3. CHARACTERISTICS

3.1 X-ray intensity

The x-ray intensity was mea;ured by a Victoreen 660 ionization chamber at 1.0 m from the x-ray source using a
§0—p.m~tluck tungsten filter (Fig. 3). At a constant tube current, the x-ray intensity increased when the tube voltage was
increased. At a tube voltage of 60 kV and a current of 0.10 mA, the intensity with the filter was 1.04 nGy/s.

3.2 Focal spot

In order to measure images of the x-ray source, we employed a pinhole camera with 2 hole diameter of 100 pm in

conjunction with a Computed Radiography (CR) system with 2 sampling pitch of 87.5 um (Fig. 4). When the tube

voltage was increased using the filter, the spot diameter increased and had a maxim Xirna
N s # um value of appro tely 2.2 mm

3.3 X-ray spectra

In order to measure x-ray spectra, we employed a cadmium telluride detector (XR-100T, Amptek) (Fig. 5). Using the
filter, low-photon-energy bremsstrahlung x-rays were absorbed, and sharp K lines were left. When the tube voltage

was mgreased, the x-ray intensities of samarium K-series characteristic lines increased, and the maximum photon
energy increased.

2.5
\ [ ¥~ Tube voltage
2
=N
T s
L
| |
\ ‘ =50 kV V=60 kV V=70 kV
0 i
45 50 55 60 65 70 75 3.0 mm
Tube voltage (kV)
Fig. 3. X-tay intensity measured at 1.0 m from X-ray source Fig. 4. Images of the x-ray source with changing the
according to changes in tube voltage using a tungsten filter. tube voltage.
4. K-EDGE ANGIOGRAPHY

Because the average photon energy of samnarium Ko is 39.9 keV, iodine contrast media with a K-absorption edge of
33.2 keV absorb the Ko lines easily (Fig. 6). Therefore, blood vessels were observed with high contrasts. The
angiography was performed using the CR system, iodine microspheres of 15 pm in diameter, and the filter. The
distance between the x-ray source and the imaging plate was 1.0 m, and the tube voltage was 60 kV. First, rough
measurements of spatial resolution were made using wires coiled around rods made of polymethyl methacrylate
(PMMA) (Fig. 7). Although the image confrast decreased somewhat with decreases in the wire diameter, a
50-pm-diameter wire could be observed.

Figures 8 and 9 show angiograms of a rabbit heart and thigh, respectively. The coronary arteries in the heart and fine
blood vessels in the thigh were visible. Figure 10 shows angiograms of a dog heart, and blood vessels of
approximately 100 pm in diameter were observed.
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Fig, 7. Radiograms of tungsten wires coiled around PMMA rods.

Fig 8. Angiograms of an extracted Tabbit heart using

iodine microspheres.

Fig. 9. Angiogram of 2 rabbit thigh using iodine
microspheres.
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Fig. 10. Angiogram of an extracted dog heart using iodine microspheres.

5. DISCUSSION AND CONCLUSIONS

We employed an x-ray generator with a samarjum-target tube and succeeded in producing samarium characteristic
x-rays, which can be absorbed easily by iodine-based contrast media. Both the characteristic and bremsstrahtung x-ray
intensities increased with increases in the tube voltage without filtering. Using the filter, K-rays were left by absorbing
bremsstrahlung rays, and K-ray intensity increased with increases in the tube voltage.

Using this x-ray tube, we could produce K-series characteristic x-rays of nickel, copper, and molybdenum, and
performed soft radiography. However it is difficult to produce clean samarium K-rays because bremsstrahlung x-ray
intensity is in proportion to the atomic number. Therefore, optimum filters for absorbing bremsstrahlung rays should
be employed to improve the image contrast of blood vessels.

Using the filter, the generator produced maximum number of characteristic photons was approximately 43X 10
photons/(cm* s) at 1.0 m from the source, and the photon count rate can be increased easily by improving the target.

