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In this research work, effects of gamma ray irradiation on structural and optical properties of
Csl doped with TI (Csl:Tl), which is a scintillator material used for radiation detector applications, were
investigated by field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), UV-
VIS spectroscopy and X-ray luminescence spectroscopy. The Csl:TI crystals used in this study were
grown by a modified homemade Bridgman-Stockbarger technique with Csl powder precursors purities
0f 99.999% and 99.9% and with the same amount of Tl in form powder of TI. It is observed that Csl:TI
crystal grown with the 99.999% Csl powder precursor exhibited a colorless crystal ingot, while a use of
the 99.9% Csl powder precursor resulted in an orange Csl:Tl crystal ingot. To verify a uniformity of
Csl:Tl crystals, the ingots were divided into three parts: the top, middle and bottom of the ingots. Both
the Csl:Tl crystals exhibited a poly crystalline, which has a cubic structure with a lattice constant in the
range of 0.453-0.456 nm. Noted that only a bottom part of an orange crystal ingot exhibited a lower
crystallinity and showed XRD feature, corresponding to calcite (CaCOs3). This results in a merging of the
Tl-related state and the Csl bandgap for the orange crystal. To avoid an effect from impurity, the middle
part of both the crystal was selected to irradiate by gamma ray, showing an increase of grain size, a higher
crystallinity and a decrease of conductivity observed by FESEM images. Moreover, a merging of the TI-
related state and the Csl bandgap, which was observed in the orange crystal before a gamma ray
irradiation, was observed in both Csl: Tl crystals after gamma ray irradiation of 5 Gy. X-ray luminescence
spectra showed a large reduction of luminescence intensity after one day irradiation of the gamma ray
and then it recovered back to a similar intensity compared to that of before gamma ray irradiation of 1.0
Gy after 7 days. Furthermore, an efficiency of radiation detection and an energy resolution of both the
Csl:Tl scintillator were detected. It is found that with increasing gamma ray irradiation doses up to 5.0
Gy, an efficiency of radiation detection was decreased, while an energy resolution was not significantly
different. Noted that the colorless Csl: Tl crystal shows a higher energy resolution than that of the orange
crystal. As a result, effects of gamma ray on both the structural and optical properties of Csl: Tl crystals,

which depended on an impurity level, were directly affected on a performance of radiation detection.
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CHAPTER I
INTRODUCTION

1.1 Overview, motivation and scope

Cesium iodide (Csl) is one of the scintillator which is a solid that can
luminescence with low light intensity in a short time. This process is called
"scintillation”. This makes that Csl can be used as a scintillation material that use to
fabricate a radiation detector for measuring radiation in the Nuclear Engineering [1-2],
including a detection of the gamma ray in the astronomy experiment and X-ray in
Medical radiation [3-4]. Generally, gamma ray is a high energy electromagnetic wave
with wavelength in a range of 102 - 10 m. Gamma ray detection requires a use of a
scintillator material, especially Csl, which has high atomic numbers and a high density
of atoms. That will affect the ability to interact with gamma ray. Csl crystal is structured
as body center cubic (bcc) with a lattice constant of 0.4566 nm. Its melting point and
boiling point are 621 °C and 1,277 °C, respectively [5]. Csl is also a semiconductor
compound of the I-VII group with bandgap in a range of 6.1-6.4 eV [5]. For a use as
scintillator material, Csl crystal is commonly doped with thallium (TI) to increase
luminescence intensity in the visible light region. Thus, Tl is known as an activator. It
is reported that the T1 doped Csl crystal (Csl:Tl) has a luminescence in the wavelength
between 560 nm [6]. In addition, the luminescence of Csl may be occurred from
impurities in the Csl precursor used to synthesis the Csl crystal. Therefore, a study on

structural and optical properties, especially the study of characteristics of defects caused



by impurities in the Csl precursor, is necessary. Because, it exhibits directly influence
on luminescence properties of the scintillation material.

Since, a use of Csl:Tl crystal for a high-dose radiation detection, the Csl:Tl
crystal is actually damaged after gamma ray irradiation. This may cause structural
defects in Csl:Tl crystal. Therefore, this work focuses on characterization of effects of
gamma ray irradiation on structural and optical properties of Csl:Tl crystal. In addition,
to analyze the effects of gamma ray irradiation on the impurity states derived directly
from Tl-doping and from impurities in the Csl precursors, the Csl:Tl crystals were
prepared with different Csl precursor purities. In the present work, Csl: Tl were grown
by the Bridgman-Stockbarger method. The precursor powders of 99.9% and 99.999%
of Csl, and 99.999% of TIl were used. The precursor powders of Csl and TII were
mixed and contained in crystalline quartz-glass tube under compression of argon gas.
The growth temperature was 620 °C at the crystal growth rate of 2 mm/hr.

In order to verify the uniformity of the Csl:TI crystal, the Csl:Tl ingots were
divided into three parts: the top, middle and bottom of the ingots. Then, we selected the
parts that showed an effect of purity of precursor on the optical property for the gamma
ray irradiation experiments.

Gamma radiation generated by the decay of cobalt 60 with photon emission of
1.17 and 1.33 MeV [7], which is expected to occur Compton scattering in the specimen.
This causes the electrons to fall out of atoms, colliding with other atoms within the
crystal, and results in heat accumulation. The generated heat called “gamma heating”
may induce a change in the crystal structure, such as unfilled lattice sites (vacancy) or
inserted atoms on position between the other atoms (interstitial) [8]. Therefore, gamma

ray irradiation on the Csl:Tl crystal may influence on the structural property, such as



structural defects, surface characteristics, etc., which will influence on the optical gap
related to both the impurity states and bandgap and will has an impact on a light
emission, which is an importance property of semiconductor and scintillator materials.

