wo 2013/032019 A 1[I I NPF V00000 0 A0 O

(43) International Publication Date

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

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/032019 A1l

7 March 2013 (07.03.2013) WIPO I PCT
(51) International Patent Classification: ON KABUSHIKI KAISHA, 30-2, Shimomaruko 3-chome,
HO01J 35/08 (2006.01) Ohta-ku, Tokyo, 1468501 (JP). UEDA, Kazuyuki [JP/JP];
(21) International Application Number: C/O CANON KABUSHIKI KAISHA, 30-2, Shimomaruko
PCT/IP2012/072522 3-chome, Ohta-ku, Tokyo, 1468501 (JP).
. - (74) Agents: ABE, Takuma et al.; C/O CANON KABUSHIKI
(22) International Filing Date: KAISHA, 30-2, Shimomaruko 3-chome, Ohtaku, Tokyo,
29 August 2012 (29.08.2012) 1468501 (JP).

(25) Filing Language: English (81) Designated States (uniess otherwise indicated, for every
(26) Publication Language: English kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(30) Priority Data: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
2011-189112 31 August 2011 (31.08.201 1) JP DO, DZ, EC, EE, EG, ES, FI; GB, GD, GE, GH, GM, GT,
(71) Applicant (for all designated States except US): CANON HN, HR, HU, ID, IL, IN, IS, KE, KG, KM, KN, KP, KR,
KABUSHIKI KAISHA [JP/JP]; 30-2, Shimomaruko 3- KZ LA, IC, IK, LR, LS, LT, LU, LY, MA, MD, ME,
chome, Ohta-ku, Tokyo, 1468501 (JP). MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
(72) Inventors; and SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,

(75) Inventors/Applicants (for US only): OGURA, Takao TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

[JP/JP]; C/O CANON KABUSHIKI KAISHA, 30-2,

(84) Designated States (uniess otherwise indicated, for every

Shimomaruko 3-chome, Ohta-ku, Tokyo, 1468501 (JP).
YANAGISAWA, Yoshihiro [JP/JP]; C/O CANON KA-
BUSHIKI KAISHA, 30-2, Shimomaruko 3-chome, Ohta-
ku, Tokyo, 1468501 (JP). TAMURA, Miki [JP/JP];, C/O
CANON KABUSHIKI KAISHA, 30-2, Shimomaruko 3-
chome, Ohta-ku, Tokyo, 1468501 (JP). NOMURA, Ichiro
[JP/JP]; C/O CANON KABUSHIKI KAISHA, 30-2,
Shimomaruko 3-chome, Ohta-ku, Tokyo, 1468501 (JP).
HIROKI, Tamayo [JP/JP]; C/O CANON KABUSHIKI
KAISHA, 30-2, Shimomaruko 3-chome, Ohta-ku, Tokyo,
1468501 (JP). MATSUTANI, Shigeki [JP/JP]; C/O CAN-

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, 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, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: X-RAY GENERATOR AND X-RAY IMAGING APPARATUS

FIG. 1B

(57) Abstract: Provided is an X-ray generator including an electron passage (5) in an electron-passage forming member (4) and a
target (1) on an insulative substrate (3). The transmission X-ray generator irradiates the target with electrons (12) that have passed
through the electron passage to generate X-rays (15). The target (1) is provided at a central region of the substrate (3); the electron
passage accommodates a secondary-X-ray generating section (6) that generates X-rays by irradiation with electrons reflected (13)
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radiation (15) of the target with the electrons and X-rays generated by irradiation of the secondary-X-ray generating section with the
electrons reflected from the target (16) are radiated to the outside; and at least part of the peripheral region of the substrate has high -
er transmittance for the X-rays generated at the secondary-X-ray generating section than the central region of the substrate.
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DESCRIPTION

X-RAY GENERATOR AND X-RAY IMAGING APPARATUS

Technical Field

[0001] The present invention relates to a transmission X-
ray generator applicable to X-ray imaging for diagnosis in
the medical field, nondestructive inspection in the field of
industrial equipment, and so on, and to an X-ray imaging
apparatus including the same.

Background Art

[0002] The X-ray generation efficiency of transmission X-
ray generators that irradiate a transmission target with
electrons to generate X-rays 1s generally extremely low.
When accelerating electrons to high energy and irradiating
the target to generate X-rays, only about 1% or less of the
energy of the colliding electrons becomes X-rays, and the
remaining about 99% or more becomes heat. Thus, an increase
in X-ray generation efficiency is required. When electrons
collide with the target, reflected electrons are generated.
It is known that the reflected electrons do not contribute
to generation of X-rays for use.

[{0003] PTL 1 discloses an X-ray tube whose X-ray
generation efficiency is increased by disposing an anode

member having a conical channel whose opening diameter is
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decreased from an electron source toward a target between
the electron source and the target and by elastically
scattering the electrons on the channel surface to let the
electrons incident on the target.
[0004] PTL 2 discloses a transmissive X-ray target in
which target metal is formed on a ceramic or glass X-ray
transmission window substrate.
Citation List
Patent Literature
[0005] PTL 1 Japanese Patent Laid-Open No. 9-171788

PTL 2 Japanese Patent Laid-Open No. 2002-352754
Summary of Invention
Technical Problem
[0006] The technique described in PTL 1 provides a micro-
focus X-ray tube in which the number of electrons incident
on the target is substantially increased. However, the X-
ray generation efficiency of the X-ray tube is not always
sufficient to use it for an X-ray imaging apparatus. The
technique described in PTL 2 can prevent charging-up of the
target but does not increase the X-ray generation efficiency.
Solution to Problem
[{0007] To solve the above problems, the present invention
provides an X-ray generator including an electron passage
formed by surrounding the periphery thereof with an

electron-passage forming member; and a target provided on an
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insulative substrate and irradiated with electrons that have
passed through the electron passage to generate X-rays,
wherein the target is provided at a central region of the
substrate; the electron passage accommodates a secondary-X-
ray generating section that generates X~rays by irradiation
with electrons reflected from the target; the secondary-X-
ray generating section and the target are disposed so that
both of X-rays generated by direct irradiation of the target
with the electrons and X-rays generated by irradiation of
the secondary-X-ray generating section with the electrons
reflected from the target are radiated to the outside; and
at least part of the peripheral region of the substrate, the
peripheral region being not covered by the target, has
higher transmittance for the X-rays generated at the
secondary-X-ray generating section than the central region
of the substrate, the central region being covered with the
target.

Advantageous Effects of Invention

[0008] According to some embodiments of the present
invention, in addition to X-rays generated at a transmission
target, X-rays generated due to reflected eléctrons
generated at the transmission target can be efficiently
extracted to the outside. Thus, the X-ray generation
efficiency can be improved, and hence a high-output

transmission X-ray generator suitable for X-ray imaging can
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be provided.
Brief Description of Drawings
[0009] Fig. 1A is a schematic diagram showing the
configuration of an X-ray tube according to a first
embodiment of the present invention.

