wo 2010/082687 A2 |11 0K 0 OO OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

s . TN
(19) World Intellectual Property Organization /g [} 11NN 000 1.0 D00 O
nternational Bureau S,/ 0 |
(43) International Publication Date \.;/ , S (10) International Publication Number
22 July 2010 (22.07.2010) WO 2010/082687 A2
(51) International Patent Classification: Tokyo, 1468501 (JP). FUKUDA, Kazunori [JP/JP]; C/O
G21K 1/06 (2006.01) CANON KABUSHIKI KAISHA, 30-2, Shimomaruko 3-

i o chome, Ohta-ku, Tokyo, 1468501 (JP). WATANABE,
(21) International Application Number: Masatoshi  [JP/JP]; C/O CANON KABUSHIKI
PCT/JP2010/050748 KAISHA, 30-2, Shimomaruko 3-chome, Ohta-ku, Tokyo,
(22) International Filing Date: 1468501 (JP).
15 January 2010 (15.01.2010) (74 Agent: UCHIO, Hirokazu; C/O CANON KABUSHIKI
(25) Filing Language: English KAISHA, 30-2, Shimomaruko 3-chome, Ohta-ku, Tokyo,
1468501 (JP).

(26) Publication Language: English

L. (81) Designated States (unless otherwise indicated, for every
(30) Priority Data: kind of national protection available): AE, AG, AL, AM,
2009-264411 19 November 2009 (191 12009) JP CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(71) Applicant (for all designated States except US): CANON DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
KABUSHIKI KAISHA [JP/JP]; 30-2, Shimomaruko 3- HN, HR, HU, ID, IL, IN, IS, KE, KG, KM, KN, KP, KR,
chome, Ohta-ku, Tokyo, 1468501 (JP). KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
(72) Inventors; and NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE,
(75) Inventors/Applicants (for US only): MUKAIDE, Taihei SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, TT,

[JP/JP]; C/O CANON KABUSHIKI KAISHA, 30-2, Shi- TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

momaruko 3-chome, Ohta-ku, Tokyo, 1468501 (JP).
TAKADA, Kazuhiro [JP/JP]; C/O CANON KABUSHI- (84) Designated States (unless otherwise indicated, for every
KI KAISHA, 30-2, Shimomaruko 3-chome, Ohta-ku, kind of regional protection available). ARIPO (BW, GH,

[Continued on next page]

(54) Title: X-RAY IMAGING APPARATUS AND METHOD OF X-RAY IMAGING

(57) Abstract: Provided is an X-ray imaging apparatus
and a method of X-ray imaging, with which the apparatus
FIG. 2 _ can be reduced in size and a differential phase image or a
phase image with consideration of an X-ray absorption ef-
fect of'an object can be obtained. X-rays are spatially split,

203 and a first attenuation element in which the transmission

~ - amount of X-rays continuously changes in accordance
------------------------- oo with the displacement when the X-rays pass through an
object is used. Transmittance is calculated by using the

------------------------------- - first attenuation element and a second attenuation element
that is different from the first attenuation element with re-

_______________________________ . . spect to an amount of change or a characteristic of change

in the transmission amount of X-rays in a direction of a
displacement of the X-rays. A differential phase image and

g ———————— [ the like of the object are calculated using the transmit-
>4 tance.
S . - X
201 204
2067 e -
205 207
_______________________________ -
_______________________________ -
<T' HIGH W LOW



WO 2010/082687 A2 W00 0 )00 0T A AU

GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM, Published:
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

—  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))



WO 2010/082687 PCT/JP2010/050748

DESCRIPTION
X-RAY IMAGING APPARATUS AND METHOD OF X-RAY IMAGING

Technical Field

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

Background Art

[0002] Nondestructive testing using electromagnetic
radiation is used for a variety of industrial applications
and medical applications. X-rays are electromagnetic waves
having a wavelength in the fange of, for example, about 1 pm
to 10 nm (10! to 10® m). X-rays having a short wavelength
(energy of about 2 keV or larger) are called hard X-rays,
and X-rays having a long wavelength (energy in the range of
about 0.1 keV to about 2 keV) are called soft X-rays.

[0003] For example, an absorption contrast method obtains
an absorption image of an object by using the difference in
transmittance of X-rays passing through the object. Because
X-rays easily penetrate through an object, the absorption
image is used for internal crack detection of steel
materials and for security purposes such as baggage
inspection.

[0004] On the other hand, an X-ray phase imaging method
detects a phase shift of X-rays caused by an object. The X-

ray phase imaging method is effective for an object made of
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a material having a small density difference, because
absorption contrast of X-rays is not clear for such a
material. For example, the X-ray phase imaging method can
be used for imaging of polymer blends or for medical
applications.

[0005] Patent Literature 1 discloses a very convenient and
effective method of X-ray phase imaging that uses a
refraction effect due to phase shift of X-rays caused by an
object. To be specific, the method uses a microfocus X-raywn
source and utilizes an effect that the edge of an object is
detected in an enhanced manner owing to a refraction effect
of X-rays caused by the object when the distance between the
object and a detector is large. Because the method uses the
refraction effect, it is not necessary to use highly
coherent X-rays such as synchrotron radiation, which
distinguishes the method from many other X-ray phase imaging
methods.