A scope of the thesis is a comprehensive inspection of effects of impurities,
which effects on structural and optical properties of Csl: Tl crystals grown with different
Csl precursor purities, and of effects of gamma ray irradiation with different absorbed
doses (1.0 and 5.0 Gy). X-ray diffraction (XRD) and field emission scanning electron
microscopy (FESEM) were used to analyze structural properties of Csl:Tl crystal. On
the other hand, X-ray luminescence spectroscopy and UV-Vis spectroscopy were used
to analyze an light absorption with a combination of transmittance and reflectance
spectra and to investigate light emission, respectively. Finally, experiments to measure
the detection efficiency of the scintillators and recovery were performed to evaluate a
potential of Csl:TI crystals for radiation detector and an ability to reuse a scintillator

Csl:Tl crystal, respectively.

1.2 Objectives

1. To investigate structural and optical properties of Csl:TI crystals prepared by
different purities of Csl powder precursor: 99.9% and 99.999%.
2. To investigate effect of gamma ray irradiation on structural and optical

properties of Csl:Tl crystals as well as a performance of radiation detection.

1.3 Organization of the thesis

The organization of the thesis is following:

Chapter I, Overview, motivation and scope of the thesis are described.



Chapter 11, The background of this work is described, including properties of
Csl:Tl crystal and applications, a basic concept of scintillation and scintillation detector,
gamma ray irradiation (absorbed dose, interaction of gamma ray irradiation to crystal,
effect of gamma ray irradiation on crystals). In addition, a basic concept of growth and
characterization methods, including by using X-ray diffraction (XRD), field emission
scanning electron microscopy (FESEM), UV-Vis spectroscopy and X-ray
luminescence spectroscopy, respectively, are described.

Chapter 111, Experiments on the structural and optical characterization are
described. Also, experiments on the gamma ray irradiation and the study of recovery of
optical property and radiation detection were explained.

Chapter 1V, Results and discussion of structural and optical properties which
are consisted of uniformity of the Csl:Tl ingots, the effects of gamma ray irradiation,
the efficiency of gamma ray detection are described in this chapter.

Finally, Chapter V demonstrates the conclusion of the thesis.



CHAPTER II
THEORETICAL BACKGROUND

2.1 Properties of Csl:Tl crystal

Cesium iodide doped with thallium (Csl:Tl) is a candidate material used for
radiation detector applications. The optical properties of Csl:Tl crystal, which are
bandgap of energy, give rise to luminescence in the visible light, which is the range we
need to use to match the photomultiplier tube used in the radiation detection system.
Including Csl:Tl crystals are very interacting with gamma rays due to they are very well
packed in the atomic structure. These properties make a Csl: Tl crystal is one of the most

of scintillator materials widely.
2.1.1 Structural and Optical Properties of Csl: Tl crystal

Cesium lodide (Csl) is a scintillator or scintillation materials, which is a solid
material can luminate with a proper intensity in a short time. This luminescence process
is called “scintillation”. Csl has a wide bandgap, which is a member the I-VII group
semiconductor, in a range of 6.1-6.4 eV with light emission of 310 and 420 nm [5-6],
which is in the ultraviolet range to the visible range. Commonly, Csl crystalizes in a
body centered cubic (bcc) structure with a lattice constant of 0.4566 nm. Because of a
high atomic number and a high density of atoms, therefore, it is considered as a high

gamma ray resistant material. To increasing an ability for light emission (light intensity)



in visible region, the thallium (TI), which the thallium as an activators, from the powder

of TII are doped to form Csl:Tl crystal.
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Figure 2.1 Crystal structure of Csl [9].

TIlI has an orthorhombic structure at room temperature at 1.0 atmosphere.
Bandgap of Tl is 2.7 eV [10-11]. These make large bandgap material to have many
advantages, such as an increase of an ability to emit light in a visible range, lower

hygroscopicity compared to other scintillators, and a large photon yield [12-13].

Figure 2.2 Crystal structure of TII [14].



2.2 Applications

The Csl:Tl crystal can be used for a scintillation detector to measure radiation
in nuclear engineering and nuclear medical [1-2]. Normally, Nal:T| has been widely
used as a radiation detector or scintillator, which can measure the gamma rays at high
intensity. However, due to its poorer mechanical properties compared to Csl:Tl and it
has higher the hygroscopicity compared to Csl:Tl, resulting in a higher the moisture
absorption. However, it is not suitable for some conditions with high humidity, while
the Csl:Tl can use better in humid conditions. Also the Csl: Tl demonstrates good pulse
shape discrimination to different particle energies, so well that they are suitable for use
as a scintillator in particle physics experiments [15]. Including used to measure the
gamma rays in the astronomy experiments which is used as a component of Gamma-
ray Large Area Space Telescope (GLAST) and X-ray in medicine which is used to as a

Gamma camera [3-4] etc.

Figure 2.3 The scintillation detector [16].



2.3 Basic concept of scintillation and scintillation detector

2.3.1 Scintillation

This part described a basic concept of scintillation. It is found that when
radiation is incident on the Csl scintillator, it makes a luminescence. This phenomenon
is called “scintillation” [17-18]. It is known that when the gamma ray passes through
the Csl crystal, the electrons can elevate from the valence band to the conduction band,
leaving holes in the valence band. After that the electrons are allowed to de-excite by
falling back to the valence band and then, release energy in the form of photons in the
range of visible light to ultraviolet.

