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(57) Abstract: An apparatus for deriving X-ray absorb-
ing and phase information comprises; a splitting element
for splitting spatially an X-ray, a detector for detecting
intensities of the X-rays transmitted through an object,
the intensity of the X-rays changing according to X-ray
phase and also position changes, and an calculating unit
for calculating an X-ray transmittance image, and an X-
ray differential phase contrast or phase sift contrast image
as the phase information. The X-ray is split by a grating
having unequal slit widths into two or more X-rays hav-
ing different widths, and emitted onto the detector unit.
And, the calculating unit calculates the X-ray absorbing
and phase information based on a difference, between the
two or more X-rays, in correlation between the changing
of the phase of the X-ray and the changing the intensity
of the X-ray in the detector unit.
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DESCRIPTION

X-RAY PHASE CONTRAST IMAGING USING A GRATING WITH UNEQUAL SLIT WIDTHS

Technical Field

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

[0002]A nondestructive testing method using radiation has
been used in a wide range of fields from industrial
applications to medical applications.

[0003] For example, the X-ray refers to an electromagnetic
wave with a wavelength of about 1 pm to 10 nm (10'12 to
1078 m). Of them, the X-ray with a short wavelength
(about 2 keV or more) is referred to as a hard X-ray,
and the X-ray with a long wavelength (about 0.1 keV to
about 2 keV) is referred to as a soft X-ray.

[0004] For example, there is known an absorption contrast
method of obtaining an absorption image using a
difference in transmittance when an X-ray is
transmitted through an object. The method using a high
X-ray transmittance has been practically used for an
internal crack inspection of an iron and steel material
and an application in a security field such as a
baggage inspection.

[0005]Meanwhile, when the object is made of substances with a
density difference too small to detect a change in
contrast by X-ray absorption, X-ray phase contrast
imaging is effective in detecting an X-ray phase shift
through the object. For example, the X-ray phase
contrast imaging is expected to be applied to imaging
of a polymer blend and a medical application.

[0006]0f the various X-ray phase contrast imaging methods,
the method disclosed in PTL 1 is very simple and
effective in using a refraction effect to detect a
phase shift through the X-rayed object. Specifically,

the method is such that an X-ray source with a micro
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focus is used; the object and the detector are spaced
away from each other; and thereby, the object is
detected with its edge enhanced due to the refraction
effect through the X-rayed object.

[0007]In addition, unlike many X-ray phase contrast imaging
methods, the method of using the refraction effect is
characterized in that a high coherence X-ray beam such
as a synchrotron radiation beam is not always required.

[0008]Meanwhile, PTL 2 discloses an imaging apparatus
installing an X-ray shielding mask in an edge portion
of a pixel of the detector.

[0009]In the absence of the object, when setting is performed
in such a manner that an X-ray is emitted to part of
the shielding mask, an X-ray positional change due to
the object refraction effect can be detected as an
intensity change.

Citation List
Patent Literature

[0010]PTL 1: Japanese Patent Application Laid-Open No. 2002-
102215

[0011]1PTL 2: International Patent Publication No.
W02008/029107
Summary of Invention
Technical Problem

[0012]}Unfortunately, in the conventional methods such as PTL
1 and PTL 2, absorption information (X-ray
transmittance image) and phase information (X-ray
differential phase contrast image and X-ray phase shift
image) about the X-rayed object are not discriminated
from each other.

[0013]Thus, the conventional methods have a problem in that
the absorption information and the phase information
cannot be obtained in a separate and independent manner.

[0014]In view of this, it is an object of the present
invention to provide an X-ray apparatus and an X-ray

measuring method capable of obtaining absorption
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information (X-ray transmittance image) and phase
information (X-ray differential phase contrast image
and X-ray phase shift image) about an X-rayed object as
separate and independent information.

Solution to Problem

[0015]The present invention provides an X-ray apparatus and
an X-ray measuring method having the following
configuration.

[0016]According to an aspect of the present invention, an X-
ray apparatus for deriving X-ray absorbing information
and X-ray phase information of an object to be detected
comprises: a splitting element for splitting spatially
an X-ray generated by an X-ray generating unit; a
detector unit for detecting intensities of the X-rays,
based on the X-rays split by the splitting element and
transmitted through the object, the intensity of the X-
rays changing according to an X-ray phase shift during
the transmitting through the object, and also changing
according to an X-ray position change; and an
calculating unit for calculating an X-ray transmittance
image as the X-ray absorbing information, and an X-ray
differential phase contrast image or an X-ray phase
sift image as the X-ray phase information, wherein the
splitting element splits the X-ray into two or more the
X-rays having different widths, and emitting the X-rays
onto the detector unit, and the calculating unit
calculates the X-ray absorbing information and the X-
ray phase information based on a difference, between
the two or more X-rays, in correlation between the
changing of the phase of the X-ray and the changing the
intensity of the X-ray in the detector unit.