[0006] Patent Literature 2 discloses an imaging apparatus
having a mask that blocks X-rays on an edge portion of the
pixel of the detector. By setting the mask so that a part
of the mask is irradiated with X-rays when an object is not
present, a displacement of X-rays due to a refraction effect
caused by the object can be detected as a change in
intensity.

Citation List

Patent Literature
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[0007] PTL 1 Japanese Patent Laid-Open No. 2002-102215
PTL 2 International Publication No. W02008/029107
Summary of Invention
Technical Problem
[0008] However, in order to obtain an edge-enhanced image
of an object by using the method described in Patent
Literature 1, it is necessary that the distance between the
object and the detector be sufficiently large with
consideration of the size of a pixel of the detector,
because the refraction angle due to the refraction effect of
X-rays caused by the object is very small. Therefore, the
method described in Patent Literature 1 requires a large
apparatus.
[0009] In contrast, the distance between an object and a
detector may be small with the method described in Patent
Literature 2, so that a small apparatus can be used.
However, because a mask that blocks X-rays is provided, a
displacement of X-rays incident on the blocking mask cannot
be detected. That is, high-precision analysis is difficult
because an insensitive region exists.
[0010] Moreover, the methods described in the Patent
Literature 1 and Patent Literature 2 have a problem in that
an absorption effect of X-rays and a phase effect of X-rays
cannot be separated from each othér if an object absorbs a
large amount of X-rays.

[0011] The present invention provides an X-ray imaging
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apparatus and a method of X-ray imaging for obtaining a
differential phase image or a phase image with consideration
of an absorption effect of X-rays caused by the object, in
which the size of the apparatus can be made smaller than
that of the method described in Patent Literature 1, and
with which an analysis having a precision higher than that
of the method described in Patent Literature 2 can be
pexrformed.

Solution to Problem

[0012] An X-ray imaging apparatus according to an aspect
of the present invention includes a splitting element that
spatially splits X-rays generated by an X-ray generator; a
first attenuation element on which X-rays split by the
splitting element are incident; a second attenuation element
on which X-rays split by the splitting element are incident,
the second attenuation element being disposed adjacent to
the first attenuation element; and a detecting unit
configured to detect intensities of X-rays that have passed
through the first attenuation element and the second
attenuation element, wherein the first attenuation element
and the second attenuation element are configured so that a
transmission amount of X-rays continuously changes in
accordance with a position at which the X-rays are incident,
and wherein the first attenuation element and the second
attenuation element are different from each other with

respect to an amount of change or a characteristic of change
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in a transmission amount of X-rays in a direction of a
displacement of the X-rays.

[0013] A method of X-ray imaging used in an X-ray imaging
apparatus, the method according to an aspect of the present
invention, includes generating X-rays:; spatially splitting
the X-rays: making X-rays that have been spatially split be
incident on a first attenuation element and a second
attenuation element, the second attenuation element being
disposed adjacent to the first attenuation element;
detecting intensities of X-rays that héve passed through the
first attenuation element and the second attenuation

. element; and calculating a differential phase image or a
phase image of an object using an X-ray transmittance, the
X-ray transmittance being calculated from the intensities of
X-rays that have been detected, wherein the first
attenuation element and the second attenuation element are
configﬁred so that a transmission amount of X-rays
continuously changes in accordance with a position at which
the X-rays are incident, and wherein the first attenuation
element and the second attenuation element are different
from each other with respéct to an amount of change or a
characteristic of change in the transmission amount of X-
rays in a direction of a displacement of the X-rays.
Advantageous Effects of Invention

[0014] The present invention provides an X-ray imaging

apparatus and a method of X-ray imaging that can obtain a
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differential phase image or a phase image with consideration
of an absorption effect of X-rays caused by the object, in
which the size of the apparatus can be made smaller than
that of Patent Literature 1, and with which an analysis
having a precision higher than that of Patent Literature 2
can be performed.

Brief Description of Drawings

[0015] Fig. 1 is a schematic view of an apparatus
according to first and second embodiments.

[0016] Fig. 2 is a schematic view of an attenuation unit
included in the apparatus according to the first embodiment.
[0017] Fig. 3 is a flowchart of a process performed by a
calculating unit included in the apparatus according to the
first embodiment.

[0018] Fig. 4 is a schematic view of an attenuation unit
included in an apparatus according to the second embodiment.
[0019] Fig. 5 is a schematic view of a CT apparatus
according to a third embodiment.

[0020] Fig. 6 is a flowchart of a process performed by a
calculating unit included in an apparatus according to the
third embodiment.

[0021] Fig. 7 is a schematic view of an apparatus
described as an example.