To obtain a higher emission in the range of visible light to ultraviolet, the
impurities are added to the Csl crystal, which called “activators” such as thallium (TI),
to create the energy structure that is activator excited states and activator ground state.

It makes Csl: Tl crystal emitting within the visible range.

A
cB
=~ phonon or heat
v
]’ Activator excited states
Incident
Photon (hv)
Emitted
A‘% Photon (hv)
[a¥ava" 4
vB —J» Activator ground state

¥~ Electron

Figure 2.4 Schematic diagram of energy band structure of Csl:TI scintillator [17],
showing the radiation excites electrons in the valence band to the
conduction band and then electrons release energy from conduction band
to a meta-stable Tl-related state to create phonon or heat, finally, when
electrons change from the Tl-related states to the valence band, the photons

emitted fall in the range of Ultra Violet to visible region.



2.3.2 Scintillation detector

The following part is described basic concept of scintillation detector [18].
When radiation is incident on the scintillator that makes the luminescence. This
phenomenon is called scintillation, which is photons with energy in the range as above.
After that, the emitted photon will into the photomultiplier tube which within consists
of the photocathode and any dynodes. The emitted photons from scintillator crystals
will strike with photocathode sheets, which will produce electrons with photoelectric
phenomena. Then the electrons are guided, with the help of an electric field, towards
the first dynode. Dynode is coated with a substance that emits secondary electrons.
Secondary electrons from the first dynode move towards the second and so on, which
cause as a secondary electron by releases 2-5 times in each dynodes. This process
repeats up to the last dynode and the electrons get much more multiplied in number. A
high energy pulse is delivered to the anode that generates more than 10° electrons in
the form of an electrical signal and is sent to the preamplifier and an amplifier,
respectively. Finally, it is transmitted to a multichannel analyzer (MCA) to convert the

electrical signals into spectra.

PMT
|

'r \ MCA
Source Crystal Photocathode Dynode Anode Preamp. Amplifier

o [T/ a8 &5

I ¥y Y ¥ ¢
Figure 2.5 Schematic diagram of the system to measure the radiation [18].

et




10

2.4 Gamma ray irradiation

2.4.1 Radiation absorbed dose

When the radiation interacts with the human body, it releases energy to the body
tissues. The amount of energy of radiation per weight of organ or tissue absorbed is
called the absorbed dose. The Sl unit of absorbed dose is gray (Gy). The dose of 1 gray
is equivalent to the energy of 1 joule that is absorbed by 1 kg of organs or tissues of the
body. Rad is the oldest unit of absorbed dose that is still used. The amount of radiation
received is 1 gray equivalent to 100 rads.

1 Gy = 100 rads

To absorb the amount of radiation of each radiation type in the same amount
will give unequal harm. Alpha rays cause more harm than gamma rays, beta rays, and
x-rays with an equal absorbed dose, respectively. To distinguish this difference, the
doses given are equivalent dose and use the unit as Sievert (Sv). The dose in the unit of
Sv is equal to the absorbed dose multiplied by the radiation weighting factor (Wg) [19].

Table 2.1 Radiation, Weighting Factors (Wr) of various radiation [19].

Types of Radiation and Energy Radiation weighting factor, Wr

Gamma rays and X rays 1
Beta rays 1

Neutrons, energy

<10 keV 5
> 10 keV to 100 keV 10
> 100 keV to 2 MeV 20
> 2 MeV to 20 MeV 10
> 20 MeV 5

Alpha rays 20
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2.4.2 Interaction of Gamma ray with matters

Since gamma ray irradiation on Csl:TI crystals affect the structural and optical
properties of crystals. Generally, the interaction of the gamma rays with the matter,
there are 3 types [20]:

Type I: The photoelectric effect

Photoelectric effect is the most common form of interaction when the energy of
the gamma rays is of the same order of magnitude as the energy binding atomic
electrons to the nucleus. The gamma ray can then eject an electron away from an atom,
sharing its energy between the electron and the excited atom. The gamma ray
disappears, but the atom release later on its newly-acquired energy by emitting a

‘fluorescence’ photon, generally an X-ray.

y-ray

@
Kicked-out electron

Figure 2.6 Schematic diagram of the Photoelectric effect [20].
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Type Il: The Compton scattering effect

This is the most dominant process of the gamma ray interaction with the
material. When the gamma ray photon strikes with an electron in the orbits, the initial
energy is shared between the photon and the electron, which gradually slows down by
ionizing the atoms around it. The result is that the electrons fall out of orbit. After that,

Gamma rays are reduced in energy and scattered at different angles.

Low energy scattered photon

-ray

®
Kicked-out electron

Figure 2.7 Schematic diagram of the Compton scattering effect [20].
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Type I11: The pair production

When gamma rays with energies over 1,022 kilo electronvolts is incident on the
material, resulting in the conversion of a gamma-ray into an electron—positron pair due
to the influence of the Coulomb field of an electron around the nucleus. For this
phenomenon to take place at all, the gamma-ray must carry an energy at least equivalent
to the combined rest mass of the two particles 511 kilo electronvolts each, making 1,022
kilo electronvolts in all. In practice, evidence of pair production is only seen within a

gamma-ray spectrum when the energy is rather more than 1,022 kilo electronvolts.