[0017]According to a further aspect of the present invention,
an X-ray measuring method for deriving X-ray absorbing
information and X-ray phase information of an object to
be detected comprises steps of: splitting spatially an

X-ray generated by an X-ray generator into two or more
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X~rays having different widths; detecting intensities
of the X-rays, based on the X-rays split by the
splitting step and transmitted through the object, the
intensity of the X-ray changing according to an X-ray
phase shift during the transmitting through the object,
and also changing according to an X-ray position
change; and calculating an X-ray transmittance and the
X-ray position change of the object, based on a
difference, between the two or more X-rays, in a
correlation between the changing of the phase of the X-
ray and the changing of the X-ray intensity in the
detector unit.

Advantageous Effects of Invention

[0018]The present invention can provide an X-ray apparatus
and an X-ray measuring method capable of obtaining
absorption information (X-ray transmittance image) and
phase information (X-ray differential phase contrast
image and X-ray phase shift image) about an object as
separate and independent information.

[0019])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

[0020] [Fig. 1]Fig. 1 is a drawing illustrating a
configuration example of an X-ray apparatus according
to first, second, and third embodiments.

[Fig. 2]Fig. 2 is a drawing illustrating a
configuration example of a splitting element according
to the first embodiment.

[Fig. 3]Fiqg. 3 is a drawing illustrating a
configuration example of an X-ray optical element
according to the first embodiment.

[Fig. 4]Fig. 4 1is a graph illustrating a relation
between an X-ray intensity ratio and a moving quantity
after X-rays with different widths are transmitted

through the X-ray optical element to be described in
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the first embodiment.

[Fig. 5]Fig. 5 1is a flowchart illustrating a process
flow of a calculating unit to be described in the first
embodiment.

[Fig. 6]Fig. 6 is a drawing illustrating a
configuration example of the X-ray optical element to
be described in the second embodiment.

[Fig. 7]1Fig. 7 is a drawing illustrating a
configuration example of the X-ray optical element to
be described in the third embodiment.

[Fig. 8]1Fig. 8 is a drawing illustrating a
configuration example of the X-ray optical element to
be described in the fourth embodiment.

[Fig. 9]Fig. 9 is a drawing illustrating a
configuration example of the X-ray optical element to
be described in the fourth embodiment.

[Fig. 10]Fiqg. 10 1is a drawing illustrating a
configuration of an apparatus to be described in an
example.

Description of Embodiments

[0021]Embodiments of the present invention relate to an X-ray
apparatus using a phase shift through an object, and
the X-ray apparatus and the X-ray measuring method
capable of obtaining absorption information and phase
information about the X-rayed object as separate and
independent information will be described.

[0022] The X-ray apparatus obtaining absorption information
(X-ray transmittance image) and phase information (X-
ray differential phase contrast image and X-ray phase
shift image) about the X-rayed object according to the
embodiments of the present invention has the following
configuration.

[0023]The X-ray apparatus includes an X-ray generator
generating an X-ray and a splitting element spatially
splitting the X-ray generated by the X-ray generator.

The detecting unit is configured to be able to divide
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the X-ray into X-rays with two or more widths and emit
the X-rays onto the detecting unit.

[0024]Thus, the splitting element is configured to allow the
detecting unit to detect the X-rays each having a
different correlation between an X-ray positional
change quantity and an X-ray intensity change quantity
between the X-rays with two or more widths, based on
which the absorption information and the phase
information can be obtained independently as follows.

[0025]More specifically, the X-ray apparatus includes the
detecting unit detecting an X-ray intensity by
converting a positional change quantity of the X-ray
based on a phase shift of the X-ray split by the
splitting element and transmitted through the object to
an X-ray intensity change quantity. Further, the X-ray
apparatus includes a calculating unit calculating an X-
ray transmittance image which is object absorption
information; and an X-ray differential phase contrast
image or an X-ray phase shift image which is phase
information, from the X-ray intensity obtained from the
detecting unit. Furthermore, the calculating unit is
configured to be able to perform calculation on the
basis that the correlation between the X-ray positional
change quantity and the X-ray intensity change quantity
of the X-rays detected by the detecting unit is
different between the X-rays with two or more widths.

[0026]The detecting unit detects the X-ray intensity
specifically using an X-ray optical element converting
an X-ray incident position change quantity on the
detector to an X-ray intensity change quantity based on
the X-ray refraction effect by the object.

[0027]Here, the X-ray optical element converting the X-ray
incident position change quantity on the detector to
the X-ray intensity change quantity includes the
following elements.

[0028] For example, the X-ray optical element includes an
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element whose X-ray absorbing quantity (transmitting
quantity) gradually changes according to the X-ray
incident position, and an element in which the light
emission quantity of an X-ray-sensitive scintillator
gradually changes according to the X-ray incident
position.

[0029]Alternatively, the X-ray optical element includes an
element whose X-ray shielding area gradually changes
according to the X-ray incident position, and an
element in which the absorbing quantity (transmitting
quantity) of the light emitted by an X-ray-sensitive
scintillator gradually changes according to the X-ray
incident position.

[0030]Still alternatively, the X-ray optical element includes
an element in which the shielding area of the light
emitted by a scintillator gradually changes according
to the X-ray incident position or an element in which
the transmittance of the light emitted by a
scintillator gradually changes according to the X-ray
incident position.