Description of Embodiments

[0022] Hereinafter, X-ray imaging apparatuses according to

embodiments of the present invention will be described.
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Each of the apparatuses uses a phase shift of X-rays caused
by an object, and is capable of obtaining a more precise
differential phase image and a more precise phase image of
an object even if the object has a high absorptance of X-
rays.

[0023] To be specific, the apparatus converts a
displacement of the incident position of X-rays, which is
due to the refraction effect of the X-rays caused by an
object, into intensity information of the X-rays and thereby
detects the displacement. At this time, first attenuation
elements each having an absorptance gradient (transmittance
gradient) and second attenuation elements disposed adjacent
to the first attenuation elements are used.

[0024] An attenuation element having an absorptance
gradient (transmittance gradient) refers to an element in
which the amount of X-rays absorbed (transmitted)
continuously changes in accordance with the incident
position of the X-rays. The attenuation element can be made
by changing the shape continuously or stepwise.
Alternatively, the attenuation element can be madé by
changing an amount of X-rays absorbed (transmitted) per unit
volume continuously or stepwise. In this description, the
term "continuously" may include the meaning of "stepwise".
[0025] The first attenuation element and the second
attenuation element are different from each other with

respect to the amount of change and the characteristic of



WO 2010/082687 PCT/JP2010/050748

change in the transmission amount of X-rays in the direction
of a displacement of the X-rays. For example, if a position
at which X-rays are incident changes between a state in
which an object is present and a state in which an object it
not present, the first attenuation element is configured so
that the transmissibn amount of X-rays decreases and the
second atténuation element is configured so that the
transmission amount of X-rays increases.

[0026] By using these elements, absorption information and
phase information can be independently obtained. Using the
absorption information, a more precise differential phase
image and a more precise phase image can be obtained.
Specific description will be given below.

First Embodiment

[0027] An X-ray imaging apparatus according to a first
embodiment obtains a transmittance image from a change in
the absorption of X-rays, that is, from a change in the
transmittance of X-rays. Moreover, the X-ray imaging
apparatus obtains a differential phase image and a phase
image from a phase shift of X-rays.

[0028] Fig. 1 is a schematic view of an X-ray imaging
apparatus according to the first embodiment. An X-ray
source 101 generates X-rays. On the optical path of the X-
rays, a splitting element 103, an object 104, an attenuation
unit 105, and a detector 106 are disposed. Movement units

109, 110, and 111 that use stepping motors or the like may
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be additionally provided so as to move the splitting eiement
103, the object 104, and the attenuation unit 105. The
object 104 can be appropriately moved so that an image of a
specific position of the object 104 can be obtained. X-rays
that have been generated by the X-ray source 101 are
spatially split by the splitting element 103. That is, the
splitting element 103 serves as a sample mask having a
plurality of apertures described in Patent Literature 2, and
the X-rays that have passed through the splitting element
103 become a bundle of X-rays. The splitting element 103
may have a slit array with a pattern of lines and spaces, or
may have holes that are arranged two-dimensionally.

[0029] As long as X-rays can pass through the slits in the
splitting element 103, it is not necessary that the slits
extend through the substrate of the optical element. The
material of the splitting element 103 can be selected from
substances having a high X-ray absorptance, such as Pt, Au,
Pb, Ta, and W.

[0030] The intervals between lines and spaces of the X-
rays, which have been split by the splitting element 103, at
the position of the detector 106 are equal to or larger than
the pixel size of the detector 106. That is, the size of
pixels that constitute an X-ray intensity detecting unit is
equal to or smaller than the spatial period of the X-rays at
the position of the detector 106.

[0031] The object 104 absorbs the sheet-shaped X-rays that



WO 2010/082687 PCT/JP2010/050748
10

have been spatially split by the splitting element 103,
changes the phases of the X-rays, and refracts the X-rays.
The X-rays that have been refracted are incident on the
attenuation unit 105. The detector 106 detects the
intensities of the X-rays that have passed through the
attenuation unit 105. A calculating unit 107 numerically
processes the information about the X-rays obtained by the
detector 106, and outputs the result of the processing to a
display unit 108.

[0032] Examples of the object 104 include a human body, an
inorganic material, and an inorganic-organic composite
material.

[0033] The detector 106 can be selected from, for example,
an X-ray flat panel detector, an X-ray CCD camera, and a
direct-conversion-type two-dimensional X-ray detector. The
detector 106 may be disposed adjacent to the attenuation
unit 105, or disposed at a distance from the attenuation
unit 105. Alternatively, the attenuation uhit 105 may be
incorporated in the detector 106.

[0034] In order to use monochromatic X-rays, a
monochromatizing unit 102 may be disposed between the X-ray
source 101 and the splitting element 103. The
monochromatizing unit 102 may be a combination of a
monochromator and slits, or an X-ray multilayer mirror. 1In
order to reduce blurring of an image caused by scattered X-

rays from the attenuation unit 105, a grid used for
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radiography may be disposed between the attenuation unit 105
and the detector 106.

