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Fig. 2: Main circuit of the x-ray generator.

conjunction with an insulation transformer. [n this experiment, the tube voltage applied was from 45 to
70KV, and the tube current was regulated to within 0.40 mA (maximum current) by the filament
temperature. The exposure time is controlled in order to obtain optimum x-ray intensity. Quasi-
monochromatic x-rays are produced using a cerium oxide power filter with a surface density of 30

mg/em’.

3. Characteristics
3.1 X-ray Intensity

X-ray intensity was measured by a Victoreen 660 Tube current=0.40 mA
jonization chamber at 1.0m from the x-ray source B
using the filter with an exposure time of 1.0s (Fig. =
3). At a constant tube current of 0.40mA, the x-ray é‘ 20 /)'
intensity increased when the tube voltage was % /
increased. In this measurement, the intensity with a ﬁ 15 4
tube voltage of 60 kV and a current of 0.40 mA was E //
14.3 4Gyls at 1.0 m from the source. 10 el

|
8.2 Focal spot 5
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In order to measure images of the x-ray source after
Tube voltage (kV)

the filtration, we employed a pinhole camera with a
Fig. 3: X-ray intensity measured at 1.0m from

hole ‘diameter of 50 um (magnification ratio of 1:2) the x-ray source according to changes
in conjunction with a Computed Radiography (CR) in the tube voltage.
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Fig. 4: X-ray spectra measured using a cadmium telluride detector with changes in the tube voltage.

system™ with a sampling pitch of 87.5 um. When the tube voltage was increased, spot dimensions
increased slightly and had values of approximately 1 X1 mm.

3.8 X-ray spectra

In order to measure x-ray spectra, we employed a cadmium telluride detector (XR-100T, Amptek Inc.)
(Fig.4). When the tube voltage was increased, the characteristic x-ray intensities of Ke and K3 lines
substantially increased, and both the maximum photon energy and the intensities of bremsstrahlung x-

rays increased.

4. K-edge Angiography
Cerium is a rare earth element and has a high reactivity; however, the average photon energies of Ka
and KB lines are 34.6 and 39.2 keV, iespectively, and iodine contrast media with a K-absorption edge of

100 2m wire 50 1m wire

25 mm

A
v

Fig. 5: Radiograms of tungsten wirés coiled around PMMA rods.
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33.2keV absorb the lines easily. Therefore, blood . 100 .um wire
vessels were observed with high contrasts.

The angiography was performed by the CR
system® (Konica Regius 150) using the filter with
a tube voltage of 60kV, and the distance (between
the x-ray source and the imaging plate) was 1.5m.
First, rough measurements of spatial resolution

were made using wires. Figure5 shows radio-
grams of tungsten wires coiled around rods made . 20 mm .

of polymethy! methacrylate. Although the image

contrast decreased somewhat with decreases in Fig. 6: Angiograms of an extracted rabbit heart using
the wire diameter, due to blurring of the image iodine microspheres.

caused by the sampling pitch of 87.5 xm, a 50-um-

diameter wire could be observed.

An angiograms of a rabbit heart is shown in Fig. 6. This image was obtained using iodine microspheres
of 15 um in diameter. Fine blood vessels in the coronary arteries in the heart were visible. Figure 7
shows an angiogram of a larger dog heart using iodine spheres, and blood vessels of approximately 100
um in diameter were visible.

5. Discussion

In summary, we employed an x-ray generator with a ceriura-target tube and succeeded in producing
cerium K-series characteristic x-rays, which can be absorbed easily by iodine-based contrast media. In
the spectrum measurement, high-photon-energy bremsstrahlung x-rays beyond cerium K-edge (40.4
keV) were absorbed effectively.

60 mm

Fig. 7: Angiograms of an extracted dog heart using iodine microspheres.
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In angiography, fine blood vessels were observed with high contrast with a spatial resolution of
approximately 100 um; the resolution was almost equal to the sampling pitch (87.5mm) of the CR
system. Therefore, the pith should be minimized, and magnification digital radiography mcluding phase-
contrast effect should be employed in order to improve the spatial resolution.

Although the cerium x-ray generater used in this research produces both the characteristic and the
bremsstrahiung x-rays, bremsstrahlung intensity can be decreased effectively by considering the angle
dependence without using the filter, since bremsstrahlung rays are not emitted in the opposite direction
to that of electron trajectory. Subsequently, the generator produced maximum number of estimated
characteristic photons was approximately 5X 10’ photons / (em*s) at 1.0m from the source, and the
photon count rate can be increased easily by improving the target.

Acknowledgment

This work was supported by Grants-in-Aid for Scientific Research (13470154, 13877114, 16591181, and
165691222) and Advanced Medical Scientific Research from MECSST, Health and Labor Sciences
Research Grants (RAMT-nano-001, RHGTEFB-genome-005 and RHGTEFB-saisei-003), Grants from the
‘Keiryo Research Foundation, The Promotion and Mutual Aid Corporation for Private Schools of Japan,
Japan Science and Technology Agency (JST), and The New Energy and Industrial Technology
Development Organization (NEDO, Industrial Technology Research Grant Program in '03).

References

1. R. Germer, “X-ray flash techniques,” J. Phys. &: Sci. Instrum., 12, 336-350, 1979.

2. E. Sato, S. Kimura, S. Kawasaki, H. Isobe, K. Takahashi, Y. Tamakawa and T. Yanagisawa,
“Repetitive flash x-ray generator utilizing a simple diode with a new type of energy-selective
function,” Rev. Sci. Instrum., 61, 2343-2348, 1990.

