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Abstract

We are developing a photon-counting X-ray imaging system consisting of stacked
edge-on silicon strip detectors for nondestructive testing of steel components in nuclear

facilities and concrete infrastructures.

Strip detectors with 50 channels and 1 mm pitch were fabricated with the a-Si/c-Si
heterojunction technique. The leakage current density of the detector was measured to
be 0.06 nA/mm? at 120 V bias. The fabricated detector had energy resolutions of 2.8
keV FWHM at 59.5 keV and 2.9 keV FWHM at 122 keV. The spatial resolution of the
1-mm-pitch strip detector was measured to be lower than 2 mm (FWHM).

We coupled the strip detectors with ASICs based on Time-over-Threshold (ToT)
method, and we builded an X-ray imaging module consisting of 6 stacked silicon strip
detectors. The module was evaluated with a 37Cs gamma-ray source. It had efficiency
of about 20% for the 662 keV photons and the spatial resolution of the module was
measured to be about 1 mm (rms). One-scan and six-scan images of a 2-cm-thick
tungsten sample and an 1-cm-thick iron sample were obtained. The module was also
evaluated with the 0.95 MeV LINAC X-ray source. Spatial resolution of the module was
measured to be about 1 mm (rms). Six-scan images of the same tungsten sample and
the iron sample were obtained. Each scan lasted for 180 s for accumulating sufficient
statistics. The images measured with the LINAC X-ray source reproduced the samples
without distortion and amplification. The six-layer module was also used to image a
20-cm-thick concrete with the 0.95 MeV LINAC X-ray source. Reinforcing bars inside

the concrete were observed.

We are planning to construct 4 (2x2) modules which will have a field of view as large
as 10 cmx10 cm. In addition, tungsten collimator module will be applied to suppress

scattering and on-site NDT experiments will be proceeded.

Keywords: silicon strip detector, X-ray imaging, ToT ASIC, nondestructive

testing, a-Si/c-Si heterojunction detector, photon-counting
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Chapter 1

Introduction

1.1 Importance and demand for nondestructive testing

More than 50 main reactors have been constructed in Japan and they provided
about 30% of the country’s electricity. However, these reactors were stopped after the
great nuclear accident on 11 March, 2011. Due to an increase of fossil fuel imports, Japan
faces further dependency on the Middle-East, a rise in electricity prices, a rapid increase
of greenhouse gas emissions, and an outflow of national wealth. Based on the serious
energy situation, Japanese government issued the fourth “Strategic Energy Plan” [1] in
April, 2014. It mentioned that Nuclear power is an important base-load power source,
contributing to stability of energy supply-demand structure, on the major premise of
ensuring its safety. Currently 24 of 43 operable reactors are in the process of restart
approvals [2]. Special care has to be taken with steel structures in these reactors, such

as reactor vessel, pipes, turbine, et al. to satisfy the major premise of ensuring its safety.

Concrete is the most commonly used construction material on earth, from infras-
tructures such as highways, bridges, tunnels, et al. to nuclear facilities like containments,
cooling towers, reactor vessels and other reactor buildings, from industrial factories to
agricultural waste containments. A large number of concrete based solids were built in
the past 50 years with little consideration of the long term safety aspects. They play
a crucial role in economics and public safety, and the public expects reliable and safe
concrete structures, especially at locations that suffered from earthquake, tsunami, land-
slide and other serious accidents. It is impossible and unnecessary to repair or replace
all public works, but it is important to reliably assess the health of aging concrete struc-
tures and to appropriately allocate resources based on the assessment where they are
most needed. Besides, it is often necessary to test new concrete structures to determine

whether they satisfy all design criteria after they have been hardened.

1



Chapter 1. Introduction 2

Testing of aging structures is usually related to an assessment of structural integrity
or adequacy, while the principal concerns about newly constructed structures are quality
control and the resolution of doubts about the quality of materials and construction. In
either case, if destructive testing alone is used, the cost of testing and the damage to the
structures may only permit a relatively small amount of tests to be proceeded which may
be misleading. So testing of both the aging and new concrete structures in most cases
is required to be processed without damage to the concrete, leading to the development

of nondestructive testing (NDT) techniques.

1.2 NDT techniques

There are a lot of NDT techniques, each based on different theoretical principles
and produce different sets of information regarding different physical properties of the

concrete structures [3, 4].

1.2.1 Sonic/ultrasonic methods

Nondestructive sonic and ultrasonic testing methods are based on the transmission
and reflection of mechanical stress waves through a medium at sonic and ultrasonic
frequencies. They can be used for detection of fatigue cracks in welds and assessment
of stay cable anchorages to locate possible wire breaks. There are several most used
methods: Sonic transmission method, sonic/seismic tomography, sonic/seismic reflection
method, ultrasonic reflection method and sonic resonance method. Ultrasonic inspection
can be performed in cases where the structure is relatively thin. However, it is difficult to

obtain unambiguous information due to the grain structure of thick concrete components.

1.2.2 Electromagnetic methods

Electromagnetic testing is the process of inducing electric currents or magnetic fields
inside a test object and observing the electromagnetic response. They are used to detect
or measure flaws, bond or weld integrity, thickness, electrical conductivity and detect
the presence of reinforcing bar or metals. Eddy current (EC), ground penetrating radar
(GPR) and magnetic resonance imaging (MRI) are the most widely used electromagnetic

nondestructive testing methods.
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1.2.3 Electrical methods

There are mainly two measurements for the electrical methods: resistivity mea-
surements and half-cell potential measurements. The electrical resistivity method can
be used to assess the likelihood of significant corrosion within a reinforced concrete
structure, and the half-cell potential system where the potential of the embedded steel
reinforcement rod is measured relative to a reference half-cell placed on the concrete

surface can be used for assessing corrosion of the reinforcing rods.

1.2.4 Infrared thermography

Infrared thermography is a process in which heat is converted into a thermal image
using specialized scanning cameras. This technique is the most effective for rapid eval-
uation of large buildings and can be used for delamination in bare and asphalt-covered

concrete and characterization of the paving process.

1.2.5 Radiography

Radiography is one of the earliest NDT techniques used to obtain a shadow image
of a solid. Gamma rays, X rays, neutrons and cosmic muons are partially absorbed when
they are penetrating through components. The amount of absorption is dependent on
the thickness, density and material of the component which the radiation passes through,
and also the characteristics (e.g. beam type, energy spectrum, incidence geometry) of
the radiation. The radiation which passes through the material can be detected and
recorded on imaging devices, such as photographic film, flat panel detector, scintillator
array coupled with photo sensors, semiconductor detector array, et al. A projection or
a series of projections will be formed and image of the test component can be obtained.
Radiography is capable of detecting any feature in a component provided that there are
sufficient differences in thickness or density within the test sample. Large differences are
more readily detected than small differences. Brief introductions about the radiography

technologies are below.
A. Gamma-ray radiography

Figure 1.1 shows a gamma-ray radiography system. A gamma-ray radiography sys-
tem is generally composed of a gamma-ray source and an imager. Gamma-ray photons
are generated by disintegration of a radioactive isotope and used for nondestructive
testing. Common isotopes used in radiography are °Co, 137Cs and '°?Ir, and their

characteristics are shown in Table 1.1[5].
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FIGURE 1.1: A gamma-ray radiography system.

TABLE 1.1: Common isotopes and the corresponding half value layer thickness of

materials.
Source  Half-life Energy Lead Iron Concrete
50Co 5.3 years  1.33 MeV, 1.17 MeV  12.5mm 22.Imm  68.6mm
137Cs  30.3 years 0.662 MeV 6.4mm  17.3mm  55.3mm

1921y 74 days  0.317MeV, 0.468MeV ~ 4.8mm  15.49mm  48.3mm

Isotope gamma sources generate monochromatic radiation, and they are relatively
cheap and dimensionally small. The main disadvantage is that isotopes have a limited
life and they are generally suitable for testing thin sample objects suffered from low
intensity and limited energy. In addition, additional radiation shielding problems are

resulted even when not in use because they cannot be turned off.
B. X-ray radiography

There are various types of X-ray generators based on different principles, e.g. laser
plasma, synchrotron radiation, electron linear accelerator (LINAC), X-ray tube. A
LINAC X-ray source is generally employed to generate X-rays in nondestructive test-
ing of concrete. Compared with gamma-ray radiography, the main advantage of X-ray
sources is that they can produce a regulated beam of much higher energy and greater
intensity. They can also be switched off if something goes wrong, which represent a sig-
nificant safety margin. The disadvantages are that they produce polychromatic photons
of which most are low-energy photons, and they are expensive and cumbersome to be
moved around. If high-intensity X-ray/gamma-ray nondestructive situ testing is to be

proceeded, human and cattle have to be cleared in advance.

C. Neutron radiography
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Neutron radiography has been used in industrial applications for more than 50 years.
Compared with photons, neutrons are more sensitive to the light elements (hydrogen,
water, carbon, etc.) in concrete. Chemical containment agents transported by water
through cracks can reach and cause damage to steel reinforcing in concrete structures,
so it is important to investigate cracks within the concrete and the transport of water
through concrete. Neutron radiography has been used to study internal cracking patterns
in concrete and quantify of water penetration into concrete through cracks. Neutron
radiography has been applied in laboratory testing but cannot be easily used on large

scale structures such as bridges.
D. Computed tomography

Computed tomography (CT) is a type of radiography, by turning the object and
taking radiographies successively information about the three dimensional inner struc-
ture can be obtained. X-ray CT is the most widely used radiography method, and it
is capable of producing accurate 2D and 3D cross-sectional images of an object with
millimeter or sub-millimeter resolution. Characteristics of an object such as dimensions,

shape, internal defects, and density are available from CT images.
E. Muon radiography

Muons have the same electric charge as electrons, but are much more massive (m,,
~ 207m.) and have a much higher momentum, conferring them with high penetrat-
ing ability. The mean muon energy is 3-4 GeV, which is sufficient to allow them to
penetrate several meters of rock before being stopped [6]. Benefitting from their high
penetrating capability, muons have been used to image the interiors of structure since
1970 [7]. Mainly based on the Multiple Coulomb Scattering of cosmic ray muons, muon
radiography has been proposed as a tool to perform nondestructive testing of very large
objects. They are more strongly scattered by high-Z materials, so they are more suitable
for probing nuclear materials, such as uranium and plutonium, and shielding materials,
such as lead and tungsten. However, natural muons only have a rate of about 10,000

2

m~2 min~! on earth [8], as a result, the process time of muon radiography is much longer

than photon radiography techniques.

1.3 X-ray imaging system

An X-ray imaging system for nondestructive testing of concrete mainly consists of
2 components: a LINAC X-ray source for generating X-ray photons and the detector
system for recording photons which penetrate concrete components. Systems like CT

include a scanner which rotates the sample for a series of projections with X-ray.
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FIGURE 1.2: Principle of laser-Compton X-ray source.

1.3.1 X-ray generator

X-ray generators can be greatly different for laboratory-based nondestructive testing

and for on-site nondestructive testing.
A. Electron LINAC X-ray source

FElectron LINAC produces high-energy bremsstrahlung X-rays and is the most wide-
ly used X-ray source for high-energy imaging. The benchmark for large radiography
accelerators is pulsed high-energy radiographic machine emitting X-rays (PHERMEX)
[9], and there have been significant advances in electron LINAC designed specifically
for radiography over the past dozen years. The accelerator must be capable of produc-
ing radiation at a high dose rate, in order to produce sufficient dose for a high-quality
image within the short pulse width. For example, an X-ray source has been designed
for X-ray radiography based on an S-band 5MeV electron LINAC at Department of
Physics, University of Messina [10, 11]. An l-mm-thick tungsten has been chosen as
the electron-gamma converter, coupled with a 9-mm-thick copper layer for filtering the
produced X-ray beam both from primary electrons and low energy X-rays. It has been
then coupled to a collimation system, providing an X-ray spot of about 16 cm diameters

at the sample position, and a beam aperture of about 3.8°.
B. Laser-Compton X-ray source

X-ray sources with a small energy spread are very useful for measuring density pro-
files because there is almost no cupping artifact on CT images measured with monochro-
matic X-ray beams [12]. Laser-Compton scattering (LCS) [13] is a technique to generate
quasi-monochromatic X rays using laser-electron interaction, and the LCS X-ray source
is one of the best choices for nondestructive testing. The kinematics of the LCS X-ray
source is shown in Figure 1.2 and the energy of the Compton-scattered photon, E., can

be calculated as Formula 1.1:
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E
where B=+v1—7% ~v= 0.5;1 (1.1)

where 07 and 65 are the angles of the laser photon before and after the Compton

scattering with respect to the incident electron.

Figure 1.3 shows the measured Energy spectrum of the LCS X rays, the bremsstrahlung
photons produced by 10 MeV electrons bombarding a Cu target is also shown for com-
parison. The energy spread of the LCS X-rays is 3%, while a continuum is formed in
the spectrum of the bremsstrahlung X rays. The laser-Compton X-ray source is a good
candidate for laboratory-based test but is not suitable for on-site applications suffered

from the huge electron storage ring.
C. Portable X-band LINAC X-ray generator

However, the primary difficulty with use of these devices in on-site nondestructive
testing is the weight and size of the X-ray head. For example, nondestructive testing of
substructures in a nuclear plant requires the X-ray generator to be moved by hand and
can be fitted into very limited space, though a larger space is possible for nondestructive
testing of bridges, highways, etc. the LINAC X-ray generator has to be transported by
common cargos and it is required to be reasonably small and light. This leads to the
development of X-band (8-12 GHz) portable LINAC X-ray generators since late 60s in
USA and Russia.
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FIGURE 1.4: X-band LINAC. (a) 950 keV LINAC. (b) 3.95 MeV LINAC.

TABLE 1.2: Parameters of 950 keV and 3.95 MeV LINAC.