Fig. 1B is an enlarged view of the vicinity of a target.

Fig. 1C is a plan view of a target unit, as viewed from
the target side.

Figs. 2A to 2C are schematic diagrams showing the
relationship between an angle 8 formed by a secondary-X-ray
generation surface and the target and the radiating
direction of X-rays.

Figs. 3A and 3B are diagrams explaining the exit angle
dependency of X-ray intensity. |

Figs. 4A to 4C are diagrams explaining the collision
density distribution of the reflected electrons.

Fig. 5A is an enlarged view of the vicinity of the
target of an X-ray tube according to a second embodiment of
the present invention.

Fig. 5B is an enlarged view of the vicinity of the
target of an X~ray tube according to a third embodiment of
the present invention.

Fig. 6A is an enlarged view of the vicinity of the
target of an X-ray tube according to a fourth embodiment of

the present invention.
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6B is an enlarged view of the vicinity of the

target of an X-ray tube according to a fifth embodiment of

the present invention.

Fig.
according
Fig.
Fig.
according
Fig.
Fig.
according
Fig.
Fig.
according
Fig.
Fig.
according
Fig.
Fig.
according
Fig.
Fig.
according
Fig.

Fig.

7A is a schematic diagram of another target

to
7B
7C
to
7D
8A
to
8B
8C
to
8D
9A
to
9B
9C
to
9D
9B
to
oF

10

an
is
is
an
is
is
an
is
is
an
is
is
an
is
is
an
is
is
an
is

is

embodiment of the present invention.

a plan view of the target unit in Fig.

a schematic diagram of another target

embodiment of the present invention.

a plan view of the target unit in Fig.

a schematic diagram of another target

embodiment of the present invention.

a plan view of the target unit in Fig.

a schematic diagram of another target

embodiment of the present invention.

a plan view of the target unit in Fig.

a schematic diagram of another target

embodiment of the present invention.

a plan view of the target unit in Fig.

a schematic diagram of another target

embodiment of the present invention.

a plan view of the target unit in Fig.

a schematic diagram of another target

embodiment of the present invention.

a plan view of the target unit in Fig.

a block diagram of an X-ray imaging

unit

TA.

unit

1C.

unit

8A.

unit

8C.

unit

9A.

unit

9C.

unit

9E.



WO 2013/032019 PCT/JP2012/072522

apparatus according to a sixth embodiment of the present
invention.

Description of Embodiments

[0010] A target unit of according to embodiments of the
present invention includes a target support substrate
(hereinafter referred to as a substrate) 3 and a
transmission target (hereinafter referred to as a target) 1
placed on the substrate 3.

First Embodiment

[0011] Fig. 1A is a schematic diagram of a transmission X-
ray generating tube (hereinafter referred to as an X-ray
tube) 11 of a first embodiment of the present invention.
Fig. 1B is an enlarged view of the vicinity of the target 1
in Fig. 1A. Fig. 1C is a plan view of the target unit in
Fig. 1A, as viewed from the target side.

[0012] A vacuum container 10 is used to maintain the
interior of the X-ray tube 11 under vacuum and is formed of
a glass or ceramic material or the like. The degree of
vacuum in the vacuum container 10 is preferably about 10™* to
10"® Pa. The vacuum container 10 has an opening, to which an
electron-passage forming member 4 having an electron passage
5 is joined. The substrate 3 is joined to the inner wall
surface of the electron passage 5 to tightly seal the vacuum
container 10.

{0013] An electron emission source 7 is disposed in the
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vacuum container 10 so as to face the target 1. The
electron emission source 7 may be a tungsten filament, a hot
cathode, such as an impregnated cathode, or a cold cathode,
such as a carbon nanotube. Electrons 12 emitted from the
electron emission source 7 enter at an end of the electron
passage 5 formed in the electron-passage forming member 4,
pass through the electron passage 5, and irradiate the
target 1 provided at the other end of the electron passage 5
to generate X-rays 1l4. A voltage Va applied between the
electron emission source 7 and the target 1 is about 40 kV
to 150 kV, although depending on the application of the X-
rays. A collimator for limiting the radiation field of X-
rays may be disposed outside the X-ray tube 11.

[0014] The target 1 is disposed in the central region of
the surface of the substrate 3 adjacent to the electron
emission source 7 on which an electrically conducting layer
2 is provided. The electron-passage forming member 4 is
disposed between the target 1 and the electron emission
source 7, in which the electron passage 5 whose both ends
are open is formed by surrounding the periphery thereof with
the electron-passage forming member 4. The cross-sectional
area of at least the end of fhe electron passage 5 adjacent
to the target 1 continuously increases as compared with the
opposite side. The inner wall surface of the increased-

cross—-sectional-area region of the electron passage 5 serves
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as a secondary-X-ray generating section 6. The secondary-X-
ray generating section 6 is hereinafter referred to as a
secondary-X-ray generation surface because it is shaped like
a surface. It is sufficient that at least part of the inner
wall surface of the increased-cross-sectional-area region of
the electron passage 5 serve as the secondary—X—ray
generation surface 6. The secondary-X-ray generation
surface 6 may either be formed as part of the inner wall
surface of the electron passage 5 or be formed, in the
electron passage 5, of a member different from that of the
electron passage 5.

[0015] With the above configuration, the electrons 12
emitted from the electron emission source 7 pass through the
electron passage 5 and collide with the target 1. Since the
accelerated electrons 12 collide with the region of the
target 1 irradiated with the electrons, X-rays 15 are
generated. The generated X-rays 15 pass through the
electrically conducting layer 2 and the substrate 3 and are
radiated outside the X-ray tube 11. Although part of the X-
rays 15 is attenuated due to self-absorption of the target 1
and also by the substrate 3 serving also as an X-ray
transmission window, the degree of attenuation is low, and
is substantially permissible. Preferably, the diameter dl
of the target 1 shown in Figs. 1B and 1C is substantially

equal to the diameter of the cross section of the electrons
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12 (electron beam). Even if there is a slight difference
therebetween, there is no substantial difference although
the effect is limited.

[0016] When the electrons 12 collide with the target 1,
reflected electrons 13 are generated, as well as the X-rays
15. The reflected electrons 13 generated at the target 1
collide with the secondary-X-ray generation surface 6 to
generate X-rays 16. At least part of the generated X-rays
16 (hereinafter also referred to as secondary X-rays) passes
through the substrate 3 and is radiated outside the X-ray
tube 11.