3. A Shikoda, B. Sato, M. Sagae, T. Oizumi, Y. Tamakawa and T. Yanagisawa, “Repetitive flash x-ray
generator having a high-durability diode driven by a two-cable-type line pulser,” Rev. Sci.
Instrum., 65, 850-856, 1994. :

4. E. Sato, K. Takahashi, M. Sagae, S. Kimura, T. Oizumi, Y. Hayasi, Y. Tamakawa and T. Yanagisawa,
“Sub-kilohertz flash x-ray generator utilizing a glass-enclosed cold-cathode triode,” Med. & Biol.
Eng. & Comput., 32, 289-294, 1994.

5. K. Takahashi, E. Sato, M. Sagae, T. Oizumi, Y. Tamakawa and T. Yanagisawa, “Fundamental study on
a long-duration flash x-ray generator with a surface-discharge triode,” Jpn. J. Appl. Phys., 38, pp.
4146-4151, 1994.

6. E. Sato, Y. Hayasi, R. Germer, E. Tanaka, H. Mori,.T. Kawai, T. [chimaru, K. Takayama and H. Ido,
“Quasi-monochromatic flash x-ray generator utilizing weakly ionized linear copper plasma,” Rev.
Sci. Instrum., 74, 5236-56240, 2003..

7. E. Sato, Y. Hayasi, R. Germer, E. Tanaka, H. Mori, T. Kawai, H. Obara, T. Ichimaru, K. Takayama and
H. Ido, “Irradiation of intense characteristic x-rays from weakly ionized linear molybdenum
plasma,” Jpn. J. Med. Phys., 23, 123-131, 2003. '

8. E. Sato, Y. Hayasi, R. Germer, E. Tanaka, H. Mori, T. Kawai, T. Ichimary, S. Sato, K. Takayama and
H. Ido, “Sharp characteristic x-ray irradiation from wealdy ionized linear plasma,” J. Electron

-103-



10.

11.

12.

13.

14.

16,

17.

19.

20.

21.

Measurement of Cerium X-ray Specira Using 2 Cerjum Oxide Powder Filter and Enhanced K-edge Angiography 15

Spectrosc. Related Phenom., 137-140, 713-720, 2004.

E. Sato, E. Tanaka, H. Mori, T. Kawai,S. Sato and K. Takayama, “Clean monochromatic x-ray
irradiation from weakly ionized linear copper plasma,” Opt. Eng., 44, 049002-1-6, 2005.

E. Sato, M. Sagae, E. Tanaka, Y. Hayasi, R. Germer, H. Mori, T. Kawai, T. Ichimaru, 8. Sato, X.
Takayama and H. Ido: Quasi-monochromatic flash x-ray generator utilizing a disk-cathode
molybdenum tube, Jpn. J. Appl Phys., 48, 7324-7328, 2004.

E. Sato, B. Tanaka, H. Mori, T. Kawai, T. Ichimaru, S. Sato, K. Takayama and H. Ido, “Compact
monochromatic flash x-ray generator utilizing a disk-cathode molybdenum tube,” Med. Phys., 32,
49-54, 2005.

E. Sato, E. Tanaka, H. Mori, T. Kawai, T. Inoue, A. Ogawa, S. Satp, K. Takayama and H. Ido, “High-
speed K-edge angiography achieved with tantalum K-series characteristic x rays,” SPIE, 5745, 810-
817, 2005. ,

E. Sato, Y. Hayasi, R. Germer, K. Kimura, E. Tanaka, H. Mori, T. Kawai, T. Inoue, A. Ogawa, S. Sato,
K. Takayama and H. Ido, “Enhanced K-edge plasma angiography achieved with tungsten Ke rays
utilizing gadolinium-based contrast media,” SPIE, 5920, 592012-1-8, 2005.

H. Mori, K. Hyodo, E. Tanaka, M. U. Mohammed, A. Yamakawa, Y. Shinozaki, H. Nakazawa, Y.
Tanaka, T. Sekka, Y. Iwata, S. Honda, K. Umetani, H. Ueki, T. Yokoyama, K. Tanioka, M. Kubota, H.
Hosaka, N. Ishizawa and M. Ando, “Small-vessel radiography in situ with monochromatic
synchrotoron radiation,” Radiology, 201, 173-177, 1998.

K. Hyodo, M. Ando, Y. Oky, S. Yamamoto, T. Takeda, Y. Itai, S. Ohtsuka, Y. Sugishita and J. Tada,
“Development of a two-dimensional imaging system for clinical applications of intravenous
coronary angiography using intense synchrotron radiation produced by a multipole wiggler,” J.
Synchrotron Rad., 5, 1123-1126, 1998,

A. Momose, T. Takeda, Y Itai and K. Hirano, “Phase-contrast x-ray computed tomography for
observing biological soft tissues,” Nature Medicine, 2, 473-475, 1996.

M. Ando, A. Maksimenko, H. Sugiyama, W. Pattanasiriwisawa, K. Hyodo and C. Uyama, “A simple x-
ray dark- and bright- field imaging using achromatic Laue optics,” Jpn. J Appl. Phys., 41, L1016-
L1018, 2002.

