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Abstract

The cerium-target x-ray tube 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
media. The x-ray generator consists of a main controller, an x-ray tube unit with a high-voltage circuit
and an insulation transformer, and a personal computer. 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 1.2X0.8 mm. Sharp cerium K-series
characteristic x rays were observed without using a filter, and the x-ray intensity was 209 nGy/s at
1.0 m from the source with a tube voltage of 60 kV and a current of 0.40 mA. Angiography was
performed with a computed radiography system using iodine-based microspheres 15 xm in diameter.
In angiography of non-living animals, we observed fine blood vessels of approximately 100 xm with high

contrasts.
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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 media.

1. Introduction

The principle basis of quality assurance for enhanced K-edge angiography is the discontinuity of the
absorption coefficient at the K-absorption edge of iodine-based contrast media, and angiography has
been performed using monochromatic parallel x-ray beams with synchrotrons.” Subsequently,
monochromatic x-ray computed tomography at two different energies has provided information on the
electron density of human tissue.* In addition, a compact pulsed tunable monochromatic x-ray source
has been designed, developed, and tested.” From the source, conical x-ray beams from 10 to 50 keV
with pulse widths of 8 ps have been produced, and these beams are useful for biomedical imaging and
protein crystallography.

In order to perform high-speed medical radiography, although several different flash x-ray generators®*
utilizing cold-cathode tubes have been developed, plasma flash x-ray generators'™ 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 cerium 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.” In this research, Ka lines
(34.6 keV) were left by absorbing KA 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
also absorbed effectively by iodine, both Ke and K3 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 without using a filter.
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Fig. 2: Main controller. Fig. 3: X-ray tube unit.
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Fig. 4: Main circuit of x-ray generator.

2. Generator

Figure 1 shows the block diagram of the x-ray generator, which consists of a main controller (Fig. 2), a
cerium-target x-ray tube unit (Fig. 3) with a Cockcroft-Walton circuit and an insulation transformer,
and a personal computer. The tube voltage, the current, and the exposure time can be controlled by
both the controller and the computer. The main circuit for producing x rays is illustrated in Fig. 4, and
employs the Cockeroft-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. In this experiment, the tube voltage applied was from 45 to 65 kV, 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.
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Fig. 7: X-ray spectra measured using germanium detector.

3. Characteristics

3.1 X-ray intensity

The x-ray intensity rate was measured by a Victoreen 660 ionization chamber at 1.0 m from the x-ray
source (Fig. 5). 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 209 uGy/s with errors of less than 0.2%.
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Fig. 8: Mass attenuation coefficients of iodine, and average photon energies of cerium Ka and K2 lines.

3.2 Focal spot

In order to measure images of the x-ray source without filtration, we employed a pinhole camera with
a hole diameter of 50 gm (magnification ratio of 1:2) in conjunction with a Computed Radiography
(CR) system' with a sampling pitch of 87.5 xm. When the tube voltage was increased, spot dimensions
increased slightly and had values of 1.2 X 0.8 mm (Fig. 6).

3.3 X-ray spectra

In order to measure x-ray spectra, we employed a germanium detector (GLP-10180/07-P, Ortec Inc.)
(Fig. 7). When the tube voltage was increased, the characteristic x-ray intensities of Ka and K3 lines
substantially increased, and both the maximum photon energy and the intensities of bremsstrahlung x

rays increased.

4. 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 average photon energy of the cerium Ka and K3 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 Ke and Kf lines are 34.6 and 39.2 keV, respectively, and iodine contrast
mediums with a K-absorption edge of 33.155 keV absorb the lines easily. Therefore, blood vessels were
observed with high contrasts.

The angiography was performed by the CR system (Konica Regius 150) without using a filter, and the
distance (between the x-ray source and the imaging plate) was 1.5 m. Firstly, rough measurements of
spatial resolution were made using wires. Figure 9 shows radiograms of tungsten wires in a rod made of
polymethyl methacrylate with a tube voltage of 55 kV. Although the image contrast decreased
somewhat with decreases in the wire diameter, due to blurring of the image caused by the sampling
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Fig. 9: Radiogram of tungsten wires in PMMA rod
with tube voltage of 55 kV.
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Fig. 10: Angiogram of rabbit ear with tube voltage of 50 kV.
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Fig. 11: Angiogram of extracted rabbit heart with
tube voltage of 50 kV.

pitch of 87.5 pm, a 50 um-diameter wire could be observed.

Figures 10 and 11 show angiograms of a rabbit ear and heart, respectively. These images were obtained
using iodine microspheres of 15 xm in diameter at a tube voltage of 50 kV. Fine blood vessels in the ear
and the coronary arteries in the heart were visible. Figure 12 shows an angiogram of a larger dog heart
at a tube voltage of 60 kV using iodine spheres. For comparison, we show 3-dimensional image of the
coronary arteries constructed from x-ray CT images by Pascal (Digital Culture Tech. Corp.) with a
tungsten x-ray tube (Fig. 13). Using this imaging technique, fine blood vessels were not observed at
all.
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Fig. 12: Angiogram of extracted dog heart using iodine microspheres with tube voltage of 60 kV.

5. Discussion and results

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 easily by iodine-based
contrast media. Both the characteristic and
the bremsstrahlung x-ray intensities increased
with increases in the tube voltage, low-photon-
energy bremsstrahlung x rays with energies of
less than the iodine K edge should be absorbed
by filtering to perform angiography. Without
using the filter, bremsstrahlung intensity can
be decreased effectively by considering the
angle dependence, since bremsstrahlung rays
are not emitted in the opposite direction to

Fig. 13: 3-dimensional image of coronary arteries
constructed from x-ray CT images by Pascal.
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that of electron acceleration.

The x-ray intensity was limited because the thermal contact between the target and the anode was not
good. However, the intensity can be increased by welding the target or using a cerium-alloy target. In
addition, a rotation anode tube can be developed by sputtering of cerium.

As compared with 3-dimensional blood images constructed from x-ray CT images by Pascal, fine blood
vessels were visible. Because the sampling pitch of the CR system is 87.5 um, we obtained spatial
resolutions of approximately 100 xm. In order to observe fine blood vessels of less than 100 xm, the

spatial resolution of the CR system should be improved.
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