Electron

y-ra

Figure 2.8 The Pair production [20].
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2.4.3 Effects of Gamma ray irradiation on Csl: Tl

In general, the effects of gamma ray irradiation on Csl:TI crystal are expected
to occur Compton effect in the crystals. This causes the electrons to fall out of atoms,
colliding with other atoms within the crystal, which will result in heat accumulation or
is called gamma heating. The resulting heat may induce a change in the crystal structure,
which is called color center formation [6, 8]. Color center formation has affect a gap
(vacancy defect) in the atom or that is inserted (interstitial defect) between the other
atoms. Therefore, after gamma ray irradiation on Csl: Tl crystal may affect the
properties and quality of crystal such as size, structure, crystallinity, vibration mode

and surface characteristics.

Oo\oog:g
@ @
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Substitutional Self Interstitial

Figure 2.9 The defects occurred within the crystal structure due to the gamma ray

irradiation.
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2.5 Performance of radiation detection

2.5.1 Detection efficiency

In general, the source of radiation is emitted equally in all directions (4x) [21].
So, to measure all the radiation will have to design a detector to measure all the radiation
that is around, which is difficult. In practice, radiation measurements only measure the
radiation that incident in the area of the detector, so it is necessary to consider the impact
on the measurement of radiation such as Geometry effect. In this thesis, uses the case

that the source of radiation is the point isotropic source as shown in the Figure 2.10.

Source Detector

|
d

Figure 2.10 Radiation is detected from the point isotropic source.

Therefore, the counts of the radiation that is detected (N) as shown in the equation 2.1.

N = Am @2.1)

T 4md?’

Where N is the counts of the radioactive ray that is detected,

A is the point source activity now expressed in disintegration per minute (dpm),
which the radioactive ray 1 micro curies (uCi) is 2.22x10° disintegration per
minute,

r is the radius of the specimen,

d is the distance between the point source and the specimen.
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In general, the radioactive ray is decayed, so the half-life is considered, which as shown
in the equation 2.2.

A= Age™™, (2.2)
Where T2 ,

A is the point source activity now expressed in disintegration per minute (dpm),
A,is the original point source activity now expressed in disintegration per
minute (dpm),

M is a decay constant expressed in s,

T7 is the half-life of the source.
Finally, the detection efficiency is calculated from the equation 2.3. By applying the
value of the counts of the radioactive ray that is detected from the equation 2.1, which
is calculated the half-life from equation 2.2 already, it is added to the equation 2.3.
cpm

Detection efficiency = dpm’ (2.3)

where cpm is the measured count per minute obtained by detection system,
dpm is disintegration per minute of the radioactive ray detected, which is
obtained by the, Eq. 2.1 which is calculated the half-life from Eq. 2.2

already.
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2.5.2 Energy resolution

Important features as indicated radiation detector quality of energy analysis is
the ability to separate the energy of the neighboring peaks. The ability to separate the
energy of each radiation detector is different, which the difference is more or less need
to use the same standard. Thus, the definition of measurement of energy separation
ability of the spectrum is defined by the Full Width at Half Maximum (FWHM, AE)
[21], which means the amplitude of the peak at the half of the spectrum. The equation

of the ability to separate energy is written as,

FWHM (AE)

Energy resolution = 24
gy Energy at photopeak ( )
Count 4
Maximum Count ”
V5 Maximum Count f-------=-----omoemeoeof L]
l Energy (kV)
Photopeak

Figure 2.11 The energy resolution defined by a ratio of full width at half maximum

(FWHM, AE) to photon peak.
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2.6 Characterization methods

In this work, several characterized methods were applied to Csl: Tl crystals. X-
ray Diffraction XRD) and Field emission scanning Electron Microscopy (FESEM) were

applied to investigate the crystal structure, surface and impurities of the crystals

respectively. UV-VIS spectroscopy and X-ray Luminescence spectroscopy were

characterized for investigated the optical properties of Csl: Tl crystals.

2.6.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a technique used to analyze the properties of a
material using the X-ray diffraction principle. The X-ray beam is focused and aimed to
project on the specimen and then is diffracted by the atoms in different planes in the
specimen, which has the detector is a data receiver. This technique can be used to
analyze both the compounds present in the specimen and to investigate the crystalline
structure of the specimen. In each specimen crystal, the unit cell size is unequal,
resulting in unequal pattern of X-ray diffraction. This allows us to find the relationships
of the components to the pattern of X-ray diffraction.

In addition to the XRD analysis, the particle size of each unit cell, the stress and
the crystallinity of the specimen can be determined. It can also be used to analyze thin
films and to determine the thin film thickness.

The X-ray diffraction calculation is based on Bragg's law [22] as shown in the
equation 2.5. When X-rays beam, which know the wavelength, is incident to the crystal,

the plane of the crystal causes diffraction, which leads to the relative between
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wavelength of the X-ray, the angle at which X-rays incident and d-spacing values are
shown in Bragg's law.

2dnki sinBhk = nA, (2.5)
Where A is wavelength of incident X-rays beam

Onu is angle between incidence X-rays beam with lattice plane (Bragg angle)

d is the distance between atomic layers in the crystal or d-spacing

n is an integer.
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Figure 2.12 Schematic diagram of Bragg’s law.

Eq. 2.5 is proved and described in the following,

_O_QS_SP
sinf = -4
dsin® = QS = SP

QS + SP = 2dsind
QS + SP = n\

2dsinO = nA
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For the distance between atomic layers or d-spacing can be calculated by d-spacing
formulas, as shown in Table 2.2, which this make can be calculated the lattice constant

of the crystal.