[0017] The reflected electrons 13 amount to 20% to 60% of
the electrons that have collided with the target 1, although
depending on the material, surface state, and so on of the
target 1. The acceleration voltage when the reflected
electrons 13 collide with the secondary-X-ray generation
surface 6 is lower than the acceleration voltage of the
electrons 12 emitted by the electron emission source 7. The
degree also depends on the material and surface state of the
target 1, the direction of emission, and so on. Therefore,
the energy of the secondary X-rays (X-rays 16) is lower than
the energy of the X-rays 15. Although the secondary X-rays
are radiated in all directions from the secondary-X-ray
generation surface 6 with which the reflected electrons 13

collide, using a material that can block the X-rays as the
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electron-passage forming member 4 allows most of the
secondary X-rays 16 radiated backwards to be blocked by the
inner wall of the electron passage 5. The secondary X-rays
16 radiated forwards can be used for imaging as are the X-
rays 15 because they are radiated through the target 1.
[{0018] Next, a preferable range of an angle 0 that is
formed by the secondary-X-ray generation surface 6 with the
target 1 will be described. Figs. 2A to 2C show the X-rays
16 generated at the secondary-X-ray generation surface 6
after the reflected electrons 13 collide with the secondary-
X~ray generation surface 6, showing the positional
relationship between the X-rays 16 generated at any angle 01
with respect to a perpendicular line of the target 1 and the
components. Fig. 2A shows a case where 6 > 90°, Fig. 2B
shows a case where 8 = 90°, and Fig. 2C shows a case where 0
< 90°. If ©6 > 90°, as in Fig. 2A, much of the generated X- -
rays 16 is absorbed through the secondary-X-ray generation
surface 6, and thus only a little is radiated to the outside.
If 6 = 90°, as in Fig. 2B, about half of the generated X-
rays 16 is absorbed in the secondary-X-ray generation
surface 6. If 6 < 90°, as in Fig. 2C, much of the generated
X-rays 16 (at least about half or more) is radiated to the
outside without being absorbed. Thus, setting at 6 < 90°,
that is, forming the electron passage 5 whose end adjacent

to the target 1 is increased in cross-sectional area as
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compared with the end opposite the target 1 reduces the
proportion of the generated X~rays 16 absorbed in the
secondary-X~-ray generation surface 6, thus increasing the
amount of X-rays 16 extracted.

[0019] A preferable range of the angle 0 can also be set
in consideration of the exit angle dependency of the X-ray
intensity. Figs. 3A and 3B are diagrams explaining the exit
angle dependency of the X-ray intensity. Fig. 3A shows a
state in which the reflected electrons 13 are incident on
the secondary-X-ray generation surface 6, and the generated
X-rays 16 exit at an exit angle ¢, and Fig. 3B shows the
relationship between the X-ray exit angle ¢ in Fig. 3A and
X-ray intensity. Since the reflected electrons 13
accelerated to 10 kV to 200 kV enter about a few pum inside
the secondary-X-ray generation surface 6 without heavily
depending on the incident angle, much of the X-rays 16 is
also generated about a few um inside the secondary-X-ray
generation surface 6. The generated X-rays 16 are radiated
at various angles. If the X-ray exit angle ¢ in Fig. 3A is
small, the distance of passage of the X-rays 16 in the
secondary-X-ray generation surface 6 1is long. Therefore,
for example, if ¢ < 5°, the X-ray intensity rapidly
decreases as ¢ decreases, as shown in Fig. 3B. Accordingly,
if the lower limit of the exit angle ¢ is set to ¢, in

consideration of the exit angle dependency of the X-ray
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intensity, a preferable range of the angle 6 is B < 90 - ¢q,
in addition to the above-described preferable range.
Referring to Fig. 3B, if ¢o is set to 5°, O < 85° is given.
The lower limit of 6 is 10° < @ in consideration of a
threshold value for causing the electrons 13 reflected by
the target 1 to collide with the inner wall surface with
efficiency. Thus, a preferable range of the angle 0 is 10° <
0 < 85°.

[0020] Next, a preferable range of a region where the
secondary-X-ray generation surface 6 is formed will be
described with reference to Figs. 4A to 4C. Here, a
preferable range of the distance Z between the target 1 and
the end of the secondary-X-ray generation surface 6 remote
from the target 1 (a secondary-X-ray-generation-surface
formation distance) will be described. The preferable range
of the distance Z can be set in consideration of the
distribution of the density of the reflected electrons 13
generated at the target 1 which have reached the periphery.
Figs. 4A to 4C are diagrams explaining the collision density
distribution of the reflected electrons 13. Fig. 4A is a
schematic diagram for use in calculation; Fig. 4B is a graph
showing the collision density distribution of the reflected
electrons 13 generated due to the incident electrons 12; and
Fig. 4C i1s a diagram showing the integral of the collision

density of the reflected electrons 13. In Fig. 4A, if the
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width of the opening perpendicular to the direction z
{coordinate) 1s 2R, most of the reflected electrons 13,
about 80% of all, reaches the peripheral surface where the
distance {(coordinate) z is 2R or less. If the distance z is
4R_or less, about 95% of all reaches the peripheral surface.
Accordingly, if the opening width of the electron passage 4
is 2R, preferably, the secondary-X-ray generation surface 5
is formed at a region where the distance z is at least 2R or
less, more preferably, 4R or less. If the distance z is 20R,
the collision density of the reflected electrons 13 becomes
substantially zero. Accordingly, preferably, the opening
width 2R of the electron-passage forming member 3 and the
formation distance (height) Z of the secondary-X-ray
generation surface satisfy the relation, 2 € Z/R £ 20. More
preferably, they satisfy the relation, 4 £ Z/R £ 20.

[0021)] In Fig. 1B, although the secondary-X-ray generation
surface 6 is formed over the entire surface of the inner
wall of the increased-cross-sectional-area region of the
electron passage 5, the secondary-X-ray generation surface 6
does not necessarily need to be formed over the entire
surface of the inner wall of the increased-cross-sectional
region of the electron passage 5. The secondary-X-ray
generation surface 6 may be formed on a region including the
range of the preferable distance Z.

[0022] The secondary-X-ray generating section 6 and the
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target 1 are disposed so that both the X-rays 15 generated
when the electrons 12 are radiated directly onto the target
1 and the X-rays 16 generated when electrons 13 reflected by
the target 1 irradiates the secondary-X-ray generating
section 6 are radiated to the outside. The secondary-X-ray
generating section 6 may be disposed over the target 1 so as
to cover the surface thereof irradiated with the electrons
12. The secondary-X-ray generation surface 6 may either be
formed as part of the innervwall surface of the electron
passage 5 or be formed, in the electron passage 5, of a
member different from that of the electron passage 5.

[0023] The target 1 may be formed of a material having a
high melting point and high X-ray generation efficiency.
Suitable examples of such a material are metals with atomic
numbers equal to or greater than 26, such as tungsten,
tantalum, and molybdenum. A preferable thickness of the
target 1 is about several pum to several tens um to reduce
absorption when the generated X-rays pass through the target
1.