[0031]The element whose X-ray absorbing quantity
(transmitting quantity) gradually changes according to
the X-ray incident position and an element in which the
light emission quantity of the light emitted by a
scintillator gradually changes can be implemented by
changing the shape of the absorbing body or the
scintillator in a gradual or stepwise manner.

[0032]Alternatively, the element can also be implemented by
changing the X-ray absorbing quantity (transmitting
quantity) per unit volume in a gradual or stepwise
manner.

[0033]Note that the term "gradual” in the description may
include the concept of "stepwise".

[0034] Further, the element whose X-ray shielding area
gradually changes according to the X-ray incident
position and the element in which the shielding area of
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the light emitted by the scintillator gradually changes
can be implemented by using a light shielding element
such as a mask for the X-ray or the light emitted by
the scintillator.

[0035] Furthermore, the element in which the absorbing
quantity (transmitting quantity) of the light emitted
by the scintillator gradually or stepwise changes can
be implemented by using a light reducing element formed
on a substrate by gradually changing the thickness of a
metal film.

[0036]The X-ray splitting element spatially splitting an X-
ray incident on the X-ray optical element is used such
that the X-ray split by the X-ray splitting element has
two or more widths on the detector.

[0037] For example, the X-ray splitting element has a slit
array structure in which slits with two types of widths
are alternately arranged.

[0038] The use of such an element allows the correlation
between the X-ray positional change quantity and the X-
ray intensity change quantity to be different between
the X-rays with two or more widths, based on which the
absorption information and the phase information can be
independently obtained. A specific description will
follow.

First embodiment

[0039]Referring to Fig. 1, the first embodiment will focus on
an X-ray apparatus capable of independently obtaining
the absorption information and the phase information
using an element whose X-ray absorbing quantity
(transmitting quantity) gradually changes according to
the X-ray incident position, as the X-ray optical
element.

[0040]As illustrated in Fig. 1, the X-ray apparatus of the
present embodiment includes a splitting element 103, an
object 104, an X-ray optical element 105, and a
detecting unit 106 along an optical path of an X-ray
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emitted by an X-ray source 101 as an X-ray generation
source.

[0041]Note that moving units 109, 110, and 111 using a
stepping motor to move the splitting element 103, the
object 104, and the X-ray optical element 105 may be
provided separately.

[0042] The object 104 can be moved as needed and thus a
specific portion of the object 104 can be imaged.
[0043]The X-ray emitted by the X-ray source 101 is spatially
split by the splitting element 103. More specifically,

the splitting element 103 functions as a sample mask
having a plurality of apertures described in PTL 2, and
thus the X-ray transmitted through the splitting
element 103 becomes an X-ray beam.

{0044]The splitting element 103 may have a slit array shape
having a line and space or may have two-dimensionally
arranged holes.

[0045]A schematic drawing of the splitting element 103 is
illustrated in Fig. 2.

[0046] The splitting element may be made of an array of slits
having two or more widths periodically arranged in a
line and space pattern.

[0047]Specifically, the splitting element 103 may include a
substrate 201 and two types of slits 202 and 203 having
different widths and being alternately arranged.

[0048] The slits 202 and 203 provided in the substrate 201 may
not be penetrated through the substrate made of an
optical element as long as X-rays are transmitted
through.

[0049] The material of the substrate 201 is selected from Pt,
Au, Pb, Ta, W, and others having high X-ray absorbing
capability.

[0050]The period of the line and space arranged at the
position of the detecting unit 106 detecting the X-ray
split by the splitting element 103 is equal to or
greater than the pixel size of the detecting unit 106.
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[0051]In other word, the size of the pixels forming the
detecting unit is equal to or less than the spatial
period of the X-ray at the position of the detecting
unit 106.

[0052]The sheet-like X-ray spatially split by the splitting
element 103 is absorbed by the object 104 and its phase
is changed, resulting in refraction.

[0053]Each refracted X-ray is incident on the X-ray optical
element 105. The intensity of each X-ray transmitted
through the X-ray optical element 105 is detected by
the detecting unit 106.

[0054] The information about the X-ray obtained by the
detecting unit 106 is numerically processed by the
calculating unit 107 and output to a display unit 108
such as a monitor.

[0055]Examples of the object 104 include a human body and, as
materials other than the human body, an inorganic
material and an inorganic-organic composite material.

[0056] The detecting unit 106 is selected, for example, from
an X-ray flat panel detector, an X-ray CCD camera, a
direct conversion X-ray two-dimensional detector, and
the like.

[0057] The detecting unit 106 may be close to the X-ray
optical element 105, or may be spaced at a specific
distance from each other. Alternatively, the X-ray
optical element 105 may be built in the detecting unit
106.

[0058] Note that when a monochromatic X-ray is used, a
monochromating unit 102 such as a monochromator
combined with the slits or an X-ray multi-layer mirror
may be arranged between the X-ray source 101 and the
splitting element 103. In order to reduce image
obscuration caused by scattered X-rays from the object
104, a grid used for X-ray radiography may be
interposed between the X-ray optical element 105 and
the detector 106 or between the object 104 and the X-
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ray optical element 105.

[0059]Fig. 3 is a schematic drawing of an X-ray optical
element 303 describing part of the X-ray optical
element 105 in Fig. 1.