950 keV 3.95 MeV

Pulse width 3 us 4 us
Repetition rate 330 PPS 200 PPS
Length of acceleration tube 25 cm 50 cm
Beam current >64 mA >95 mA
Intensity of X ray 50 mGy/min 2 Gy/min
Voltage of electron gun 20 kV 20 kV

Concerning prevention of ionizing radiation hazards due to radioisotopes and others
of MEXT (Ministry of Education, Culture, Sports, Science and Technology) in Japan,
only electron LINACs with lower than 1MeV can be used outside radiation controlled
areas and those with up to 4 MeV are only available for on-site inspection of bridges.
Complying with these regulations, Uesaka M developed portable 950 keV/3.95 MeV X-
band (9.3 GHz) LINAC X-ray generators for on-site nondestructive inspection [14, 15].

Configurations are shown in Figure 1.4, and parameters are listed in the Table 1.2.

The weight of 950 keV electron LINAC X-ray source part with the local radiation
shielding and magnetron are only 44 kg and 49.5 kg, respectively, and the X-ray intensity
of this system is 50 mGy/min at 1 m. The 3.95 MeV LINAC consists of 62 kg X-ray
head with the target collimator of 80 kg, 62 kg RF power source and other utility box
of 116 kg, and the X-ray intensity of this system is 2 Gy/min at 1 m.

1.3.2 Radiography detectors

Scintillators and semiconductor detectors are the most widely used detectors for

imaging applications .
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TABLE 1.3: Scintillators for imaging.

Scintillator Density pZélf f Light yield AE/E (FWHM)
(gem™3)  (10%)  (photons /MeV) at 662 keV (%)

Csl:Na 4.51 38 40,000 7.4

CsI: Tl 4.51 38 66,000 6.6

CdW Oy 7.9 134 20,000 6.8

Nal:T1 3.67 24.5 41,000 5.6

BisGe3012 (BGO) 7.1 227 9,000 9.0

LusSi0O5 (LSO) 7.4 143 26,000 7.9

Y AlO5 (YAP) 5.5 7 21,000 4.3

Ce: GdgAlgGagOm 6.63 45 57,000 5.2

(Ce:GAGQG)

1.3.2.1 Scintillators

Most of the X-ray imaging systems are based on scintillator,such as flat panel detec-
tors and charge coupled device (CCD) cameras. Table 1.3 shows a variety of widely-used
scintillators [16]. Compared with semiconductor detectors (Section 1.3.2.2) especially the
silicon detector, many scintillators have higher densities and also higher efficient atomic
number (Z.s) and thus they are more efficient for detecting high-energy photons. How-
ever, the main disadvantage is worse energy resolution suffered from indirect conversion
of photons into scintillation lights before lights are converted into electrical charge sig-
nals by photodetectors such photodiode, avalanche photodiode (APD), photomultiplier
tube (PMT) and silicon photomultiplier (SiPM).

Flat Panels integrate in the same plate the scintillator and the photodiodes as shown
in Figure 1.5. To ensure sub-millimeter spatial resolution at lower energies, flat panel
detectors are usually built on thin scintillator screen and thus is inefficient for high-
energy photons. The Perkin Elmer XRD0822 flat panel detector [17] has a fluorescent
screen that consists of 200-um-thick GOS scintillator and a TFT /diode array fabricated
on a single substrate amorphous silicon. The detector has a 20.5-cm field of view with

a pixel matrix of 1024x1024 at 200 pum pitch.

A thin scintillator screen can be combined with digital CCD camera for nonde-
structive testing. Auditore L et al. developed a scintillator screen and CCD camera
based X-ray tomography system for industrial applications (Figure 1.6)[18]. The CCD
camera has 768x512 pixel resolution with 9x9 square pixels. In order to preserve the
CCD camera from radiation damage, it has been set at 90° with respect to the beam
direction and 100 cm far from the mirror reflecting the image from the scintillator screen

to the camera. CCD camera systems are thought to have high resolution. However, the
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FI1GURE 1.5: Schematic of a flat-panel detector.
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FIGURE 1.6: Schematic of a flat-panel detector.

scintillator screen is required to be optically transparent so that the image of attenua-
tion in the object can be easily transferred to the CCD, as a result, the thickness of the
imaging plate is just tens of micrometer which limits detection efficiency for high energy

photons.

1.3.2.2 Semiconductor detectors

Recently room temperature semiconductor detectors such as CdTe, CZT and sili-
con detectors have been more and more applied in medical and industrial radiography.
Compared with scintillator-based imaging systems, the main advantage is they direct-
ly convert photons into electron-hole pairs which are collected as electrical signals and

thus they possess inherently better energy resolution than scintillators. In current-mode
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FIGURE 1.7: Dynamic ranges of scintillator screen and multi-CdTe detector

operation, the current generated per unit energy absorbed is higher than that generated

in scintillators and leads to a better signal-to-noise ratio and a wider dynamic range.

The improved energy resolution of CdTe and CZT detectors leads to better contrast
in energy dispersive imaging systems for relatively low photon energies and at a wide
dynamic range of detector exposures, that is, for large variations of object thickness and
for transmission or emission photons [19]. Estre N et al. constructed an X-ray imaging
system based on CdTe detectors and compared the results of scintillator-based system as
shown in Figure 1.7 [20]. The 2D scintillator detector allows to measure up to 10-cm lead
that is equivalent to 20-cm steel or 65-cm standard concrete while the multi-CdTe limit
is reached for 25-cm lead that is equivalent to 48-cm steel or 160-cm standard concrete.
CdTe and CZT detectors have several disadvantages that prevent their wide use in
imaging systems: low charge mobility and lifetime, poor hole collection, nonuniformity
over large volumes and relatively high fabrication expenses. Besides, typical pixel CdTe

detectors have thickness of lower than 2 mm and thus the detection efficiency is limited.

Silicon detectors have advantages of low cost, high mobility and full collection of
electron-hole pair. Suffered from low atomic number and low density of silicon, silicon
detectors are generally considered to be only efficient in the detection of low energy
photons or charged particles. Typical silicon detectors have thickness of less than 0.5
mm. Though silicon detectors are inefficient for detecting high-energy photons suffered
from their low density and low atomic number, researchers have been trying to construct
high-energy X-ray imaging systems based on silicon detectors [21-24]. Katsuyama et

al. [24] developed an X-ray computer tomography (CT) system with a 12 MeV linear
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FIGURE 1.8: Detection efficiency of typical detectors for photons

accelerator (LINAC) X-ray source using 100 silicon detectors in a circular arc. They

obtained images of irradiated fuel pellets .

1.3.2.3 Detection efficiency of traditional imaging detectors

Referred to NIST X-ray attenuation databases [25], we calculated detection efficien-
cy of typical imaging detectors for photons with different energies as shown in Figure
1.8. For 1 MeV photons, efficiencies of the 200 pm thick GOS scintillator and 500 pm
thick silicon detector are lower than 1%, and 2 mm thick CdTe detector has efficiency
lower than 7%. Moreover, The detection efficiencies decrease rapidly with the increase
of photon energy. Traditional imaging detectors are not suitable for high-energy X-ray

applications suffered from their low detection efficiency.

1.4 Energy-integrating and photon-counting techniques

X-ray detectors are mainly working in two modes: energy-integrating mode and
photon-counting mode. Detectors working in the energy-integrating mode integrate the
total energy deposition of the incident X rays, while the number of discrete events is

counted when they are working in photon-counting mode.

1.4.1 Energy-integrating technique

Benefiting from lower requirement about the readout electronics and X-ray intensity,

most of the practical radiography systems are working in energy-integrating mode.
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A typical example of the integrating detector is the amorphous silicon flat panel.
A current signal is generated when a photon is detected by the 2D detector, and the
established current is then integrated by a circuit such as the one illustrated in Figure
1.9. The charging current and the voltage on the storage capacitor are illustrated in
Figure 1.10(a) and Figure 1.10(b). The output signal is determined by the maximum

potential on the storage capacitor which is essentially proportional to the integration of

the deposited energy of incident photons.

However, detectors working in energy integrating mode suffer from limited dynamic
range and sensitivity to dark current and electronic readout noise.
1.4.2 Photon-counting technique

Photon-counting detectors have been proposed to overcome the drawbacks of energy

integrating detectors. A simplified block diagram of the photon-counting detector is
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shown in Figure 1.11. A current signal is generated when a photon is detected by the

detector, and it is then transferred to a preamplifier and a shaper and the voltage gain
is compared with a threshold that is established by potentiometer or digital-to-analog
converter (DAC). Voltage gains exceeding the threshold are treated as representative of

a single photon (Figure 1.12(a)) and the number of events per pixel is counted (Figure
1.12(b)).

A key advantage of photon-counting technique over traditional energy-integrating
technique is that the background noise can be effectively suppressed and the signal-to-
noise ratio (SNR) of image is improved as a result. The setting of a threshold makes it
possible to discriminate not only noise from signal, but also lower from higher energies.
Strongly Compton scattered events can therefore be suppressed with mono-energetic

sources reducing image blurring [26]. Furthermore, because the height of the voltage
gain is proportional to the energy of the incident X-ray, another advantage of photon-
counting technique is that thresholds can be adjusted to achieve energy discrimination
in a polyenergetic beam. This information can be used to remove anatomical noise,

quantify contrast uptake over a set of voxels, or perform material decomposition. In
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addition, because pileup is no longer required, low-rate imaging can be performed and

dynamic range of the imaging system is expanded.

Although the advantages and potentials of photon-counting systems have been rec-
ognized, the application of these systems has been hampered by the requirements of a
large number of electronics, where the entire amplification, discrimination and digital
logic chain has to be fit into a tiny area and a large amount of data has to be transferred
to the computer and stored. Recent development on chip-level application-specific in-
tegrated circuit (ASIC) electronics has made it possible to provide fast, multichannel

readout electronics for photon-counting X-ray imaging detectors.

1.5 Objectives

We are motivated to develop a new X-ray imaging system for on-site nondestructive
testing of steel structures in nuclear power plants and concrete components in infras-

tructures. The system should satisfy the following requirements:

A) The system is required to be of high sensitivity for decreasing the dose to environment

and shortening imaging process time with low cost.

B) The system should have a wide dynamic range for imaging thick samples, so the
photon-counting technique is to be applied instead of traditional energy-integrating tech-

nique.

C) The system should be capable of identifying 2 mm break of reinforcing bars inside

concrete, so the intrinsic spatial resolution is required to be lower than 2 mm.

1.6 X-ray imaging system design

Silicon detectors would be suitable for constructing such an imaging system. They
can be fabricated with low cost than compound semiconductors such as CdTe or CZT,
and as a semiconductor detector, silicon detector has intrinsical better energy resolution
than scintillators and thus is beneficial to realizing a better spatial resolution. The only
disadvantage would be its low density and atomic number. However, if silicon strip
detectors are used and the strips are oriented parallel to the incident beam (called edge-
on), one can benefit by stacking edge-on silicon strip detectors for high-energy X-ray
imaging because each strip functions as a pixel of the imaging device and the edge-on

setup greatly increase the detection efficiency compared with traditional pixel detectors.
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FIGURE 1.13: One detector module that consists of stacked silicon strip detectors and
tungsten sheets.

It’s calculated that an edge-on silicon detector with a length of 5 cm has an efficiency
of over 70% for 1 MeV photons.

The initial design of the X-ray imaging system includes the detector module and

the collimator module.

1.6.1 Detector module

The detector module (Figure 1.13) consists of a stack of 20 units. One unit is
composed of an edge-on silicon strip detector mounted on one print circuit board (PCB)
and a tungsten plate above the silicon detector. The tungsten plates are used to shield
scattered photons inside the detector module. One strip detector has 50 channels and
the sensitive region of the whole detector is 0.5 mm (thickness) x 50 mm (width) x 50

mm (length). One unit has a thickness of 2.5 mm.

1.6.2 Collimator module

A tungsten collimator module is designed to absorb the scattered photons from the
thick object. The collimator module is made of 50 tungsten plates. The thickness of
each tungsten plate is 0.5 mm and every two tungsten layers are placed 0.5 mm apart.

Primary X-ray photons (without interaction with test structure) can be detected by
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FIGURE 1.14: Assembly of detector module and collimator module.

edge-on detector channels through the slits. The assembly of the collimator module and

detector module is shown in Figure 1.14.






Chapter 2

System design based on Monte

Carlo simulation

In order to optimize the design of a detector system, experimental collaborations
typically spend considerable effort in modeling the detector as complete as possible, and
this is especially important for understanding the impact of each part of the system
before investing time and money in constructing the apparatus. This is the main ad-
vantage of using Monte Carlo Simulation, which makes it easy to optimize the different

system parts and parameters with high flexibility.

The Monte Carlo method [27], as an important and powerful numerical technique for
calculating probabilities and related quantities by using sequences of random numbers
[28], has been widely used in nuclear and particle physics, astrophysics and space science,

medical physics, radiation protection, etc.

In detector system simulations, the Monte Carlo method is generally applied in
three stages: event generation, particle transport and detector simulation. By sampling
events from the corresponding probability distributions, complex physical processes can
be well simulated. In this way, distributions of final state particles from fundamental
interactions is predicted using event generator codes, the passage of particles through
matter is simulated with particle transport codes and the response of a detector is

reproduced by converting particle interactions in the detector to measurement signals.

2.1 Widely used Monte Carlo codes

There are a lot of well-developed Monte Carlo method based packages capable for
X-ray/gamma-ray imaging system simulation, such as MCNP [29], EGS [30], FLUKA

19
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[31], GEANT4 [32, 33], etc.