[0024] If the electrically conducting layer 2 is provided
merely to prevent charging~up of the target unit, there is
no limitation to the kind and thickness of the material
provided that it has electrical conductivity. However,
since the present invention is made to provide the

electrically conducting layer 2 with the function of
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extracting the X-rays generated at the secondary-X-ray
generation surface 6 to the outside, the kind and thickness
of the material have some influence. Generation of X-rays
16 at the secondary-X-ray generation surface 6, an
extraction method for the X-rays 16, and the kind of the
material will be described in detail below.

[0025] A suitable material for the substrate 3 has a
sufficient strength to support the target 1 and absorbs
little X-rays 15 and 16 generated at the target 1 and the
secondary-X-ray generation surface 6. The material may have
high thermal conductivity so as to radiate heat generated in
the target 1, such as diamond, silicon nitride,‘aluminum,
and nitride. An appropriate thickness of the substrate 3 is
about 0.1 mm to several mm. An insulative material may also
be used.

[0026] The secondary-X-ray generation surface 6 may be
formed of a material having a high melting point and high X-
ray generation efficiency. Suitable examples of such a
material are metals with atomic numbers equal to or greater
than 26, such as tungsten, tantalum, and molybdenum. A
preferable thickness of the secondary-X-ray generation
surface 6 is larger than the intrusion length of electrons,
preferably, several pum or more. The material of the
secondary-X-ray generation surface 6 may be the same as of

that of the target 1. This is because the X-rays 15



WO 2013/032019 PCT/JP2012/072522
16

generated when electrons 12 emitted from the electron
emitting portion of the electron emission source 7 collide
directly with the target 1 and the X-rays 16 generated when
the electrons 13 reflected from the target 1 collide with
the secondary-X-ray generation surface 6 have the same
characteristics.

[0027] A suitable material for the electron-passage
forming member 4 can block X-rays. The electron-passage
forming member 4 may be formed of the same material as that
of the secondary-X-ray generation surface 6. In this case,
the surface of the electron-passage forming member 4 serves
as the secondary-X-ray generation surface 6. The material
of the electron-passage forming member 4 may differ from
that of the secondary-X-ray generation surface 6. The
material of the electron-passage forming member 4 may have
high thermal conductivity so as to quickly radiate heat
generated in the secondary-X-ray generation surface 6, for
example, tungsten, tantalum, molybdenum, copper, silver,
gold, and nickel.

[0028] The electron passage 5 serves, at the side closer
to the electron emission source 7 than the target 1, as a
passage for guiding the electrons 12 to the electron beam
irradiation region (X-ray generation region) of the target 1.
Using a material that can block X-rays as the electron-

passage forming member 4 allows most of the X-rays radiated
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from the target 1 toward the electron emission source 7
{rearwards) to be blocked by the inner wall of the electron
passage 5. An X-ray passage can be provided opposite the
electron emission source 7 with respect to the target 1.
Using a material that can block X-rays for the X-ray passage
allows unnecessary X-rays of the X-rays radiated from the
target 1 toward the opposite to the electron emission source
7 (forwards) to be blocked by the inner wall of the X-ray
passage. The electron passage 5 and the X-ray passage can
be integrally formed of thé same material. The shapes of
the electron passage 5 and the X-ray passage may be circular
or may be in any form, such as rectangular and elliptical,
as viewed from the electron emission source 7 side.

fo0o29] The electron-passage forming member 4 and the
target unit can be joined together by brazing or the like.
For brazing, it is important to maintain the interior of the
vacuum container 10 under vacuum. The material of brazing
can be selected as appropriate depending on the material,
heatproof temperature, and so on of the electron-passage
forming member 4.

[0030] As shown in Fig. 1B, the target unit has a
configuration in which the electrically conducting layer 2
is provided on the substrate, and the target 1 is placed on
the central region of the electrically conducting layer 2.

In Figs. 1B and 1C, reference sign dl denotes the diameter
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of the target 1, and d2 denotes the inside diameter of the
electron incident end of the electron passage 5. The target
unit and the electfon—passage forming member 4 are joined
together with a brazing material (not shown), so that the
interior of the vacuum container 10 is maintained under
vacuum. The substrate 3 and the electrically conducting
layer 2 are also brazed to the electron-passage forming
menmber 4.

[0031] When the secondary X-rays (X-rays 16) pass through
the target unit, some of them passes through the two layers,
that is, the electrically chducting layer 2 and substrate 3,
and some passes through the three layers, that is, the
target 1, the electrically conducting layer 2, and the
substrate 3. The material and thickness of the target 1
should be optimized depending on the use conditions to
generate X-rays efficiently when the electrons 12 collide
therewith. On the other-hand, sinée the electrically
conducting layer 2 generates little X-rays when the
electrons 12 collides therewith, only electrical
conductivity, which is its-original function, and X-ray
transmissivity may be considered. However, since the energy
of the secondary X-rays 16 is smaller than the energy of the
X~rays 15, as described above, if the material and thickness
of the electrically conducting layer 2 are the same as those

of the target 1, the electrically conducting layer 2 absorbs
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much X-rays, and hence a sufficient amount of secondary X-
rays 16 cannot be extracted. Considering only the X-ray
transmissivity, it is most desirable to eliminate the
electrically conducting layer 2; however, considering
prevention of the charging-up, described above, a thinnest
possible electrically conducting layer 2 is needed.

[0032] The material having high X-ray transmissivity for
the electrically conducting layer 2 may be a light element,
for example, aluminum, titanium, silicon nitride, silicon,
and graphite. The electrically conducting layer 2 formed of
such an element having a mass smaller than that of the
target 1 has only to have electrical conductivity, and
preferably has a thickness of about 0.1 nm or larger and 1
pm or less. The material of the electrically conducting
layer 2 may be the same as that of the target 1. If the
material of the electrically conducting layer 2 is the same
as that of the target 1, the electrically conducting layer 2
may be thin enough not to substantially hinder the X-rays
from passing therethrough. Even a metal material with an
atomic number equal to or greater than 26, which is
generally used as the target 1, can be used as the
electrically conducting layer 2 because of its high X-ray
transmittance provided that it is thin. For example,
tungsten with a thickness of about 0.1 nm or more and 0.2 um

or less blocks slight X-rays, and thus it can be employed as,
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as well as a light element. With such a configuration, for
the X~-rays (secondary X-rays) 16 generated when the
electrons 13 reflected from the target 1 are incident on the
inner wall surface of the electron passage 5, the
transmittance at the central region of the substrate 3
covered by the target 1 is 30% to 70% of the transmittance
at the peripheral region of the substrate 3 which is not
covered by the target 1.