For example, the rotation anode tube can be developed, and sufficient x-ray dose rates could be produced by
increasing the anode diameter.
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ABSTRACT

A microfocus x-ray tube is useful in order to perform magnification digital radiography including phase-contrast effect.
The 100-um-focus x-ray generator consists of a main controller for regulating the tube voltage and current and a tube
unit, with a high-voltage circuit and a fixed anode x-ray tube. The maximum tube voltage, current, and electric power
were 105 kV, 0.5 mA, and 50 W, respectively. Using a 3.0-mm-thick aluminum filter, the x-ray intensity was 26.0
1Gy/s at 1.0 m from the source with a tube voltage of 60 k'V and a current of 0.50 mA. Because the peak photon
energy was approximately 35 keV using the filter with a tube voltage of 60 XV, the bremsstrahlung X-rays were
absorbed effectively by iodine-based contrast media with an jodine K-edge of 33.2 keV. Real-time magnification
radiography was performed by twofold magnification imaging with an image intensifier camera, and angiography was -
achieved with iodine-based microspheres 15 pm in diameter. In angiography of non-living animals, we ‘observed fine
blood vessels of approximately 100 pm with high contrasts.

Keywords: real-time magpification radiography, magnification angiography, 100-um-focus tube, tungsten target,
imnage intensifier, phase-contrast effect .

1. INTRODUCTION

To perform high-speed biomedical radiography, several various flash x-ray generators using cold-cathode tubes have
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been chaveloped."4 In particular, quasi-monochromatic flash x-ray gene.ra’corss'lo have been designed to perform
preliminary experiments for producing clean K-series x-rays, and higher-harmonic hard x-rays have been observed in
a weakly ionized linear plasma of copper and mickel. However, in monochromatic flash radiography, difficulties in
increasing x-ray duration and in performing x-ray computed tomography (CT) have been encountered. In view of this
situation, we have developed steady-state characteristic x-ray generators to produce clean characteristic X-rays, since
bremsstrahlung rays are not emitted in the opposite direction to that of electron trajectory.

Monochromatic parallel beams produced from a synchrotron using silicon crystals have been employed in
phase-contrast radiography''? and enhanced K-edge a.ngiography.”’M In particular, the parallel beams with photon
energies of approximately 35 keV have been employed to perform iodine K-edge angiography, because the beams are
absorbed effectively by iodine-based contrast media with 2 K-absorption edge of 33.2 keV.

Without using synchrotrons, phase-contrast radiography for edge enhancement can be performed using a microfocus
x-ray tube, and the magnification radiography including the phase-contrast effect'® has been applied in marnmography
achieved with a computed radiography (CR) systern'® (Regius 190, Konica Minolta) with 2 sampling pitch of 43.8 pm
using a 100-um-focus molybdenurm tube. Subsequently, we have developed a cerium x-ray genera‘cor”'19 to perform
enhanced K-edge angiography using cone beams, and have succeeded in observing fine blood vessels and corenary
arteries with high contrasts using cerium Ko, rays of 34.6 keV. However, it is difficult to design a small focus cerium
tube for angiography.

Magnification radiography is useful in order to improve the spatial resolution in digital radiography, and narrow
photon energy bremsstrahlung x-rays with a peak energy of approximately 35 keV from a microfocus tungsten tube
are useful to perform high-contrast high-resolution angiography. In magnification radiography, scattering beams from
radiographic objects can be reduced without using a grid.

In this research, we employed a 100-um-focus tungsten tube, used to perform real-time magnification radiography,
including angiography, using an image intensifier (II) in conjunction with a CCD camera.

2. X-RAY GENERATOR

Figure 1 shows the block diagram of a microfocus x-ray generator used in this experiment, and the generator consists
of a main controller, an x-ray tube unit with a Cockerofi-Walton circuit, an insulation transformer, and a 1 00-pm-focus
x-ray tube. The tube voltage, the current, and the exposure time can be controlled by the controller. The main circuit
for producing x-rays employs the Cockcroft-Walton circuit in order to decrease the dimensions of the tube unit. In the
x-ray tube, the positive and negative high voltages are applied to the anode and cathode electrodes, respectively. The
filament heating current is supplied by an AC power supply in the controlier in conjunction with an insulation
transformer which is used for isolation from the high voltage from the Cockeroft-Walton circuit. In this experiment,
the tube voltage applied was from 45 to 70 kV, and the tube current was regulated to within 0.50 mA (maximum
current) by the filament temperature. The exposure time is controlled in order to obtain optimum X-ray intensity, and
parrow-photon-energy bremsstrahlung x-rays are produced using a 3.0-mm-thick aluminum filter for absorbing soft
X-1ays.