2.1.1 MCNP

MCNP, as a general-purpose Monte Carlo N-Particle code developed by Los Alamos
National Laboratory, can be used for neutron, photon, electron, or coupled neutron/pho-
ton/electron transport. The code treats an arbitrary three-dimensional configuration of
materials in geometric cells and uses pointwise cross-section data [34]. MCNP has many
standard tallies to make it easy for the user to obtain the desired result as a function of
cell or surface, energy, etc. For example, F'8 card combined with cell number and energy
bins can be used to calculate energy spectra of photons and electrons that deposit in
concerned geometries, which are generally used for detector simulation. MCNP is a
highly general user oriented application and more accurate compared with other simu-
lation codes, and even those who have no experience of programming can run MCNP
simulations by simply filling input files. However, MCNP suffers from poor interface and
it is difficult and sometimes impossible for users to format the output data and extract

intermediate information about the particle passage.

MCNP is the most widely used in neutron simulations, especially for reactor design

and analysis.

2.1.2 EGS

The EGS (Electron-Gamma Shower) code system, written in FORTRAN and devel-
oped by Stanford Linear Accelerator Center (SLAC, US) and High Energy Accelerator
Research Organization (KEK, Japan), is a general purpose package for the Monte Carlo
simulation of the coupled transport of electrons and photons in an arbitrary geometry
for particles with energies above a few keV up to several hundred GeV. The user defines
and controls an EGS5 shower simulation by initializing, tallying, and altering variables
found in COMMON blocks shared by user code MAIN and a set of EGS5 subroutines.
The user can access and manipulate variables at points in the simulation specified by

the user.

The EGS code has been used in a wide variety of applications, particularly in

medical physics and radiation measurements studies.
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2.1.3 FLUKA

FLUKA, developed in FORTRAN, is a fully integrated Monte Carlo simulation
package for the interaction and transport of particles and nuclei in matter. Implemen-
tation and improvement of sound and modern physical models are always the highest
priority in the design and development of FLUKA. As a result, about 60 different parti-
cles can be simulated with high accuracy by FLUKA about the interaction and propa-
gation in matter. Like MCNP code, no programming is required from the user for most
applications, and a number of user interface routines are available for users with special

requirements.

FLUKA has been most extensively applied in designs of proton and electron accel-
erator shielding and target. It can also be applied in calorimetry, activation, dosimetry,
detector design, accelerator driven systems, cosmic rays, neutrino physics, radiotherapy,

etc.

2.1.4 GEANT4

GEANT4, implemented in the C++ programming language, is the first large scale
object-oriented software toolkit for simulating the passage of particles through matter. A
complete range of functionalities are included for managing geometry, tracking, detector
response, runs, events, particle definitions, visualization and user interfaces. Its modular
architecture allows users to load and use only the components needed. Meanwhile, it
also allows users to customize and extend the toolkit in all the domains. Compared with
softwares such as MCNP and EGS, an important advantage of Geant4 is that the source
codes are completely open and no specific software license is needed for its use, as a
result, almost all information that users are interested in can be extracted with proper

programming implementation.

Geant4 has been used by a wide scientific community worldwide in nuclear and
accelerator physics, studies in medical and space science, particularly in high energy
physics. Furthermore, benefiting from the object-oriented technology, GATE [35], a
simulation toolkit for positron emission tomography (PET) and single photon emission

computer tomography (SPECT) is developed based upon Geant4.

2.1.5 Other codes

Other Monte Carlo codes, such as Penelope [36], MORSE [37], SRIM [38], PHITS

[39], et al. are also widely used in a variety of applications.
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Benefitting from the object-oriented methodology and convenience of extracting all
interesting information, GEANT4 is chosen to analyze and design the X-ray imaging sys-
tem. Because concrete structures are usually more regular in geometry compared with
steel structures and thus it is easier to analyze and evaluate the system, the material
of samples in the simulation is set to be concrete. In order to satisfy the requirements
listed in section 1.6, the key point of the simulation is to decrease the contribution from
the scattering components while keeping high detection efficiency of primary photons
from the X-ray generator. The 3.95 MeV portable X-ray generator was chosen in the
simulation. The simulation was proceeded with the following steps:

1) Calculate energy spectrum of the X-ray source;
2) Investigate interaction between X-ray photons and sample;

)
3) Calculate the response of one detector module to the X ray;
4) Evaluate tungsten shielding and collimator module;

)

5) Summarize the results and form a suggestion for the whole imaging system.

2.2 Energy spectrum of the X-ray source

The X-ray target is composed with one 0.5-mm-thick tungsten circular disk and one
1.6-mm-thick copper circular disk behind, and the diameter of the two disks is 5.0 mm.
The 3.95 MeV electron beam with a diameter of 3 mm bombards the tungsten target
and the bremsstrahlung X-ray photons are generated. The high-Z tungsten layer acts
electron-gamma converter while the copper layer acts as a filter for electrons from the
source and low-energy bremsstrahlung photons. The output X ray is confined within a
cone angle of 15 °. The geometry of the X-ray source simulation is shown in Figure 2.1

and the spectrum is obtained as shown in Figure 2.2.

The peak energy of the X ray is between 0.2 and 0.4 MeV, the average energy is
0.82 MeV and about 8.5% of all generated photons have energy higher than 2 MeV.

To reduce calculation time and improve statistics of simulation, the obtained energy
spectrum is written into the X-ray source in the following simulations. Because we are
interested in inspecting concrete structures as thick as 1 m, which is more than 100
times of the target size and 20 times of the detector length (5 cm), the X-ray source is
treated as a monodirectional source and photons homogenously emit from a R5.0 cm

(fully covers the detector module with a cross section of 5 cm x 5 cm) circular disk.
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FIGURE 2.1: Geometry of the X-ray target
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FIGURE 2.2: Energy spectrum of the 3.95 MeV X-ray source
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FIGURE 2.3: Geometry of the X-ray attenuation simulation

TABLE 2.1: X-ray attenuation and scattering after penetrating concrete of different

thicknesses
Thickness (cm) 20 40 60 80 100
Intensity 1.82E-02 1.98E-03 1.75E-04 4.59E-05 4.78E-06
Intensity-Primary 1.27E-02 1.27E-03 2.85E-04 2.74E-05 8.06E-06
Scatter/Primary ratio 0.43 0.56 0.63 0.67 0.69
Average energy (MeV) 1.65 2.21 2.53 2.73 2.87

2.3 X-ray attenuation and scattering in concrete

The geometry of simulations is demonstrated in Figure 2.3. A plane with a cross
section of 5 cm X 5 cm is placed at 10 cm behind the back surface of concrete block
(cross section of 40 cm x 40 cm and thickness of 20 cm, 40 cm, 60 cm, 80 cm, and
100 cm) and all photons incident on this plane are recorded. Primary photons (without

interaction with the concrete) and scattered photons are recorded separately.

The obtained spectra are shown in Figure 2.4, Figure 2.5, Figure 2.6, Figure 2.7 and
Figure 2.8, respectively. The attenuation of primary photons, the scattering-to-primary

ratios and average energy of all photons are summarized in Table 2.1.

It can be seen that X ray spectrum is greatly hardened after penetrating thicker
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FI1GURE 2.8: Spectrum at 10 cm behind 100-cm-thick concrete

concrete. A 20-cm-thick concrete attenuates X ray by about one order but the attenua-
tion is smaller when the concrete is thicker because of the hardening effect. In addition,
the scatter-to-primary ratio increases with the concrete thickness. The beam hardening
effect and scattering degrade spatial resolution of X-ray imaging system. We cannot
decrease the beam hardening because it is the nature of interaction between photon and
other substances, but we have to suppress the scattering to decrease the degradation of

spatial resolution.

2.4 Scattering decrease with object-to-detector distance

Different from the primary photons, track of the scattered photons diverges in
direction, so it is anticipated that the scattering contribution could be lower with larger
object-to-detector distance. Because concrete with a thickness of 20 cm leads to about
one order’s attenuation, the simulation time would be more than one order higher in
order to obtain similar statistics. A thickness of 40 cm permits a good assessment of
the interactions between photons and concrete and also requires reasonable simulation
time, as a result, a concrete with a thickness of 40 cm and a cross section of 40 cm X

40 cm is taken into consideration in the following simulations.

The spectra on a 5 cm x 5 cm plane at 10/20/30/40/50 cm behind the back surface

of the concrete are calculated and shown Figure 2.9, Figure 2.10, Figure 2.11, Figure
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FI1GURE 2.9: Spectrum at 10 ¢cm behind 40-cm-thick concrete

TABLE 2.2: Scatter-to-primary ratios at different object-to-detector distances

Distance (cm) 10 20 30 40 50
Scatter/primary 0.56 0.28 0.17 0.11 0.08

2.12, and Figure 2.13, respectively. The dependence of scatter-to-primary ratio on the

object-to-detector distance is summarized in Table 2.2.

The scattering contribution is greatly lowered when the detector is placed further
to the object, and scattering-to-primary ratio is only 0.11 when the detector is placed
at 40 cm to the object. According to the figures, low-energy scattering photons are
much more lowered than high-energy scattering photons. This is because low-energy
scattering photons originate from severe Compton scattering while high-energy photons
originate from slight Compton scattering. Considering that detectors are more sensitive
to low-energy photons than to high-energy photons, the spatial resolution degradation

as a result of scattering in the object can be greatly alleviated.

Even if we consider the fan-out emitting of the X-ray source, this improvement
still exists. Because the scattered photons originate closer to the detector compared
with the primary photons, the scattered photons decrease faster than primary photons.
This effect is basically because of the difference between the effective solid angle for the

scattered and primary components. However, the detector cannot be placed too far away
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FIGURE 2.13: Spectrum at 50 cm behind 40 cm concrete
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FIGURE 2.14: Geometry of concrete and detector module. The detector module is
composed of 20 stacked 50-channel silicon strip detectors.

from the object because it also decreases the detection efficiency. The trade-off between
the sensitivity and scattering suppression should be evaluated based on the practical

situation of imaging.

2.5 Detector module response

A detector module consisting of 20 stacked layers of 50-channel silicon strip detectors
is considered, and each channel has a cross section of 0.5 mm x 1 mm and a length of
5 cm. Geometry of the simulation is demonstrated in Figure 2.14. A plane with a cross
section of 5 cm x 5 cm is placed at 40 cm behind the concrete block to record photons
incident on the detector stack. The detector module is placed at 5 cm behind the plane,
and 1000 channels are described separately in order to discriminate scattering in the

detector module. A cross section of the detector module is shown in Figure 2.15.

Spectra of the primary and scattered photons incident on the plane are shown in

Figure 2.16, and the scatter-to-primary ratio is 0.126.

Spectra of the primary and scattered photons incident on the 1000 silicon channels
are shown in Figure 2.17, and the scatter-to-primary ratio is 6.28. The spectrum of
deposited energy in all 1000 silicon channels is shown Figure 2.18. Besides, distribution
of the event number when one photon is detected by the module is shown in Figure 2.19,

and the average event number is 3.22.
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F1GURE 2.15: Cross section of the detector stack. Each silicon strip detector is divided
into 50 individual channels.
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FIGURE 2.16: Photons incident on a plane in front of the detector module. Primary
photons and scattered photons are recorded separately.
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FIGURE 2.18: Spectrum of deposited energy on 1000 channels.
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FIGURE 2.19: Event number when one photon is detected.

According to these results, photons are greatly scattered and a lot of scattered pho-
tons are detected by the detector stack. The stack geometry improves sensitivity of the
imaging system greatly but suffers from a degradation of spatial resolution. Segmenta-
tion of the stacked strip detectors and anticoincidence rejection can be used to optimize
the spatial resolution with small sensitivity loss, however, this also enforces a higher

requirement about the readout electronics and data acquisition (DAQ) system.

2.6 Evaluation of PCB, tungsten shielding and tungsten

collimator

Because the scattering in the detector module is severe, it is necessary to evaluate
the effects of structural components such as PCB. Tungsten shielding and tungsten

collimator have the potential of reducing scattering but also need to be evaluated.

In order to quantitatively evaluate imaging capability of the system for small interior
structures, two iron bars with R1.0 cm and R0.5 cm are described inside the 40 cm thick
concrete and their images are simulated. Geometry of the iron bars inside the concrete

and the projected view of iron bars on the detector stack are shown in Figure 2.20.
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FiGURE 2.20: Concrete and the interior iron bars and the projected view of iron bars
on the detector stack

2.6.1 Influence of PCBs

PCBs with an area of 5 cm x 5 ¢cm and a thickness of 1.5 mm placed under each

detector layer are considered. A total of 8 x 10° source events are simulated.

Spectra of the photons incident on the silicon channels are shown in Figure 2.21 and
the spectrum of deposited energy is shown in Figure 2.22. The scatter-to-primary ratio
(10.71) is higher than the case without PCBs, and there are more low-energy (<200

keV) deposition events, indicating scattering is enhanced after PCBs are considered.

The event number and deposited energy on each channel are recorded separately.
The counts over all 1000 channels are shown in Figure 2.23, and we can see the R0.5 cm
iron bar and a clearer R1.0 cm iron bar. However, the images are blurred because of the
scattering inside the detector stack. In the red rectangular area of Figure, I normalize
the total counts over the channels with the same channel number by the total counts
over the 30th channels and obtain the horizontal profile of the phantom concrete (shown
in Figure 2.24). The horizontal profile when a 200-keV threshold is set to all channels is
also shown, and the contrast is a little improved because more scattered events compared

with the primary events are removed.

2.6.2 Tungsten shielding inside the detector stack

The tungsten shielding is composed of 20 tungsten sheets that are inserted into the

detector stack. Each tungsten sheet has an area of 5 cm x 5 cm and a thickness of 0.5
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F1GURE 2.25: Spectra of photons incident on the 1000 silicon channels. Tungsten
sheets are placed inside the detector stack.

mm. PCBs described in section 2.6.1 are also considered. A total of 8 x 109 source

events are simulated.