[0033] In Fig. 1B, although the electrically conducting
layer 2 is provided on the substrate 3, and the target 1 is
provided on the electrically conducting layer 2, they need
not be provided in this order.

[0034] In the case of the target unit in which the target
1 is provided on the electrically conducting layer 2, it is
preferably that the thickness of the region of the
electrically conducting layer 2 covered by the target 1 be
0.1 nm or more and 0.1 pum or less. This range of thickness
ensures good linearity and output stability of X-ray
radiation. The thickness of the region of the electrically
conducting layer 2 other than the region covered by the
target 1 may not necessarily be within the above range. If
the electrically conducting layer 2 and the target 1 are
formed of the same material, the thickness -0of the region of
the electrically conducting layer 2 covered by the target 1

need not be within the above range.
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[0035] In the case of a target unit in which the
electrically conducting layer 2 is provided on the target 1,
it is preferable that the thickness of the region of the
electrically conducting layer 2 covering the target 1 be 0.1
nm or more and 0.1 um or less. This range of thickness
allows the amount of X-rays 15 generated when the electrons
12 collides directly with the electrically conducting layer
2 to be lower than or equal to an allowable range. The
thickness of the region of the electrically conducting layer
2 other than the region covering the target 1 need not be
within the above range because electrons 12 do not collide
directly with the electrically conducting layer 2. If the
electrically conducting layer 2 and the target 1 are formed
"of the same material, the thickness of the region of the
electrically conducting layer 2 covering the target 1 need
not be within the above range.

[o036] According to this embodiment, the secondary X-rays
16 can be generated at the secondary-X~ray generation
surface 6, and the peripheral region of the substrate 3,
which is not covered by the target 1, is covered by the
electrically conducting layer 2. Thus, the secondary-X-ray
transmissivity at the peripheral region is higher than that
at the central region. This allows the secondary X-rays 16
generated due to reflected electrons 13 generated at the

target 1, in addition to the X-rays 15 generated at the
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target 1, to be efficiently extracted. This can improve the
X-ray generation efficiency.

[0037] Modifications of the configuration of the target
unit will be described hereinbelow. The target 1, the
electrically conducting layer 2, and the substrate 3 can be
formed of the materials described above.

[0038] A target unit shown in Figs. 7A and 7B has a
configuration in which the target 1 is provided on the
central region of the substrate 3, and the electrically
conducting layer 2 is provided on the region other than the
central region of the substrate 3. Since the peripheral
region of the substrate 3, which is not covered by the
target 1 connected to the electrically conducting layer 2,
is covered with the electrically conducting layer 2, the
secondary-X-ray transmissivity of the peripheral region is
higher than that at the central region.

[0039] A target unit shown in Figs. 7C and 7D has a
configuration in which the target 1 is provided on the
central region of the substrate‘B, and the electrically
conducting layer 2 is provided on the region other than the
central region of the substrate 3 and on the target 1. The
target 1 is covered with the electrically conducting layer 2.
Since the peripheral region of the substrate 3, which is not
covered by the target 1, is covered with the electrically

conducting layer 2, the secondary-X-ray transmissivity at
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the peripheral region is higher than at the central region.
[0040] A target unit shown in Figs. 8A and 8B has a
configuration in which the target 1 provided on the central
region of the substrate 3, and the electrically conducting
layer 2 extending from the central region to the rim is
provided at part of the substrate 3 other than the central
region. The target 1 is connected to the electrically
conducting layer 2. The electrically conducting layer 2 is
provide on part of the peripheral region of the substrate 3
which is not covered with the target 1, and the other part
of the peripheral region 1s an exposed surface of the |
substrate 3. Since only part of the peripheral region of
the substrate 3, which is not covered with the target 1, is
covered with the electrically conducting layer 2, the
secondary~-X-ray transmissivity is high at the peripheral
region.

[0041] A target unit shown in Figs. 8C and 8D has a
configuration in which the target 1 is provided on the
central region of the substrate 3, and the electrically
conducting layer 2 is not provided. In this case, the
substrate 3 may have slight electrical conductivity. TIf the
electrical conductivity is not sufficient, use conditions or
the like may be limited to prevent charging-up. Since the
target 1 is provided on the central region of the substrate

3, and the electrically conducting layer 2 is not provided,
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the secondary-X-ray transmissivity is higher at the
peripheral region of the substrate 3, which is not covered
with the target 1.

[0042] A target unit shown in Figs. 9A and 9B has a
configuration in which the electrically conducting layer 2
is provided on the central region of the substrate 3, and
also the electrically conducting layer 2 extending from the
central region to the rim is provided on part of the region
of the substrate 3 other than the central region. The
target 1 is provided on the part of the electrically
conducting layer 2 located on the central region of the
substrate 3. The electrically conducting layer 2 is
provided only on part of the peripheral region of the
substrate 3, which is not covered with the target 1, and the
other part of the peripheral region is an exposed surface of
the substrate 3. Since part of the peripheral region of the
"substrate 3, which is not covered with the target 1, is
covered with the electrically conducting layer 2, the
secondary-X-ray transmissivity is high at the peripheral
region.

{0043] A target unit shown in Figs. 9C and 9D has a
configuration in which the target 1 is provided on the
central region of the substrate 3, and the electrically
conducting layer 2 is provided on the region of the

substrate 3 other than the central region and on the
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peripheral region of the target 1. Since the peripheral
region of the substrate 3, which is not covered with the
target 1, is covered with the electrically conducting layer
2, the secondary-X-ray transmissivity is higher at the
peripheral region than at the central region.

[0044] A target unit shown in Figs. 9E and 9F has a
configuration in which the electrically conducting layer 2
is provided on the region of substrate 3 other than the
central region, and the target 1 is provided on the central
region of the substrate 3 and on the part of the
electrically conducting layer 2 around the central region.
Part of the electrically conducting layer 2 is covered with
the target 1. Since the peripheral region of the substrate
3, which is not covered with the target 1, is covered with
the electrically conducting layer 2, the secondary-X-ray
transmissivity is higher at the peripheral region than at
the central region.

Second Embodiment

[0045] This embodiment differs from the first embodiment
in the shapes of the electron-passage forming member 4 and
the electron passage 5 and is the same in commonalities
other than the shapes of the‘electron—passage forming member
4 and the electron passage 5. The target unit can be any of
the target units described in the first embodiment.

[0046] Fig. 5A is an enlarged view of the vicinity of the
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target 1 of this embodiment. The electron passage 5 whose
both ends are open is formed by surrounding the periphery
with the electron-passage forming member 4. The electron
passage 5 has an upward convex arc cross-sectional shape in
the direction perpendicular to the target 1 when the target
1 is assumed to be at the lower side. Furthermore, the
inner wall surface of the enlarged-cross-sectional-area
region of the electron passage 5 serves as the secondary-X-
ray generation surface 6.

