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ABSTRACT

Transillumination system used by radiation is widely applied to industrial imaging system. In this study, the  

linear detector array constructed with scintillator and pin diode, and a multi-channel data acquisition system was 

developed for precision inspection of end-milling. The detector module consists of 16-CdWO4 crystal scintillator 

and photodiode array. The detector and data acquisition system was applied to precision inspection of end-mill 

and the images of the end-mill were successfully reconstructed. The total system can analyze the Detector 

Quantum Efficiency(DQE) of each system. The performance of developed photodiodes equipment was compared 

with each other for different crystal geometry and its characteristics. Finally fine details of the end-mill phantom 

were constructed for industrial application. The image acquired contains several objects on a real time data 

transfer and the linear X-ray scanning system can be applied to many fields of a industry.
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1. Introduction

An X-ray system has been used for the inspection 

of precision end-milling and other contraband in 

customs applications. Some companies have developed 

nondestructive inspection systems using X-ray. This 

inspection systems use high energy and require large 

areas of heavy shielding, expensive installations, and 

high costs of operation and maintenance. However the 

developed 450kVp X-ray inspection system has 

advantages of low installation cost, easy operation, and 

minimal environmental impact. In this study, A 

prototype X-ray scanner system consists of a 450kVp 

X-ray generator, a linear detector array and an electric 

circuit. In designing a CdWO4(CWO) scintillation 

detector, the geometry of the CWO is determined. An 

experiment was also conducted to determine the optical 

surface treatment.  A PIN photodiode has been used in 

the solid-state detector for X-ray detection as a 
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photosensor of visible light from the CWO. The 

photodiode should have shallow p-layer to detect the 

visible light with short wavelength from the CWO. To 

make the photodiode of shallow junction, the 

photodiode is designed using a device simulation tool.

The leakage current, capacitance, and spectral 

response of the fabricated photodiode are measured and 

must be compared with those of other commercial 

products. A data acquisition system consisting of a 

dual-switched integrator, a multiplexer and 

analog-to-digital converter is fabricated and it is used 

for the actual inspection test for detecting of end-mill 

objects in an arbitrary container. The developed 

inspection system is realized by practical application 

for evaluating the performance of the system.

2. Materials and Methods

2.1 CWO Scintillator

Due to large X-ray absorption efficiency and small 

after-glow, the CWO can detect high-energy X-rays 

with a fast scanning time in spite of its low light 

output. To improve the light output and achieve high 

signal-to-noise ratio(SNR), it is important to increase 

the light number which is reaching the bottom 

surface of a CWO geometry.  Several factors such as 

the incident X-ray energy, the geometry, and surface 

condition can have an influence on the light output 

from the scintillator. Ordonez et al. have optimized 

the scintillator size to detect low-energy radiation by 

controlling the total number of light obtained at the 

center of the scintillator block. The radiation 

absorption and the light collection efficiency are 

dominantly affected by the scintillator height (z-axis) 

as shown in Fig. 1(a). However, the scintillator  

placed parallel to the X-ray incident direction is used 

for high-energy (E>450kVp) X-ray detection as 

shown in Fig. 1(b).

This placement prevents the photodiode from being 

irradiated directly and it results in reduced radiation 

damage and noise of the electric device. To 

determine the scintillator size, it is not practical to 

control the number of light collected at the middle 

of a scintillator. because only a few portion among 

the incident X-ray contributing to the light signal can 

arrive at the center of the scintillator.

Fig.1. Geometry of detector element. 

 

So the scintillator block CWO is divided into small 

subregions, each 0.2 mm along the direction of the 

X-ray penetration, and the total light output is 

predicted by using deposit energy and light collection 

efficiency in each subregion. 

This size covered the mean free path of 150keV 

photon
[1]
, whereas the average energy of 450kVp 

X-ray is about 167keV. The number of light 

generated in each subregion could be obtained by the 

product of the deposited energy and the number of 

light per unit energy absorbed in the subregion (15 

light/kiloelectronvolts)
[2-4]

. 

Table 1 . Parameters used in Spectrum Calculation 

Parameter Value

 Maximum electron energy (keV)  450

 Target material  Tungsten

 Target angle  20

 First material and thickness  Stainless steel, 3mm

 Ceramic insulator  7.5mm

 Thickness of insulation oil  50mm

 Diameter of X-ray vacuum tube  134mm
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The absorption mean free path and scattering mean 

free path of the light in the CWO are both 80 cm
[5]
. 

The light collecting efficiency reaching the bottom 

surface among the light in each subregion can be 

obtained by DETEC97. Finally, the total light number 

from the overall scintillator block per incident X-ray 

could be calculated by summing the number of lights 

collected at the bottom of each subregion. The 

450kVp X-ray spectrum used was predicted using 

MCNP4B, based on the structure of X-ray generator 

and the parameters in table 1. 

