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An anode exchangeable X-ray tube of very simple structure was developed. Aluminum, chromium,
and copper anode targets were prepared and used to investigate X-ray spectra. X-ray images of a
thin wood plate were taken using those targets. The measured energies of the characteristic X-rays
of each target agreed well with the presented results. The difference of resolution and brightness
of each image was found based on MTF values and intensities. The developed X-ray tube can give
high durability, and higher quality X-ray images of an arbitrary object by exchanging anode targets.
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Various types of X-ray tubes have been developed. Gen-
erally, the anodes of X-ray tubes were fabricated by using
solid metals or liquid metals. X-ray tubes including solid
metal anodes can be classified into the stationary anode type
and rotating type. Stationary anode X-ray tubes are widely
used, due to their simple design and low cost for fabrication.
Electrons emitted from the filament cathode collide with the
anode target surface and generate an X-ray spectrum.! How-
ever, less than 1% of those electrons produce X-rays, while
the rest is converted into heat at the target surface. The tem-
perature at the surface accumulates and rapidly increases un-
der repeated electron collision. The high temperature dam-
ages the target surface and decreases the longevity of the
X-ray tube. In order to solve this problem, a rotating an-
ode target was developed, which increases the duration of the
X-ray tube.? It can produce intense X-rays from the changed
electron collision location on the rotating target. However,
fabrication of the precise rotating device for anode target is
complex and requires high cost.

Liquid metal anode targets for X-ray tubes were devel-
oped to overcome the drawbacks of solid metal anodes. The
electron beam passes through the electron window of the tube
and interacts with a liquid metal stream target flowing at high
speed in a narrow channel in the tube.® The liquid metal tar-
get plays the roles of X-ray generation medium and cooling
medium. The demerits of the liquid metal anode X-ray tube
were the lack of suitable kinds of liquid metal materials, and
the complex structure of the tube and its additional system.

All the aforementioned X-ray tubes could generate only
one kind of X-ray spectrum, dependent on the anode target
material. Recently, an X-ray tube with multiple anode tar-
gets was developed to generate various characteristic X-rays.*
However, it has difficulties for installation of multiple targets
in an X-ray tube, and for accurate mechanical adjustment of
the target positions for keeping a constant focal spot size.
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To improve the durability of X-ray tube and obtain var-
ious X-ray spectra, we developed a simple structure X-ray
tube, for which the anode targets can be easily exchanged.
Figure 1(a) shows a schematic drawing of the developed an-
ode exchangeable X-ray tube. The comprehensive X-ray gen-
erator using the tube consists of a high voltage power supply, a
vacuum pump system, and an internal water-cooling system.
The anode target and filament cathode were installed inside
the tube and connected with high voltage power supply. The
pump system creates a vacuum state in the tube. In the system,
the diffusion pump gradually decreases the normal pressure
to the base pressure in the tube, while the turbo-molecular
pump reduces the base pressure to the operational pressure in
the tube at 5 x 1077 Torr. The created vacuum state prevents
burning out of the cathode, and arcing between the anode and
cathode. A hollow structure was employed in the anode tar-
get, for direct internal-cooling. Water flow is circulated inside
the target by an internal water-cooling system to increase the
cooling rate up to 180 W/m? K. In order to generate X-rays,
the tungsten filament is first heated during a period of time
by a heating circuit at 10 V and 5 mA. Then, electrons are
emitted from the filament and hit the anode target surface to
generate X-rays at high voltage. The X-rays pass through the
low absorption thin Beryllium (Be) window and reach the ob-
ject and detector.

The main frame of the tube is made of stainless steel and
can be easily separated into two parts, by undoing bolts where
the tungsten filament cathode is set in the upper part, and the
hollow anode target is set in the lower part (see Figure 1(b)).
The anode shoulder is positioned on the anode holder and fas-
tened or unfastened by bolts for easy exchange, if the target
is damaged during operation (see Figure 1(c)). For the ex-
periments, aluminum (Al), chromium (Cr), and copper (Cu)
anode targets were fabricated. Pure Al, Cu, and Cr materials
were used for the targets. The size of the anode target was
22 mm in diameter and 30 mm in height. Its surface was tilted
at an angle of 18° to the horizontal direction, to guide the
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FIG. 1. (a) Schematic drawing of the anode exchangeable X-ray tube,
(b) detached structure, and (c) damaged Cr target during long period of oper-
ation.

direction of X-rays. The size of the focal spot on the anode
depends on the filament size and the angle of the inclined an-
ode target surface. In this research, the focal spot size was
designed at 2 x 4.5 mm?.

The X-ray spectra of Al, Cr, and Cu anode targets in-
stalled in the anode exchangeable X-ray tube were measured
using an X-ray spectrometer with CdTe-diode, which has an
allowable energy range from 5 keV to 150 keV (X-123CdTe,
Amptek Inc.). The experimental setup to measure the X-ray
spectra was shown in Figure 2(a). During experiments, a lead
plate with a hole of 200 m in diameter was set in front of the
100 pm thickness Be window of the spectrometer, to adjust
the amount of photon flux. The distance from the X-ray tube
to the spectrometer was fixed at 50 cm. The tube current was
set at 0.5 mA, while the voltage was adjusted, depending on
specific targets.