[0047] Since the cross-sectional shape of the secondary-X-
ray generation surface 6 is an upward convex arc shape when
the target 1 1is assumed to be at the lower side, the X-rays
16 generated at the secondary-X-ray generation surface 6 are
absorbed in the secondary-X-ray generation surface 6 at a
low ratio, so that the amount of X-rays 16 extracted can be
increased.

Third Embodiment

[0048] This embodiment differs from the first embodiment
in the shapes of the electron-passage forming meﬁber 4 and
the electron passage 5 and is the same in commonalities
other than the shapes of the electron-passage forming member
4 and the electron passage 5. The target unit can be any of
the target units described in the first embodiment.

[0049] As shown in Fig. 5B, the electron passage 5 has a

downward convex arc cross-sectional shape in the direction



WO 2013/032019 PCT/JP2012/072522
27

perpendicular to the target 1 when the target 1 is assumed
to be at the lower side.

[0050] Since the cross-sectional shape of the secondary-X-
ray generation surface 6 is a downward convex arc shape when
the target 1 is assumed to be at the lower side, the X-rays
16 generated at the secondary-X-ray generation surface 6 is
absorbed in the secondary-X-ray generation surface 6 at a
low ratio, so that the amount of X-rays 16 extracted can be
increased.

[0051] A preferable range of the area in which the
secondary-X-ray generation surface 6 is formed is the same
as that in the first embodiment.

[0052] The secondary-X-ray generation surface 6 and the
target 1 may be disposed such that the secondary~X-ray
generation surface 6 whose cross-sectional shape is a
downward convex arc shape may be disposed over the target 1
so as to cover the surface thereof irradiated with the
electrons 12.

Forth Embodiment

{0053] This embodiment differs from the first embodiment
in the shapes of the electron-passage forming member 4 and
the electron passage 5 and is the same in commonalities
other than the shapes of the electron-passage forming member
4 and the electron passage 5. The target unit can be any of

the target units described in the first embodiment.
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[0054] Fig. 6A is an enlarged view of the vicinity of the
target 1 of this embodiment. The electron passage 5 whose
both ends are open is formed by surrounding the periphery
thereof with the electron-passage forming member 4. The
cross-sectional area of at least the end of the electron
passage 5 adjacent to the target 1 increases as compared
with the opposite side to form a level difference.
Furthermore, the inner wall surface of the enlarged-cross-
sectional-area region of the electron passage 5 serves as
the secondary~X-ray generation surface 6. It is sufficient
that at least part of the inner wall surface of the
increased-cross-sectional-area region of the electron
passage 5 serve as the secondary-X-ray generation surface 6.
In this embodiment, the secondary-X-ray generation surface 6
is constituted by a secondary-X-ray generation surface 61
parallel to the target 1 and a secondary-X-ray generation
surface 62 perpendicular to the target 1. The secondary-X-
ray generation surface 61 need not be parallel to the target
1, and the secondary-X-ray generation surface 62 need not be
perpendicular to the target 1. The angle formed by the
secondary-X-ray generation surface 61 and the secondary-X-
ray generation surface 62 need not be 90°. The secondary-X-
ray generation surface 6 may either be formed as part of the
inner wall surface of the electron passage 5 or be formed,

in the electron passage 5, of a different member from that
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of the electron passage 5.

[0055] Since the secondary-X-ray generation surface 61 is
formed parallel to the target 1, the X-rays 16 generated at
thé secondary-X-ray generation surface 61 are absorbed in
the secondary-X-ray generation surface 61 at a low ratio, so
that the amount of X-rays 16 extracted can be increased.
[0056] A preferable range of the region in which the
secondary-X-ray generation surface 6 is formed will be
described. Since the collision density of the reflected
electrons 13 becomes maximum at a location close to the
target 1 (Z < 1R), as shown in Fig. 4B, the secondary-X-ray
generation surface 61 may be formed relatively close to the
target 1. However, since the secondary-X-ray generation
surface 62 also contributes to generation of X-rays,
distance Z' is determined so that the total amount of X-rays
16 generated at the secondary-X-ray generation surface 61
and the secondary-X-ray generation surface 62 becomes the
maximum.

[0057] The secondary-X-ray generation surface 6 and the
target 1 may be disposed so that the secondary-X-ray
generation surface 61 and the secondary-X-ray generation
surface 62 are disposed over the target 1 so as to cover the
surface thereof irradiated with the electrons 12.
Furthermore, the secondary-X-ray generation surface 61, the

secondary—-X-ray generation surface 62, and the target 1 may
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be disposed so that the X-rays 15 that are generated when
the target 1 is directly irradiated with the electrons 12
and the secondary X-rays 16 can be superposed one on another
and can be extracted to the outside.

Fifth Embodiment

[0058] This embodiment differs from the fourth embodiment
in part of the shapes of the electron-passage forming member
4 and the electron passage 5 and is the same in
commonalities other than the shapes of the electron-passage
forming member 4 and the electron passage 5. The target
unit can be any of the target units described in the first
embodiment.

[0059] Fig. 6B is an enlarged view of the vicinity of the
target 1 of this embodiment. The electron passage 5 whose
both ends are open is formed by surrounding the periphery
thereof with the electron-passage forming member 4. The
electron passage 5 has a portion protruding from the inner
wall surface of the electron passage 5 (hereinafter referred
to as a protrusion) in an intermediate portion thereof. The
protrusion may be ring-shaped as viewed from the target 1
side. The protrusion may either be formed of the same
member as that of the electron passage 5 or be formed of a
different member from the electron passage 5. The region of
the electron passage 5 from the end adjacent to the target 1

to the protrusion serves as the secondary-X-ray generation
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surface 62, and the region of the protrusion opposing the
target 1 serves as the secondary-X-ray generation surface 61.
The secondary~X-ray generation surface 6 is constituted by
the secondary-X-ray generation surface 61 and the secondary-
X-ray generation surface 62. The secondary-X-ray generation
surface 61 need not be parallel to the target 1, and the
secondary-X-ray generation surface 62 need not be
perpendicular to the target 1. The angle formed by the
secondary-X-ray genération surface 61 and the secondary-X-
ray generation surface 62 need not be 90°. The secondary-X-
ray generation surface 6 may either be formed as part of the
inner wall surface of the electron passage 5 or formed, in
the electron passage 5, of a different member from that of
the electron passage 5.

[0060] A preferable range of the region in which the
secondary~-X-ray generation surface 6 is formed is the same
as that in the fourth embodiment. That is, the secondary-X-
ray generation surface 61 may be formed relatively close to
the target 1. However, since the secondary-X-ray generation
surface 62 also contributes to generation of X-rays,
distance Z' is determined so that the total amount of X-rays
16 generated at the secondary-X-ray generation surface 61
and the secondary-X~ray generation surface 62 becomes the
maximum.