Due to a larger X-ray absorption efficiency and 

lower one after glowing, CdWO4(CWO) was chosen to 

detect lower energy X-rays. It has a fast scanning time 

but comparatively low light output. Therefore, it is 

important to increase the light collection efficiency in 

system by optimizing the geometry of the CWO and 

achieving a higher SNR. There are several factors 

influencing a light output, such as, X-ray energy and 

direction. The factors are materials, geometry and 

scintillator surface treatment. Energy loss of X-ray in 

the scintillator is a exponential function according to a 

penetrating depth of X-ray. The photodiodes for 

detecting visible light of the scintillator are coupled to 

the bottom its surface. Both energy deposition and 

light collecting efficiency must be considered to 

estimate the light output from a CWO reasonably.

External reflector was installed to prevent lights 

escaping from crystals. Three types of surface 

treatment in CWO were used to investigate their 

effects on light output. i.e., 4 ground sides/ground top, 

4 polish sides/polish top and 4 polish sides/ground top. 

The topside surface refers to the surface of the CWO 

opposite the photodiode. Fig. 2, 3 and 4 show the 

effects of CWO geometry on light output. Fig. 2 

shows the effects of crystal width on light output 

respectively at a height of 3.0 mm and a  depth of 

10.0 mm. As shown in Fig. 2, light output increases 

along with crystal width and finally saturates about 5 

mm after. A trade-off between a spatial resolution and 

sensitivity should be considered to determine the 

optimum crystal width. 

Fig. 3 shows the effects of crystal height on the 

light output respectiveely at a width of 1.7 mm and a 

length of 10.0 mm.  A maximum peak appears about 

3.0 mm in Fig. 3. Light output decreases after this 

peak because of the decrease of the light collection 

efficiency. 

Fig. 4 shows the effects of crystal depth on light 

output according to a fixed crystal width and height of 

1.7 mm and 3 mm, respectively. Also it shows that 

light output increases along with crystal depth and it 

saturates after depth of 10 mm. So the amount of 

energy absorption does not increase even if depth is 

increased. The CWOs with ground surfaces produce 

more light than those with (a) or (b) surfaces. And 

some studies have suggested that a polished surface is 

more efficient. Also the differences of light efficiency 

are due to the effects of surface treatment, the 

properties of crystal materials, crystal geometry and the 

location of light in a crystal. Our results indicate that 

in polished crystals, a considerable amount of 

scintillation light is trapped internally and it cannot 

reach the photodiode.

However, ground surfaces break up internal 

reflections and direct light down toward the photodiode 

preferentially. Therefore, ground surfaces yield more 

light than polished surfaces.

Fig. 2 Effects of crystal width on total light output 

in CdWO4
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Fig. 3 Effects of crystal height on total light output 

in CdWO4

Fig. 4 Effects of crystal depth on total light output 

in CdWO4

It shows that a CWO of 1.7 mm(W) × 3.0 mm(L) 

× 10.0 mm(D) with a surface treatment of 4 ground 

sides and a ground top is optimal geometry for 

detecting 450kVp X-ray
[8]
.

2.2 Detector Module

16 channel linear detector module were fabricated 

by bonding CWO crystal block onto a silicon PIN 

photodiode. The detector pitch in the array is 2.0 

mm and the gap of 0.3 mm was filled with Ta 

doped with TiO2 to prevent X-ray and light 

scattering between neighboring crystals. A scintillation 

detector was made by combining this CdWO4 array 

with a PIN photodiode. To construct a photodiode 

with p-i-n structure, an intrinsic layer was prepared 

using an n-type silicon wafer with high resistivity 

(1,200-4,000Ω․㎝). Then, successive doping by 

diffusion make a typical layer thickness of  

p+_n-_n+ structure. The photodiode has an i-layer 

thickness of about 77µm and p-layer thickness of 

about 3µm. A silicon nitride layer was finally coated 

onto the p-layer for passivation. The use of an 

n-type guard ring around the active area of 

photodiode should be noted. And this provides a 

leakage current which is generated outside the active 

area. After the photodiode is polished and 

Teflon-taped to improve signal light reflection, it 

prevents cross talking. The photodiode has a 

resistivity of 30㏁ and a measured junction 

capacitance of 300㎊. Fig. 6 shows the Si-photodiode 

detector
[6]
 coupled to a CdWO4 crystal. Some 

performance characteristics for the photodiode are 

summarized in Table 2. The detector module layout 

and film are shown in Fig. 5 and Fig. 6.

 

 

Fig. 5 X-Ray detector Module Layout

 

 Fig. 6 16 Channel Si photodiode coupled to CdWO4 

crystal

Fig. 7 shows that a leakage current at a reverse 5V 

and a capacitance without bias are about 1nA/cm
2
 and 

550pF/cm
2
, respectively. In Fig. 7, a sharp increase of 

leakage current and decrease of capacitance is shown 
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about reverse 5V. This sudden increase of leakage 

current is due to a n++-guard ring, which is doped 

heavily with phosphorous to reduce photodiode leakage 

current. The depletion layers at two different interfaces 

of the p+ layer / n- intrinsic layer and the n- intrinsic 

layer / n++guard ring may be in reverse bias and 

finally be combined at -5V
[7]
. This may cause a sharp 

increase in the two curves as shown in Fig. 7. Further 

detailed study on this abnormal increase should be 

identified
[8-9]

.