[0060]A reference X-ray 301 indicates an X-ray split in the
absence of the object 104. An X-ray 302 indicates an
X-ray refracted by the presence of the object 104. The
moving quantity d indicates the amount of the reference
X-ray 301 and the X-ray 302 moving on the X-ray optical
element 303 in the X direction (direction perpendicular
to the X-ray incident direction).

[0061] The refraction angle of the X-ray due to a substance is
very small and d is only a moving quantity at um scale.

[0062] The X-ray optical element 303 has a triangular prism
shaped array structure in which the thickness changes
in the X direction.

[0063]This structure changes the optical path length of the
X-ray transmitted in the X direction inside the X-ray
optical element 303. In other word, the X-ray optical
element 303 has an absorption gradient such that the X-
ray absorbing quantity (transmitting quantity) changes
depending on the X-ray incident position.

[0064]Note that the X-ray optical element 303 may be
implemented by processing a plate-like member.

[0065]Fig. 4 is a graph illustrating a relation between an X-
ray intensity ratio and a moving quantity after the
splitting element 103 divides an X-ray into X-rays with
different widths and the split X-rays are transmitted
through the X-ray optical element.

[0066]Fig. 4 plots the moving quantity from the reference
position and the intensity ratio between the reference
X-ray 301 and the X-ray 302 after the splitting element
103 divides an X-ray into X-rays with two different
types of widths and the X-ray optical element 303 is
irradiated with the split X-rays in the absence of the
object 104.
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[0067]As understood from Fig. 4, both have a linear relation
in a region with an extremely minute X-ray moving
guantity.

[0068] The relation between the moving quantity d of the X-
rays with two types of widths and intensities Il and I2
of the reference X-ray 301 and intensities Il1' and I2'
of the X-ray 302 can be expressed by the following

mathematical expression (1).

iy

—=ad+

- Ad+h

2 _ a,d +b,

12 MATHEMATICAL EXPRESSION (1)

[0069]Here, aj;, a, bi, and b, are a constant, which can be
obtained by fitting the data in Fig. 4. When the
object 104 is measured, considering X~ray transmittance

A, the following mathematical expression (2) can be

derived.
ELIY
All
12 d+s,
AI2 MATHEMATICAL EXPRESSION (2)

[0070]With the assumption that the X-rays transmitting
through the adjacent X-ray optical elements 105 are in
substantially the same positions as the object 104, the
two equations in the mathematical expression (2) can be
solved to obtain the X-ray moving quantity d and the X-
ray transmittance A to the object 104.

{0071]In this case, the information about the X-ray
intensities in two adjacent elements, namely, two
regions of the X-ray optical element 105 is used to
obtain the transmittance A and the X-ray position
moving quantity d, and thus the spatial resolution is
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one-half (1/2).

[0072]In light of this, in order to overcome the reduction in
spatial resolution, in addition to the above
measurement, another measurement can be made by moving
the object 104 or the splitting element 103 in the X
direction by the length measurable using an X-ray with
another width with respect to the already measured
position of the object 104.

[0073] Thereby, the information can be obtained without
reducing the spatial resolution.

[0074])The use of the splitting element 103 allows the X-ray
absorption information and the phase information to be
obtained as independent information.

{0075] Further, the use of the X-ray optical element 105
enables detection of an X-ray position change quantity
equal to or less than the pixel size of the detecting
unit 106, thereby shortening the distance between the
object and the detector and achieving miniaturization
of the apparatus.

[{0076]The flowchart of the calculating unit 107 is
illustrated in Fig. 5. First, intensity information
about each X-ray transmitted through the X-ray optical
element 105 is obtained (S100).

[0077]Then, the intensity information about each X-ray is
used to calculate the X-ray transmittance A and the
position change quantity d with respect to the
reference X-ray 301 (S101}.

[0078]Using the position change quantity d and the distance Z
between the object 104 and the X-ray optical element
105, each X-ray refraction angle (AO) can be expressed

by the following mathematical expression (3).

ad
A@ =tan ‘(—
A MATHEMATICAL EXPRESSION (3)
[0079]The mathematical expression (3) is used to calculate
each X-ray refraction angle (A8) (S102).
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[0080] The refraction angle (A8) and the differential phase
(dd/dx) have a relation of the following mathematical

expression (4).

d¢ _27
d A

A
MATHEMATICAL EXPRESSION (4)

[0081l]Here, A denotes an X-ray wavelength and when a
continuous X-ray is used, A denotes an effective
wavelength. The mathematical expression (4) is used to
calculate each X-ray differential phase (d®/dx) (S103).

[(0082] Then, the phase (®) is calculated by integrating each
of the obtained differential phases (dd/dx) in the X
direction (S104).

[0083]Thus calculated differential phase (d®/dx) and phase
(®) can be displayed on the display unit 108 (S105).

[0084]This configuration enables detection of a fine X-ray
positional change in one pixel of the detecting unit
106, thus eliminating the need to keep a long distance
between the object 104 and the detecting unit 106 and
achieving the miniaturization of the apparatus. Thus,
the X-ray transmittance image, the X-ray differential
phase contrast image or the X-ray phase shift image of
the object can be separately obtained.