Spectra of the photons incident on the silicon channels are shown in Figure 2.25 and
the spectrum of deposited energy in all channels is shown in Figure 2.26. The scatter-
to-primary ratio is even higher (12.55) and the 511 keV annihilation peak can be clearly

seen, on the other hand, ratio of the low-energy deposition events are slightly reduced.

Image of the phantom concrete is shown in Figure 2.27, and the horizontal profiles
without threshold and with a 200-keV threshold are shown in Figure 2.28. Because the
tungsten sheets strops low-energy scattering but lead to higher scattering, the contrast
improvement as a result of the 200-keV threshold shown in the previous section almost

diminishes.

2.6.3 Tungsten collimator in front of the detector stack

Collimator composed of tungsten sheets vertical to the detector surface is denied
because they cover half of detectors’ sensitive area and the efficiency of the imaging
system is decreased as a result. Therefore, I only evaluate tungsten collimator that
is composed of horizontal sheets in front of the detector module. Twenty horizontal

tungsten sheets are placed 35 cm in front of the detector stack. Each tungsten sheet has
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FI1GURE 2.26: Spectrum of deposited energy on 1000 channels. Tungsten sheets are
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FIGURE 2.28: Horizontal profiles of the red rectangular area without/with threshold.
Tungsten sheets are placed inside the detector stack.

FIGURE 2.29: Geometry of concrete, tungsten collimator and the detector stack.

a size of 5 cm (width) x 6 cm (length) x 2 mm (thickness) and is placed in the 2 mm
space between every two detectors in the vertical direction. PCBs described in section
2.6.1 are also considered. The geometry of the simulation is shown in Figure 2.29. A

total of 8 x 102 source events is simulated.

Spectra of the photons incident on the silicon channels are shown in Figure 2.30

and the spectrum of deposited energy is shown Figure 2.31. The scatter-to-primary



Chapter 2. System based on Monte Carlo simulation 41

Photons incident on silicon detectors
0.06 ‘ ‘ ‘

All photon spectrum
Penetrating spectrum
Scattered spectrum

O O * [

0.05

0.04 Scatter/Primary 4.2725 b

0.03f

Intensity (.a.u)

1 1.5 2 2.5
Energy (MeV)

F1cURE 2.30: Spectra of photons incident on the 1000 silicon channels. Tungsten
collimator is placed in front of the detector stack.

ratio is even lower (4.27) than the case without PCBs (12.55). On the other hand, the
low-energy deposition events because of scattering in the stacked detectors and PCBs

restore (see Figure 2.31).

Image of the phantom concrete is shown in Figure 2.32, and the horizontal profiles
without threshold and with a 200-keV threshold are shown in Figure 2.33. The contrast
is much better especially when a 200 keV-threshold is set to all detectors.

Considering structural components of the detector module, the scattering is greatly
enhanced (by about 70% with 1.5 mm thick PCBs) and it will lead to a degradation
of spatial resolution. The scattering can be decreased by reducing structural compo-
nents. However, this is limited in order not to degrade strength of the detector module.
Because the X ray has high penetration capability, tungsten sheets inside the detector
module even enhances scattering and degrades contrast of image. On the contrary, col-
limator composed of horizontal tungsten sheets effectively reduces the scattering inside
the detectors because primary photons that penetrate the object and direct at PCBs are
stopped by tungsten sheets in front of the detectors. In addition, an energy threshold
can also be used to decrease the contribution of scattering inside the detector module

since the scattered photons tend to deposit lower energy inside detectors.
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FIGURE 2.31: Spectrum of deposited energy on 1000 channels. Tungsten collimator is
placed in front of the detector stack.
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F1GURE 2.32: Image of the phantom concrete. Tungsten collimator is placed in front
of the detector stack.
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FIGURE 2.33: Horizontal profiles of the red rectangular area without/with threshold.
Tungsten collimator is placed in front of the detector stack.

2.7 Summary

According to the simulation results, we get the following observations about the
high-energy X-ray imaging system:
1) Photon spectrum is greatly hardened after penetrating a thick sample. The average
energy of the photons from the 3.95 MeV X-ray source increases from 0.82 MeV to
2.87 MeV after penetrating a 100 cm thick concrete. Detectors with high efficiency
for high-energy photons are extremely demanded for nondestructive testing of thick
samples with high-energy X-ray sources. 2) Scattering contribution is greatly enhanced
after penetrating a thick sample. The scatter-to-primary ratio is 69% after penetrating
a 100-cm-thick concrete. Detectors should be placed further in order to decrease the
scattering contribution from the test object. For a 40-cm-thick concrete, scatter-to-
primary ratio decreases from 56% to 11% when the distance increases from 10 cm to 40
cm.
2) Scattering contribution of photons incident on silicon detectors inside the 5 cm long
detector module is greatly severe. The scatter-to-primary ratio is about 6.3.
3) Structural materials enhance scattering inside the detector module. The scatter-to-
primary ratio even increases to be about 10.7 when an 1.5-mm-thick PCB under each
strip detector is considered. Structural materials should be thinner to reduce scattering.

4) Tungsten sheets parallel and match detectors can improve image contrast, it should be
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placed close to object and apart from the detectors. Tungsten sheets inside the detector
module even enhances scattering other than reducing scattering, and the scatter-to-
primary ratio increases to be about 12.5 when a 0.5-mm-thick tungsten sheet is placed
under each strip detector. On the contrary, the scatter-to-primary ratio decreases to be
about 4.3 when a collimator module composed of 2-cm-thick tungsten sheets is placed
in front of the detector module.

5) Energy threshold can be used to improve image contrast, and this can only be feasible

in photon-counting imaging systems.
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a-Si/c-Si heterojunction strip

detector

Semiconductor detectors have been widely used as the basic detection media since
1960s, and modern detectors are referred to as semiconductor diode detectors or simply
solid-state detectors. Advantages of semiconductor detectors are superior energy reso-
lution, compact size, relatively fast time characteristics, et al. Silicon predominates in
the available semiconductor materials benefitting from its mature fabrication technology
and low cost, room temperature operation, high values of carriers’ mobility and lifetime,
et al. Silicon strip detectors (SSDs) were firstly introduced as high precision tracking
devices for high energy physics experiments in the early 1980s [40]. Since then, SSDs
have been used in astrophysics satellites and telescopes, Compton cameras as scatter

and X-ray/gamma-ray radiography.

3.1 Interaction of photons

A large number of possible interaction mechanisms are known for photons in matter,
however, only three major processes play important roles: photoelectric absorption,
Compton scattering, and pair production. They lead to changes in the photon history,

in that the photon either disappears entirely or is scattered.

3.1.1 Photoelectric effect

In the photoelectric process (shown in Figure 3.1), the primary photon with an

energy of hv is completely absorbed and an energetic photo-electron is released from

45
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FIGURE 3.1: Demonstration of the photoelectric effect.

one of its bound shells. The photoelectric process is the predominant interaction for
photons of relatively low energy and high atomic number (Z) materials. The probability
of photoelectric absorption per atom over all ranges of hrv and Z, symbolized 7, can be

expressed as:

n

T = constant X W

(3.1)
where the exponent n varies between 4 and 5 over the photon energy region of

interest.

3.1.2 Compton scattering

The Compton scattering (shown in Figure 3.2) takes place between the incident
photon and a free or orbital electron. The incident photon is scattered by an angle
with respect to its original direction and transfers a part of its energy to the recoil
electron. The Compton scattering probability (o) per atom depends on the number of
electrons available and therefore increases linearly with Z but decreases as the photon
energy increases. The Compton scattering is most often the predominant interaction
mechanism for photon energies of typical radioisotope source. All angles of scattering
are possible, and the angular distribution of scattered photon is predicted by the Klein-

Nishina formula for the differential scattering cross section

do 1 1 + cos?0 a?(1 = cosf)?
A —_ )1+ (Lo cosh)
dQ 1+ a(l — cosb) 2 (1 + cos?0)[1 + a(1 — cosb)]

(3.2)
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F1GURE 3.3: Demonstration of the pair production.

where o = hv/moc? and r is the classical electron radius and mgc? is the rest-mass
energy of the electron (0.511 MeV).

3.1.3 Pair production

If the photon energy exceeds twice the rest-mass energy of an electron (1.02 MeV),
pair production process (shown in Figure 3.3) is energetically possible at the vicinity
of an atom. The probability of pair production (k) increases with increasing photon
energy and atomic number approximately as Z2. The pair production is predominantly

confined to high-energy photons with high-7Z materials.

The relative importance of the three major interactions between photon and matter

is shown in Figure 3.4.
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FiGure 3.5: Diamond-lattice type structure of silicon.

3.2 Detector basics

3.2.1 Intrinsic properties of silicon

Silicon is the 14th element in the periodic table and belongs to group IV. It has a
diamond-lattice type structure (Figure 3.5). Important properties of silicon and other
commonly used semiconductors (diamond and germanium) are listed in Table 3.1 [19, 41—
43].
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TABLE 3.1: Intrinsic properties of commonly used semiconductors.

Semiconductor Si Ge Diamond GaAs CdTe
Atomic number 14 32 6 31/33 48/52
Density [g/cm?®] 2.33  5.32 3.52 5.31 6.2

Band gap [eV] 1.12  0.66 5.47 1.42 1.56
Average energy/eh pair 3.61 296 13 4.26 4.43
Dielectric constant 11.9 16.0 5.7 13.1 10.2
Electron mobility [cm?/V 5] 1500 3900 1800 8500 1050
Electron mobility lifetime [em?/V] >1  >1 - 1075 107*—-2x 1073
Hole mobility [cm?/V -s| 450 1900 1200 400 100

Hole mobility lifetime [em?/V] ~1 >1 - 1076 107° - 1074

The valence band is the highest range of electron energies which is fully occupied
with electrons at absolute zero temperature. The higher band in which electrons can
move freely between atoms of the crystal is called the conduction band. Electrons in the
conduction band contribute to the electrical conductivity of materials. The forbidden
area between the two bands is called band gap, and the size of it determines whether
the material is classified as a semiconductor or an insulator. Silicon has a band gap of
1.12 eV as shown in Table 3.1.

Intrinsic semiconductors contain no impurities. The occupation probability for an
electronic state is given by the Fermi-Dirac function:

1

1 + exp(ngF)

F(E) (3.3)

Where Ep, the Fermi energy, is the energy at which the occupation probability of a
possible state is 50%, k is the Boltzmann constant and T is the absolute temperature.
This expression can be approximately separate for electrons (F,(E)) and holes (F,(E))

for intrinsic semiconductors as:

Fo(E) me it (3.4)
FE)=1-F(E)~e i (3.5)

The state density in the conduction and valence bands is given by:

2me 1/2
N(Egin) = 4n( =025 (3:6)

Where meys is the effective mass of electrons (m,,) or holes (m,) respectively, h is

Planck’s constant, and FEj;, is the kinetic energy measured from the band gap.
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The free electron density n is obtained by integrating the product of state density

and the occupation probability over the conduction band:

2 kT Ec-E Eo—E
n=2( WTZ; 32" = Npe™ T - (3.7)
Similarly for holes, we get:
2mm, kT _Ep-Ey _Ep—E
p= 2( hg )3/26 FkT v = Nve FkT V- (38)

The product of electron and hole density is independent of the Fermi level and depends
on the band gap. For an intrinsic semiconductor at thermal equilibrium, the numbers
of electrons and holes are equal: n=p=n; (~ 1.45 x 10'°cm =3 for silicon at 300 K). It is

found that:

E~—FE E
n; = /NoNye T = \/NoNy et (3.9)

and
Ec+ Ey  3KT, m,
B = i 1
i 5 + ln(mn) (3.10)
Equation 3.7 and equation 3.8 can be rewritten as:

Ep—E;

n =mn;e kT
E;—Ep

p = mn;e T (3.11)

3.2.2 Extrinsic properties of silicon

Suffered from the technical difficulty of obtaining sufficient high purity semicon-
ductor materials, intrinsic semiconductors are seldom used. On the contrary, extrinsic
semiconductors with intentional additive of small fractions of impurities are widely used
in semiconductor devices. The procedure of specific impurities is called doping and the

added impurity is called dopant.

Group V elements, such as phosphorus (P) and arsenic (As) which have five valence
electrons, can donate an additional electron in the crystal lattice and are called donors.
On the other hand, elements in the group III, such as boron which only has three valence
electrons, can accept an additional electron at their place in the crystal lattice and are

called acceptors.

Figure 3.6(a) represents silicon doped with arsenic. Only four valence electrons

are used to form covalent bonds with neighboring silicon atoms, while the fifth valence
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FIGURE 3.6: n-type doping.(a) The crystal lattice of Si doped with As. (b) Band
structure of n-type material.

electron is weakly bonded and is free for conduction. The Ec-FEp is 0.045 eV for P and is
0.054 eV for As in silicon. Electrons in these states are almost completely ionized at room
temperature and transported to the conduction band (Figure 3.6(b)). Silicon doped with
negative charge carriers is called n-type silicon. The donor levels are almost completely
ionized can be explained by the movement of the Fermi level Er from the intrinsic level
FE; towards the conduction band. The acceptor levels are almost completely filled can be
explained by the movement of Er from FE; towards the valence band. Considering high
concentration doping which is generally real in practice, the electron density equates to

the number of donor and hole density equates to the number of acceptor.

For n-type silicon, the new Fermi level is derived from Equation 3.7:

N,
Ec — Ep = kTin=5 (3.12)
Np

If a silicon atom is replaced by boron, one electron is missing in the covalent bonds
and a hole is created and free for conduction (Figure 3.7(a)). These holes introduce
energy states (E4) slightly above the valence band (Ey, and E4-FEy=0.045 eV). These
states are almost completely filled at room temperature and holes are transported in

the valence band (Figure 3.7(b)). Silicon doped with positive charge carriers is called
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FIGURE 3.7: p-type doping.(a) The crystal lattice of Si doped with B. (b) Band struc-
ture of p-type material.

p-type silicon. For p-type silicon, the new Fermi level is derived from Equation 3.8:

N
Ep — By = kTin=Y (3.13)
Ny

The electron density and hole density can still be described by Equation 3.11 with
rewritten Fermi levels. The increase of majority carriers is accompanied with a decrease

of minority carriers.