X-ray tube unit

Fig. 1. Block diagram of the x-ray generator.
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3. RESULTS AND DISCUSSION

3.1 X-ray intensity
The x-ray intensity was measured by 2 Victoreen 660 jonization chamber at 1.0 m from the x-ray source using the

filter (Fig. 2). At a constant tube current of 0.50 mA, the x-ray intensity increased when the tube voltage was increased.
At a tube voltage of 60 kV, the intensity with the filter was 26.0 LGy/s.

3.2 X-ray Spectra

In order to measure X-ray spectra, we employed a cadmium telluride detector (XR-1 00T, Amptek) (Fig. 3). When the
tube voltage was increased, the bremsstrahlung x-ray intensity increased, and both the maximum photon energy and
the spectrum peak energy increased.

In order to perform K-edge angiography, bremsstrahlung X-rays of approximately 35 keV are useful, and the
high-energy bremsstrahlung X-rays decrease the image contrast. Using this filter, because bremsstrahlung x-rays with

energies higher than 60 keV were not absorbed easily, the tube voltage for angiography was deterrnined as 60kV by
considering the filtering effect of radiographic objects. ’
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Fig. 2. X-ray intensity (1Gy/s) as a function of tube voltage Fig. 3. Bremsstrahlung x-ray spectra measured using 2
(kV) with a tube current of 0.50 mA. cadmium telluride detector with changes in the tube
voltage.

3.3 Magnification radiography

The magnification radiography was performed by twofold magnification imaging using the TI camera and the filterata
tube voltage of 60 XV, and the distance between the X-ray source and the TI was 1.0 m (Figs. 4 and 5). First, the spatial
resolution of magnification radiography was made using a lead test chart (Fig. 6). In the magnification radiography,
109 pm lines (4.6 line pairs/mm) were visible. Subsequently, radiography of tungsten wires coiled around rods made
of polymethyl methacrylate (PMMA) was performed (Fig. 7). Although the image contrast decreased somewhat with
decreases in the wire diameter, a 50-pm-diameter wire could be observed.
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Fig. 6. Radiograms of a test chart for measuring the spatial Fig. 7. Radiograms of tungsten wires coiled around
resolution. PMMA rods.

3.4 Enhanced magnification angiography

Figure 8 shows the mass attenuation coefficients of iodine at the selected energies; the coefficient curve is
discontinuous at the iodine K-edge. The effective bremsstrahlung x-ray spectra for K-edge angiography are shown
above the iodine K-edge. Because iodine contrast media with a K-absorption edge of 33.2 keV absorb the rays easily,
blood vessels were observed with high contrasts.

The magnification angiography was performed at the same conditions using iodine microspheres of 15 um in diameter,
and the microspheres (containing 37% iodine by weight) are very useful for making phantoms of non-living animals
used for angiography. Angiograms of a rabbit heart on the turn table is shown in Fig. 9, and the coronary arteries are

visible. Figure 10 shows angiograms of 2 dog heart in an Xy table, and blood vessels of approximately 100 um in
diameter were observed.
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4. CONCLUSION AND OUTLOOK

We employed an x-ray generator with a 100-pum-focus tungsten tube and performed real-time magnification
radiography (flucroscopy) using the II camera. To perform angiography, we employed narrow-photon-energy
bremsstrahlung x-rays with a peak photon energy of approximately 35 keV, which can be absorbed easily by
iodine-based contrast media. The bremsstrahlung x-ray intensity substantially increased with increases in the tube
voltage, and the tube voltage was determined as 60 KV in order to increase the image contrast by decreasing
high-photon-energy bremsstrahlung  x-rays with energies beyond 60 keV. In enhanced angiography,
low-photon-energy bremsstrahlung rays should be absorbed by an aluminum filter. Although we obtained mostly
absorption-contrast images, the phase-contrast effect may be added in cases where low-density media are employed.