[0035] Fig. 2 is a partial schematic view of the
attenuation unit 105. A reference X-ray 201 is an X-ray
that has been split when the object 104 is not present. An
X-ray 202 is an X-ray that has been refracted by the object
104.

[0036] As illustrated on the right-hand side of Fig. 2,
the attenuation unit 105 includes attenuation elements 204
(first attenuation elements) and attenuation elements 207
(second attenuation elements) that are alternately arranged
adjacent to one another. Each of the attenuation elements
204 has a linear density distribution with respect to the X
direction (a direction perpendicular to incident X-rays).
That is, each of the attenuation elements 204 has a density
variation that changes the degree of absorption of X-rays.
The higher the density, the less transparent the attenuation
element 204 is to X-rays. In other words, the attenuation
element 204 has an absorptance gradient that changes the
absorption amount (transmissioh amount) of X-rays in
accordance with the displacement of the X-rays. The
reference X-rays 201 and 205 can respectively be incident on
the middle positions of the attenuation elements 204 and 207
with respect to the X direction. The intensity I, of the
reference X-ray 201 that has passed through the attenuation

element 204 is expressed by equation (1).

11
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[Math. 1]

ﬂ)ﬁll‘

I = Ioe_(p

[0037] I, is the intensity of X-rays that have been
spatially split by the splitting element 103, p/p is the
effective mass absorption coefficient of the attenuation
element 204, p; is the density of the attenuation element 204
at a portion through which the reference X-ray 201 has
passed, and L is the thickness of the'attenuation element
204. The intensity I, of the X-ray 202 that has been
refracted by the object 104 and passed through the

attenuation element 204 is expressed by equation (2).

[Math. 2]
= foe

[0038] A is the X-ray transmittance of the object 104, and
p2 is the density of the attenuation element 204 at a portion
of the attenuation element 204 through which the X-ray 202
has passed. From equations (1).and (2), the difference in
the density of the attenuation element 204 with respect to
the reference X-ray 201 and the X-ray 202 is expressed by

equation (3).

[Math. 3]
1 I
Py = o = ——ln[ 2
L (ﬁ)L (AA)
p .
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[0039] The attenuation element 207 (second attenuation
element) is disposed adjacent to the attenuation élement 204
(first attenuation element). The attenuation element 207

has a density distribution that is symmetrical to that of
the attenuation element 204.

[0040] As with equation (3), the difference in the density
of the attenuation element 207 (second attenuation element)
with respect to the reference X-ray 205 and the X-ray 206 is
expressed by equation (4).

[Math. 4]

ol P, #1( L )

p'1 is the density of the attenuation element 207 at a
portion through which the reference X-ray 205 has passed,
and p'; is the density of the attenuation element 207 at a
portion through which the X-ray 206 has passed. I'; is_the
intensity of the reference X-ray 205 that has passed through
the attenuation element 207, and I', is the intensity of the
reference X-ray 206 that has passed through the attenuation
element 207.

[0041] Considering that the attenuation elements 204 and
207 have density distributions that are symmetrical to each
other and assuming that the distance between the reference
X-rays 201 and 205 is equal to the distance between the

refracted X-rays 202 and 206, equation (5) is obtained.

13



WO 2010/082687 PCT/JP2010/050748
14

[Math. 5]

pi-p, =—0) - p})

[0042] The X-ray transmittance A of the object 104 can be
calculated using equation (6) derived from equations (3),
(4), and (5).

[Math. 6]

A |Bb
LI

[0043] That is, the X-ray transmittance A can be obtained
from the intensity I; of the reference X-ray 201 and the
intensity I, of the X-ray 202 that have passed through the
attenuation element 204, and from the intensity I'; of the
reference X-ray 205 and the intensity I'; of the X-ray 206
that have passed through the attenuation element 207.

[0044] By substituting X-ray transmittance A into equation
(3) or (4), pLr - p2or p'y - p'2 can be obtained. Because the
density distribution of the attenuation element is known,
the displacement d of X-rays on the attenuation unit 105 can
be obtained from the density difference. Otherwise, a table
of the correspondence relation between the transmitted X-ray
intensity and the displacement 4 can be stored in the
calculating unit 107, storage, or the like. The
displacement d can be estimated from the measured intensity
using the data table. This data table can be prepared, for
respective attenuation elements 204, by moving the

attenuation unit 105 or the splitting element 103 and

14
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detecting the transmitted X-ray intensity at each of the
positions. Also, in preparing the data table, a single slit
having the same slit width as the splitting element 103 may
be employed, and the transmittéd X-ray intensity is detected
at the respective positions of the attenuation elements 204.
[0045] That is, a displacement due to refraction caused by
the object 104 can be obtained from a detected intensity.
[0046] In the example described above, the attenuation
elements 204 and 207 have density distributions that are
symmetric to each other. However it is not necessary that
the density distributions be symmetric to each other. As
shown in equation (5), the X-ray transmittance and the
displacement can be obtained from the relationship between
the density distributions of the two attenuation elements.
That is, it is sufficient that the transmission amounts of
the attenuation elements 204 and 207 change differently in
the direction of a displacement of X-rays.