[0085]Note that a selection of a configuration keeping a long
distance between the object 104 and the detecting unit
106 enables measurement of an X-ray position change
based on a smaller refraction.

[0086])According to the above configuration, the X-ray
refraction effect is used to detect a phase shift.
Thus, a high coherence X-ray is not always required and
the absorption image, the X-ray differential phase
contrast image or the X-ray phase shift image can be
obtained.

[0087]Note that in the above configuration, the X-ray

differential phase contrast image or the X-ray phase
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shift image is obtained, but instead, the transmittance
image obtained from the absorption information, the X-
ray positional change quantity, and the refraction
angle may be displayed on the display unit 108.

Second embodiment

[0088]In the second embodiment, the description will focus on
an X-ray apparatus using a phosphor array including a
plurality of phosphors having a light emission quantity
gradient as an X-ray optical element instead of the X-
ray optical element of the first embodiment. The
present embodiment describes a structure in which the
X-ray optical element 105 is in contact with the
detecting unit 106, but the X-ray optical element 105
may be separated from the detecting unit 106.

[0089]Here, the phosphor having a light emission quantity
gradient refers to a phosphor whose light emission
quantity changes depending on the X-ray incident
position.

[0090] The phosphor can be implemented by gradually changing
shape or gradually changing the light emission quantity
per unit volume.

[0091]Note that the term "gradually" in the description may
include the concept of "stepwise". For example, a
stepwise changing light emission quantity is also
included in the present invention.

[0092] The apparatus configuration is the same as that of the
first embodiment. More specifically, the splitting
element 103 periodically divides an X-ray into X-rays
with two widths and the object 104 is irradiated with
the X-rays. The transmitted X-rays are incident on the
X-ray optical element 105. The schematic drawing of
part of the X-ray optical element 105 is illustrated in
Fig. 6.

[0093]A reference X-ray 601 indicates the X-ray split in the
absence of the object 104. An X-ray 602 indicates the
X-ray refracted by the presence of the object 104. A
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phosphor array 603 has a light emission quantity
gradient.

[0094] The phosphor array 603 is made of a material emitting
phosphor light by X-ray irradiation and has gradually
different shapes in the X direction in the element as
illustrated in Fig. 6. As a result, the phosphor array
603 exhibits a phosphor light emission quantity
distribution.

[0095] The material of the phosphor array 603 can be selected,
for example, from the following generally used as an X-
ray scintillator.

[0096] Specifically, the material of the phosphor array 603
can be selected from Nal (Tl-doped), CsI (Tl-doped) CsI
(Na-doped), CsI (undoped), LSO (Ce-doped), YAP (Ce-
doped), GSO (Ce-doped), and the like.

[0097]A visible light CCD and a COMS sensor can be used as
the detecting unit 106. When X-rays with different
widths are incident on the X-ray optical element 105,
like the first embodiment, the light emission quantity
change ratio of the phosphor array 603 with respect to
the X-ray moving quantity from the reference X-ray 601
incident position is different depending on the widths.

[0098] In the absence of the object 104, the light emission
quantity data is preliminarily obtained while moving
the splitting element 103, thereby subjecting the
moving quantity and the light emission quantity change
ratio to function fitting.

[0099] Then, the same calculating unit 107 as that in the
first embodiment is used to calculate the X-ray
transmittance A and the position change quantity d with
respect to the reference X-ray 601 from the emission
information about each X-ray to calculate the
differential phase quantity.

[0100] The phase can be calculated by integrating the
differential phase quantity in the X direction.

[0101]In this case, the information about the X-ray
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intensities in two adjacent elements, namely, two
regions of the X-ray optical element 105 is used to
obtain the transmittance A and the X-ray position
moving quantity d, and thus the spatial resolution is
one-half (1/2).

[0102]In 1light of this, in order to overcome the reduction in
spatial resolution, in addition to the above
measurement, another measurement can be made by moving
the object 104 or the splitting element 103 in the X
direction by the length measurable using an X-ray with
another width with respect to the already measured
position of the object 104.

[0103] Thereby, the information can be obtained without
reducing the spatial resolution.

[(0104]This configuration enables detection of a fine X-ray
positional change in one pixel of the detecting unit
106, thus eliminating the need to keep a long distance
between the object 104 and the detecting unit 106 and
achieving the miniaturization of the apparatus.

[0105] Thus, the X-ray transmittance image, the X-ray
differential phase contrast image or the X-ray phase
shift image of the object can be separately obtained.

[0106]Note that a selection of a configuration keeping a long
distance between the object 104 and the detecting unit
106 enables measurement of an X-ray position change
based on a smaller refraction.

[0107]According to the above configuration, the X-ray
refraction effect is used to detect a phase shift.
Thus, a high coherence X-ray is not always required and
the absorption image, the X-ray differential phase
contrast image or the X-ray phase shift image can be
obtained.

[0108]Note that in the above configuration, the X-ray
differential phase contrast image or the X-ray phase
shift image is obtained, but instead, the transmittance

image obtained from the absorption information, the X-
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ray positional change quantity, and the refraction
angle may be displayed on the display unit 108.
Third embodiment

[(0109]In the third embodiment, the description will focus on
an X-ray apparatus using a shield array including a
plurality of shields for shielding part of the X-ray as
an X-ray optical element instead of the X-ray optical
element 105 of the first embodiment.