. E. Sato, Y. Hayasi, R. Germer, E. Tanaka, H. Mori, T. Kawai, T. Ichimary, 8. Sato, K. Takayama and

H. Ido, “Portable x-ray generator utilizing a cerium-target radiation tube for angiography,” J.
Electrom Spectrosc. Related Phenom., 187-140, 699-704, 2004. '

E. Sato, E. Tanaka, H. Mori, T. Kawai, T. Ichimaru, S. Sato, K. Takayama and H. Ido, “Demonstration
of enhanced K-edge angiography using a cerium target x-ray generator,” Med. Phys., 31, 3017-
3021, 2004. ’
E. Sato, E. Tanaka, H. Mori, T. Kawai, T. Inoue, A. Ogawa, A. Yamadera, S. Sato. F. Ito, K. Takayama
and H. Ido, “Variations in cerium x-ray spectra and enhanced K-edge angiography,” Jon. J. Appl.
Phys, 44, 8204-8209, 2005.

E. Sato, K. Satoi and Y. Tamakawa, “Film-less computed radiography system for high-speed
imaging,” Ann. Rep. Iwate Med. Univ. Sch. Lib. Arts and Sci., 35, 13-23, 2000.

-104-



Bull. Health Sci. Hirosaki 4 :83—91, 2005

Quasi-monochromatic fine polycapillary imaging
utilizing computed radiography system
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Abstract ;: A fundamental study on quasi-monochromatic radiography using a polycapillary
plate and a- copper-target x-ray tube is described. The tube voltage was regulated from 12
to 22 kV, and the tube current was regulated within 3.0 mA by the filament temperature.
The exposure time was controlled in order to obtain optimum x-ray intensity, and the maximum
focal spot dimensions were approximately 2.0 x 1.5 mm. The polycapillary plate was J5022-16
(Hamamatsu Photonics Inc.), and the plate thickness was 1.0 mm. The outer, effective, and
hole diameters were 33 mm, 27 mm, and 10 ym, respectively. Quasi-monochromatic x rays
were produced using a 10-ym-thick copper filter with a tube voltage of 17 kV, and these
rays were formed into quasi-parallel beams by the polycapillary. The radiogram was taken
using a computed radiography system utilizing imaging plates. The spatial resolution hardly
varied according to increases in the distance between the spatial resclution-test chart and
imaging plate using a polycapillary. We could observe a 50 ym tungsten wire, and fine blood

vessels of approximately 100 ym were visible in angiography.

Key words : quasi-parallel radiography, quasi-monochromatic xrays, characteristic xrays,

x-ray lens, polycapillary plate

1. INTRODUCTION

Monochromatic parallel x-ray beams are typically
produced by a synchrotron in conjunction with single
crystals and have been applied in high contrast

micro-angiography!? and x-ray phase imaging.2— 4
In order to produce quasi-monochromatic x rays
without using the synchrotron, we developed a
transmission type molybdenum x-ray tube. 5
Subsequently, flash x-ray tubes are employed to
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primarily perform high-speed radiographies with
biomedical applications. In particular, plasma flash
x-ray tubes are very useful to produce intense and
sharp characteristic xrays6-1 such as lasers.

With recent advances in x-ray optics, several
different x-ray lenses!z13 have been developed, and
a polycapillary plate5.8.19 has been shown to be
useful to realize a low-priced x-ray system and to
perform quasi-parallel radiography. Therefore, we
performed polycapillary imaging using a tungsten-
target x-ray tube and an x-ray film because the film
is conventional and is useful to obtain a high image
resolution.

In biomedical radiography, because both the
brightness and the contrast of radiograms can be
controlled by a Computed Radiography (CR)
system!® utilizing imaging plates, the CR system
is useful to perform quasi-monochromatic polycapillary
imaging, regardless of whether the image resolution
falls.

In this article, we describe a quasi-monochromatic
parallel radiography system utilizing a fine
polycapillary plate with a hole diameter of 10 um,
a CR system, and' a 'copper-target radiation tube in
order to create a conventional x-ray systerh to be
used instead of the synchrotron.

2. EXPERIMENTAL SETUP

Figure 1 shows the circuit diagram of the x-ray
generator, which consists of a negative high-voltage
power supply, a filament (hot cathode) power supply,

Filament )
power supply Ferrite core
7 @
Filament X-ray tube
Negative ‘
high-voltage
power supply X-ray
A .....-’"/'
Anode (copper target)

Fig. 1. Circuit diagram of the x-ray generator.

and a copper-target Xx-ray tube. The. negative
high-voltage is applied to the cathode electrode, and
the anode (target) is connected to the ground. In this
experiment, the tube voltage was regulated from 12
to 22 kV, and the tube current was regulated by the
filament temperature and ranged from 1.0 to 3.0 mA.
The exposure time was controlled in order to obtain
optimum x-ray intensity.

The experimental setup for performing quasi-parallel
radiography is shown in Fig. 2. Quasi-monochromatic
X rays are produced using a 10-ym-thick copper filter,
and these rays are formed into quasi-paraliel beams
by a polycapillary plate (Fig. 3). The polycapillary
is J5022-16 (Hamamatsu Photonics Inc.), and the
thickness and the hole diameter of the polycapiliary
are 1.0 mm and 10 ym, respectively. Radiography

Copper target

Filament

copper filter

Berylliu’gl window

X-ray 1.08 m

Polycapillary
plate - e Brass ring
Aluminum plate gininni

[ ne

Imaging plate

RIS AT A
! ARSI

Iron plate

Fig. 2. Experimental setup for quasi-parallel
radiography utilizing a polycapillary plate and a CR
system.