[foo61] The secondary-X-ray generation surface 6 and the
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target 1 may be disposed so that the secondary-X-ray
generation surface 61 and the secondary-X-ray generation
surface 62 are disposed over the target 1 so as to cover the
surface thereof irradiated with the electrons 12.
Furthermore, the secondary-X-ray generation surface 61, the
secondary-X-ray generation surface 62, and the target 1 may
be disposed so that the X-rays 15 that are generated when
the target 1 is directly irradiated with the electrons 12
and the secondary X-rays can be superposed on one another
and can be extracted to the outside. With this disposition,
the target 1 can be formed of a material that reflects 20%
to 60% of the emitted electrons 12. Also with this
disposition, the secondary-X-ray generation surface 6 may
either be formed as part of the inner wall surface of the
electron passage 5 or be formed, in the electron passage 5,
of a different member from that of the electron passage 5.
[0062] As described above, in any.of the foregoing
embodiments, using the target units similar to that in the
first embodiment allows the X-rays 16 generated due to the
reflected electrons 13 generated at the target 1, in
addition to the X-rays 15 generated at the target 1, can be
efficiently extracted to the outside. Thus, the X-ray
generation efficiency can be improved.

Sixth Embodiment

[0063] Fig. 10 is a block diagram of an X-ray imaging
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apparatus of this embodiment.

[0064] First, an X-ray generator 30 equipped with the X-
ray tube 11 described in the first to fifth embodiment will
be described. The X-ray generator 30 accommodates the X-ray
tube 11 in an envelope 21. The envelope 21 has an X-ray
extraction window 22. X-rays generated from the X-ray tube
11 are radiated outside of the X-ray generator 30 through
the X~ray extraction window 22.

[0065] The remaining space of the envelope 21
accommodating the X-ray tube 11 may be filled with an
insulative medium 24. An example of the insulative medium
24 may be electrically insulating o0il serving as an
insulative medium and a cooling medium for the X-ray tube 11.
Examples of the electrically insulating oil include mineral
0il and silicone oil. Another available example of the
insulative medium 24 includes fluorine electrically
insulating liquid.

[0066] The envelope 21 may accommodate a voltage control
unit 23 including a circuit board and an insulation
transformer. If the voltage control unit 23 is provided,
for example, a voltage signal is applied from the voltage
control unit 23 to the X-ray tube 11, so that generation of
X-rays can be controlled.

[0067] The X-ray imaging apparatus includes the X-ray

generator 30, an X-ray detector 31, a signal processing unit
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32, an apparatus control unit (hereinafter referred to as a
control unit) 33, and a display 34. The X-ray detector 31
is connected to the control unit 33 via the signal
processing unit 32. The control unit 33 is connected to the
display 34 and the voltage control unit 23.

[0068] The control unit 33 controls the X-ray generator 30
and the X-ray detector 31 in a cooperative manner. X-rays
generated from the X-ray generator 30 are detected by the X-
ray detector 31 via a subject 35, and a fluoroscopic image
of the subject 35 is acquired. The acquired fluoroscopic
image is displayed on the display 34. The control unit 33
controls driving of the X-ray generator 30 and controls a
voltage signal applied to the X-ray tube 11 via the voltage
control unit 23.

[0069] Since this embodiment uses an X-ray generator whose
X-ray generation efficacy is improved, a compact, high-
resolution X-ray imaging apparatus can be pfovided.

[0070] The present invention will be described in detail
below on the basis of examples and a comparative example.
Example 1

[0071] An X-ray generator of this example is the X-ray
generator shown in Fig. 1A and includes the target unit in
Fig. 1B and an anode constituted by the electron-passage
forming member 4 having the electron passage 5 and the

secondary-X-ray generation surface 6. First, a 0.l-um
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titanium film was formed as the electrically conducting
layer 2 over the entire surface (a surface on which
electrons are to be incident) of a single-crystal diamond
substrate 3 having a thickness of 1 mm and a diameter of 5
mm. Next, a 5-pum tungsten layer having a diameter of 1 mm
was formed as the target 1 at the central region of the
titanium layer on the diamond substrate 3 to form the target
unit shown in Fig. 1B. Subsequently, the electron passage 5
having a diameter of 1.5 mm was formed in the electron-
passage forming member 4 formed of tungsten. Thereafter,
the substrate 3 and the electrically conducting layer 2 were
brazed to the electron-passage forming member 4 to form the
anode shown in Fig. 1B.

Example 2

[0072] An X-ray generator of this example is an X-ray
generator including the target unit shown in Fig. 7A. This
X-ray generator is the same as in Example 1, except for the
target unit. First, a 5-um tungsten layer having a diameter
of 1 mm was formed as the target 1 at the central region of
the surface of the single-crystal diamond substrate 3 having
a thickness of 1 mm and a diameter of 5 mm. Next, a 0.1-um
titanium film was formed as the electrically conducting
layer 2 on the entire surface of the diamond substrate 3,
excluding the region where the tungsten layer was formed, to

manufacture the target unit in Fig. 7A. Thereafter, an
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anode was formed as in Example 1.

Example 3

[0073] An X-ray generator of this example is an X-ray
generator including the target unit shown in Fig. 7C. This
X-ray generator is the same as in Example 1, except for the
target unit. First, a 5-um tungsten layer having a diameter
of 1 mm was formed as the target 1 at the central region of
the surface of a single-crystal diamond substrate 3 having a
thickness of 1 mm and a diameter of 5 mm. Next, a 0.l-um
titanium film was formed as the electrically conducting
layer 2 on the entire surface of the diamond substrate 3
including the region where the tungsten layer was formed to
manufacture the target unit in Fig. 7C. Thereafter, an
anode was formed as in Example 1.

Example 4

[0074] An X-ray generator of this example is an X-ray
generator including the target unit shown in Fig. 7C. This.
X-ray generator differs from Example 3 in that tungsten was
used as the electrically conducting layer 2. This example
is the same as Example 1, except for the target unit. First,
a b-um tungsten layer having a diameter of 1 mm was formed
as the target 1 at the central region of the surface of the
single-crystal diamond substrate 3 having a thickness of 1
mm and a diameter of 5 mm. Next, a 0.l-pum tungsten film was

formed as the electrically conducting layer 2 on the entire
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surface of the diamond substrate 3 including the region
where the tungsten layer was formed to manufacture the
target unit in Fig. 7C. Thereafter, an anode was formed as
in Example 1.

Example 5

[0075] An X~ray generator of this example is an X-ray
generator including the target unit shown in Fig. 8A. This
example is the same as Example 1, except for the target unit.
First, a 5-um tungsten layer having a diameter of 1 mm was
formed as the target 1 at the central region of the surface
of the single-crystal diamond substrate 3 having a thickness
of 1 mm and a diameter of 5 mm. Next, a titanium film
having a width of 0.3 mm and a thickness of 0.1 pum was
formed on the surface of the diamond substrate 3 to the rim
thereof, excluding the region where the tungsten layer was
formed, in contact with the tungsten layer to manufacture
the target unit in Fig. 8A. Thereafter, an anode was formed
as in Example 1.