[0047] This method calculates the transmittance using the
two attenuation elements and then obtains the displacement.
Therefore, a precise differential phase image or a precise
phase image can be obtained even if an object absorbs a
large amount of X-rays.

[0048] In this case, the spatial resolution is halved,
because the differential phase image and the like are formed
by using information about the intensities of X-rays that

have passed through two regions of the attenuation element

15
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204 and the attenuation element 207.

[0049] In order to suppress the reduction in the spatial
resolution, in addition to the above-described measurement,
measurement can be performed while moving the attenuation
unit 105 or the object 104 in the X direction by the length
of the attenuation element 204. Thus, information about the
X-ray transmittance A corresponding to a position of the
object 104 for which the displacement of the X-rays has been
measured previously can be obtained.

[0050] By using the attenuation unit 105, information
about the absorption effect of X-rays and information about
~the refraction effect of the X-rays can be independently
obtained. Moreover, by using the attenuation unit 105, the
displacement of X-rays that is equal to or smaller than the
pixel size of the detector 106 can be detected, whereby the
distance between the object and the detector can be reduced,
so that the apparatus can be reduced in size.

[0051] Fig. 3 is a flowchart of a process performed by the
calculating unit 107. First, information about the
intensity of each X-ray that has passed through the
attenuation unit 105 is obtained (S100). Next, the X-ray
transmittance A and the displacement d with respect to the
reference X-ray 201 are calculated from the information
about the intensity of each X-ray (S101). The refraction
angle A0 of each X-ray is expressed by equation (7) by using

the displacement d and the distance Z between the object 104
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and the attenuation unit 105.-

[Math. 7]

AB = tan'l(i)
YA

[6052] Using equation (7), the refraction angle AO of each
X-ray is calculated (S102). The refraction angle A0 and the
differential phase d¢/dx has the relationship expressed by
equation (8). '

[Math. 8]

[0053] A is the wavelength of the X-rays. For continuous
X-rays, the wavelength refers to the effective wavelength.
Using equation (8), the differential phase d¢/dx of each X-
ray is calculated (S103). The differential phase d¢/dx is
integrated in the X direction so as to calculate the phase ¢
(S104).

[0054] The transmittance image, the differential phase
d¢/dx, and the phase ¢, which have been calculated as
described above, can be displayed on the display unit 108
(S105).

[0055] With this structure, a slight displacement within a
small pixel of the detector 106 can be detected. Therefore,
it is not necessary that the distance between the object 104
and the detector 106 be large, and the apparatus can be

reduced in size. Moreover, an insensitive region does not

17
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exist, because the attenuation unit 105 is of a pass-
through-type that does not have a region that blocks X-raYs.
[0056] By increasing the distance between the object 104
and the detector 106, a smaller displacement of X-rays due
to refraction can be measured.

[0057] With the above-described structure, becausevthe
phase shift is detected by using the refraction effect of X-
rays, a differential phase image or an X-ray phase image
with consideration of an absorption effect can be obtaiﬁed
without necessarily using highly coherent X-rays.

[0058] The above-described apparatus obtains a
differential phase image or a phase image. However, a
transmittance image obtained form absorption information may
be displayed on the display unit 108.

[0059] In Fig. 2, the attenuation element has a density
that changes continuously. However, the attenuation element
may have a density that changes stepwise.

Second Embodiment

[0060] An apparatus according to a second embodiment
includes an attenuation unit illustrated in Fig. 4 instead
of the attenuation unit included in the first embodiment.
The structure of the apparatus is the same as the first
embodiment. The object 104 is irradiated with the X-rays
that have been spatially split by the splitting element 103,
and the X-rays that have passed through thé object 104 are

incident on the attenuation unit 105. Fig. 4 is a partial

18
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schematic view of the attenuation unit 105.

[0061] A reference X-ray 501 is an X-ray that has been
split when the object 104 is not present, and an X-ray 502
is an X-ray that has been refracted by the object 104.
Attenuation elements 504 (first attenuation elements) and
attenuation eléments 507 (second attenuation elements),
which are triangular prism shaped, are disposed
symmetrically. Similar attenuation elements may be made by
processing a plate-shaped member.

[0062] Because the attenuation elements 504 are triangular
prism shaped, the optical path lengths of X-rays that pass
through the attenuation elements 504 change in the X
direction. The intensity of the reference X-ray 501 that
has passed through the attenuation element 504 is expressed
by equation (9).

[Math. 9]

I, = Ie™

[0063] I, is the intensity of X-rays that have been
spatially split by the splitting element 103, p is the
effective linear absorption coefficient of the attenuation
element 504, and 1, is the optical path length of the
reference X-ray 501 in the attenuation element 504. The
intensity of the X-ray 502 that has been refracted by the
object 104 and passed through the attenuation element 504 is
expréssed by equation (10).