©-®

Polycapillary plate

Fig. 3. Polycapillary plate.
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Vi: Tube voltage
- I: Tube current
T: Exposure time

V=12 kV, V,=17kV V,=22 kV
- I=1 mA I=1mA I=1mA,
T=120s 7=20s T=10s
3 mm

—>

Fig. 4. Images of the x-ray source measured by a 50-ym-diameter pinhole with changes in the tube voltage.

was performed by a CR system (Konica Regius 150)
utilizing imaging plates, and the distance between
the x-ray source and the polycapillary was 1.08 m.

3. CHARACTERISTICS

3.1 Focal Spot

In order to measure images of the x-ray source,
we-employed a pinhole camera with a hole diameter
of 50 ym (Fig. 4). When the tube voltage was
increased, the spot intensity increased, and spot
dimensions increased slightly and had values of
approximately 2.0x 1.5 mm.

3.2 - X-ray Spectra

X-ray spectra from the copper-target tube were
measured by a transmission-type spectrometer with
a lithium fluoride curved crystal 0.5 mm in thickness.
’f"lrx'eﬁ.'éb'ectra were taken by the CR system with a
wide dYﬁ_ahlic range, and relative x-ray intensity was
calculated from DICOM (Digital Imaging and
Communications in Medicine) digital data. Figure 5
shows measured spectra from the copper target. When
the tube voltage was increased, the bremsstrahlung
X-ray intensity increased, and the characteristic x-ray
intensity of Ko and K 8 lines also increased. Following
insertion of the copper filter, the bremsstrahlung x

Tube voltage=12 kV Tube voltage=17 kV

o
-
S

Kayz Kaia

Relative Intensity
w
Relative Intensity
- 8 38 3

~
=]

H

» KBz
1 h i A
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.59

2.04 o4
Photoo energy {keV] Photon epergy [keV)]

Tube voltage=22 kV Tube voltage=17 kV

il u r it
160 | or
Kay,2 Kaiy;
40t
L b
H 8
$ ol g
-l H Kpia
K] Kpi2 220
40 -
k 10t
0 .04 (1] 0 8.04 590
Photon energy [keV] Photon energy [keV]
Fig. 5. Measured x-ray spectra according to changes

in the tube voltage using a 10-ym-thick copper filter.
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rays with energies higher than the K-absorption edge
were absorbed effectively.

4, RADIOGRAPHY

The quasi-monochromatic radiography was
performed with a tube voltage of 17 kV using the
filter. Figure 6 shows radiography for imaging a
polycapillary plate, and the radiograms of the
polycapillary are shown in Fig. 7. The center of the
black spot in the polycapillary radiogram was mainly
imaged by direct transmission beams through
capillary holes. As shown in this figure, the spot
dimensions increased slightly according to decreases
in the polymethyl methacrylate (PMMA) spacer
height.

Figure 8 shows the polycapillary radiography for
imaging a test chart, and the polycapillary was set

X-ray Pgl_ycaplllary plate

i 3. 4

1 mm-thick ‘
aluminum

WzZzzzzzz2272227: 272772
Iron plate

80 mm

Fig. 6. Radiography for imaging a polycapillary plate
according to changes in the distance between the
polycapillary and imaging plates.

on the brass ring. In this radiography, when the
spaéer height was increased, the image resolution
hardly varied, and the image dimensions decreased
slightly (Fig. 9). Enlarged radiograms of the test chart
(166 ym lead lines) are shown in Figs. 10 and 11.
When the polycapillary was employed, the image
contrast of lines increased, but the resolution hardly
varied. With increases in the brass spacer height,
the image resolution hardly varied, and the
dimensions again decreased slightly (Figs. 12 and
13). When the polycapillary was employed in
conjunction with the brass spacer, the contrast again
increased.

Figures 14 and 15 show radiography and the
radiogram of tungsten wires on a PMMA spacer,
respectively. Although the image contrast increased
with increases in the wire diameter, a 50 ym-diameter
wire could be observed. An angiography of a rabbit
heart (coronary artery) is shown in Fig. 16;
iodine-based microspheres of 15 ym diameter were
used, and fine blood vessels of about 50 ym were
visible (Fig. 17).

5. DISCUSSION

In this research, we performed quasi-parallel
radiography achieved with a polycapillary plate in
conjunction with quasi-monochromatic x rays, and
obtained slightly higher image resolutions as
compared with those obtained without using the plate.

H,: PMMA spacer height

H,=60 mm

H,=30 mm

H,=0 mm

30 mm

<

> -

Fig. 7. Radiograms of a polycapillary plate according to changes in the PMMA height.
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quycapillary plate

%lllllllIIIlllIIIIlIlIIII%
]
S I .
SR

Resolutlon-test chart

1 inm-thick
aluminum

72277772
Iron plate

80 mm

Fig. 8. Radiography for imaging a test chart using a
polycapillary plate according to the PMMA height.

If we assume that the capillaries are completely
straight, the image resolution of the polycapillary is
primarily determined by the diameter of the capillary
hole and the thickness, and is improved with
decreases in the capillary diameter and increases in
the thickness. In cases where the CR system -is
employed, although the resolution of the CR system
is primarily determined by the minimum sampling
pitch of 87.5 ym, we could observe 50 ym tungsten
wires easily.