We obtained spatial resolutions of approximately 110 pm using twofold magnification imaging using the II even when
a 100-um-focus tube was employed. In order to observe fine blood vessels of less than 100 pm, the spatial resolution
of the radiography system should be improved to approximately 50 pm using the II driven in a high-resolution mode,
and the iodine density should be increased. Ata tube voltage of 60 kV and a current of 0.50 mA, the photon number
was approximately 4 X 107 photons/(crnz- s) at 1.0 m from the source, and photon count rate can be increased easily
using a rotating anode microfocus tube developed by Hitachi Medical Corporation. Because the focus diameter of the
tube has been decreased to 10 pm, a high-resolution real-time magnification radiography system will become possible.
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g. 10. Angiograms of an extracted dog heart.
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ABSTRACT

This generator consists of the following components: a constant high-voltage power supply, 2 filament power sapply, a
turbomolecular pump, and an x-ray tube. The x-ray tube is a demountable diode which is connected to the
turbomolecular pump and consists of the following major devices: a tungsten hairpin cathode (filament), a focusing
(Wehnelt) electrode, a polyethylene terephthalate x-ray window 0.25 mm in thickness, 2 stainless-steel tube body, 2
pipe target, and a rod target. The pipe and rod targets are useful for forming linear and cone beams, respectively. In the
x-ray tube, the positive high voltage is applied to the anode (target) electrode, and the cathode is connected to the tabe
body (ground potential). In this experiment, the tube voltage applied was from12 to 20 kV, and the tube current was
regulated to within 0.10 mA by the filament temperature. The exposure time is controlled in order to obtain optimum
x-ray intensity. The electron beams from the cathode are converged to the target by the focusing electrode, and clean
K-series characteristic x-rays are produced through the focusing electrode without using a filter. The x-ray intensities
of the pipe and rod targets were 1.29 and 4.28 uGy/s at 1.0 m from the x-ray source with a tube voltage of 15 kV anda

tube current of 0.10 mA, and quasi-monochromatic radiography was performed using a computed radiography system.

Keywords: demountable x-ray tube, electron-impact source, line beam, cone beam, quasi-monochromatic X-1ays,
K-series characteristic x-rays, Sommerfeld’s theory

1. INTRODUCTION

Gas-discharge capillaries play significant roles in irradiation of soft x-ray Jasers,””® and the laser photon energy has
been increasing. Subsequently, large-scale x-ray free electron laser sources’ are constructing as a new-generation
radiation source for producing monochromatic coherent X-rays to perform various research projects including
biomedical applications. However, it is quite difficult to increase the maximum photon energy to 1 0 keV or beyond.
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To produce short x-ray pulses, several various flash x-ray generators utilizing high-voltage condensers have been
developed, and high-speed radiography has been demonstrated. In particular, the importance of forming weakly
ionized plasma source®® is well reported to produce clean K-series characteristic x-rays, and the second and fourth
harmonic x-rays of the fundamental K-series characteristic x-rays from copper and nickel targets have been confirmed.
The x-ray intensities of the harmonics increase with increases in the charging voltage, and the harmonic
bremsstrablung rays survive due to the X-ray resonation in the plasma. However, it is not easy 10 produce
high-photon-energy K-rays using linear plasmas, since the - plasmas readily transmit high-photon-energy
bremsstrahlung x-rays. In view of this situation, we have developed new flash x-ray gemarators“"11 to produce
high-photon-energy K-rays of molybdenum, ceriumy, tantalum, and nngsten.

At present, monochromatic parallel x-ray beams from synchrotrons utilizing silicon crystals are used in various fields
including medical imaging. In particular, x-rays with photon energies ranging from 33.3 to 35 keV have been
employed to perform enhanced K-edge angiographyu’13 because the rays are absorbed effectively by jodine-based
contrast media with an iodine K-edge of 33.2 keV. This imaging plays significant roles in the diagnosis of coronary
arteries, fine blood vessels in regenerative medicine, and capillaries in tumors. In contrast, smali-scale steady-state
monochromatic parallel and cone beams™ ' can be employed to perform medical imaging in hospitals.

In this research, we developed an x-ray generator used to perform a preliminary experiment for generaﬁng clean
K-series characteristic x-rays using a pipe and rod target by angle dependence of the bremsstrahlung X-12ys.