[0110] The present embodiment describes a structure in which
the X-ray optical element 105 is in contact with the
detecting unit 106, but the X-ray optical element 105
may be separated from the detecting unit 106.

[0111] The schematic drawing of part of the X-ray optical
element 105 is illustrated in Fig. 7.

[0112]Reference X-rays 701 and 702 with two widths indicate
X-rays split in a portion without the object 104 and
incident so as to pass through a center portion of a
pixel 705. X-rays 706 and 707 indicate X-rays
refracted by the object 104 and incident on a position
shifted from the center portion of the pixel 705.

[0113]A shield 704 shields part of the reference X-rays 701
and 702 and the X~-rays 706 and 707.

[0114]When the X-rays 706 and 707 move in the X direction
with respect to the center portion which is the
incident position of the reference X-rays 701 and 702,
the shielding area of the X-rays 706 and 707 changes
gradually from the shape of the shield 704.
Consequently, the moving quantity can be obtained from
the intensity change.

[0115]Like the first embodiment, the intensity change ratio
with respect to the X-ray moving quantity with two
widths exhibits a linear change with two gradients.
Consequently, the same calculating unit 107 as that in
the first embodiment is used.

[0116] Thus, the X-ray transmittance A and the position change
quantity d with respect to the reference X-rays 701 and
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702 are calculated from the intensity information about
each X-ray to calculate the differential phase.

[0117] The phase can be calculated by integrating the
differential phase quantity in the X direction. 1In
this case, the information about the X-ray intensities
in two adjacent elements, namely, two regions of the X-
ray optical element 105 is used to obtain the
transmittance A and the X-ray position moving quantity
d, and thus the spatial resolution is one-half (1/2).

[0118]In light of this, in order to overcome the reduction in
spatial resolution, in addition to the above
measurement, another measurement can be made by moving
the object 104 or the splitting element 103 in the X
direction by the length measurable using an X-ray with
another width with respect to the already measured
position of the object 104.

[0119] Thereby, the information can be obtained without
reducing the spatial resolution.

[0120]This configuration enables detection of a fine X-ray
positional change in one pixel of the detecting unit
106, thus eliminating the need to keep a long distance
between the object 104 and the detecting unit 106 and
achieving the miniaturization of the apparatus.

[0121] Thus, the X-ray transmittance image, the X-ray
differential phase contrast image or the X-ray phase
shift image of the object can be separately obtained.

[0122]Note that a selection of a configuration keeping a long
distance between the object 104 and the detecting unit
106 enables measurement of an X-ray position change
based on a smaller refraction.

[0123]According to the above configuration, the X-ray
refraction effect is used to detect a phase change.
Thus, a high coherence X-ray is not always required and
the absorption image, the X-ray differential phase
contrast image or the X-ray phase shift image can be

obtained.
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[0124]Note that in the above configquration, the X-ray
differential phase contrast image or the X-ray phase
shift image is obtained, but instead, the transmittance
image obtained from the absorption information, the X-
ray positional change quantity, and the refraction
angle may be displayed on the display unit 108.

Fourth embodiment

[0125]1In the fourth embodiment, the description will focus on
an optical element for shielding part of visible light
in order to convert an X-ray movement to an intensity
change of the detected visible light after the X-ray is
changed to the visible light by a phosphor instead of
the X-ray optical element 105 of the first embodiment.

[0126] Further, the description will focus on an X-ray
apparatus using the optical element such that the
visible light transmittance changes gradually with a
position change.

[0127] The present embodiment describes a structure in which
the X-ray optical element 105 is in contact with the
detecting unit 106, but the X-ray optical element 105
may be separated from the detecting unit 106.

[0128]) First, referring to Fig. 8, the X-ray optical element
for reducing light will be described. Specifically,
the X-ray optical element 105 and the detecting unit
106 in the present embodiment will be described.

[0129]) The X-ray optical element 105 and the detecting unit
106 in Fig. 1 include a scintillator 806, an optical
element 803, and an optical detector 805 in the present
example. The optical detectors 805 are arranged two
dimensionally and thus each optical detector 805
corresponds to a pixel of a detected image. The
scintillator 806 may be sensitive to X-rays and is made
of cesium iodide (CsI) and the like.

[0130}The optical detector 805 may be sensitive in a light-
emitting wavelength region of the scintillator and is
made of a CCD, a CMOS, or the like.
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[0131]Note that the scintillator 806, the optical element 803,
and the optical detector 805 may be integrally formed
as illustrated in Fig. 8, but may be spaced from each
other.

[0132]In Fig. 8, a reference X-ray 801 indicates an X-ray
split in the absence of the object 104, and an X-ray
802 indicates an X-ray refracted by the presence of the
object 104.

[0133]The reference X-ray 801 can be set to pass through a
center portion of the pixel of the optical detector 805.

[0134]The optical element 803 includes a plurality of optical
filters 804. The optical filter 804 is a filter such
that a light transmittance changes gradually in the X
direction (direction perpendicular to an incident X-
ray) .