Example 6

[0076] An X~ray generator of this example is an X-ray
generator including the target unit shown in Fig. 8C. This
example is the same as Example 1, except for the target unit.
First, a 5-pm tungsten layer having a diameter of 1 mm was
formed as the target 1 at the central region of the surface

of the single-crystal diamond substrate 3 having a thickness
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of 1 mm and a diameter of 5 mm to manufacture the target
unit in Fig. 8C. The electrically conducting layer 2 was

not provided. Thereafter, an anode was formed as in Example

1.
Comparison
[0077] As a comparative example, an X-ray generator

including a target unit in which the target 1 is formed over
the entire surface of the substrate 3. This X-~ray generator
is the same as in Example 1, except for the target unit.
First, a 5-pum tungsten layer was formed as the target 1 over
the entire surface of the single-crystal diamond substrate 3
having a thickness of 1 mm and a diameter of 5 mm to
manufacture the target unit of the comparative example.
Thereafter, an anode was formed as in Example 1.

Test Procedure

[0078] For comparison, the amounts of X-rays generated by
the X-~ray tubes 11 of the X-ray generators manufactured in
the above examples and comparative example were measured by
an ionization-chamber-type survey meter. The X-ray tube 11
was operated at voltages 60 kV and 100 kV, a current of 1 mA,
and an operation time of 0.1 second. The measurement of the
amounts of X-rays was performed, with the survey meter
placed at a distance of 1 m from the target unit.
Measurement Results and Evaluation

[0079] Table 1 shows the measurement results of the
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amounts of X-rays extracted from the X-ray tube 11 in the
above examples and comparative example according to the test
procedure. Table 1 shows values of the amounts of X-rays at
60 kV and 100 kV in Examples 1 to 6 on the assumption that
the amounts of X-rays at 60 kV and 100 kV in the comparative
example are 100. The amounts of X-rays at 60 kV in Examples
1l to 6 are 114 to 118, and the amounts of X-rays at 100 kV
in Examples 1 to 6 are 108 to 110. In any of Examples 1 to
6, a larger amount of X-rays can be obtained than that in
the comparative example. The reason why the applied voltage
of 60 kV provides a larger amount of X-rays than that at 100
kV may be that, the amount of X-rays absorbed is decreased
by eliminating or decreasing the thickness of the film on a
region other than a region directly irradiated with electron -

beams because the energy of the X-rays is low.

[0080]
[Table 1]
60 kV 100 kv

Example 1 115 108
Example 2 115 108
Example 3 116 109
Example 4 114 108
Example 5 118 110
Example © 118 110

Comparative example 100 100
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[o081] 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.
[o082] This application claims the benefit of Japanese
Patent Application No. 2011-189112, filed August 31, 2011
which is hereby incorporated by reference herein in its
entirety.

Reference Signs List

[0083] 1 target

2 electrically conducting layer

3 substrate

4 electron-passage forming member

5 electron passage

6, 61, 62 secondary-X-ray generating section

14 to 16 X-rays

30 X-ray generator
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CLAIMS

[1] An X-ray generator comprising:

an electron passage formed by surrounding the periphery
thereof with an electron-passage forming member; and

a target provided on an insulative substrate and
irradiated with electrons that have passed through the
electron passage to generate X-rays,

wherein the target is provided at a central region of
the substrate;

the electron passage accommodates a secondary-X-ray
generating section that generates X-rays by irradiation with
electrons reflected from the target;

the secondary-X-ray generating section and the target
are disposed so that both of X-rays generated by direct
irradiation of the target with the electrons and X-rays
generated by irradiation of the secondary—X—ray generating
section with the electrons reflected from the target are
radiated to the outside; and

at least part of the peripheral region of the substrate,
the peripheral region being not covered by the target, has
higher transmittance for the X-rays generated at the
secondary-X-ray generating section than the central region
of the substrate, the central region being covered with the
target.

{2] The X-ray generator according to Claim 1, wherein the
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secondary-X-ray generating section is shaped so as to cover
the above of the surface of the target irradiated with the
electrons.

[3] The X-ray generator according to Claim 1, wherein the
target reflects 20% to 60% of the radiated electrons.

[4] The X-ray generator according to Claim 1, wherein an
angle 6 formed by the secondary-X-ray generating section and
the target has a relation 10°< 6 < 85°.

[5] The X-ray generator according to Claim 2, wherein the
cross—-sectional area of at least the end of the electron
passage adjacent to the target is larger than the opposite
side from the target, and at least part of the inner wall
surface of the enlarged-~cross-sectional-area region serves
as the secondary-X-ray generating section.

f6] The X-ray generator according to Claim 5, wherein the
increase in the cross-sectional area of at least the end of
the electron passage adjacent to the target has a level
difference.

{7] The X-ray generator according to Claim 5, wherein the
increase in the cross-sectional area of at least the end of
the electron passage adjacent to the target is a continuous
increase.

[8] The X-ray generator according to one of Claims 5 to 7,
wherein at least part of the X-rays generated by irradiation

of the secondary-X-ray generating section with the electrons
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reflected from the target passes through the target.

[9] The X-ray generator according to Claim 5, wherein the
X-rays radiated to the outside from the region of the target
irradiated with the electrons are X-rays in which the X-rays
generated by direct irradiation of the target with the
electrons and the X-rays generated by irradiation of the
secondary-X-ray generating section with the electrons
reflected from the target are superimposed.

[10] The X-ray generator according to one of Claims 1 to 9,
wherein an electrically conducting layer connected to the
target is provided at at least part of the peripheral region
of the substrate, the peripheral region being not covered
with the target.

{11] The X-ray generator according to Claim 10, wherein the
electrically conducting layer is thinner than the target.
Il2] The X-ray generator according to Claim 10 or 11,
wherein the electrically conducting layer is formed of an
element having a mass smaller than that of the target.
[13]1The X-ray generator according to one of Claims 10 to 12,
wherein the electrically conducting layer is provided on
part of the peripheral region of the substrate, and the
other part of the peripheral region of the substrate is an
exposed surface of the substrate.

[14] The X-ray generator according to one of Claims 1 to 13,

wherein the secondary-X-ray generating section is formed of
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the same material as that of the target.
[15] An X~ray imaging apparatus comprising:
the X-ray generator according to one of Claims 1 to 14;
an X-ray detector that detects X~rays generated from
the X-ray generator and passing through the subject; and
a control unit that controls the X-ray generator and

the X-ray detector in a cooperative manner.
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