2. GENERATOR

Figure 1 shows a block diagram of a compact characteristic (quasi-monochromatic) X-ray generator. This generator
consists of the following components: a constant high-voltage power supply (SL150, Spellman), 2 DC filament power
supply, 2 turbomolecular pump, and an x-ray tube. The structures of the x-ray tube are illustrated in Figs. 2 and 3. The
x-ray tube is a demountable diode which is connected to the tarbomolecular pump with a pressure of approximately
0.5 mPa and consists of the following major devices: a tungsten hairpin cathode (filament), 4 focusing (Wehnelt)
electrode, a polyethylene terephthalate x-ray window 0.25 mm in thickness, a stainless-steel tube body, a rod copper
target of 3.0 mm in diameter, and a pipe copper target with an outside and a bore diameters of 5.0 and 4.0, respectively.
In the x-ray tube, the positive high voltage is applied to the anode (target) electrode, and the cathode is connected to
the tube body (ground potential). In this experiment, the tube voltage applied was from 12 to 20 kV, and the tube
current was regulated to within 0.10 mA by the filament temperature. The exposure time is controlled in order to
obtain optimum x-ray intensity. The electron beams from the cathode are converged to the target by the focusing
electrode, and x-rays are produced through the focusing electrode. Because bremsstrahlung rays are not ermitted in the
opposite direction to that of electron trajectory in Sommerfeld’s theory”® (Figs. 4 and 5), clean molybdenum K-series
x-rays can be produced without using a filter.

Focusing electrode
N _Brags ancde

I~ e
1 ™ Xeray tube

Z

Fig. 1. Block diagram including the main transmission line of the compact X-ray
generator witha quasi-monochromatic diode.
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3. CHARACTERISTICS

3.1 X-ray intensity
X-ray intensities from the pipe and rod tar,
the x-ray source (Figs. 6 and 7). At a cons
voltage was increased. In this measurement,
respectively, at 1.0m from the source w.

3.2 X-ray source

conjunction with a computed radiography
pipe target, the spot intensities increased,
hand, both the intensity an
approximately 2.2 rom.

3.3 X-ray spectra

gets were measured by a Victore
tant tube current of 0.10 mA, the

the intensities of the pipe and rod ta
ith a tube voltage of 15 kV.

In order to measure images of the x-ray sources, we €rp
(CR) system (Figs. 8 and 9). When the

en 660 ionization chamber at 1.0 m from
x-ray intensity increased when the tube
rgets were 1.29 and 428 nGyls,

loyed a pinhole camera with a hole diameter of 100 pm in
tube voltage was increased using the

was equal to the bore diameter. On the other

and the maximum diameter
d diameter increased with increases in the tube voltage, and the maximum diameter was
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X-ray spectra were measured using 2 silicon detector (XR-100CR, Amptek). We observed sharp K lines, and the
characteristic x-ray intensities substantially increased with increases in the tube voltage (Figs, 10 and 12). Clean K
lines were left by a 10-um-thick copper filter, and the Ko lines were selected out by absorbing KP lines using a
10-pm-thick nickel filter (Figs. 11 and 13).
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Fig. 6. X-ray intensity at 1.0 m from the pipe tfarget Fig. 7. X-ray intensity at 1.0 m from the rod target
according to changes in the tube voltage with a tube current with changing the tube voltage with a tube current of
0f 0.10 mA. 0.10 mA.
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Fig. 8. Images of the characteristic x-ray source from the Fig. 9. Images of the characteristic x-ray source from the
pipe target with changes in the tube voltage. rod target.
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4. CONCLUSIONS AND OUTLOOK

We developed a super-characteristic x-ray generator with the pipe and rod targets and succeeded in producing copper
" K lines. The characteristic x-ray intensity increased with increases in the tube voltage, and monochromatic Kot lines
were left by the nickel filter.

In the spectrum measurements, we usually employ a silicon detector and a lithium fluoride curved crystal. The
detector is useful for measuring the total spectra, including scattering beams. On the other hand, the spectra from only
the x-ray source can be measured using the crystal by selecting Bragg’s angle. Using the crystal in conjunction with 2
computed radiography system, we observed clean copper X lines.