Fig. 7 Leakage current and capacitance 

of a PIN diode

Table 2 . Photodiode characteristics

Crystal CdWO4

 Thickness (m)  280 μm

 Shunt Resistance (Ω)  30 MΩ : no bias

 Junction Capacitance (F)  300 pF : no bias 

 Dark Current (A)  100 nA : no bias

 Pixel Size (mm
2
)  1mm×10mm

 Photodiode Type  PIN : p+ / n-/n+

 p-layer thickness (um)  3 μm

 i-layer thickness (um)  77 μm

2.3 Data Acquisition System 

Fig. 8 shows the DAS system and it consists of a 

dual-switched integrator, a programmable gain 

instrumentation amplifier, and a 16bit ADC. The DAS 

gain was set to 10
8
, which was in series connection of 

10
7
 gain in the integrator and 10

1
 gain in the 

instrumentation amplifier
[10-11]

. The ADC data are fed 

by the instrumentation amplifier with a sampling 

frequency of 500 kHz. For the performance test of the 

DAS developed, the total noise of the DAS was 

measured to be 200㎶ rms. and it could be determined 

by root mean square(RMS) noise of each component 

such as a dual integrator, PGA, MUX, and active 

filter. The DAS is positioned between the detector 

array and the computer and it performs the following 

three major functions: 1) amplifying the signal from 

detectors 2) converting the analog signal into the 

digital one and 3) transmitting the digital data to the 

computer and further image processing. 

 (a) DAS Block Diargram   

 (b) Designed DAS System

Fig. 8 Data Acquisition System

2.3.1 Analog board   

The analog board is to convert from current to 

voltage using ACF2101. The block diagram of this 

analog board is shown in Fig. 9(a). 
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(a) block diagram

(b) Analog board

Fig. 9 Analog board

The amplifier has 120dB wide dynamic range[10] and

it includes integration capacitor, reset and hold

switches, and output multiplexer. The internal capacitor

is using a precision of 100pF and the voltage putput,

Vout, can be defined as

ò-
=

I

IN
NINTEGRATIO

out dt
C

V
1

(1)

2.3.2 Digital board

The digital board[12] is supposed to acquire analog

signals to be sent from analog board through a

multiplxer and changed to digital signals through

ADC8322. The diagram of this digital board is shown

in Fig. 10.

The ADS has a 16bit output and 500 KHz

sampling rate A/D converter with an internal reference

voltage of 2.5V. So maximum digit has a 65,536 due

to the 16bit is 2
16[11]

.

(a) block diagram

(b) A picture of the digital board

Fig. 10 Digital board

2.3.3 Master board

This board to transmit 16bit data to the PC and

outputs the signal to synchronize a signal of the

digital with the analog. The diagram of this master

board is shown in Fig. 11(a).

(a) block diagram

(b)A picture of the master board

Fig. 11 Master board

For the maximum SNR, the impedance between

photodiode and preamplifier was accomplished by a

feedback capacitor for the preamplifier. The gain,
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offset compensation, bandwidth, noise, and the phase

margin of the preamplifier were considered in

designing. A dual-switched integrator was used to

amplify the signal from a photodiode and to achieve

the zero integration dead time for utilizing the detector

signal fully during the scan. The signal of the analog

board was amplified by 108. and it is delivered to the

ADC through the programmable gain instrumentation

amplifier as a buffered inverter. The timing signal of

the ADC and the address signal of the MUX, and the

control signal for the data transmission were generated

in the digital logic board. This board is implemented

by an field programmable gate array which was coded

with hardware description language.

3. Application

According to the design method suggested in

previous section, 256, 16 channel detector arrays with

height of 3.0 mm and depth of 10.0 mm were

fabricated to cover real container height of 4.0 m. A

detector block size is 1.7 mm(W) × 10.0 mm(D) × 3.0

mm(H). The pitch in the array of detector is 2.0 mm

and the gap of 0.3 mm is filled with Ta doped with

TiO2 to prevent scattering of x-rays and light between

neighboring crystals. The x-ray tube used in the

system produces an x-ray of 120 Hz with maximum

energy of 450keV and average one of 167 keV. The

tube voltage rises from zero to a peak of 450kV for

each pulse. FWHM(Full Width at Half Maximum) and

an electric current of one pulse are 30 second and

0.7A respectively. To test the performance of the

detection system, the end-mill set was inspected with

the developed system in this study. The end-mill table

is moving with the speed of 8 cm/sec during

inspection. Fig. 12 is the original photo of end-mill

and is scanned using the developed system. Fig. 13 is

a scanned image of end-mills and they can be

distinguished from background image clearly.

Fig. 12 Each other end-milling image

Fig. 13 End-milling inspection Image

4. Conclusion

This paper describes new design methods of X-ray

detector and this total scan system used 450kVp X-ray.

Design parameters decided in this paper will be used in

constructing the scan system and design methods of

detector can be applied to both high and low energy

X-rays. In addition to the scintillator array, the PIN

photodiode and DAS have also been optimized. The

developed system can construct a end-milling phantom

which is matching to the shape of several materials

with different metal components. And this system can

be applied to precision inspection system with suitable

resolution that is matching to component phantom.
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