the moving unit in
the direction of the period of the shielding grating
with keeping the second relative position between the
interference pattern and the shielding grating, and
‘wherein

calculating, by the arithmetic operation unit, a phase
information of an object based on the first and second

X-ray intensity distributions.
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STEP 101
/~/
PLACE OBJECT BETWEEN X-RAY SOURCE AND
DIFFRACTION GRATING
_ STEP 102
Y r~

ADJUST POSITIONS OF DIFFRACTION GRATING AND
SHIELD GRATING SO THAT INTERFERENCE PATTERN
AND SHIELDING GRATING ARE BROUGHT INTO
1ST RELATIVE POSITION

- STEP 103
Y yad

DETECT 1ST X-RAY INTENSITY DISTRIBUTION

STEP 104
Y Yad

ADJUST POSITIONS OF DIFFRACTION GRATING AND

SHIELD GRATING SO THAT INTERFERENCE PATTERN

AND SHIELDING GRATING ARE BROUGHT INTO = .
2ND RELATIVE POSITION

STEP 105
Y r~

DETECT 2ND X-RAY INTENSITY DISTRIBUTION

STEP 106
Y Ynd

CALCULATE DIFFERENTIAL PHASE IMAGE
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FIG. 4

STEP 201

DERIVE PLURALITY OF X-RAY INTENSITY DISTRIBUTION
. CORRESPONDING TO VARIED RELATIVE POSITIONS
BETWEEN INTERFERENCE PATTERN OF
DIFFRACTION GRATING 3 AND SHIELDING GRATING 4

STEP 202

Y

FITTING BASED ON X-RAY INTENSITY INTEGRATED
WITHIN IMAGE AS FUNCTION OF RELATIVE POSITION

STEP 203
Y r~

MOVE DIFFRACTION GRATING 3 AND
DIFFRACTION GRATING 4 SO THAT THE FITTING
FUNCTION RESULTS IN INTERMEDIATE VALUE
BETWEEN MAXIMUM VALUE AND MINIMUM VALUE
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FIG. 5F
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