[Math. 101

19
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I, =1,4e™"

[0064] A is the X-ray transmittance of the object 104, and
1l is the optical path length of the X-ray 502 in the
attenuation element 504. Using equations (9) and (10) and
the vertex angle o of the attenuation element 504, the
displacement 4 on the attenuation unit 105 can be expressed
by equation (11).

[Math. 11]

[0065] As with the above-described case, by considering
the displacement d with respect to the attenuation element
507 (second attenuation element), the X-ray transmittance A
of the object 104 can be calculated using equation (12).

[Math. 12]

4o |
LI

[0066] That is, the X-ray transmittance A can be obtained
from the intensity I, of the reference X-ray 501 and the
intensity I, of the X-ray 502 that have passed through the
attenuation element 504, and from the intensity I'; of a
reference X-ray 505 and the intensity I', of an X-ray 506
that have passed through the attenuation element 507.

[0067] By substituting the X-ray transmittance A into
equation (11), dispiacement d can be obtained. Without

Equation (11), the displacement d can be estimated from the
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table as described in the first embodiment. In the above-
described case, the vertex angles of the two . attenuation
elements are the same, and the attenuation elements are
disposed symmetrically. However, the X-ray transmittance A
and the displacement d can be obtained when the attenuation
elements are not disposed symmetrically and the vertex
angles of the two attenuation elements are not the same.
[0068] This method calculates the transmittance using the
two attenuation elements and then obtains the displacement.
Therefore, a precise differential phase image or a precise
phase image can be obtained even if an object absorbs a
large amount of X-rays.

[0069] In this case, the spatial resolution is halved,
because the differential phase image and the like are formed
by using information about the intensities of X-rays that
have passed through two regions of the attenuation element
504 and the attenuation element 507.

[0070] In order to suppress the reduction in the spatial
resolution, in addition to the above-described measurement,
measurement can be performed while moving the attenuation.
unit 105 or the object 104 in the X direction by the length
of the attenuation element 504. Thus, information about the
X-ray transmittance A corresponding to the position of the
object 104 for which the displacement of the X-rays has been
measured previously can be obtained.

[0071] Because the attenuation element 504 is triangular
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prism shaped, the displacement 4 can be determined from the
ratio of the intensity of the reference X-ray 501 to the
intensity of the X-ray 502 at any position on the
attenuation element 504. The X-rays that have passed
through the attenuation unit 105 are detected by the X-ray
detector 106.

[0072] As illustrated in Fig. 3, using the detected data,
the calculating unit 107, which is similar to that of the
first embodiment, calculates the transmittance A, the
differential phase d¢/dx, and the phase ¢. The results of
the calculation can be displayed on the display unit 108.
[0073] With this structure, a slight displacement of X-
rays within a small pixel of the detector 106 can be
detected. Therefore, it is not necessary that the distance
between the object 104 and the detector 106 be large, and
the apparatus can be reduced in size. Moreover, a dead
region does not exist, because the attenuation unit 105 is
of a pass-through-type that does not have a region that
blocks X-rays.

[0074] By increasing the distance between the object 104
and the detector 106, a smaller displacement of X-rays due
to refraction can be detected.

[0075] With the above-described structure, because the
phase shift is detected by using the refraction effect of X-
rays, a differential phase image or an X-ray phase image

with consideration of an absorption effect can be measured
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without necessarily using highly coherent X-rays.

[0076] The above-described apparatus obtains a
differential phase image or a phase image. However, a
transmittance image obtained form absorption information may
be diéplayed on the display unit 108.

[0077] In Fig. 4, the attenuation element has a shape that
changes continuously. However, the attenuation element may
have a shape that changes stepwise.

Third Embodiment

[0078] An apparatus according to a third embodiment
obtains a three-dimensional absorption distribution and a
phase distribution by using the principle of computed
tomography (CT).

[0079] Fig. 5 illustrates an apparatus according to the
third embodiment. An X-ray source 401, a splitting element
403, an attenuation unit 405, and an X-ray detectof 406 can
be rotated around an object 404 by a movement unit in a
synchronized manner. The splitting element 403 spatially
éplits X-rays, the object 404 is irradiated with the X-rays,
and the X-rays that have passed through the object 404 are
incident on the attenuation unit 405.

[0080] Owing fo the attenuation unit 405, the amount of
the X-rays that have been split and absorbed by the object
404 and small displacements of the X-rays due to refraction
can be obtained. The X-rays that have passed through the

attenuation unit 405 are detected by the X-ray detector 406.
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As with the first and second embodiments, imaging may be
performed while moving the object 404 or the attenuation
unit 405. Projection data of the object 404 can be obtained
by performing imaging while the X-ray source 401, the
‘splitting element 403, the attenuation unit 405, and the X-
ray detector 406 are being rotated around the object 404 in
a synchronized manner. The object 404 may be rotated so as
to obtain the projection data, instead of rotating the
splitting element 403, the attenuation unit 405, and the X-
ray detector 406.

[0081] Fig. 6 is a flowchart of a process performed by a
calculating unit 407. First, information about the
intensity of each X-ray that has passed through the
attenuation unit 405 is obtained (S200).