[0135] The optical filter 804 is formed, such as by laminating
metal on a light transmitting substrate by gradually
changing the film thickness. Note that the term
"gradually”" in the description may include the concept
of "stepwise".

[0136]According to such a configuration, when the X-ray 802
moves in the X direction with respect to the reference
X-ray 801, the intensity detected by the optical
detector 805 changes.

[0137]Consequently, the detected intensity can be used to
obtain the position change quantity d of the object 104
from the reference X-ray 801.

[0138] Likewise, a light shield used as the X-ray optical
element is illustrated in Fig. 9.

[0139]Fig. 9 is a view of the X-ray optical element 105 and
the detecting unit 106 as viewed from the X-ray
incident direction.

[0140]First, the X-ray is converted to visible light by a
scintillator 903 mounted on a light shield 904.

[0141]1The scintillator 903 may be sensitive to X-rays and is
made of cesium iodide (CsI) and the like.
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[0142] The reference X-rays with two widths are converted to
visible light by the scintillator, and the reference
light beams 901 and 902 are incident so as to pass
through a center portion of a pixel 905.

[0143]Light beams 906 and 907 indicate light beams converted
to visible light after the X-rays are refracted by the
object 104 and incident on a scintillator portion
located in a position shifted from the center portion
of the pixel 905.

[0144]The light shield 904 shields part of the reference
light beams 901 and 902, and light beams 906 and 907.

[0145]When light beams 906 and 907 move in the X direction
with respect to the center portion which is the
incident position of the reference light beams 901 and
902, the light shielding area of the light beams 906
and 907 changes gradually from the shape of the light
shield 904. Consequently, the moving quantity can be
obtained from the intensity change.

[0146]The X-ray optical element 105 implementing a light
reducing method and a light shielding method detects X-
rays with two widths split by the splitting element 103.
The detected intensity change ratio with respect to the
moving quantity exhibits a linear change with two
different gradients.

[0147]Thus, the same calculating unit 107 as that in the
first embodiment is used. Specifically, the X-ray
transmittance A and the position change quantity d are
calculated from the intensity information about each X-
ray to calculate the differential phase. The phase can
be calculated by integrating the differential phase in
the X direction.

[0148]In this case, the information about the X-ray
intensities in two adjacent elements, namely, two
regions of the X-ray optical element 105 is used to
obtain the transmittance A and the X-ray position
moving quantity d, and thus the spatial resolution is
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one-half (1/2).

[0149]In light of this, in order to overcome the reduction in
spatial resolution, in addition to the above
measurement, another measurement can be made by moving
the object 104 or the splitting element 103 in the X
direction by the length measurable using an X-ray with
another width with respect to the already measured
position of the object 104.

f0150] Thereby, the information can be obtained without
reducing the spatial resolution.

[0151]This configuration enables detection of a fine X-ray
positional change in one pixel of the detecting unit
106, thus eliminating the need to keep a long distance
between the object 104 and the detecting unit 106 and
achieving the miniaturization of the apparatus. Thus,
the X-ray transmittance image, the X-ray differential
phase contrast image or the X-ray phase shift image of
the object can be separately obtained.

[0152]Note that a selection of a configuration keeping a long
distance between the object 104 and the detecting unit
106 enables measurement of an X-ray position change
based on a smaller refraction.

[0153]According to the above configuration, the X-ray
refraction effect is used to detect a phase change.
Thus, a high coherence X-ray is not always required and
the absorption image, the X-ray differential phase
contrast image or the X-ray phase shift image can be
obtained.

[0154]Note that in the above configuration, the X-ray
differential phase contrast image or the X-ray phase
shift image is obtained, but instead, the transmittance
image obtained from the absorption information, the X-
ray positional change quantity, and the refraction
angle may be displayed on the display unit 108.
Example

[0155]Referring to Fig. 10, the X-ray apparatus and the X-ray
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measuring method according to an example of the present
invention will be described.

[0156]As the X-ray generator, a rotating-anticathode-type X-
ray generator having an Mo target illustrated in an X-
ray source 1001 is used.

[0157]The X-ray is spatially split by the splitting element
1003 arranged in a position spaced 100 cm from the X-
ray source. The splitting element 1003 is formed by
alternately arranging tungsten (w) with a thickness of
100 ym and slit widths of 50 pym and 30 um.

The slit period is 100 um.

[0158] Note that as the material, not only w but also Au, Pb,
Ta, and Pt can be used.

[0159] The X-rays split by the splitting element 1003 are
emitted to the object 1004. The X-rays transmitted
through the object 1004 are incident on the X-ray
optical element 1005. Note that moving units 1009,
1010, and 1011 each using a stepping motor are provided
in the splitting element 1003, the object 1004, and the
X-ray optical element 1005.

[0160] The X-ray optical element 1005 is formed by arranging
Ni triangular prisms on a carbon substrate with a
thickness of 1 mm, a bottom length of 150 um and a
height of 75 um.

[0161]The X-ray detector 1006 is arranged such that the X-
rays transmitted through the X-ray optical element 1005
are projected on the X-ray detector 1006 at a period of
200 um and the X-ray intensity is detected.