Table 2.2 Formulas of the distance between atomic layers for various crystal structures

[22]
Crystal structure
d-spacing formulas
system
Cubic 1 h2+Kk%2+12
2 az
Tetragonal 1 h?2+Kk? 12
ET 2 &
Orthorhombic 1 h* k* P2
FEARPTR TR
Hexagonal 1  4(h*+hk+Kk? N 12
d2 3 a? c?
Monoclinic 1 1 (h? 1 k? sin? B N 12 2hlcosp
d2 ~ sin2 B\ a2 b? c? ac
Triclini 1
etinie 5 EOji [h?b?c? sin? a + k2?a?c? sin? B + 12a?b? sin? y
+ 2hkabc?(cos a cos B — cos )
+ 2kla%bc(cos B cosy — cos o)
+ 2hlab?c(cos a cosy — cos B)]
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2.6.2 Field Emission Scanning Electron Microscopy

(FESEM)

In general, the principles of field emission scanning electron microscopy
(FESEM) and SEM are similar, but different in emitter type, which is the emission
source. Therefore, FESEM has a higher magnification, resolution and brightness. Since
for the resolution of FESEM could characterize a point resolution of 0.8-1.5 nm while
SEM is 3-3.5 nm. The emission source is distinguished in two categories, which include
the thermionic emitter and the field emitter. Thermionic Emitter is used for SEM, which
the electrical current to heat up a filament, which the most common materials used for
filaments is Tungsten. When the filament material get enough the heat, the electrons
can escape from the material. Compared to the field emitter, there are also
disadvantages such as relatively low brightness, evaporation of cathode material and
thermal drift during operation. While a Field Emission Source for FESEM is also called
a cold cathode field emitter, which without heating to the filament but the filament is
placed in a huge electrical potential gradient. Usually, the Tungsten is used to be the
filament, which this makes it look like a tip with a radius about 100 nm. Then the
sufficient electric field will make to release the electron from the tip to the anode. By
the components of FESEM are including electron source (electron gun), electrostatic
lenses, electromagnetic lenses, specimen stage, detector and data output device,

respectively as shown in Fig. 2.13.
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Figure 2.13 Schematic diagram of field emission scanning electron microscopy [23].

For FESEM, electrons are generated by producing at the cold cathode field
emitter. The electrons are transformed into an electron beam by electrostatic lenses and
then is accelerated to electromagnetic lenses. The electron beam is condensed to
specimen by the electromagnetic lenses. Then the incident electrons collides the surface
of the specimen, which cause to the interaction between incident electrons and
specimen. Finally, a signal is detected and presented with a data output device in term
of the digital processing. For the principle of specimen image can be produced by
secondary electrons (SE) and backscattered electrons (BSE). For the secondary
electrons, when the electron beam hits an electron in the specimen it causes the transfer
of the energy from the electron beam into the atoms in the specimen. If the energy
obtained is sufficient, the electron will be strike and escape from the surface of the
specimen, which these electrons are called secondary electrons that shows the

morphology of the specimen image. For the backscattered electrons, when the electron
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beam collides the specimen and scatter it cause loses some energy to an electron in the
specimen. The image from backscattered electrons can be used shows the contrasts in
composition in multiphase specimens, which it can distinguish the height of each area
on the surface. In addition to these signals. There are many other types of signals such
as X-ray, electromagnetic waves, and Auger electrons. Each of these signals gives

different specimen data as shown in Figure 2.14.

Incident electron beam

Secondary Electrons
Auger Electrons

Back Scattered Electrons

Characteristic X-rays

Continuum X-ravs

Fluorescent X{-rays

Figure 2.14 Type and volume of signals within a specimen of interactions between

electrons and the specimen [24].
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2.6.3 UV-Vis spectroscopy

UV-Vis spectroscopy technique is used to analyze the specimen by absorption,
reflection and transmission of ultraviolet (UV) and Visible (Vis) radiation, which in the
wavelengths of 190-1000 nm. The wavelength of light is related to the amount and type
of substance in the specimen, most of which are organic compounds, complexes and
inorganic compounds that can absorb light at these wavelengths. When measuring the
amount of light passing or reflected from a specimen compare with light from a source
at various wavelengths, according to the Beer-Lambert rule. The absorbance of the
specimen varies with the amount of absorbed molecules. This technique can be used to
identify the types and quantities of substances present in the specimen. The UV-Vis
Spectrophotometer component consists of a light source, monochromator, cell
specimen and detector. For the light source that provides continuous and constant
wavelength radiation. The lamp (light source) has many types, based on the wavelength
of light emitted. It must be used properly to suit the specimen to measure the
absorbance. For example, a UV light source uses H> and D, lamps to provide
wavelengths in the 160-380 nm range, while in the visible range, Tungsten lamps will
be used, which will provide a wavelength of 240-2,500 nm, etc. Monochromator is used
to control the light by filtering the polychromatic light, which come out of the light
source to get monochromatic light. Then, the monochromatic light is incident on the
specimen and is detected by detector to measure the intensity of the radiation absorbed

as shown in Figure 2.15.
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Figure 2.15 Schematic of an experiment setup for UV-Vis spectroscopy [25].