3.2.3 p-n junction

The p-n junction, as the most important electronic structure, can be formed by join-
ing a p-type semiconductor and an n-type semiconductor. Such a structure shows diode
characteristics, which is low resistive if positively biased and high resistive if reversely
biased. The p-n junctions can be categorized into homojunctions and heterojunction-
s. A homojunction is formed between layers of similar semiconductor materials, which
have equal band gaps but are differently doped. A heterojunction is a semiconductor
interface that occurs between two dissimilar semiconductors, which have unequal band
gaps as opposed to a homojunction. The p-n junction will be introduced based on the

silicon homojunction.
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FIGURE 3.8: A p-n junction in thermal equilibrium (a) with two parts separated (b)
with two parts brought together.

The p-type part and n-type part are electrically neutral with electrons and holes
homogeneously distributed (Figure 3.8(a)) when they are initially separated. Once the
two parts are contacted, free electrons with higher density in the n-type part will diffuse
into the p-type region and holes with higher density in the p-type region will diffuse into
the n-type region, and a space charge region near the junction is created and an electric
field is formed to counteract the diffusion (Figure 3.8(b)). This region is depleted of free
charge carriers because the electric field sweeps away any mobile charge carriers in the
region. The transformation can also be considered in the band model. A built-in voltage

(Vi) is formed because the Fermi levels have to be equal in thermal equilibrium.

If an external voltage (V) is applied to the p-n junction, the charge carriers will
start to drift according to the electric field. The width of the space charge region (d)

shrinks with forward bias and expands with reverse bias:

2660(NA + ND)
d= ; — .14

where ¢ is the dielectric constant and g is permittivity of the semiconductor. For silicon,
€is 11.9.

In the case of semiconductor radiation detector, the p-n junction is usually formed
on low doped silicon of which one edge side is highly oppositely doped (with a density
of Ng) and the junction is reversely biased (with |V| > V4;). The width of the space

charge region (d) can be expressed as:

2e€q
qeNg

d= V| (3.15)
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The depleted space charge region is treated as the sensitive region for ionization irradi-
ations. Electron-hole pairs are created if radiations incident in the depleted region, and
they will be separated by the electric field and drift to the electrodes on the edges. The
drift of charge carriers leads to a current pulse and will be processed with front-end and

back-end electronics.

3.3 Fabrication processes of silicon strip detector

The passivated planar technology is the most mature process for fabricating silicon
junction detectors with excellent operational characteristics. However, it suffers from
complexity. Hydrogenated amorphous silicon is resistive to radiation and suitable for
large area fabrication. However, it is difficult to produce a-Si layer thick enough for
minimum-ionizing particle detection. Instead, some research about the fabrication of
a-Si/c-Si heterojunction detector was reported. Compared with the normal planar pro-
cess, the hydrogenated amorphous silicon/crystalline silicon (a-si:H/c-si) heterojunction
greatly simplifies the fabrication of semiconductor detectors. However, a heterojunction
detector with both low leakage current and position-sensitive capability was not real-
ized. Yabe M et al. [44] fabricated a large-area a-Si/c-Si heterojunction detector by
DC plasma deposition process at 200 °C, and the detector showed a leakage current
of 150 nA at full depletion bias and an energy resolution of 8.3 keV full width at half
maximum (FWHM) for 59.5 keV at room temperature. Chiba Y et al. [45] fabricated a
heterojunction detector by the plasma-chemical vapor deposition (CVD) method, and
they realized position-sensitive by evaporating segmented electrodes on the a-Si film,
however, their detector suffered from high leakage current ranged from 107¢ to 1075 A
at 20 °C and they did not find out the solution to decrease this high leakage current.

We try to fabricate strip detector with the a-si/c-si heterojunction technology.

3.3.1 General process steps in passivated planar technology

The passivated planar technology follows mature production technologies used to
produce integrated circuits in the semiconductor industry [46, 47]. The most important
differences are more severe requirements for low contamination with impurities and
low defects during production. Contamination of the sensor bulk will increase leakage
current and the defects over a large area strip detector affect charge collection, leading
to degradation of the detector performance. In order not to deteriorate the detector
performance, special care has to be taken in the passivated technology and the fabrication

procedures become more complex.
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FIGURE 3.9: Steps of the passivated planar process.

The planar fabrication process generally begins with high-purity silicon wafer of ei-
ther p-type or n-type. Take n-type silicon wafer as an example, the steps in the process

are briefly shown in Figure 3.9:

a) Firstly passivate the surface through oxidation at elevated temperature after the
wafer is polished and cleaned.

b) Deposit photoresist, expose photoresist through mask with strip pattern, etch exposed
SiO5 areas so as to open windows for p* doping and remove the remaining photoresist.
These processes can be summarized as the photolithography technique.

¢) Introduce p-dopant to form strip electrodes through the implanting of acceptor ions
(typically boron) and introduce n-dopant on the rear surface through donor implanta-
tion (typically with arsenic) using accelerators.

d) Drive-in and thermal anneal of implant to remove radiation damage in the implanted
layers at elevated temperature.

e) Deposit aluminum-silicon alloy for contacts on the front surface.

f) Form strip and bonding pads in the front surface by photolithography and deposit

aluminum contact to form ohmic contact on backside.

3.3.2 a-si/c-si heterojunction process

The wafers employed for fabrication are p-type silicon, each with an area of 52.5
mm X 52.5 mm and a thickness of 500 um. The resistivity of the wafers is 10 k{2-cm

and the surface orientation is (111).

The fabrication process is shown in Figure 3.10:
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FIGURE 3.10: Steps of fabricating a-Si/c-Si heterojunction strip detector.

a) Firstly an 1 pum thick undoped a-Si: H film is deposited on the wafer at 100 °C
by decomposing SiH, diluted to 10% in hydrogen using plasma enhanced chemical va-
por deposition (PECVD) technique.

However, fatal pinhole defects will be caused in the a-Si film if there is dust attached to
the silicon wafer during the depositing. These tiny pinholes will lead to a direct contact
of the metal layer and the Si wafer, which is the main reason for the large leakage current

if a metal contact is evaporated on the a-Si film.

b) To solve this problem, another Hydrogenated amorphous carbon (a-C: H) layer is
deposited on the a-Si layer at 100 °C by decomposing CHy using electron cyclotron
resonance chemical vapor deposition (ECR-CVD) techniques.

The resistive a-C: H layer has a thickness of 1~3 nm and resistivity of 1~8x10'% Q-cm,
which can effectively suppress the leakage current without a high additional voltage drop

when the detector is reversely biased.

¢) Then 50 electrodes are formed on the a-C: H layer by masked deposition of alu-
minum using the electron beam evaporation technique. An aluminum anode is also
evaporated on the other side of the silicon wafer.

Each electrode on the a-C: H layer is 0.5 mm x 49.5 mm, and the electrodes are 0.5 mm

apart. The thickness of the aluminum cathodes and anode is 1 pym.

A fabricated a-Si/c-Si heterojunction strip detector is shown in Figure 3.11. The 50

front Al electrodes can be wire bonded to multichannel readout electronics (e.g. ASIC).
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FIGURE 3.11: A fabricated a-Si/c-Si heterojunction strip detector.

3.4 Operational characteristics

Measurement of the leakage current and capacitance of each channel of the sili-
con strip detector helps to characterize the detector and aids in the optimization of
detector fabrication. We measured the bias dependence of leakage current and junc-
tion capacitance with the Keithley 4200-SCS semiconductor characterization system,
and the detector was placed in the Apollowave MBP-55 probe station for optical and

electromagnetic shielding.

3.4.1 Leakage current characteristics

The leakage current through each single channel was measured as a function of
reverse bias voltage at 20 °C. Figure 3.12 shows the test configuration. Three channels
were biased at the same voltage, and all other channels were float while the anode was
grounded. The bias was increased from 0.1 V to 150 V with a 1 s delay between two
bias voltages in order to allow the current to reach equilibrium. Leakage currents of 3

adjacent channels in one measurement are shown in Figure 3.13.

The leakage currents of the two adjacent channels were higher (about 2 times) than
the central channel, indicating the neighboring channels were partially depleted even
when they were floating. As a result, only the leakage current of the central channel
in each measurement was recorded as the real leakage current. The bias dependence of

the leakage currents of 5 typical channels is shown in Figure 3.14(a), and the leakage
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Fi1cURE 3.13: Leakage currents of 3 adjacent channels in one measurement.

currents of all 50 channels at typical biases are shown in Figure 3.14(b). The 50-channel
detector had quite homogenous leakage performance when the bias was lower than 120
V except for the 2 edge channels that covered wider side areas (shown in Figure 3.14(b)).
The average leakage current of the central 48 channels was 2.9 nA and the leakage current
density was calculated to be 0.06 nA/mm? at 120 V bias. However, one channel showed

higher leakage current when the bias is 150 V.
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FIGURE 3.14: (a) Bias dependence of the leakage currents of 5 channels (b) Leakage
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FIGURE 3.15: (a) Junction capacitances of 5 channels. (b) Depletion depth of 5 chan-
nels.

3.4.2 Capacitance characteristics

We measured the junction capacitances using similar configuration as shown in
Figure 3.12. The junction capacitances of 5 channels at different bias voltages are shown
in Figure(a). The depletion depth can be estimated accordingly (see Figure 3.15). A
bias of 120 V guaranteed depletion of over 90% of the whole wafer and homogeneous
leakage performance of all central 48 channels. 120 V was chosen the working bias of

the detector.

3.5 Energy spectrum measurement

A CLEARPULSE 5005H charge-sensitive preamplifier and an ORTEC 571 shaper
were used to evaluate the noise of the detector. The performance of the preamplifier
is 1.25 keV (FWHM) + 20 eV /pF (FWHM) for silicon at a 2.0 us shaping time. The
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FIGURE 3.16: 24 Am spectrum measured by channel 2. The FWHM of the 59.5 keV
photopeak is 2.8 keV.

shaping time was set to 1.0 us, the bias was set to 120 V, and the temperature was kept

at 18 °C during the measurement.

3.5.1 2" Am spectrum and *’Co spectrum

Pulse height spectra of ! Am and °"Co measured by the second channel of the
detector are shown in Figure 3.16 and Figure 3.17, respectively. The FWHM of the 59.5
keV photopeak is 2.8 keV and the FWHM of the 122 keV photopeak is 2.9 keV.

3.5.2 !3Ba spectrum and '*"Cs spectrum

Pulse height spectra of 3Ba and '37Cs measured by the second channel are shown
in Figure 3.18(a) and Figure 3.18(b), respectively. Because the atomic number of silicon
is too low, the 356 keV photopeak of 3Ba and the 662 keV photopeak of ¥7Cs cannot
be observed in the measured spectra. However, identification of full energy peaks is not

required since X-ray sources usually emit photons with continuous energy spectra.

3.6 Position sensitivity evaluation

As a new detector developed for imaging systems, the position sensitivity of the strip

detector is required to be confirmed firstly. One 48-channel ToT ASIC was connected
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FIGURE 3.18: (a) The measured '**Ba spectrum. (b) The measured 37Cs spectrum.

with the central 48 channels of the detector to readout and process signals for sensitivity
evaluation. Event number of photons that deposited energy higher than a fixed energy

threshold in each channel was recorded. The ASIC will be introduced in Section 4.3.

We performed position sensitivity evaluation simply with a collimated ?°Sr 3 source.
The setup for the evaluation is shown in Figure 3.19. The °Sr source was placed above
a lead collimator and the collimator was placed above the detector surface. The lead
collimator has a thickness of 6 mm and is enough to stop the electrons emitted by the

908r source. The diameter of the collimator hole is about 1.0 mm.

Five measurements of count distribution were performed by varying the position

of the collimator together with the “°Sr source. The count distributions were Gaussian
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FIGURE 3.19: Setup of the position-sensitivity evaluation.

11000
P1
10000 FWHM=1.9mm [{
P2
9000 - “\ FWHM=1.6mm [
- P3
8000 \ FWHM=1.5mm |[]
\ - P4
__ 7000} \ FWHM=1.3mm ||
> - P5
< 6000F — FWHM=1.7mm ||
S so00f g
o
(@]
4000 A
3000 g
2000 A
1000 g
ot ¢ ‘ ; P
60 70 75

Channel No.

FIGURE 3.20: Count distributions of 5 measurements with a collimated “°Sr 3 source

fitted and the FWHMSs of fitting were obtained (Figure 3.20). FWHMs of the 5 mea-
surements were between 1 mm and 2 mm which was a little larger than the pitch of the
detector. We can expect the measured FWHM would be closer to 1 mm if we use a

collimator with a larger collimation ratio.

3.7 Conclusion

Compared with the normal passivated process for fabricating silicon detectors, the

a-Si/c-Si heterojunction process is much more simplified. The a-Si/c-Si heterojunction
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process is suitable for mass production at low cost, especially suitable for imaging sys-

tems that are composed of a large number of detectors.

We fabricated 50-channel 1D strip detectors with the a-Si/c-Si heterojunction tech-
nique. The strip detector has homogenous and low leakage current characteristics at the
full-depletion bias. The fabricated detector has energy resolutions of 2.8 keV FWHM
at 59.5 keV and 2.9 keV FWHM at 122 keV. The fabricated 1 mm pitch detector has a
spatial resolution of 1-2 mm (FWHM).