The photon energies of the characteristic x rays

H,: PMMA spacer height

100 pm

125 um

166 pm

H,=60 mm

H,=30 mm

H,=0 mm

Fig. 9. Radiograms of a test chart using a polycapillary plate according to the PMMA height.

166 pm lead lines »

166 pm lead lines

H,=0 mm

j'_ H;=30 mm

1{,’ PMMA spacer height

Fig. 10. Enlarged radlog"rams of a test chart using a
polycapillary plate according to the PMMA height.

H,=30'mm H,=0 mm
H,: PMMA spacer height

Fig. 11. Enlarged radiograms of a test chart without
using a polycapillary plate according to the PMMA height.
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are determined by the target element, and the

. . . Polycapiliary plate

capillary thickness should be increased according to X-ray

increases in the photon energy because the ﬂ ﬂ ﬂ

transmission intensity through capillary glass i
L b

increases. Subsequently, in order to increase the P

. ] . ) 0 mm | mm 1 mm‘-thlck % Z
parallelity for phase imaging, single crystals should $0m aluminum -

Imaging plate

be employed after passing through the polycapillary.

Because it is possible to increase the irradiation
field by increasing the distance between the x-réy
source and the polycapillary, this system can be
applied to image a wide variety of objects in various
fields, including medical radiography.

ARG

Brass sbacer Iron plate

Fig. 12. Radiography for imaging a test chart using a
polycapillary plate according to the brass spacer height.

Hj: Brass spacer height

100 um

125 um

i

166 pm b ——eeev e

Hy=30 mm H,=60 mm

Fig. 13. Radiograms of a test chart using the polycapillary according to the brass spacer height.

. Hb=0 min

X-ray

1 mm-thick
aluminum

Polycapillary plate ﬂ

IIIIIIIIIIIIIIIIIIIIII&

1 mm-thick
PMMA dlsk ....... Tungsten wire
80mm| T
PMMA spacer
39 mm Imaging plate

[z g2
Iron piate

e 33

Fig. 14. Radiography for imaging tungsten wires using
the polycapillary.
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X-ray

1 mm-thick

Polycapillary plate D
aluminum

IIIIIIIIIIIIIIIIIIII

e

_~Heart

80 mm
Imaging plate

Pz
Iron plate

Fig. 16. Angiography of a heart extracted from a
rabbit using iodine-based microspheres.

ACKNOWLEDGMENTS

This work was supported by Grants-in-Aid for
Scientific Research (13470154, 13877114, and
16591222) and Advanced Medical Scientific Research
from MECSST, Health and Labor Sciences Research
Grants(RAMT-nano-001, RHGTEFB-genome-005 and
RHGTEFB-saisei-003), Grants from Keiryo Research
Foundation, The Promotion and Mutual Aid
Corporation for Private Schools of Japan, Japan
Science and Technology Agency (JST), and New
Energy and Industrial Technology Development
Organization (NEDO, Industrial Technology Research
Grant Program in "03).

REFERENCES
1) Mori H, Hyodo K, Tanaka E, Mohammed MU,

Yamakawa A, Shinozaki Y, Nakazawa H, Tanaka -

Y, Sekka T, Iwata Y, Honda S, Umetani K, Ueki
H, Yokoyama T, Tanioka K, Kubota M, Hosaka
H, Ishizawa N and Ando M: Small-vessel radiography
in situ with monochromatic synchrotoron radiation.
Radiology, 201:173-177, 1996.

2) Davis TJ, Gao D, Gureyev TE, Stevenson AW and
Wilkims SW: Phase-contrast imagimg of weakly
absorbing materials using hard x-rays. Nature, 373:
595-597, 1995.

3) Momose A, Takeda T, Itai Y and Hirano K:
Phase-contrast x-ray computed tomography for
observing biological soft tissues. Nature Medicine,
2:473-475, 1996.

50 um tungsten wire

30 mm
<« >
Fig. 17. Angiogram of the heart using the
polycapillary.

4)

5)

6)

7

8)

9)

10)

-111-

Ishisaka A, Ohara H and Honda C: A new method
of analyzing edge effect in phase contrast imaging
with incoherent x-rays. Opt Rev, 7:566-572, 2000.
Sato E, Komatsu M, Hayasi Y, Tanaka E, Mori
H, Kawai T, Usuki T, Sato K, Ichimaru T,
Takayama K and Ido H: Quasi-monochromatic
parallel radiography achieved with a plane-focus
x-ray tube. Proc SPIE, 4786:151-161, 2002,

Sato E, Hayasi Y, Mori H, Tanaka E, Takayama
K, Ido H, Sakamaki K and Tamakawa Y:
Quasi-monochromatic x-ray production from the
cerium target. Proc SPIE, 4142:17-28, 2000.

Sato E, Suzuki Y, Hayasi Y, Tanaka E, Mori H,
Kawai T, Takayama K, ldo H and Tamakawa Y:
High-intensity quasi-monochromatic x-ray irradiation
from the linear plasma target. Proc SPIE, 4505:
154-164, 2001.

Sato E, Hayasi Y, Tanaka E, Mori H, Kawai T,
Obara H, Ichimaru T, Takayama K, Ido H, Usuki
T, Sato K and Tamakawa Y: Polycapillary
radiography using a quasi-x-ray laser generator.
Proc SPIE, 4508:176-187, 2001.