2.6.4 X-ray luminescence spectroscopy

In general, the principles of X-ray luminescence and photoluminescence are
similar, but different in source type. Due to Csl:Tl has a wide bandgap, it is necessary
to use sufficient high energy sources to induce emission. As a result, X-ray is used as a
source for excited this specimen to cause emission. X-ray luminescence spectroscopy
technique using a Cu target X-ray generator. By X-ray source operating at 50 kV and
30 mA for all specimens. The spectrometer with optical fiber was used for detecting
emission spectra. This technique is used to analyze the properties of a substance by
absorbing the electromagnetic radiation that causes the molecule to be excited and
vibrate within the molecule from the ground state level to the higher energy level, which
is called the excited state. Molecules that move to the level of a high energy level are
unstable, so they emit energy in the form of photons, which is called the emission. Then

it falls back to the ground state level. If the emission process occurs almost immediately,



26

it takes 10 seconds or less, called fluorescence, while the emission process takes more

time, in minutes or hours, called phosphorescence. The schematic of X-ray

luminescence spectroscopy as shown in Figure 2.16.

Spectrometer

Specimen Chamber

Computer Readout

Fiber Optics
: Specimen Holder

X-rays Unit
(Source)

Figure 2.16 Schematic of X-ray luminescence spectroscopy.
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CHAPTER Il
EXPERIMENT

3.1 Preparation of Csl: Tl crystals

Csl: Tl crystals were grown using a modified homemade Bridgman-Stockbarger
technique with using Csl precursors from two sources which 99.999% and 99.9%
purities [26]. Thallium iodide (TII) in from the powder of thallium iodide was used in
the same amount of 0.355%wt. Finally, the Csl:TI crystal with the Csl precursor at the
purity of 99.999% is a colorless crystal and the precursor at the purity of 99.9% is a bit
orange crystal. To verify a uniformity of Csl: Tl crystals, the specimens were divided
into three parts which the top, middle and bottom of the specimens by cutting machine.
The diameter and thickness of the specimens were about 14 mm and about 3-4 mm
respectively. The specimens were polished by polishing machine with abrasive paper
for make the surface of the specimens were smooth and appropriate to investigate in

various techniques.

_____________

|14 mm |

.......

Figure 3.1 Cutting process the specimens were divided into three parts which the top,

middle and bottom of the specimens by cutting machine.
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3.2 Characterization before irradiation of Gamma ray

3.2.1 Structural properties

Field Emission Scanning Electron Microscopy

The surface morphology was investigated by a JEOL JSM-7610F field emission
scanning electron microscope (FESEM) at Scientific and Technological Research
Equipment Centre Chulalongkorn University (STREC). Tungsten was used as the
electron source in this equipment. The voltage used to accelerate electrons to generate
electron beam was 10 kV. All specimens were placed on a staple with carbon tape for

further characterization.
X-ray Diffraction

A Bruker AXS Model D8 Discover X-ray diffractometer (XRD) was
performed to analyze the crystal structures at Scientific and Technological Research
Equipment Centre Chulalongkorn University (STREC). The copper was used to target
of X-ray source. The wavelength of X-ray was used to for this work is Cu Ka (A =
1.5406 A°) radiation with 40 kV and 40 mA. The specimens were scanned using 26-
scan mode over the range of 10° to 80° with a scanning step of 0.02°. All measurements

were carried out at room temperature.
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3.2.2 Optical properties

UV-Vis Spectroscopy

Optical properties were investigated by a UV-3600 SHIMADZU UV-
VIS NIR spectrophotometer for used to find the optical gap energy of all parts in both
Csl:TI crystals at Department of Science and Physics, Faculty of Science and
Technology, Nakhonpathom Rajabhat University. Spectra of transmittance (T) and
reflectance (R) of the crystals were obtained by UV-Vis spectroscopy, which were used

to calculate the absorption coefficient (o).
X-ray luminescence Spectroscopy

X-ray luminescence spectroscope was applied to study on optical
properties as an emission range of Csl:Tl crystals by using a Cu target X-ray generator
with X-ray source operating at 50 kV and 30 mA for all specimens. X-ray luminescence
equipment used in this study is located at Department of Science and Physics, Faculty

of Science and Technology, Nakhonpathom Rajabhat University.
3.2.3 Measuring performance of radiation detection

After characterizing the structural and optical properties, Csl:TI crystals were
measured the efficiency of radiation detection. Both of Csl:TI crystals in the part of
middle were cut into the cylindrical shapes of a diameter of 10 mm and thickness around
3-4 mmand then, were coupled with a Hamamatzu H5783 photomultiplier tube (PMT)
and coated with black Teflon and then connected to electronic parts to evaluate the
radiation performance as radiation efficiency and energy resolution at 122 keV gamma-

ray spectroscopy of Co-57.
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3.3 Experiments on gamma ray irradiation

After measuring the efficiency of radiation detection, both Csl:Tl crystals in the
middle part were irradiated by the gamma ray in the absorbed dose 1 and 5 Gy,
respectively. The Dose rate, 94 Gy/hr, was used for absorbed dose 1 Gy, while dose

rate, 92 Gy/hr, was used for absorbed dose 5 Gy.