Face-on strip detectors can be stacked orthogonally as tracker for Compact Muon
Solendoid (CMS,[48]) and Fermi Large Area Telescope [49]. The edge-on 1D strip detec-
tors can be stacked to build 2D detectors for gamma-ray or X-ray imaging. Furthermore,
cathode pattern can be easily fabricated on the heterojunction by common lithography
process to meet the demands of different applications, e. g., 2D pads for low energy

X-ray imaging or Compton imaging (as scatter).






Chapter 4

Time-over-Threshold (ToT) based

front-end electronics

Conventional discrete circuits are not applicable to modern high-spatial-resolution
photon-counting imaging systems that have thousands of channels or tens of thousands
of pixels, due to their relatively large size, high costs, huge power consumption and heat
dissipation. On the contrary, the integrated circuit (IC), which is also called monolithic
integrated circuit, is a set of electronic circuits constructed in one small piece of silicon
and is much smaller than the discrete circuit which is made from independent electronic
components. With all electronic components printed as a unit by photolithography [50],
package ICs use much less material than discrete circuits and the cost is lower as a
result. Furthermore, because the components on ICs switch more quickly and consume
less power as a result of smaller size and closer proximity of the components, ICs have
higher performance. Advances in IC technology, particularly recent development of chip-
level application specified integrated circuit (ASIC) electronics has made it possible to

provide fast, multichannel readout electronics for X-ray imaging systems.

As described in Section 1.4.2, photon-counting systems only count and digitalize
analog signals whose voltage gain exceeds a preset threshold and have higher SNR of
image compared with conventional energy-integrating systems. Recent studies have also
shown that ideal energy-sensitive photon-counting detectors applying optimal energy
weighting schemes have the potential to further increase the contrast-to-noise ratio and
to discriminate between different materials [51, 52]. Thus the signal processing should
retain the energy information and not just detect the presence of an event. However,
such a feature has to be satisfied without adding too much circuit complexity in the

ASIC chip which has already a very high functional density.

65
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An analog-to-digital converter (ADC) is the conventional device that converts an
analog quantity to a digital number that represents the quantity’s amplitude. Flash ADC
is one of the most common ADCs, however, it requires a large number of comparators
to realize accurate conversion. A flash converter requires 2/V-1 comparators for an N-bit
conversion. ADCs of this type suffer from a large die size, a high input capacitance
and high power dissipation. Other types of ADCs such as successive-approximation
ADC and Wilkinson ADC need fewer comparators, however, they suffer from relatively
lower conversion speed. On the contrary, Time-over-threshold (ToT, [53, 54]) technique
can be realized within a very high-density ASIC while keeping energy information of
the detected events. ToT circuit realizes analog-to-digital conversion with only one
comparator. The pulse duration is equal to the time when the shaped signal exceeds

the preset threshold and carries the charge information of the detected event.

4.1 Integrated circuit technology

4.1.1 A brief history of integrated circuit

The invention of vacuum tube launched and ruled the electronics industry in the first
half of 20th century. However, vacuum tubes were bulky, expensive, power-hungry and
unreliable, and limited commercial and military electronic systems. William Shockley
and his colleagues at Bell Laboratories invented the transistor in 1947 [55, 56], ushering
in the solid-state era of electronics. Jack Kilby of Texas Instruments invented the first
working planar IC in 1958 [57]. The invention of the IC revealed the potential for
extending the cost and operating benefits of transistors to all massive electronic circuits,
and IC industry has undergone rapid advances. The number of transistors on one IC has
doubled approximately every 18 to 24 months, following Moore’s law [58, 59] stated in
1965. According to the density of transistors per IC, development of the IC technology

is classified as the following generations [60]:

Small scale integration (SSI): it was crucial to early aerospace projects, and the
number of transistors integrated on a single chip was less than 100 in early 1960s.

Typical SSI circuits include gates, flip-flops, op-amps, et al.

Medium scale integration (MSI): the number of transistors was several hundred on
a single chip in late 1960s. Counters, MUX, adders, 4-bit microprocessors are some

examples of MSI circuits.
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FIGURE 4.1: Dependence of drain current on drain to source voltage.

Large scale integration (LSI): The technology was developed by integrating the
number of transistors of 1000-10000 on a single chip in 1970s. Examples are 8-bit
microprocessors, ROM, RAM, and so on.

Very large scale integration (VLSI): the number of transistors was from 10 thousand
to 1million on a single chip in early 1980s. Multifunction can be realized by one chip.

Examples are 16-32 bit microprocessors, peripherals, complimentary high MOS.

Ultra large scale integration (ULSI): the number of transistors of more than 1million
on a single chip in late 1980s. Intel 486 and the Pentium series of processors were built

on ULSI principles.

Nowadays, hot topics of integration circuit include the wafer-scale integration (WSI),

system-on-a-chip (SoC) and three-dimensional integrated circuit (3D-IC).

4.1.2 CMOS technology

MOS stands for Metal-Oxide-Semiconductor Field-Effect-Transistor (FET), and it
is the basic element in the design of a large scale integrated circuit. MOS transistor is
a voltage controlled device and consists of three regions, source, drain and gate. The
source is the terminal, or node, which acts as the source of charge carriers; charge
carriers leave the source and travel to the drain. Figure 4.1 shows the dependence of

drain current on the drain to source voltage.
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Complementary metal oxide semiconductor (CMOS) electronics integrates both n-
channel MOS (NMOS) and p-channel MOS (PMOS) on the same chip (see Figure 4.2).
These complementary transistors are insulated from each other by putting one of them
into a well with opposite doping to the original bulk material. Such a well is usually

produced by diffusion or by implantation and following drive-in diffusion [41].

Two important advantages of CMOS devices are high noise immunity and low
static power consumption. CMOS devices do not dissipate as much heat as other forms
of logic, such as NMOS or transistor-transistor logic (TTL) logic. CMOS also allows
a high density of logic functions on a chip and dominates the fabrication of ICs. The
scale-down of the feature size in CMOS technology has fulfilled Moore’s law over the
years [61]. Whereas the gate lengths of early CMOS transistors were in the micrometer

range and the feature sizes of current CMOS devices are in the nanometer range.

CMOS is the most used technology in VLSI or ULSI circuit chips. As of 2010,
CPUs with the best performance per watt each year have been CMOS static logic since
1976.

4.1.3 ASIC

Unlike multi-function standard product ICs for general-purpose use, an ASIC is a
type of IC customized for a particular use. According to the signals to be processed,
ASICs can be generally categorized into digital ASIC, analog ASIC and mixed-signal
ASIC.
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Digital ASICs can be built using a standard cell library consisting of fixed-height,
variable-width ’tiles’ containing various digital logic functions. The ability to reuse these
blocks over and over saves time and money when designing a custom logic IC. Analog
ASICs were initially comprised of a pair of matched transistors and soon expanded to
include rudimentary op amps, voltage regulators, comparator, timers and much more.
Modern analog circuits require digital control or tuning, as a result, there are very
few pure analog ICs and analog and digital functionality is merged on a single silicon
chip that is referred as the mixed-signal ASIC. With the help of mixed-signal ICs,
analog signals are converted to digital signals that can be easily processed by digital
devices. Mixed-signal ICs are more difficult to design and manufacture than analog-

only or digital-only ASICs.

There are various versions of ASIC design flow in industry. Each company or
research group bases their flow on specific resources and tools. Generally the mixed-
signal flow is a top-down process and can be divided into two main phases mapped
closely to the front-end and back-end computer-aided design (CAD) tools. The front-
end tools are used for behavioral modelling and simulation, logic synthesis, optimization
mapping, test synthesis, schematic capture and simulation analysis. The back-end tools
are used for layout, place, route and verification [56]. VLSI Design and Education
Center (VDEC), which is located in the University of Tokyo, distributes VLSI design
information, provides CAD software and licenses and supports chip designs, fabrications

and measurements with lower costs [62].

4.2 Principle of ToT method

ToT method is a type of signal processing method which transfers analog signals

into digital signals. The principle of ToT method is shown in Figure 4.3.

The charge signal from the detector is firstly integrated by a preamplifier, and then
processed by a shaping amplifier (shaper). The shaping amplifier is usually designed
with semi-Gaussian shaping. The preamp-shaper processing chain is a linear system
similar with electronics in spectrometry applications. The peak amplitude of the shaper
output is proportional to the input charge (deposited energy) from the detector. The
shaper signal is then output to a comparator whose threshold is set above the noise
or with some other preset value, a digital pulse is generated at the output terminal
with duration equal to the time during which the shaper signal exceeds the threshold.
The relationship between the output ToT and input charge is nearly logarithmic. By
resolving the width of the output ToT signal, the digitized information of the deposited
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FIGURE 4.3: Block diagram and signal flow of ToT method.

energy can be obtained. Furthermore, the nearly logarithmic ToT response allows larger

dynamic range with fewer bits.

In principle, the ToT method converts analog signals to digital signals with only one
comparator. Such a simple structure is beneficial to decreasing circuit complexity in a

chip which is key important for imaging systems with more than thousands of channels.

4.3 ToT ASIC

A 48-channel ASIC based on ToT method was designed and fabricated using a 0.25
pm 3.3 V Taiwan Semiconductor Manufacturing Company complementary metal oxide
semiconductor (TSMC CMOS) process [63]. The chip has a die of 2 mm x 5 mm. Each
channel of the ASIC consists of a charge-sensitive preamplifier, a shaping amplifier and
a comparator whose threshold is controlled by a 12 bit DAC. Figure 4.4 shows a picture
of the board and die of the ToT ASIC. On the ASIC die, 48 input pads are located on
the left side and the 48 output pads are located on the right side, while pads connected
to chip bias and threshold DAC are located on the top and bottom sides.

4.3.1 Charge-sensitive preamplifier

For most detectors, the charge is so small that intermediate amplification is required.
A preamplifier is located as close as possible to the detector and converts the small charge

to a voltage signal that can be easily processed.
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Figure 4.5 shows a simplified diagram of a charge-sensitive preamplifier. The current

pulse induced by the detection of an ionization radiation is integrated on the feedback

capacitor and the amplitude of the output voltage signal V, can be expressed as:

Q
Viur = A 4.1
PTG+ (A+1)C (4.1)

Where A is the gain of the amplifier, C; is the input capacitance and Cy is the
feedback capacitance. Assume A> (C; + Cy)/Cy which is always true in a preamp,
Vout = C%, indicating that the output voltage is proportional to the integrated charge in
the current pulse and is independent from the input capacitance. To limit pulse pileup, a
large-value resistor Ry is connected parallel to the feedback capacitor to discharge it, and

the output voltage decays exponentially with time with a time constant of 7 = R;C’.
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FIGURE 4.6: Schematic of the preamplifier implemented in the ASIC.

Preamplifiers implemented in the 48-channel ASIC is based on the gain-boosted
(regulated) cascade topology [64, 65], and a schematic of the preamplifier is shown in
Figure 4.6. Benefitting from higher transconductance, NMOS transistors were chosen
in the design although they have higher flicker noise compared with PMOS transistors.
Because large value resistors are impossible to be placed into a die with limited area, a
NMOS transistor biased at the triode region is used as the feedback resistor (M) of
the preamp and can be adjusted by controlling the gate voltage (V). The feedback
capacitor (Cy) is 200 fF and the gain of the preamp is set to be 5 V/pC.

4.3.2 Shaping amplifier

A shaping amplifier is usually located behind the preamplifier, performing key func-
tions. Its primary function is to further magnify the amplitude of the preamplifier output
for facilitating accurate pulse amplitude measurements. Furthermore, the shaper shapes
the pulses to minimize the risk of overlap between successive signals and optimize signal-
to-noise ratio (SNR).

The simplest shaping method is the CR-RC shaping with a CR high-pass filter
followed by an RC low-pass filter as shown in Figure 4.7. The Cp — Rp high-pass
filter provides a derivation of the input pulse and improves the signal-to-noise ratio by

attenuating the low frequencies that contain a lot of noise and very few signals. The



Chapter 4. Time-over-Threshold (ToT) based front-end electronics 73

.

FI1GURE 4.7: Schematic of CR-RC pulse shaping.

C1 — Ry low-pass filter behaves like an integrator and improves the SNR by attenuating
high frequencies that contain excessive noise. Typically, the differentiation time constant
7p = CpRp is set equal to the integration time constant 7; = C7 Ry, and the output of

the shaper has a semi-Gaussian waveform expressed as:

V(t) = CQ,thDe_t/TD (4.2)

There is a noticeable undershoot as the amplifier pulse is returning to the baseline
in the simple CR-RC circuit as a result of the long exponential decay of the preamplifier
output pulse. Most shaping amplifiers incorporate a pole-zero cancellation (PZC) circuit
to eliminate this undershoot. In addition, several orders of CR differentiator and RC
integrator or a more complicated active integrator network are used to further improve

the SNR and reduce the output pulse width with little pulse height loss.

The Bridge-T structure is adopted in the shaper design of the ToT ASIC, and the
complete schematic is shown in Figure 4.8. A PZC circuit is added in front of the shaper

to remove the undershoot.

4.3.3 Comparator

Intrinsically a comparator is an open-loop operational amplifier. The comparator
implemented in the ASIC is based on folded-cascade topology and the schematic is shown
in Figure 4.9 [66].

4.3.4 DAC

There are in total 7 DAC chips (DAC128S085 12-bit DAC [67]) implemented on
one ASIC board, and each DAC chip has 8 outputs. Pin configuration of the DAC chip
is shown in 4.10. Six chips supply threshold of 48 channels and the other chip is used
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—

to set quiescent operation points of preamps and comparators. The accuracy of digital-
analog conversion reach as low as 0.8 mV with a 3.3 V power supply. The DAC128S085
chip offers daisy chain operation where an unlimited number of DAC128S085s can be
updated simultaneously using a single serial interface. To support multiple devices in
a daisy chain configuration, SCLK and SY NC are shared across all DAC1285085s and
DOUT of the first DAC is connected to DIN of the second.
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FIGURE 4.10: Pin configuration of the DAC1285085 12-bit DAC.
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FIGURE 4.11: ToT responses to the input charge at different threshold levels.

