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We have developed a compact X-ray source using a carbon nanostructure electron emitter
and an X-ray imaging camera using a CdTe semiconductor and a pixelated readout circuit for the
automated X-ray inspection of metal structures such as industrial pipelines. Both the X-ray source
and the detector are compact, lightweight, and battery-driven, operate with low power consumption,
and generate and detect sufficiently energetic X-rays. We have also evaluated the spatial and area
density resolutions by X-ray inspection test and made a comparison with commercially available
products. The combination of our X-ray source and CdTe detector resulted in superior spatial and
density resolutions, mainly bacause the detection efficiency was higher than those of the other
commercially available products used in this study.

1. Introduction

To maintain the safe operation of infrastructure and industrial facilities, the demand for
nondestructive testing and inspection is increasing. X-ray nondestructive testing (NDT) is one of
the most promising ways of inspecting equipment in industrial facilities. However, in industrial
facilities, the intended equipment for inspection is mostly complex and the space to place the
X-ray source and detector is limited. Therefore, the X-ray inspection system is often required to be
compact and wireless. In other words, for industrial X-ray NDT application, both the X-ray source
and detector should be compact, lightweight, battery-operated, and remote-controlled, and capable
of data acquisition and the generation of sufficiently intense, high-energy X-rays while minimizing
the environmental dose for worker safety. To meet these demands, we are currently developing
compact, cold cathode X-ray sources and X-ray cameras using a CdTe semiconductor with a
pixelated readout circuit.

At the National Institute of Advanced Industrial Science and Technology (AIST), we previously
developed a compact, lightweight X-ray source using a coniferous carbon nanostructure (CCNS)
emitter as an electron source for nondestructive inspection.!» CCNS-based X-ray sources have no
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warm up time and have very low power consumption. With the CCNS emitter, a current density of
more than 100 mA/cm? is possible, and X-ray sources using this emitter can generate a short pulse
of high-intensity X-rays. Moreover, we also demonstrated that CCNS emitters have a long lifetime
even with a high emission current density.®

On the other hand, portable and wireless X-ray detectors for real-time imaging have become
available,® and those detectors have already been used in industrial NDT. However, the method
of increasing the detection efficiency of high-energy X-rays remains to be improved. Moreover,
successful developments of X-ray cameras using a CdTe element for high-energy X-ray imaging
have been reported.® The favorable characteristics of CdTe, such as high density and ability to
operate at room temperature, make CdTe ideally suitable for imaging at high X-ray energies.

In this study, we evaluated spatial and area density resolutions by X-ray inspection test and
made a comparison with several commercially available products.

2. X-ray Source and Detector
2.1 X-ray source

We developed an X-ray source that consists of an X-ray tube with a voltage of more than 170 kV
using a CCNS emitter, a high-voltage circuit, and a drive circuit. The X-ray source has dimensions
of 140 x 170 x 70 mm? and a total weight of 2.7 kg. The X-ray tube consists of a CCNS cathode,
an extraction electrode, and an anode. A negative high voltage is applied to the cathode and a
positive high voltage is applied to the anode while the extraction electrode is grounded. A high
voltage of +85 kV is generated by an eight-stage Cockcroft—Walton circuit from an output AC
voltage of +8 kV (125 kHz). In the drive circuit for pulsed X-ray generation, electric power is
charged to a capacitor from a battery (IDX DUO-150, output DC voltage of 14.8 V, load of 50 W,
capacity of 146 Wh), then the input AC voltage of the Cockcroft—Walton circuit is generated. The
diameter of the CCNS emitter is ¢5 mm. The focused spot of the electron beam on the X-ray target
is about ¢1 mm in diameter. The X-ray target is tungsten and is arranged at an angle of 20 deg in
the direction of X-ray emission. The X-ray window is a 5-mm-thick ceramic.

2.2 X-ray detector

We developed a pixelated CdTe X-ray camera using a direct image reading method,® and
operated it with a 5 V DC battery. The thickness of the CdTe element is 1 mm, and the pixel pitch
of the readout circuit is 100 x 100 um?. The effective size of the detector is 24 x 44 mm?. After
assembling with circuits and casings, the outer size and weight of the detector are 30 x 110 x 140
mm? and 210 g, respectively.

3. Experimental Procedure

We have carried out experiments simulating the application of our X-ray NDT system to
industrial pipelines.© Schematics of the experiments to evaluate imaging capability are shown in
Figs. 1(a) and 1(b). In this study, we supposed an X-ray inspection setup of a thermally insulated
pipe with a metal cover [Fig. 1(c)]. The distance between the X-ray source and the detector was
200 mm, and the sample was placed right in front of the detector. An X-ray test chart (JIS Z 4916,
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Fig. 1. Cross section of experimental setup. (a) Mock experiment for X-ray inspection over metal cover and
heat insulator of pipes. 2-mm-thick iron plate + X-ray test chart for evaluation of spatial resolution. (b) Mock
experiment for evaluating capability of detecting pipe wall thinning in samples of various thicknesses. Step wedge
samples consisting of 1/4, 1/2, 3/4, and 1 inch stainless steel are placed in front of detectors. (c) Supposed X-ray
inspection setup of pipe; the pipe is wrapped with thermal insulator and thin metal cover (< 1 mm).