Sato E, Hayasi Y, Tanaka E, Mori H, Kawai T,
Usuki T, Sato K, Obara H, Ichimaru T, Takayama
K, Ido H and Tamakawa Y: Quasi-monochromatic
radiography using a high-intensity quasi-x-ray laser
generator. Proc SPIE, 4682:538-548, 2002.

Sato E, Hayasi Y, Germer R, Tanaka E, Mor H,
Kawai T, Obara H, Ichimaru T, Takayama K and
Ido H: Irradiation of intense characteristic x-rays



90

11)

12)

13)

T. Icumaru, E. Sato, E. Tanaka, H. Mor, T. Kawal, S. Sato, K. TAKAYAMA

from weakly ionized linear molybdenum plasma. Jpn
J Med Phys, 20:123-131, 2003.

Sato E, Hayasi Y, Germer R, Tanaka E, Mori H,
Kawai T, Obara H, Ichimaru T, Takayama K and
Ido H: Intense characteristic x-ray irradiation frorh
weakly ionized linear plasma and applications. Jpn
J Med Imag Inform Sci, 20:148-155, 2003.

Xiao OF and Poturaef SV: Polycapillary-based x-ray '

optics. Nucl Instr Meth Phys Res A, 347:376-383,
1994,
MacDonald CA, Mail N, Li D, Roy M and Sugiro :

-112-

14)

15)

Monochromatic applications of polycapillary optics.
Proc SPIE, 5196:405-411, 2002.

Sato E, Toriyabe H, Hayasi Y, Tanaka E, Mori H,
Kawai T, Usuki T, Sato K, Obara H, Ichimaru T,
Takayama K, Ido H and Tamakawa Y: Fundamentat
study on parallel beam radiography using a
polycapillary plate. Proc SPIE, 4682:298-310, 2002.
Sato E, Sato K and Tamakawa Y: Film-less
computed radiography system for high-speed
Imaging. Ann Rep Iwate Med Univ Sch Lib Arts and
Sci, 35:13-23, 2000. '



Quasi-monochromatic fine polycapillary imaging utilizing computed radiography system

FUONINXBREIATAZHAL ZEREE
774 RIFTESU—AA=DT

— ERAXBRL X —
moR R OKT kB OE T OHE b R
2 x =T W & & BT K& B R KU

m o oFoEY

(2004 E10A 31854, 200561 B13HXE)

B AUF+ T U -7 - EENBEAE XBEZAVCEREX RBRICRL TRt
L. BEERI2AH2kV ORETHEARIN, TBHEIE 7« 54/ FOREICXD3.0mA LA
TFTiHEI N, X ERHABMZBECEE L X SMENEBOND KO ICHEIh, RPER
H A Z132.0X1.5mmThH-7z, EVF+ T ) —F U— MIERK b= 27 2HB D J5022-16
T7V—FRIZLOmmTdh -7, SR BFHE ZLUTHRIIZENENIZ3 mm, 27mm, 10ym
Tho7z. BEEMNTKV OLET THO K RYEE (BEE) XKL, EZ10ymO#E7 « v

y—FZBLTHAZN,

A= VI T V—- b EDTVINEBE L X7 4 (CR) IZXVEFENI.

INGDXRIRY F+ ET V) —iC X DEFHELEIN. XRBRIZA

oA REEIL 7 X

FFv—b&ETV— FMEOEBELZE L TOHEL Lizh 57z, BETIS0mD S /7’7\7'/'74

-1

F—TJ—F  EFT

AN, EECRIOmMBEORK/IOEIBETE /-,

XHEY, EREAXMKR HEXR XBLUX RIF+E3V-FV—+

91

* 1 3 BT R EERFREB R BRI EER
T 036-8565 FFRRIELSARITAET 66 Fil 1
E-mail: ichimaru@cc.hirosaki-u.ac.jp

* LB RBIKERBR DL
T 020-0015 & F LM 48T 3-16-1

*IRHBEXFCAEDRERREN TR
T020-0015 EHEHHAFRE » £ 1-1-1

*{ETERSE Y — LA RS
T 565-8565 KERFF®EMEES & 5-7-1

-113-

*SEPK b =2 B FEEES

T 438-0193 B EREHEPEMEHN T ®IE314-5
*6 SRR ACEELTMAELRE

F020-0015 HFRBMAATAA19-1
* TR AL RS TR TR

T 980-8577 BRIEMETTHFERH F2-1-1



Bull. Health Sci. Hirosaki 4 :93—100, 2005

Cone-beam K-edge angiography utilizing cerium x-ray generator

in conjunction with cerium oxide filter

—— Observation of fine blood vessels —
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Abstract ;: The cerium x-ray generator is useful in order to perform cone-beam K-edge

angiography because K-series characteristic x rays from the cerium target are absorbed

effectively by iodine-based contrast mediums. The X-ray generator consists of a main controller
and a unit with a high-voltage circuit and a fixed anode x-ray tube. The tube is a glass-enclosed
diode with a cerium target and a 0.5 mm-thick beryllium window. The maximum tube voltage
and current were 65 kV and 0.4 mA, respectively, and the focal-spot sizes were 1.2 x 0.8
mm. Cerium K-series characteristic X rays were left using a cerium oxide filter, and the x-ray
intensity was 0.50,C/kg+s at 1.0 m from the source with a tube voltage of 60 kV, a current
of 0.40 mA, and an exposure time of 1.0 s. Angiography was performed with a computed
radiography system using iodine-based microspheres 15 ym in diameter. In angiography of
non-living animals, we observed fine blood vessels of approximately 100 ym with high contrasts.