[0082] Next, the X-ray transmittance A is obtained from
the information about the intensity of each X-ray, and the
displacement 4 with respect to the reference X-ray 501 is
calculated (S201). Using the displacement d and the
distance Z between the object 404 and the attenuation unit
405, the refraction angle (A6) of each X-ray is calculated
(S202). The differential phase d¢/dx of each X-ray is
calculated from the refraction angle A0 (S203).

[0083] The differential phase d¢/dx is integrated in the X
direction.so as to calculate the phase ¢ (S204).

[0084] The series of operations (S201 to S204) are

performed for all projection data. By applying an image
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reconstruction method (for example, a filter backprojection
method) of computed tomography to the absorption images and
the phase images of all the projection data, tomographic
images are obtained (S206). The tomographic images can be
displayed on a display unit 408 (S205).

[0085] With this structure, the CT apparatus can be
reduced in size. Moreover, because the apparatus uses the
refraction effect of X-rays, the CT apparatus can
nondestructively obtain a three-dimensional linear
absorption coefficient image and a phase image of an object
without necessarily using highly coherent X-rays.

Other Embodiments

[0086] Each of the above-described embodiments includes
attenuation elements each having an absorptance gradient
(transmittance gradient) in one direction. However, the
attenuation element may have an absorptance gradient
(transmittance gradient) in more than one directions. For
example, by providing the attenuation element with
absorption gradients in the X and Y directions, two-
dimensional phase gradient can be measured. Examples of a
shape having gradients in the X and Y directions include a
pyramidal shape and a conical shape.

[0087] Alternatively, a two-dimensional phase gradient can
be detected by using an attenuation unit including two types
of attenuation elements arranged in a plane, one type of the

attenuation elements each having a gradient in the X
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direction and the other type of the attenuation elements
each having a gradient in Y direction. |

[0088] As a further alternative, attenuation elements each
having gradients in the X direction and in the Y direction
may be stacked on top of one another.

[0089] As described above, the X-ray imaging apparatus
according to an embodiment the present invention includes a
first element configured to obtain first intensity data and
a second element configured to obtain second intensity data,
the second element being disposed adjacent to the first
element. The X-ray imaging apparatus further includes a
calculation unit that calculates the amount of phase shift
of X-rays using the first and second intensity data. The
calculation unit obtains the amount of phase shift of X-rays
caused by the object using the first or second intensity
data on the basis of the X-ray transmittance obtained by the
calculation unit.

[0090] The X-ray imaging method according to an embodiment
of the present invention includes obtaining first intensity
data using a first element, obtaining second intensity data
using a second element, the second element being disposed
adjacent to the first element, and obtaining an X-ray
transmittance of an object using the first and second
intensity data. The method further includes obtaining the
amount of phase shift of X-rays using the first or second

intensity data on the basis of the X-ray transmittance that
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has been obtained.
Example
[0091] Fig. 7 is a schematic view of an apparatus
described as an example.
[0092] As an X-ray generator, an X-ray source 701 that is

a Mo target rotating-cathode-type X-ray generating apparatus
was used. A monochromator 702 made of high orientation
pyrolytic graphite (HOPG) was used as a monochromatizing
unit of X-rays so as to extract characteristic X-rays 6f Mo.
[0093] A splitting element 703 was disposed at a position
thét is 100 cm away from the X-ray source. The X-rays that
had been monochromatized by the monochromator 702 were
spatially split by the splitting element 703. As the
splitting element 703, a tungsten (W) plate that has a
thickness 100 um and slits arranged therein, each of the
slits having a width of 40 pm, was used. The intervals
between the slits were 150 um on an attenuation unit 705.
Besides W, materials such as Au, Pb, Ta, and Pt can be used.
[0094] An object 704 was irradiated with X-rays split by
the splitting element 703. The attenuation unit 705 was
disposed at a position that was 50 cm away from the object
704. The X-rays that had.passed through the object 704 were
incident on the attenuation unit 705. Movement units 709,
710, and 711 using stepper motors were respectively provided
to the éplitting element 703, the object 704, and the

attenuation unit 705.
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[0095] The attenuation unit 705 had a structure in which
triangular prisms made of Ni are arranged on a carbon
substrate having a thickness of 1 mm. The length of a side
of a triangle that is a section of each triangular prism was
300 pm, and the height of the triangular prism was 75 um.
Using an X-ray detector 706, which serves as a detecting
unit and is disposed right behind the attenuation unit 705,
the intensity of X-rays that have passed through the
attenuation unit 705 was detected. Sﬁbsequently, the
attenuation unit 705 was moved by 150 um with the movement
unit 711 in the direction in which the triangular prisms
were arranged, and a similar measurement was performed. As
the X-ray detector 706, a flat panel detector having a pixel
size of 50 pym x 50 pm was used. The sum of the intensities
of the X-rays for three pixels arranged in the.direction in
which the triangular prisms were arranged was used as the
intensity of the X-rays for one attenuation element.