3.4 Observation of recovery of Csl: Tl crystals after gamma

ray irradiation

The optical properties, which were UV-Vis and X-ray luminescence
spectroscopy, and the efficiency of radiation detection were measured in 1, 7, 14, 21
and 28 days after irradiation the gamma ray, respectively but the X-ray luminescence
spectroscopy wasn’t measured on the twenty-eighth day due to the tool was not
available. The structural properties which were X-ray diffraction and field emission
scanning electron microscopy were measured after irradiation for 28 days after
irradiation the gamma ray. After that, irradiate with the gamma ray at 5 Gy, then,
measure the UV-Vis and the efficiency of radiation detection in 1, 7, 14, 21 and 28 days
after irradiation of the gamma ray at 5 Gy, respectively. The X-ray diffraction was
immediately measured after irradiation and 28 days after irradiation the gamma ray at
5 Gy, while field emission scanning electron microscopy was measured after irradiation

for 28 days after irradiation the gamma ray at 5 Gy only.
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CHAPTER IV
RESULTS AND DISCUSSION

Due to the fact that the efficiency of scintillator materials affects measure
radiation, the structural and optical properties were studied in order to determine the
factors that affect the usability of the radiation detection as well as the uniformity of
the specimen which affects the selection of the appropriate parts for using. Finally,
because this material must be used with radiation, in this research the gamma ray was
irradiated on the specimen to study the effects on the specimen and efficiency of

radiation detection of Csl:Tl crystals.

4.1 Overview of structural and optical properties of Csl:Tl

crystals

4.1.1 Structural Properties of Csl: Tl crystals

Figure 4.1 shows FESEM images of the Csl:Tl crystals grown using (a) the
99.999% and (b) 99.9% Csl precursors, which were exhibited in colorless and orange
crystals, respectively. The result confirms smoothness and uniform surface. No void or
hole was observed in the crystals. There is no significant difference between both of
crystals. A circular domain observed in the Figure is due to a corrosion during polishing

process.
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A
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Figure 4.1 FESEM images of the Csl:Tl crystals grown with (a) the 99.999% and (b)
99.9% Csl precursors, exhibited in colorless and orange crystals,

respectively.
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Figure 4.2 illustrates XRD profiles of (a) the top part of colorless and (b) the top part
of orange and (c) the other parts of orange Csl: Tl crystals. The samples were scanned
using 20-scan mode over the range of 10° to 80° with the scanning step of 0.02°. All
measurements were carried out at room temperature. Diffraction profiles in log scale
were represented to clarify all preferred diffraction peaks. The diffraction with the
(110), (200), (211), (220), (310), and (321) reflections was observed for both crystals.
This indicates that Csl: Tl crystalized in a cubic lattice, which is verified to be a body-
centered-cubic (bcc) structure [27]. It is noted that an intensity of the (110) reflection
is strongest compared to other preferred orientations. A lattice constant calculated from
the (110) reflection from the colorless and orange Csl:Tl crystals was 0.453+0.002 and
0.455+ 0.002 nm, respectively. It will be seen that the top parts of the both Csl:Tl
crystals are identical because they have the same diffraction pattern. While, for the other
part of orange CsI:Tl crystal, a broad diffraction centered at 20 = 40° was clearly
observed in Figure 4.2(c). This might be due to a presence of the (110), (113) and (202)
reflections related to the calcite (CaCOs3) [26], which might incorporate slightly in the
orange crystal due to a higher impurity level of Csl precursor. Mostly, the
concentrations of accidental impurities in the Csl powder precursor are the amount of
heavy metal impurities, alkali and alkaline-earth metal ions, which Ca is one of the
impurity in Csl powder precursor [28]. Therefore, the calcite (CaCOs) may be

contaminated in the Csl powder precursor with higher impurity before it was grown.
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using the 99.999% and 99.9% Csl precursors for colorless and orange

Csl:TI crystals, respectively.
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4.1.2 Optical Properties of Csl: Tl crystals

Optical bandgap of Csl:Tl crystals is parameter determining performance used
for a scintillation detector since it is important to know a range of emission during an
operation. The optical bandgap is known to directly affect to the range of emission of
the Csl:Tl crystals. The optical bandgap, which was determined using absorption
spectra, can be calculated by the Tauc relation, as expressed in Eq. 4.1 [29-30],

(ahv)™ = A(hv — Ey), (4.1)
where A is a characteristic parameter, h is Planck's constant, v is the frequency, hv is
photon energy, o is an absorption coefficient, E; is bandgap, n indicates a type of
transition which is either n = 2 for direct band transitions or n = 1/2 for indirect band
transitions [31]. The Csl:Tl crystals were confirmed by many research groups [32-33]
to have a direct band transitions. Thus, the value of n = 2 was used in this work. On the
other hand, to calculate the absorption coefficient (o), both the transmittance and
reflectance observed from the Csl:Tl crystals were combined using the relation in Eqg.

4.2 [34],

2TR?

2
LAL %ln (,/(1—R)4+4T2R2—(1—R) >, 4.2)

where d is the thickness of the crystal, T is transmittance and R is reflectance of the
crystal. The spectrum of T and R were investigated by UV-VIS spectroscopy. With a
combination of Eq. 4.1 and Eq. 4.2, Figure 4.3 shows a plot between (ahv)? versus
photon energy (hv) for the Csl: Tl crystals grown using (a) the 99.999% Csl precursor