For measuring the X-ray spectrum of the Al anode tar-
get, an Al filter of 50 um thickness was adopted to clearly
detect the characteristic X-ray of the Al target after removing
low energy level continuous X-rays. Considering the penetra-
tion of photons through the Al filter, it was set in front of the

FIG. 2. Experiment set up for (a) measuring X-ray spectra, and (b) X-ray
radiography.
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FIG. 3. Measured X-ray spectra of the Al, Cr, and Cu anode targets.

X-ray tube, and the X-ray exposing time was increased. Then,
the X-ray spectrum was obtained at 5.5 keV, 0.5 mA, and
300 s. Relatively, lower electron voltage was applied than
those for the Cr and Cu anode targets due to weakness of
the Al target surface. The X-ray spectrum of the Cr an-
ode target was obtained with a 10 pum thickness Al filter at
10 keV, 0.5 mA, and 80 s. The X-ray spectrum of the Cu an-
ode target was obtained at 10 keV, 0.5 mA, and 20 s. The
X-ray exposing time was decreased for the Cu target, because
no Al filter was used for the measurement. All of the exposing
times were decided for obtaining smooth X-ray spectra. The
measured spectra of the Al, Cr, and Cu anode targets of the
anode exchangeable X-ray tube are shown in Figure 3.

In Figure 3, the peaks of characteristic X-rays of each
target are detected. In the case of the Cr anode target, the en-
ergy and intensity of characteristic X-rays CrK, and CrKy
were found as 5.41 keV-1393 cps (count per second) and
5.94 keV-584 cps, respectively. The measured energies of
characteristic X-rays agreed well with the results of Maeo
et al.* and Witte et al.’ The spectrum of the Cu anode target
shows that the energy and intensity of characteristic X-rays
CuK, and CuKjg were 8.04 keV-2938 cps and 8.90 keV-763
cps, respectively. Their energies were also well matched with
the results of Arkdiev et al.® and Sato et al.” The energy and
intensity of characteristic X-ray of the Al anode target AlK,
were acquired as 1.48 keV and 664 cps, respectively. Those of
AlIKy were not detected due to the weak intensity of AIKg and
the limited resolution of the spectrometer. However, it was
found that the obtained energy of AlK, agreed well with the
result of Endo ef al.® From the results, we could confirm that
the developed X-ray tube could give suitable X-ray spectra of
various anode target materials.

Radiographies using the anode exchangeable X-ray tube
were carried out (see Figure 2(b)). X-ray images were taken
using each anode target. As an object, a thin wood plate of
5.2mm x 2.29 mm x 0.6 mm dimensions was prepared (see
Figure 4(a)). The object was positioned at 200 mm from the
source without filters and 3 mm before the scintillator, which
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FIG. 4. (a) A wooden plate, and X-ray images taken using (b) Al, (c) Cr, and
(d) Cu targets.

has Csl (T1) columnar structures of 150 wm thickness (ACS
type, Hamamatsu, Japan), in a detector system. The detector
system also contained a designed optical lens system with a
magnifying power of 40.° No slit or collimator for the tube
was used to take X-ray images. The X-ray voltage, current,
and exposing time were set at 20 keV, 10 mA, and 100 s for
each anode target to compare the characteristics of obtained
images with each other.

The obtained X-ray images of the wood plate using Al,
Cr, and Cu anode targets are shown in Figures 4(b)—4(d). The
fine structure of wood fibers was found in all the images. Hard
fiber structures in the wood plate were seen as dark bands,
and the soft tissues between those fibers were seen as bright
bands. To compare the quality of each image, the modulus
transfer function (MTF) values, which can be used to evalu-
ate the spatial resolution of the obtained images, were calcu-
lated and plotted along the spatial frequency (see Figure 5(a)).
The same region of interest at the upper-left edge of the wood
plate in three X-ray images was selected for calculating the
MTF values. Figure 5(a) shows that the MTF 50% of the
X-ray images taken by Al, Cr, and Cu anode targets
were 1.288, 1.417, and 1.672 Ip/mm, respectively. This means
the spatial resolution of X-ray image obtained from the Cu
anode target is the best, and that obtained from the Cr anode
target is the next, and that obtained from the Al anode target is
the lowest. The higher spatial resolution gives better contrast
and sharpness of X-ray images.

The intensity of each X-ray image, which was obtained
from the summation of each pixel intensity along the verti-
cal direction of each image, was calculated and plotted along
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FIG. 5. (a) MTF changes along the spatial frequency, and (b) intensity
changes along the pixel number.

pixel number in Figure 5(b). In the figure, it is found that the
Al anode target gives the highest intensity, the Cu anode tar-
get gives the next, and the Cr anode target gives the lowest
intensity. The higher intensity gives the higher brightness of
X-ray images. The brightness change of X-ray images can
also be confirmed in Figures 4(b)—4(d). It is considered that
these difference of spatial resolution and intensity of each
image stem from the different wavelengths of characteristic
X-rays of each anode target material.

From the results, we see that the developed X-ray tube
can be used for obtaining high quality X-ray images for an ar-
bitrary object by selecting a suitable anode target material that
generates specific characteristic X-rays. Also, it can provide a
high durability with exchanging of anode targets, which were
damaged during operation.
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