[0096] Using a change in the intensity of each X-ray from
the intensity obtained when similar imaging was performed
without the object 704, a calculating unit 707 calculated
the X-ray transmittance A of the object 704, so that a
transmittance image was obtained. The calculating unit 707
also calculated the displacement 4 using equation (8) and
the refraction angle A6 using equation (4).

[0097] The amount of differential phase was calculated

from the refraction angle A0 using equation (5), and a phase
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distribution image was obtained by spatially integrating the
amount of differential phase.

[0098] The X-ray transmittance image, the X-ray
differential phase image, and the X-ray phase image, which
had been calculated by the calculating unit 707, were
displayed on a PC monitor that served as a display unit 708.
[0099] While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
‘such modifications and equivalent structures and functions.
[00100] This application claims the benefit of Japanese
Patent Application No. 2009-006862 filed January 15, 2009
and No. 2009-264411 filed November 19, 2009, which are
hereby incorporated by reference hefein in their entirety.
Reference Signs List

[00101] 101 X-ray source

102 monochromatizing unit

103 splitting element

104 object

105 attenuation unit

106 detector

107 computing unit

108 display unit

109 movement unit
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201
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293
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207
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movement unit
movement unit
reference X-ray
X-ray

attenuation unit
attenuation element
reference X-ray
X-ray

attenuation element
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CLAIMS

[1] An X-ray imaging apparatus comprising:

a splitting element that spatially splits X-rays
generated by an X-ray genérator;

a first attenuation element on which X-rays split by
the splitting element are incident;

a second attenuation element on which X-rays split by
the splitting element are incident, the second attenuation
element being disposed adjacent to the first attenuation
element; and

a detecting unit configured to detect intensities of X-
rays that have passed through the first attenuation element
and the second attenuation element,

wherein the first attenuation element and the second
attenuation element are configured so that a transmission
amount of X-rays continuously changes in accordance with a
position at which the X-rays are incident, and

wherein the first attenuation element and the second
attenuation element are different from each other with
respect to an amount of change or a characteristic of change
in a transmission amount of X-rays in a direction of a

displacement of the X-rays.

[2] The X-ray imaging apparatus according to Claim 1,

further comprising:
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a calculating unit configured to calculate a
differential phase image or a phase image of an object using
an X-ray transmittance that is calculated from the

intensities of X-rays detected by the detecting unit.

[3] The X-ray imaging apparatus according to Claim 2,
wherein the calculating unit calculates a transmittance
image of the object from the intensities of X-rays detected

by the detecting unit.

[4] The X-ray imaging apparatus according to any one of
Claims 1 to 3,

wherein a thickness of the first or second attenuation
element continuously changes in a direction perpendicular to
a direction of X-rays incident on the first or second

attenuation element.

[5] The X-ray imaging apparatus according to Claim 4,
wherein the first or second attenuation element is a

structure having a shape of a triangular prism.

[6] The X-ray imaging apparatus according to any one of
Claims 1 to 5,

wherein a density of the first or second attenuation
element continuously changes in a direction perpendicular to

a direction of X-rays incident on the first or second
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attenuation element.

[7] A method of X-ray imaging used in an X-ray imaging
apparatus, the method comprising:

generating X-rays:

spatially splitting the X-rays;

making X-rays that have been spatially split be
incident on a first attenuation element and a second
attenuation element, the second attenuation element being
disposed adjacent to the first attenuation element;

detecting intensities of X-rays that have passed
through the first attenuation element and the second
attenuation element; and

calculating a differential phase image or a phase image
of an object using an X-ray transmittance, the X-ray
transmittance being calculated from the intensities of X-
rays that have been detected, .

wherein the first attenuation element and the second
attenuation element are configured so that a transmission
amount of X-rays continuously changes in accordance with a
position at which the X-rays are incident, and

wherein the first attenuation element and the second
attenuation element are different from each other with
respect to an amount of change or a characteristié of change
in the transmission amount of X-rays in a direction of a

displacement of the X-rays.
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[8] An X-ray imaging apparatus comprising:

a first element configured to obtain first intensity
data;

a second element configured to obtain second intensity
~data, the second element being disposed adjacent to the
first element; and

a calculation unit configured to calculate an X-ray
transmittance of an object using the first and second

intensity data.

[9] The X-ray imaging apparatus according to Claim 8,
wherein the calculating unit is configured to calculate
an amount of phase shift of X-rays using the firstvor second
intensity data on the basis of the X-ray transmittance
calculated by the calculating unit, the phase shift of X-

rays being caused by the object.

[10] An X-ray imaging method comprising:

obtaining first intensity data using a first element;

obtaining second intensity data using a second element,
the second element being disposed adjacent to the first
element; and

obtaining an X-ray transmittance of an object using the

first and second intensity data.
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[11] The method of X-ray imaging according to Claim 10,

further comprising:
obtaining an amount of phase shift of X-rays using the
first or second intensity data on the basis of the X-ray

transmittance, the phase shift being caused by the object.
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