Key words : x-ray generator, cerium target, quasi-monochromatic x rays, characteristic x rays,

K-edge angiography

1. INTRODUCTION

Monochromatic Vparallel x-ray beams are the basis
of radiography using synchrotrons in conjunction
with single crystals, and these beams have been
employgd to perform enhanced K-edge angiography
1-3) and x-ray phase imaging.4~6) In angiography,

the beams with photon energies of approximately 35
keV are absorbed effectively by iodine-based confrast
mediums. However, it is difficult to obtain sufficient
machine times for various research projects, including
medical applications. Subsequently, monochromatic
cone beams with energies of approximately 35 keV
are useful in order to increase the irradiation field

*1 Department of Radiological Technology, School of
Health Sciences, Hirosaki University, 66-1 Hon-cho,

Hirosaki-shi, Aomori-ken 036-8564, Japan.

*2 Department of Physics, Iwate Medical University,
3-16-1 Hon-cho-dori, Morioka-shi, Iwate-ken, 020-0015,
Japan. - )

*3 Department of Nutritional Science, Faculty of Applied
Bio-science, Tokyo University of Agriculture, 1-1-1
Sakuragaoka, Setagaya-ku, Tokyo 156-8502, Japan.

*4Department of Cardiac Physiology, National
Cardiovascular -Center Research Institute, 5-7-1
Fujishiro-dai, Suita-shi, Osaka 565-8565, Japan.

*5 Electron Tube Division, Hamamatsu Photonics K. K.,
314-5 Shimokan-zo,Toyooka village, Iwata-gun,
Shizuoka-ken, 438-0193, Japan.

*6 Department of Microbiology, School of Medicine, Iwate.
Medical University, 19-1 Uchimaru, Morioka-shi,
Iwate-ken 020-8505, Japan.

*7 Shock Wave Research Center, Institute of Fluid
Science, Tohoku University, 2-1-1 Katahira, Aoba-ku,
Sendai-shi, Miyagi-ken 980-8577, Japan.-

-114-



94 T. IcHMARU, A. YAMADERA, E. SaT0, E. Tanaka, H. Mor., T. Kawal S. SaT0, K. TAKAYAMA

for K-edge angiography.

In order to perform high-speed medical
radiography, although several different flash x-ray
generators 7 ~13) utilizing cold-cathode tubes have
been developed, plasma flash x-ray generatorst4-18
are useful to produce quasi-monochromatic x rays
without using a K-edge filter. Therefore, we have
performed a demonstration of cone-beam K-edge
angiography!? utilizing a cerium plasma generator,
since K-series characteristic x rays from the cerjum
target are absorbed effectively by iodine.

Recently, we have developed a steady state x-ray
generator utilizing a cerium-target tube, and have
demonstrated enhanced K-edge angiography utilizing
a barium sulfate filter.2® In this research, Ky lines
(34.6 keV) were left by absorbing K lines (39.2
keV), and bremsstrahlung x rays with photon
energies of lower than the barium K-edge (37.4 keV)
were also observed. However, because cerium K3
lines are aiso absorbed effectively by iodine, both K¢
and Kp lines should be selected to perform
angiography. In measurements of x-ray spectra,
although we usually employed a cadmium tellurium
detector with a photon energy resolution of 1.7 keV,
the resolution should be improved as much as possible
to measure the characteristic x-ray intensity.

In the present research, we measured the x-ray
spectra from a cerium-target tube using a germanium
detector, and performed a preliminary study - on
cone-beam K-edge angiography achieved with
cerium characteristic x rays using a cerium oxide
K-edge filter.

2. GENERATOR

Figure 1 shows the block diagram of the x-ray
generator, which consists of a main controller and
an x-ray tube unit with a Cockcroft-Walton circuit
and a cerium-target tube. The tube voltage, the
current, and the exposure time can be controlled by
the controller. The main circuit for producing x rays
is illustrated iﬁ Fig. 2, and employed the Cockcroft-
Walton circuit in order to decrease the dimensions
of the tube unit. In the x-ray tube, the negative high
voltage is applied to the cathode electrode, and the
anode (target) is connected to the tube unit case
(ground potential) to cool the anode and the target

effectively. The filament heating current is supplied
by an AC power supply in the controller in
conjunction with an insulation transformer. The x-ray
tube is a glass-enclosed diode with a cerium target
and a 0.5-mm-thick beryllium window. In this
experiment, the tube voltage applied was from 45
to 65 kV, and the tube current was regulated to within
040 mA (maximum cuwrent) by the filament
temperature. The exposure time is controlled in order
to obtain optimum x-ray intensity. Quasi-monochromatic
X rays are produced using a cerium oxide filter for
absorbing bremsstrahlung rays.

In designing the filter, the surface density of the
cerium oxide powder is important, since the x rays
are absorbed effectively by the powder as compared

X-ray tube unit

X-ray tube @ X-ray

oil [ insutation
. transfori
[

- Cooler

b

Controller

Fig. 1. Block diagram of compact x-ray generator
with cerium-target radiation tube, which is used
specially for K-edge angiography using iodine-based
contrast mediums.
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Fig. 2. Main circuit of x-ray generator.
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with the PMMA powder. In this case, the density
was approximately 10 mg/cm?, and a K-edge powder
filter (Fig. 3), consisting of cerium oxide and PMMA
powders, was employed.