[0162] Subsequently, the splitting element 1005 is moved 100
um in a periodic direction of the triangular prisms
using the moving unit 1009 to perform similar
measurement.

[0163] The X-ray detector 1006 is a flat panel detector with a
pixel size of 50 pym x 50 pm. The X-ray intensity
values of four pixels in a periodic direction of the

triangular prisms are totaled to produce the X-ray
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intensity of one X~ray optical element.

[0164]In the absence of the object 1004, the X-ray intensity
data is preliminarily acquired while moving the
splitting element 1003 in one direction. Thereby, data
about the relation between the position change quantity
and the X-ray intensity change ratio regarding the X-
rays split by the splitting element 1003 and the X-ray
optical element of each X-ray is obtained.

[0165]The data subjected to function fitting is used by the
calculating unit 1007 to calculate the X-ray
transmittance (A) and the position change quantity (d)
of each X-rayed object 1004. Then, the refraction
angle (A6) 1s calculated by the mathematical expression
(3).

[0166]The differential phase is calculated from the
refraction angle (A8) by the mathematical expression
(4). The differential phases obtained from each X-ray
are spatially integrated to obtain the X-ray phase
shift image. In the calculation of the differential
phase, 0.71 A which is an Mo characteristic X-ray is
used as the wavelength.

[0167] The X~ray transmittance image, the X-ray differential
phase contrast image, and the X-ray phase shift image
obtained by the calculating unit 1007 are displayed on
a PC monitor as the display unit 1008.

[0168]This application claims the benefit of Japanese Patent
Application No. 2010-177062, filed August 6, 2010,
which is hereby incorporated by reference herein in its

entirety.
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CLAIMS
An X-ray apparatus for deriving X-ray absorbing
information and X-ray phase information of an object to
be detected comprising:
a splitting element for splitting spatially an X-ray
generated by an X-ray generator;
a detector unit for detecting intensities of the X-rays
or a light, based on the X-rays split by the splitting
element and transmitted through the object, the
intensity of the X-rays or the light changing according
to an X-ray phase shift during the transmitting through
the object, and also changing according to an X-ray
position change; and
an calculating unit for calculating an X-ray
transmittance image as the X-ray absorbing information,
and an X-ray differential phase contrast image or an X-
ray phase sift contrast image as the X-ray phase
information by using the intensities of the X-rays or
the light, wherein
the splitting element splits the X-ray into two or more
the X-rays having different widths, and emitting the X-
rays onto the detector unit, and
the calculating unit calculates the X-ray absorbing
information and the X-ray phase information based on a
difference, between the two or more X-rays, in
correlation between the changing of the phase of the X-
ray and the changing the intensity of the X-ray or the
light in the detector unit.
The X-ray apparatus according to claim 1, wherein
the splitting element comprises a slit array formed by
line and space such that a slit width changes
periodically between two or more slit widths.
The X-ray apparatus according to claim 2, wherein
the slit array formed by line and space is formed by
arranging alternatingly two slit of different widths.

The X-ray apparatus according to claim 1, further
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comprising

an X-ray optical element arranged between the splitting
element and the detector unit, and formed from an
element for converting the position change quantity
generated by the phase shift through the object into
the intensity change of the X-ray.

The X-ray apparatus according to claim 4, wherein

the element forming the X-ray optical element comprises
a plurality of members absorbing or transmitting the X-
ray arranged perpendicularly to an X-ray incident
direction, the member is formed into a triangular prism
shape to have absorbing capability gradient so that an
X-ray absorbing quantity or an X-ray transmitting
quantity changes according to an X-ray incident
position.

The X-ray apparatus according to claim 4, wherein

the element forming the X-ray optical element comprises
a plurality of shields shielding a part of the X-rays
arranged perpendicularly to an X-ray incident direction,
so that an area shielded by the shield changes
according to an X-ray incident position.

The X-ray apparatus according to claim 1, further
comprising an optical element arranged between the
splitting element and the detector unit, wherein

the element forming the optical element comprises a
plurality of phosphors sensing the X-ray arranged
perpendicularly to an X-ray incident direction, to have
a light emitting quantity gradient so that the light
emitting quantity of the phosphor changes according to
an X-ray incident position.

The X-ray apparatus according to claim 1, further
comprising an optical element arranged between the
splitting element and the detector unit, wherein

the element forming the optical element comprises a
plurality of optical filters arranged perpendicularly

to an X-ray incident direction, so that a light
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transmittance of the filters changes according to an X-
ray incident position.

An X-ray measuring method for deriving X-ray absorbing
information and X-ray phase information of an object to
be detected comprising steps of:

splitting spatially an X-ray generated by an X-ray
generator into two or more X-rays having different
widths;

detecting intensities of the X-rays or a light, based
on the X-rays split by the splitting step and
transmitted through the object, the intensities of the
X-rays or the light changing according to an X-ray
phase shift during the transmitting through the object,
and also changing according to an X-ray position
change; and

calculating an X-ray transmittance image and the X-ray
position change of the object, based on a difference,
between the two or more X-rays, in a correlation
between the changing of the phase of the X-ray and the
changing of the intensities of the X-rays or the light
in the detector unit.
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