In this preliminary experiment, although the maximum tube voltage and current were 20 XV and 0.10 mA, the voltage
and current could be increased to 100 XV and 1.0 mA, respectively. Using the rod target, the generator produced
maximum number of characteristic photons from the rod target was approximately 1 X 10°¢ photons/(cm2~ s)at 1.0m
from the source, and the photon count rate can be increased easily by increasing the current. )

Currently, the copper K-series characteristic x-rays are useful for extremely soft radiography, and the photon energies
of characteristic x-rays can be selected by the target element. In particular, the pipe target is useful for forming
monochromatic line beams by decreasing the bore diameter. ,
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This generator consists of the following components: a constant high-voltage power supply, a filament power supply, 2
turbomolecular pump, and an X-ray tube. The X-ray tube is a demountable diode which is connected to the turbomolecular
pump and consists of the following major devices: a molybdenum rod target, a tungsten hairpin cathode (filament), a focusing
(Wehnelt) electrode, a polyethylene terephthalate X-ray window 0.25 mm in thickness, and a stainless-steel tube body. In the
X-ray tube, the positive high voliage is applied to the anode (target) electrode, and the cathode is connected to the tube body
(ground potential). In this experiment, the tube voltage applied was from 22 to 36 kV, and the tube current was regulated to
within 100 A by the filament temperature. The exposure time is controlled in order to obtain optimum X-ray intensity. The
electron beams from the cathode are converged to the target by the focusing electrode, and clean K-series characteristic X-rays
are produced through the focusing electrode without using a filter. The X-ray intensity was 26.6 uGy/s at 1.0m from the X-ray
source with a tube voltage of 30kV and a tube current of [00 A, and quasi-monochromatic radiography was performed using
a computed radiography system. [DOIL: 10.1143/JJAP.45.2845]

KEYWORDS: demountable X-ray tube, electron-impact source, guasi-monochromatic X-rays, K-series characteristic X-rays,

Sommerfeld's theory

1. Introduction

A great deal of effort has been devoted to the research and
development of X-ray lasers in past years, and several
different generators have been developed. Using tera-watt
pulse lasers as pumping sources, a transient collisional
excitation method has been proposed.” Subsequently,
capillary discharge soft X-ray laser generators®™ have been
developed and demonstrated. However, it is difficult to
produce high-photon-energy X-ray lasers with energies
10keV or beyond. ‘

Recently, we have developed several different flash X-ray
generators®™ corresponding to specific radiographic objec-
tives, and the plasma X-ray source has been growing with
increases in the electrostatic energy in the condenser. By
forming weakly ionized linear plasma using rod targets, we
confirmed irradiation of clean K-series characteristic X-rays
such as hard X-ray lasers from the plasma axial direction
using a table-top flash X-ray generator.'®'® This super
fluorescence has been employed to perform cone-beam
monochromatic radiography such as iodine K-edge and
gadolinium K-edge angiographies. Furthermore, because
higher harmonic hard X-rays have been produced from the
copper plasma, we have to confirm the irradiations of higher
harmonics with charges in the target element.

Without forming plasmas, demountable flash X-ray tubes
can be employed to perform fundamental study on produc-
ing monochromatic X-rays,'¥ and have succeeded in
producing clean K-series characteristic X-rays. However,
monochromatic flash radiography has had difficulties in
controlling X-ray duration, and in performing magnification

radiography including phase-contrast effect.

At present, brilliant monochromatic parallel X-ray beams
from synchrotron radiation are used in various fields
including medical imaging,'>'” and large-scale X-ray free
electron laser sources'®) are constructing as a new-generation
radiation source for producing monochromatic coherent
X-rays. In contrast, small-scale steady-state monochromatic
parallel and cone beams can be employed to perform
medical imaging including phase-contrast radiography and
K-edge angiography'® in hospitals.

In this paper, we developed an X-ray generator used
to perform a preliminary experiment for generating clean
K-series characteristic X-rays by angle dependence of the
bremsstrahlung X-rays.