4.3.5 Response of ToT to input charge

ToT method with a constant threshold suffers from severe nonlinearity and the
nonlinearity depends on the shaping method. Take the CR-RC shaper as an example,
the ToT responses to the input charges at different threshold levels are simulated and
shown in Figure 4.11. Severe nonlinearity is observed especially when the input is small
and the threshold level is low. The linearity is improved when the threshold level is
higher; however, the dynamic range of the ToT is narrower when the threshold level is
higher. These curves indicate that a good linearity and a wide dynamic range cannot
be simultaneously realized with the ToT method. If energy information is needed, the
linearity curve has to be measured and the nonlinearity can be calibrated with the

linearity curve.
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FIGURE 4.13: A scanned baseline and noiserange of one ASIC chip.

4.4 Evaluation of the ToT ASIC

4.4.1 Baseline and noise characteristics

Figure 4.12 demonstrates the signal outputs to the comparator in the ASIC. By
adjusting threshold of each comparator and counting the corresponding noisy ToT sig-
nals, we obtained the upper limit (UL) and the lower limit (LL) of the baseline that
was fluctuating with random noise. The baseline was (UL+BL)/2 and the noise range
of the channel is (UL-BL)/2. The scanned baseline and noiserange of one ASIC chip is
shown in Figure 4.13. The scanned ASIC had baselines with a fluctuation of about 150
DAC value, and the noiserange was between 20 and 40 DAC value.

Because the shaping signal of the silicon strip detector has a positive polarity, the
threshold value is required to be higher than the noise range so as to avoid oscillating.
We set an identical threshold of 50 DAC value (equivalent to be about 180 keV for

silicon detector) to all channels in order to achieve approximately uniform response of
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FIGURE 4.14: The measured ToT spectrum of 37C's source.

all channels, however, the response of each channel needs to be calibrated because of

gain variation among channels.

4.4.2 ToT spectrum

One ToT ASIC was connected with one silicon strip detector and we measured

spectrum of a 37C's gamma-ray source. Figure 4.14 shows the measured ToT spectrum.

4.5 Dynamic ToT

The ToT method has the potential of increasing integrity and decreasing power con-
sumption. However, the ToT electronics suffers from poor linearity and its application
in imaging system is limited particularly when accurate energy information is required.
A dynamic ToT method [68, 69] is proposed to improve the linearity of the relationship

between the input charge and time duration.

4.5.1 Principle of dynamic ToT

Different from the traditional ToT method which has a constant threshold, the
dynamic ToT method has a threshold that is changing to catch up with the signal from
the shaper. The principle of dynamic ToT method is demonstrated in Figure 4.15.
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FIGURE 4.16: Waveforms of CR-RC signal, dynamic threshold signal and ToT signal
of the dynamic ToT circuit.

The dynamic threshold is generated using a positive feedback from the discrimina-
tor output when the shaper signal is higher than a preset initial threshold level. The
monostable multivibrator is used to delay the ramp-up of the dynamic threshold signal.
The width of the ToT (dToT) equates to the time from the shaper signal cross over
the preset initial threshold until the threshold catches up with the shaper signal. It is
simulated that the linearity is best and the integral nonlinearity (INL) is 1.6% when the
delay time, time constants of CR-RC shaper and threshold are the same [70]. Figure
4.16 shows the shaper signal, the threshold signal and the corresponding dToT signal.



Chapter 4. Time-over-Threshold (ToT) based front-end electronics 79

dynamic threshold generator

Monostable Monostable

Detetor [N,

AT

CSA+PIC

\‘—|— DAC

For asijusting initial threehssd vostage

FIGURE 4.17: Schematic of one channel of the 64-channel dynamic ToT ASIC.

With a few more components added, the dynamic ToT method can achieve excellent
linearity response between the width of the output digital signal and the input charge.
The dynamic ToT electronics has huge potential in imaging applications particularly
systems which require energy information. However, there is also one drawback that the

current circuit can only fit for signals with one fixed polarity.

4.5.2 Dynamic ToT ASIC

A 64-channel dynamic ToT ASIC had been fabricated. Figure 4.17 shows a brief
schematic of one channel of the ASIC [71].

Figure 4.18 shows the layout of the 64-channel dynamic ToT ASIC [71]. On the
ASIC die, 64 input pads are located on the left side and the 64 output pads are located

on the right side, while pads connected to chip are located on the top and bottom sides.

However, the currently fabricated dToT ASIC had an opposite polarity to the fab-
ricated strip detector. As a result, we determined to choose the traditional ToT ASIC.
We plan to design a new dToT ASIC that fits for the current silicon strip detector and

we will implement imaging systems using dToT ASIC.
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FIGURE 4.18: Layout of the 64-channel dynamic ToT ASIC.



Chapter 5

Development of imaging system

Because the fabricated 64-channel dynamic ToT ASIC is for positive input while
the strip detector can only supply negative signals, we design the imaging system based
on the 48-channel ToT ASIC. 48 channels of one 50-channel strip detector are connected
with one 48-channel ToT ASIC, and the left 2 edge channels are biased with the same

high voltage and function as the guard ring.

Two types of imaging systems are developed: the continuous-mode system and
the pulse-mode system. The data acquisition (DAQ) system is based on the CX-Card
IV series board developed by Prime System, Inc. [72]. There is an Altera Cyclone IV
(EP4CE40F23CT7N) FPGA on the board. Other important devices include a 48 MHz
oscillator for supplying clock (CLK) signals and a 68013 USB interface for exchanging
data with PC.

5.1 Continuous-mode system

For applications with gamma-ray sources or X-ray tubes working in continuous
mode, usually only one channel outputs signals at one time. As a result, signals of several
channels can be wired-OR multiplexed so as to reduce the number of transmission lines.
We designed a module consisting of 3 detectors coupled with 3 ASICs (144 channels in

total) as demonstrated in Figure 5.1.

The wired-OR multiplexing is realized in the FPGA located in the center and the
principle of the multiplexing is demonstrated in Figure 5.2. Assuming only one signal is
coming from the detector at (i, j), only X; and Y} have output and the location of the

detector which outputs the signal can be calculated as 12 x (i — 1) + j. The number

81
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FIGURE 5.2: Wired-OR multiplex readout.

of transmission lines of one 3-detector module is reduced from 144 to 24. The wired-
OR multiplexing also adds anticoincidence suppression to scattering influence, which is
beneficial to low intensity continuous X-ray or gamma-ray applications. However, the
system cannot work normally when a high-intensity X-ray source is used because a lot

of channels output signals simultaneously.

We used a '37C's gamma-ray source to evaluate the continuous-mode system. The
source has a cylinder shape with radius of 2.5 mm and thickness of 8 mm, and the
intensity is 1 MBq. The clock frequency was set to be 200 MHz and the corresponding
time precision was set to be 5 ns. The width of each ToT signal was counted referring to
the 200 MHz clock. A plot of 144 ToT spectra with irradiation from the ¥7C's gamma-

ray source was shown in Figure 5.3. Some channels did not have data because they were
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FIGURE 5.3: ToT spectra of 144 channels with irradiation from a '37C's v — ray source.
Some channels are masked intentionally in the DAQ software.

masked intentionally in the DAQ software. Energy information embodied in the ToT

spectra can be used for off-line analysis.

5.1.1 One-layer module

We connected one strip detector with one 48-channel ToT ASIC and proceeded
efficiency and spatial resolution evaluation, and we also scanned images of some objects

with the one-layer module.

5.1.1.1 Edge-on efficiency

The 37Cs gamma-ray source was placed at 12 cm to the front edge of the detector.
The flood-field data of 48 channels were measured for 2500 s and shown in Figure 5.4.
Mainly suffered from nonuniformity of gain and threshold of each channel of the ASIC,
the approximately uniform flood-field data fluctuated greatly. The average count of each
channel was 623. The average efficiency was calculated to be about 9%. It should also
be noted that a threshold of about 180 keV was applied to each channel in combination

with anticoincidence filter in this measurement.
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FIGURE 5.4: Count distributions with irradiation from a '37Cs ~ source.

5.1.1.2 Edge-on spatial resolution

Figure 5.5 shows the setup for the edge-on position sensitivity measurement. The
lead brick was inserted and moved thrice, each time by 1 mm. The measured counts
were normalized with the flood-field data and fitted with error function (Equation 5.1) as
shown in Figure 5.6. Because the source-to-detector distance was about twice the source-
to-object distance, the distance between adjacent edges was about 2 mm. Because the
lead brick was too thick and the photons were not collimated, the o of the error function

fitting was about 2 mm, which was much larger than 1/2.355 mm.

£(2) :c—i—a-erf(z:/g) (5.1)

5.1.1.3 Scan imaging of samples

The gamma-ray source should be placed far away from the object for simulating
homogenous irradiation from the X-ray generator and the detector should be moved
vertically to its surface for simulating the imaging system consisting of stacked strip
detectors. However, suffered from limited intensity of the gamma-ray source, the source
was placed at about 10 cm in front of the detector and the irradiation incident on
the detector was not uniform. The counts obtained at different positions need to be

calibrated with the flood-filed data measured at the same position if the detector is to
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be moved, which consumes twice time and also requests for a high-precision platform.

Finally we decided to move the object for scan imaging.

We used the one-layer module to scan the image of an iron object. The thickness
of the iron object is 3.5 cm. Setup for the scans is shown in the Figure 5.7. The 37C's
source was placed at 17.0 cm in front of the detector, and we measured the flood-field
image data. Then the iron object was inserted at 4.5 cm from the 37C's source and
moved perpendicularly to the detector surface in 12 increments of 1 mm. Counts of each
step were normalized by the flood-field image data and are shown in Figure 5.8. We can

see the central right angle of the object from the image. Because the distance from the
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FIGURE 5.8: Scan image of the iron object.

detector to the source was more than twice the distance from the object to the source,

the vertical size was amplified and the right angle was distorted.

To validate capability of identifying different materials in a test sample, another iron
object was scanned. The object is shown in Figure 5.9(a). The object has a thickness of
1.0 cm and the center is filled with soil. The setup and procedures of the scan imaging
was similar with the previous one. The 37C's source was placed at 15.0 cm in front of
the detector, and the iron object was inserted at 9.0 cm from the 37C's source. The
scanned image is shown in Figure 5.9(b). Because the object was placed closer to the
detector, the distortion was slighter than the previous image. However, the image was
not as clear as the previous image because the thickness was smaller and the density

difference between soil and iron was smaller than that between air and iron.

5.1.2 Scan imaging with two-layer module

We stacked two silicon strip detectors to perform 2D scan imaging experiment. The

distance between the two detectors was 9.6 mm. The object to be scanned was an R1.5
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FIGURE 5.9: Scans of an iron object filled with soil. (a) The iron object filled with
soil. (b) The scan image of the object.

FIGURE 5.10: Setup for the scans of the tungsten object.

cm X 2.0 cm tungsten cylinder with a conical hole in the center. Figure 5.10 shows the

tungsten object and the setup for the scans.

The 137Cs source was placed at 12.0 cm in front of the 2 detectors, and we measured
the flood-field image data. Then the tungsten object was inserted at 5.0 cm from the
137Cs source and moved perpendicularly to the detector surface in 9 increments of 1.2
mm. Counts of each step were normalized by the flood-field image data and are shown
in Figure 5.11. The central hole and the outer edge of the tungsten cylinder are clearly
visible. A splice of the two images are shown in Figure 5.12 and a wider region of
the sample is imaged. However, the image obtained with the second detector cannot
be spliced above the 8th data of the first detector, because photons were not incident
parallel to the detectors. However, this splice can be expected when the photon source

is placed far enough from the object.
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FIGURE 5.11: Nine-step scan images of the tungsten object using two detectors.
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FIGURE 5.13: The pulse-mode system.

5.2 Pulse-mode system

High-intensity X-ray sources such as the X-band LINAC X-ray generator are usually
working in pulse mode. A lot of photons are incident on the stacked detectors and tens
of or hundreds of channels output signals simultaneously in the X-ray pulse. As a result,
the location of the channels which output signals cannot be resolved in the continuous-
mode system. Therefore, a pulse-mode system was designed as shown in Figure 5.13.
Each Complex Programmable Logic Device (CPLD) is connected with one ASIC which is
coupled with one strip detector. ToT signals of each channel are counted independently
and the numbers of signals are stored in each CPLD during DAQ. The numbers of signals

are transferred to the DAQ card when the acquisition is completed.

Limited by the number of I0s on the CX-CardIV DAQ card, one module can only
support at most 8 layers. We constructed a module stacked with 6 layers as shown in

Figure 5.14. The distance between adjacent layers was 6 mm.

5.2.1 Gamma-ray imaging with the *"Cs source

We evaluated the pulse-mode module with the 1 MBq '37Cs gamma-ray source.

5.2.1.1 Edge-on efficiency

The ¥7Cs gamma-ray source was placed at 12 ¢cm to the front edge of the detector.
The flood-field counts of the 6 stacked detectors were measured for 3600 s and shown in

Figure 5.15. Mainly suffered from nonuniformity of gain and threshold of each channel
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FIGURE 5.14: The constructed pulse-mode module with 6 stacked layers.
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FIGURE 5.15: Flood-field counts with irradiation from a '37Cs ~ source.

of the ASIC, the approximately uniform flood-field data fluctuated greatly. The aver-
age count of each channel was 2100. The average count efficiency was calculated to be
about 20%. The efficiency was much higher than the efficiency of the one-layer contin-
uous module, because there was no anticoincidence filter and also the stacked geometry

enhanced scattering inside the 6-layer module.
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FI1GURE 5.16: Setup for the edge-on spatial resolution evaluation of the 6-layer module
with the 1 MBq '37Cs source.
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Channel No.