éerium oxide and PMMA
X-ray Powders

Fig. 3. Schematic drawing of cerium oxide powder
filter.
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Fig. 4. X-ray intensity measured at 1.0 m from
x-ray source according to changes in tube voltage.

3. CHARACTERISTICS

3.1 X-ray Intensity
X-ray intensity was measured by a Victoreen 660
ionization chamber at 1.0 m from the x-ray source

" using the filter (Fig. 4). At a constant tube current

of 0.40 mA, the x-ray intensity increased when the
tube voltage was increased. In this measurement, the
intensity with a tube voltage of 60 kV and a current
of 0.40 mA was 0.50 4,C/kg+s at 1.0 m from the source
with errors of less than 0.2%.

3.2 Focal Spot

In order to measure images of the x-ray source
after the filtration, we employed a pinhole camera
with a hole diameter of 50 ym (magnification ratio
of 1:2) in conjunction with a Computed Radiography
(CR) system?D with a sampling pitch of 87.5ym.
When the tube voltage was increased, spot
dimensions increased slightly and had values of 1.2
x0.8 mm (Fig. 5).

3.3 X-ray Spectra

In order to measure x-ray spectra, we employed
a germanium detector (GLP-10180/07-P, Ortec Inc.)
with a photon energy resolution of approximately 0.12
keV (Fig. 6). When the tube voltage was increased,
the characteristic x-ray intensities of Kg and K3

- lines substantially increased, and both the maximum

photon energy and the intensities of bremsstrahlung

X rays increased.

V:: Tube voltage

P

2 mm

«

[
>

Fig. 5. Effective focal spots with changes in tube voltage.

-116-



96 T. IcummaRU, A. YAMADERA, E. SaTo, E. Tanaka, H. Mor, T. Kawai S. Sato, K. TAakavama
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Fig. 6. X-ray spectra measured using germanium detector with changes in tube voltage.

4., K-EDGE ANGIOGRAPHY

Figure 7 shows the mass attenuation coefficients
of iodine at the selected energies; the coefficient curve
ié discontinuous at the iodine K-edge. The average
photon energy of the cerium Kg and K§ lines are
shown just above the iodine K-edge. Cerium is a rare
earth element and has a high reactivity; however,
the average photon energies of Kg and K§g lines
are 34.6 and 39.2 keV, respectively, and iodine
contrast mediums with a K-absorption edge of 33.2
keV absorb the lines easily. Therefore, blood vessels
were observed with high contrasts.

The angiography was performed by the CR system
(Konica Regius 150) using the filter, and the tube
voltage and the distance (between the x-ray source
and the imaging plate) were 60 kV and 1.5 m,
respectively. Firstly, rough measurements of spatial
resolution were made using wires. Figure 8 shows
radiograms of tungsten wires coiled around a rod
made of polymethyl methacrylate. Although the image
contrast decreased somewhat with decreases in the
wire diameter, due to blurring of the image caused
by the sampling pitch of 87.5 ym, a 50 ym-diameter
wire could be observed.

Angiograms of rabbit hearts are shown in Fig.

K-absorption edge of iodine

Cerium Kalines

, Cerium Kplines

N W A W &
T

—
¥

Mass attenuation coefficient (mzlkg)

(o)
-

20 30 40 50 60 70
Photon energy (keV)

—
(=}

Fig.7. Mass attenuation coefficients of iodine, and
average photon energies of cerium Kq and K
lines.

9. These two images were obtained using iodine and
cerium microspheres of 15 ym in diameter. In the case
where the cerium spheres were employed, the
coronary arteries were barely visible. Figures 10 and
11 show angiograms of a larger dog heart and a
rabbit thigh, respectively, using iodine spheres. In
angiography, the coronary arteries were visible, and
fine blood vessels of approximately 100 ym could be

seern.
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Fig. 8. Radiograms of tungsten wires in PMMA rod with tube voltage of 60 kV.
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Fig. 9. Angiograms of extracted rabbit hearts using iodine and cerium microspheres with
tube voltage of 60 kV.
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Fig. 10. Angiogram of extracted dog heart using iodine microspheres with tube voltage of
60 kV.
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100 pm wire

60 mm

Fig. 11. Angiogram of rabbit thigh with tube
voltage of 60 kV.

5. DISCUSSION AND CONCLUSIONS

In summary, we employed an x-ray generator with
a cerium-target tube and succeeded in producing
cerium characteristic x rays, which can be absorbed
éasily by iodine-based contrast mediums. The
characteristic x-ray intensides increased with
increases in the tube voltage, and bremsstrahlung
rays were absorbed effectively by the filter.

Although the cerium x-ray generator used in this
research produces both the characteristic and the
bremsstrahlung x rays, bremsstrahlung intensity can
be decreased effectively by considering the angle
dependence without wusing the filter, since
bremsstrahlung rays ‘are not emitted in the opposite
direction to that of electron acceleration. Subsequently,
the generator produced maximum number of
characteristic photons was approximately 3 x 107
photons/cm? » s at 1.0 m from the source, and the
photon count rate can be increased easily by

improving the target.
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