2. Generator

Figure 1 shows a block diagram of a compact character-
istic {quasi-monochromatic) X-ray generator. This generator
consists of the following components: a constant high-
voltage power supply (SL150, Spellman), a DC filament
power supply, a turbomolecular pump, and an X-ray tube.
The structure of the X-ray tube is illustrated in Fig. 2. The
X-ray tube is a demountable diode which is connected to the
wrbomolecular pump with a pressure of approximately
0.5mPa and consists of the following major devices: a
molybdenum rod target of 3.0 mm in diameter, a tungsten
hairpin cathode (filament), a focusing (Wehnelt) electrode, a
polyethylene terephthalate X-ray window 0.25 mm in thick-
ness, and a stainless-steel tube body. In the X-ray tube, the
positive high voltage is applied to the anode (target)
electrode, and the cathode is connected to the tube body

2845

-336-



Jpn. 1. Appl. Phys., Vol. 45, No. 4A (2006)

E. SATO et al.

Focusing electrode

Molybdenum target

Cathqde (filament)

Mylar X-ray window

Electron beam

Fig. 3.

45

40 %

X-ray intensity () Gy/s)
[¥8)
o
E\\

20 25 30 35 40
Tube voltage (kV)

Fig. 4. X-ray intensity at 1.0m from the X-ray source according to
changes in the tube voltage with a tube current of 100 pA.

detected by an imaging plate of the CR system (Konica
Minolta, Regius 150) with a wide dynamic range, and
relative X-ray intensity was calculated from Dicom original
digital data corresponding to X-ray intensity; the data was
scanned by Dicom viewer in the film-less CR system.
Subsequently, the relative X-ray intensity as a function of
the data was calibrated using a conventional X-ray gener-
ator, and we confirmed that the intensity was proportional to
the exposure time. Figure 6 shows measured spectra from
the molybdenum target. We observed clean K lines, while
bremsstrahlung rays were hardly detected. The characteristic
X-ray intensity substantially increased with increases in the
tube voltage.

4. Radiography

The quasi-monochromatic radiography was performed by
the CR system at 1.0 m from the X-ray source with the filter,

Charaéteristic
X-rays

K-photon irradiation from the X-ray tube.

V: Tube voltage

V=25 kV V=30 kV

V=35kV

3.0 mm

Fig. 5. Images of the characteristic X-ray source obtained using a pinhole
camera with changes in the tube voltage.

and the tube voltage was 301V,

Firstly, rough measurements of image resolution were
made using wires. Figure 7 shows radiograms of tungsten
wires coiled around pipes made of poly(methyl methacry-
late) (PMMA). Although the image contrast increased with
increases in the wire diameter, a 50 pm-diameter wire could
be observed.

A radiogram of a vertebra is shown in Fig. 8, and the fine
structure of the vertebra was observed. Next, angiography
was performed using iodine microspheres of {Sum in
diameter. Figures 9 and 10 show angiograms of a rabbit
heart and thigh, respectively, and we could obtained high
contrast images of coronary arteries and fine blood vessels.

5. Conclusions and Outlook

In summary, we developed a new gquasi-monochromatic
X-ray generator with a molybdenum-target tube and suc-
ceeded in producing clean molybdenum K lines. The
characteristic X-ray intensity increased with increases in
the tube voltage, and monochromatic Ko rays were left by a
zirconium filter.
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Fig. 9. Angiograms of a rabbit heart. Coronary arteries were visible.

Fig. 10. Angiogram of a rabbit thigh. Fine blood vessels of approximately
100 um were visible.

the target evaporation. Subsequently, the generator produced
maximum number of characteristic photons was approxi-
mately 1 x 108 pl1otons/(cn]2-s) at 1.0m from the source,
and the photon count rate can be increased easily by
increasing the current.

In the present research, the molybdenum K-series chat-
acteristic X-rays are useful for mammography, and the
photon energies of characteristic X-rays can be selected by
the target element. In particular, enhanced K-edge angiog-
raphy can be performed using a cerium target because
cerium Ko rays (34.6keV) are absorbed easily by iodine-
based contrast media with an iodine K-edge of 33.2keV.

Using this angiography, coronary arteries and fine blood
vessels formed in regenerative medicine may be observed
with high contrasts. Furthermore, a flat panel detector 15
useful to observe blood flows for cases of cardiovascular
disease.
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