FIGURE 5.17: Normalized count distributions of 3 measurements.

5.2.1.2 Edge-on spatial resolution

Figure 5.16 shows the setup for the edge-on spatial resolution evaluation. A 50-
mm-thick lead brick was inserted and the detector module was moved twice, each time
by 1 mm. The measured counts were normalized with the flood-field data and shown in

Figure 5.17.



Chapter 5. Development of imaging system

92

Detectorl
1}z
2
§ 0.8 u1:29.1mm
5 06 oyt
N 1,=30.1mm
o] 2
€ 0.4 0,=1.1mm
o _
> 0.2 u3—31.3mm
o_=1mm
3
0 3
0 10 20 30 40 50
Channel No.
Detector3
1
o :
§ 0.8 u1:29mm
T 06 oy7tmm
N W,=30mm
) 2
£ 0.4 0,=1mm
o —
> 0.2 u3—31.2mm
o,=1mm
3
0
0 10 20 30 40 50
Channel No.
Detector5
1f, TR :
° Tt
5 0.8 p1=28.8mm
8 06 01:1.1mm
% H,=29.8mm
£ 0.4 0,=1mm
o _
= 0.2 u3—31mm
o,=1lmm
3
0 +
0 10 20 30 40 50
Channel No.

Normalized Ratio Normalized Ratio

Normalized Ratio

Detector2
1 :-.ox IE:. '. :.:: Se
o e e ML
0.8 pl:29.2mm
0.6 olzlmm
u2:30.1mm
04 0,=1mm
0.2 u3:31.3mm
' g,=1mm
0
0 10 20 30 40 50
Channel No.
Detectord
1 gt
0.8 u1:28.9mm
06 01:lmm
p2=30mm
0.4 g,=1mm
0.2 u3:31.2mm
' g,=lmm
0 3
0 10 20 30 40 50
Channel No.
Detector6
) .
° B i l:| \
0.8 p1=28.6mm
0.6 0121.1mm
u2:29.6mm
0.4 0,=1mm
p3:30.7mm
0.2 g,=Lmm
0
0 10 20 30 40 50
Channel No.

FIGURE 5.18: Normalized and fitted count distributions of 3 measurements of 6 detec-
tors.

Figure 5.18 separately shows the normalized counts of 6 detectors and the fitting

results with the error function (Equation 5.1). o of fittings is generally about 1 mm,

and distance between two adjacent falling edge is about 1 mm that is the same with the

step size.
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(a) One-scan image (b) Six-scan image
[ ] ]

'ﬁ

10 20 30
x [mm] x [mm]

FIGURE 5.19: One-scan and six-scan images of the tungsten sample.

5.2.1.3 Scan imaging of samples

The 6-layer module was used to scan the image of the 2-cm-thick tungsten sample
shown in Figure 5.10. The '37Cs source was placed at 10.5 cm in front of the detector
module and the flood-field counts were measured for 3600 s. The tungsten object was
inserted at 0.5 cm in front of the detector module and irradiated for 3600 s. The
measured counts were normalized with the flood-field counts and image was obtained
as shown in Figure 5.19(a). The detector module was moved 5 times, each time by 1
mm and measured for 3600 s. All the normalized data of six scans were spliced and
the six-scan image is shown in Figure 5.19(b). Compared with the one-scan image, the
six-scan image represents more details of the sample. Furthermore, because we moved
the detector module instead of moving the sample, the obtained scan image was not
distorted. The scan image obtained with the fifth detector (from 25 mm to 30 mm) was
a little ditorted because the fifth layer was displaced.

We adjusted the fifth detector and used the detector module to scan the iron object
shown in Figure 5.9. The One-scan and Six-scan images of the object are shown in

Figure 5.20. The soil and iron can be clearly distinguished.

It is observed that the images of the objects were amplified because the photons were
not incident on the object in parallel. We can expect real representations of samples when
a LINAC X-ray source is used because the paralleled incidence of photons is guaranteed.
Furthermore, because LINAC X-ray has much stronger intensity, a full image of the

sample can be realized within much shorter time.
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FIGURE 5.20: One-scan and six-scan images of the iron sample filled with soil.

5.2.2 X-ray imaging the 0.95 MeV LINAC X-ray generator

We evaluated the 6-layer imaging module with the X-band 0.95 MeV LINAC X-ray
generator. The LINAC worked at 3.9 mGy/min and 200 pps during evaluations. The
detector module was placed at 1.5 m to the LINAC. Because the LINAC was initial-
ly designed for traditional energy-integrating imaging applications, the high intensity
guaranteed capability of imaging much thicker samples when our photon-counting sys-
tem is used. However, the high intensity would lead to pileup of signals when there
is no enough medium between the photon-counting imaging module and the LINAC.
We placed a 2.5-cm-thick lead filter at 5 cm in front of the LINAC in the following

measurements.

5.2.2.1 Edge-on spatial resolution

Similar with procedures introduced previously, we firstly measured the flood-field
distribution of the detector module. The average count of each channel was 3.8x10% in
180 s. A 2-mm-thick lead brick was inserted to shield part of the module and the count
was measured for another 180 s. The count was normalized with the flood-field data as
shown in Figure 5.21(a). The distribution was fitted with the error function (Equation

5.1) as shown in Figure 5.21(b). o of fitted distributions is generally about 1 mm.
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FIGURE 5.21: Count distributions when the a part of the detector module was shielded
with a 2 mm thick lead. (a) Distributions of six layers (b) Fitting of six distributions.

5.2.2.2 Scan imaging of samples

We used the detector module to scan images of the tungsten object and the iron
object. Similar with procedures described in Section 5.2.1.3, one full image was realized
with 6 scans. Each scan of the tungsten object lasted for 300 s, and each scan of the
iron object lasted for 180 s. The obtained images are shown in Figure 5.22. Compared
with images shown in Section 5.2.1.3, the samples were more clearly represented because
better statistics was realized by high-intensity X-ray source even within much shorter
time. Furthermore, the images also reproduced the real size of samples because incidence

of photons on the object can be approximately treated parallel.

5.2.2.3 Scan imaging of reinforcing bars inside concrete

The detector module was also used to image a 20-cm-thick concrete. There were 5

reinforcing bars inside the concrete.

The concrete was firstly imaged with a Perkin Elmer XRD1622 flat panel detector
[73]. The flat panel detector has a fluorescent screen consisting of 400 pm-thick GOS
scintillator and a TFT /diode array fabricated on a single substrate amorphous silicon.
The detector has a 41-cm field of view with a pixel matrix of 2048x2048 at 200-pm
pitch. The detector supports energy-integrating X-ray imaging with energy that ranges
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FIGURE 5.22: Six-scan images of the tungsten object and the iron object.(a) Image of
the tungsten object.(b) Image of the iron object.
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FIGURE 5.23: Scan imaging of a 20 cm thick concrete. The darker parts represent the
iron reinforcing bars.

from 20 keV to 15 MeV. The setup for the imaging is shown in Figure 5.23(a). The
lead brick was removed during the imaging. The obtained image in 10 s is shown Figure

5.23(b). Reinforcing bars inside the concrete were observed.

A 1.2-cm-thick lead brick was inserted at 5 cm in front of the LINAC to simulate
a thicker sample, and the concrete was imaged with the flat panel detector again. The
obtained image in 180 s is shown in Figure 5.24(a). The reinforcing bars inside were
invisible because the concrete was beyond the dynamic range of the energy-integrating
flat panel detector when the lead brick was inserted. We used our photon-counting
imaging module to scan the concrete, and each scan lasted for 180 s. The image is

shown in Figure 5.24(b). We can identify the reinforcing bars in the darker parts,
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though the quality of the image was not so good suffered from insufficient statistics.
This demonstrates advantage of our photon-counting imaging system compared with
traditional imaging systems: thicker samples can be imaged by the same X-ray source

working at the same intensity.
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FIGURE 5.24: Six-scan images of the tungsten object and the iron object.(a) Image of
the tungsten object.(b) Image of the iron object.






Chapter 6

Conlusion and discussion

6.1 Conclusion

We are now developing a photon-counting X-ray imaging system for nondestruc-
tive testing of steel pipes in nuclear facilities and concrete infrastructures. The system
consists of stacked edge-on silicon strip detectors and has much higher efficiency for high-
energy photons. The photon-counting technique can improve spatial resolution and fit

the system for testing thicker samples.

The a-Si/c-Si heterojunction technique was successfully applied in fabricating silicon
strip detector. Compared with conventional normal planar process for fabricating silicon
diode detectors, this a-Si/c-Si heterojunction process with PECVD technique is greatly
simplified and is suitable for mass production at low cost. The fabricated 50-channel
strip detector showed uniform leakage current characteristics and the leakage current
density was as low as 0.06 nA/mm? at full-depletion bias voltage. The detector had
energy resolutions of 2.8 keV FWHM at 59.5 keV and 2.9 keV FWHM at 122 keV. The
spatial resolution of the 1 mm-pitch strip detector was measured to be lower than 2 mm
(FWHM) with face-on geometry.

ToT method was adopted to readout signals of the silicon strip detectors. Based on
the 48-channel ToT ASIC, we built continuous-mode edge-on modules for gamma-ray or

low intensity X-ray imaging and a pule-mode edge-on module for LINAC X-ray imaging.

A pulse-mode module consisted of 6 stacked strip detectors were constructed. The
module was evaluated with a !137Cs gamma-ray source. The module had efficiency of
about 20% for the 662 keV photons with a threshold of about 180 keV and without
anticoincidence filter. Spatial resolution of the module was measured to be about 1 mm

(rms). One-scan and six-scan images of a 2-cm-thick tungsten sample and an 1-cm-thick

99
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iron sample were obtained. Each scan lasted for about 3600 s with the 1 MBq '37Cs
source for accumulating acceptable statistics. The module was also evaluated with the
0.95 MeV LINAC X-ray source. Spatial resolution of the module was measured to be
about 1 mm (rms). Six-scan images of the same tungsten sample and iron sample were
obtained. Each scan lasted for about 180 s. Compared with scan images measured with
the 137Cs source, the images measured with the LINAC X-ray source reproduced the

samples better without distortion and amplification.

The six-layer module was also used to scan a 20-cm-thick concrete. Another 1.2-cm-
thick lead was inserted to simulate a thicker concrete, reinforcing bars inside the concrete
were observed. A flat panel detector working in energy-integrating mode was also used
to imaging the concrete, however, the reinforcing bars were invisible when the setup was
the same with the measurement proceeded with our silicon strip detectors, validating

that the newly developed imaging system is capable of imaging thicker samples.

6.2 Discussion

Silicon detectors are generally considered to be only suitable for low-energy photons
or charged particles. However, our results prove that silicon detectors are also suitable
for high-energy imaging applications, especially very high detection efficiency can also

be realized when silicon strip detectors are aligned in edge-on geometry.

The successful application of the simplified a-Si/c-Si heterojunction process in fab-
ricating strip detectors has great potentials to be widely used. Excellent energy resolu-
tion makes the strip detector qualified for low-energy spectral photon counting imaging.
Cathode patterns can be easily fabricated on a large-area silicon wafer with little cost
and the 2D pixel detector is qualified for low energy X-ray/gamma-ray radiography or

Compton imaging (as scatter).

The novel geometry of the stacked edge-on strip detectors have greatly advantages
compared with traditional film/array detectors or slit-detector for scanning the image of
samples. Edge-on geometry guarantees high detection efficiency for high-energy photons
and the stack geometry is beneficial for achieving a full image with a single irradiation.
The novel system is particularly suitable for high-energy X-ray imaging, and the process
time can be shortened and dose to environment can be reduced which is very important
for situ NDT evaluation of thick samples. The large length of the system enhances scat-
tering inside the detectors and thus degrades the spatial resolution compared with array
detector. This degradation is compensated with the photon counting technique that can

filter noise and suppress scattering contribution. It should be noted that insertion of
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heavy materials such as tungsten inside the detector module enhances scattering other
than suppressing scattering when a high-energy X-ray source is used. A collimator mod-
ule placed close to the sample is beneficial for suppressing scattering. In addition, the
photon-counting technique makes the system qualified for imaging much thicker sample

than imaging systems working in energy-integrating mode.

The measured edge-on spatial resolution of the continuous-module was about twice
that of the pulse-mode module. The main reason was that the source-to-detector dis-
tance was twice the source-to-object distance and the real value was doubled during
measurement. The doubling or distortion was also observed in the obtained images with

the 137Cs source compared with images measured with LINAC X-ray source.

Suffered from limited IO number of DAQ FPGA, we only constructed a module
with 6 layers and the pitch of the module was 6 mm. As a result, few details can be
obtained in the one-scan images and several scans were proceeded for a more detailed
image of the sample. A full image can be realized by a module with more layers stacked

with smaller pitch.

Suffered from nonuniformity of the detector and the ASIC, images were only ob-
tained with data normalized by the flood-field data. This enforces an extra flood-field
measurement compared with mature imaging systems such as the commercial Perkin
Elmer flat panel detectors, so it would be better if we can calibrate the response of
each channel of our system permanently. This can be realized by implementing dToT

electronics of which the energy response is linear.

6.3 Future works

We are planning to use 4 (2x2) modules for X-ray imaging. Each module has more
silicon strip detectors stacked with about 1-mm pitch as shown in Figure 6.1, and region
of interest can be as large as 10 cmx10 cm by using 4 modules. In addition, tungsten

collimator module as shown in Figure 6.2 will be applied in the following experiments.

We are planning to proceed on-site NDT of steel structures in NPPs and concrete in
infrastructures with both the 0.95 MeV and 3.95 MeV LINAC X-ray sources. Dynamic
ToT ASIC will be optimized and implemented in the imaging system.
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FIGURE 6.1: Imaging system composed of (2x2) modules.

££51000mm

FIGURE 6.2: Tungsten collimator modules.
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