0.2 mm Pb) with 0.25 to 2.5 line pairs (LP)/mm was placed behind a 2-mm-thick iron plate. This
plate was used to simulate the thermal insulator structure [Fig. 1(a)]. In the second experiment, a
step wedge was used for the target in order to study the ability of the system to identify pipe wall
thinning at various thicknesses. The wedge has four 1/4 inch steps [Fig. 1(b)]. The experimental
conditions, such as X-ray intensity, experimental arrangement, and integration time, were kept
constant for the comparison of detectors. The X-ray source was operated at a tube voltage of 170
kV, a tube current of 1.5 mA, and a pulse width of 50 ms in a single pulse mode. All images were
taken in single shot mode (50 ms pulse), and the radiation dose at the detector was estimated to be a
few hundred pGy/shot.

For both experiments, the performance characteristics of the CdTe detector were compared with
those of other commercially available detectors such as digital X-ray cameras and an imaging plate (IP).
The digital X-ray cameras are NAOMI NX-06B® from RF System Lab. and Remote RadEye 1EV®
from Teledyne DALSA Inc. The IP (FujiFilm BAS-IP MS 2040) was also used for comparison,
since it is one of the widely used detectors for X-ray inspection. A summary of the properties of the
detectors used is shown in Table 1.

4. Results and Discussion

Figures 2(a) and 2(b) show the radiographs and line profiles of the X-ray test chart measured
through a 2-mm-thick iron plate with CdTe, RadEye, IP, and NAOMI, respectively. In Fig.
2(b), the experimental data are fitted by a Gauss function, and the fitting results are shown. We
evaluated the image quality using the X-ray chart radiograph via the modulation transfer function
(MTF), contrast, and noise properties. The MTF is shown in Fig. 3. On the basis of the MTF, the
performance of the detectors can be ranked in the following order: RadEye > CdTe > IP > NAOMI.
Because the RadEye detector has the smallest pixel size (48 pm), it showed the highest MTF value.
On the other hand, the test chart number in the radiograph taken with the CdTe detector is the most
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Table 1
Specifications of detectors used in this study.
CdTe NAOMI RadEye 1P
Element (Thickness) CdTe (1 mm) Gd202S:Tb (NA) Gd202S:Tb (NA) BaFBr:Eu?" (NA)
X-ray detection method Direct conversion Scintillator Scintillator Photo-luminescence
+ CCD camera + CMOS sensor
Effective size 24 x 44 mm? 210 x 240 mm? 24.6 X 49.2 mm? 200 x 400 mm?
Pixel size 100 um 122 um 48 um 100 um
Battery operation Possible Possible Possible Unable
(Voltage) (5VDC) (12 vV DC) (5VDC)
LP/mm
25 20 15 125
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Fig. 2. (a) X-ray radiographs and (b) line profiles of Fig. 3. (Color online) MTF of each detector
the X-ray test chart taken through a 2-mm-thick iron obtained from the test chart line profiles.

plate (CdTe, RadEye, IP, NAOMI) for evaluation of
spatial resolution.

accurate. Figure 4 shows the radiograph of part of the chart with the number “zero”. As seen in
the line profiles, the highest image quality was obtained for the CdTe detector. We calculated the
fluctuation of the grey level of the image to evaluate noise properties, and the detectors were ranked
in the order of CdTe > RadEye > IP > NAOMI, with fluctuations of 5.7% + 0.2, 7.2% £ 0.2, 7.3% =+
0.8, and 8.9% = 2.0, respectively. The CdTe detector combines the highest contrast resolution and
the lowest noise with good spatial resolution, and we conclude that this detector is suitable for the
present study.

Figure 5 shows line profiles of the step wedge. Because X-ray radiography will be carried out
for stainless-steel pipes of ~10 mm wall thickness for practical application, the density resolution
should be sufficiently high to detect wall thinning of a few mm (practically ~3 mm for a 10-mm-
thick pipe). From this experimental result, only the CdTe detector was able to clearly detect the
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Fig. 4. (Color online) X-ray radiographs and line Fig. 5. (Color online) X-ray intensities obtained
profiles of the number “zero” on the test chart. from the X-ray radiograph of step wedge with 4

detectors (CdTe, RadEye, IP, NAOMI).

thickness differences between 3/4- and 1-inch-thick stainless steel. It is assumed that this is because
the detection efficiency of the CdTe detector is higher than those of the other detectors for high-
energy X-rays penetrating thick stainless steel (3/4 inch), while other detectors are more sensitive
to scattered X-rays, which reduce the image contrast. In this experiment, the energy consumed to
generate an X-ray pulse is 26 J. Because the battery capacity used in the present experiment is 146
Wh, 20000 shots are generated. The small size and long lifetime of the present X-ray tube meet the
major requirements for inspecting enormous lengths of pipelines using a self-propelled robot.

5. Conclusions

We developed our X-ray source and detector for the X-ray nondestructive inspection of metal
structures. A compact CCNS-based pulsed X-ray source (tube voltage of 170 kV, tube current of
1.5 mA, pulse width of 50 ms, input power of 26 J) was used in combination with a 1-mm-thick
2-D CdTe detector and we compared it with several other commercially available detectors. The
combination of our novel X-ray source and detector was shown to have a good MTF with 2 mm
stainless steel and achieved a density resolution higher than 25% with 20 mm stainless steel. Both
the source and the detector have sufficiently low power consumption; thus, the device may be
completely battery-operated, and its small size and lightweight open up the possibility of X-ray
nondestructive inspection in remote and confined spaces. In addition, since the device is capable of
rapid imaging, the environmental dose is minimized. One possible application of the present X-ray
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device is in the NDT of thinning in industrial pipelines. Increasing the X-ray energy and sensitive
area of the CdTe detector will be the subject of future publications. It is also planned to mount this
X-ray inspection system on a self-propelled robot and demonstrate its effectiveness in an industrial
setting.
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