(colorless crystal) and (b) 99.9% Csl precursor (orange crystal).
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It is clearly seen that the optical gap related to TI-doped state and bandgap of Csl as
well as an absorption edge. As seen in Figure 4.3(a), the colorless Csl:Tl crystal
exhibited optical gap at 3.82 and 5.14 eV, which were attributed to the Tl-doped state
and bandgap of Csl, respectively. While, for the orange Csl: Tl crystal, the TI-doped
state and the bandgap of Csl were observed at 3.51 and 4.4 eV, respectively. This
indicates a lowering of optical gap, which is due to a higher impurity level in the Csl: Tl
crystal. Also, a red shift of an absorption edge was observed from 2.25 ev for the
colorless crystal to 2.00 eV for the orange crystal, respectively. This is expected to
affect the emission of the Csl:Tl crystals observed X-ray luminescence. Furthermore,
for the orange Csl: Tl crystal, it is evidenced that the absorption between the Tl-doped
state and bandgap of Csl becomes stronger and, then, starts merging together. Noted
that for the top part of orange Csl:Tl crystal, even XRD was not detected any other
impurity that different from the colorless Csl:T1 crystal, but the result of (ahv)? showed
that it was different. This shows the optical state that was merged as shown in the
spectra. These results suggest that the use of Csl precursor with purity of 99.9% results
in an incorporation of impurities, which created states between the Tl-doped state and
bandgap of Csl. This exhibits a formation of a visual single bandgap of Csl:Tl, when

the 99.9% Csl precursor was used.
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Figure 4.4 X-ray Luminescence spectra for the colorless and the orange Csl:Tl crystals.

Figure 4.4 shows emission of both Csl:TI crystals which were investigated by X-ray
Luminescence spectroscopy. A Cu Target X-ray generator with X-ray source operating
at 50 kV and 30 mA was used as an excitation. The colorless and orange crystals show
broad emission centered at 2.23 and 2.07 eV, respectively. A red shift of about 260
meV was observed when the crystal grown with 99.9% Csl precursor. This confirms a
red shift of the absorption edge. It is known that such near band edge emission is
significantly contributed to the impurity states. A lower purity was found to result in a
higher intensity of emission. Therefore, our results indicate the difference of impurity
levels for the Csl:Tl crystals grown with different purities of the Csl precursors. All
results showed that even though the results of FESEM did not show any differences in
morphology, the XRD results show some differences in both crystals as shown of
contamination of calcite (CaCOs) in some of the orange crystals. The results of the
absorption band that were different of both the crystals shown that in orange crystal

was a merging of Csl bandgap and Tl-doped state, which was expected due to the
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amount of higher impurity than colorless crystal. This may be due to the presence of
calcite (CaCO:s3), as well as the result of luminescence, which represents a shift towards
the red shift of the orange crystal relative to the colorless crystal. As the results of this
study, therefore the uniformity of the crystals was investigated to determine how
different in the each part of two crystals exhibited different properties and could affect

to the efficiency of different radiation detection.
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4.2 Uniformity of Csl:Tl crystals

In general, Csl:Tl crystals are grown by the Bridgman-Stockbarger technique,
which is a crystallization from a molten state by solidification according to the path of
growth. This technique has an important parameter involved is the temperature
gradient, which is the heat that changes along the path of growth. Therefore, the
integrity or uniformity of crystals may be influenced by these parameters. Uniformity
affects the selection of the suitable part of the specimen for optimum performance of
radiation detection. To verify a uniformity of Csl:Tl crystals, the specimens were
divided into three parts which the top, middle and bottom of the specimens by cutting
machine. The diameter and thickness of the specimens were about 14 mm and about 3-
4 mm respectively. Then, these Csl:Tl crystals were characterized by X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM), UV-VIS spectroscopy
and X-ray luminescence spectroscopy, respectively. Figure 4.5 shows the prepared
Csl:Tl crystal ingots with 14 mm in diameter and about 50 mm in length. It is clearly

seen that the ingots had no cracks or voids in the crystal.

T m‘r“'l:';l'l’I'I'I'I'l'rl':ilyl.‘:A_ b

Figure 5.5 The Csl:TI crystal ingots were grown with different Csl precursor purities

of (a) 99.999% (colorless crystal) and (b) 99.9% (orange crystal).
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4.2.1 Structural Properties of Csl: Tl crystals

To verify structural quality of the Csl:Tl crystals, FESEM and XRD
measurements were performed for two set of specimens, including the specimens
obtained from the top, middle and bottom parts of the colorless and orange Csl:Tl
crystal ingots. FESEM results demonstrate that no void and crack were observed on the
surface of all specimens. Figure 4.6 shows XRD 260-scan of the Csl:Tl crystal ingots
with different precursor purities of (a) 99.999% (colorless crystal) and (b) 99.9%
(orange crystal). Based on these results, both the Csl: Tl crystals exhibited cubic
structure with lattice constant in a range of 0.453-0.456 nm. In Figure 4.6(a), diffraction
pattern exhibits dominant (110) diffraction peak and other peaks, including (200),
(211), (220), (310), and (321) diffraction peaks. These crystallographic planes
attributed a body centered cubic (BCC) structure and matched with the peak positions
listed for Csl in the ASTM card No. 060311 [27]. No extra peak was observed for the
top, middle and bottom parts of the ingots. A lattice constant determined from the (110)
diffraction was 0.453, 0.454and 0.455 nm for the top, middle and bottom parts of
colorless Csl:Tl crystal ingot. Noted that an uncertainty of the calculated lattice
constants is £0.002 nm for all specimens. As shown in Figure 4.6(b), for the orange
Csl:Tl crystal ingot, the top and middle parts demonstrate diffraction patterns, which
are similar to that of the colorless Csl:Tl crystal. While, the diffraction pattern of the
bottom part showed an extra broad-peak located around diffraction angle in a range of
35 — 45° which might be associated with the (110), (113) and (202) diffraction peaks
due to an incorporation of calcite (CaCOs3) as mentioned above. However, a lattice
constant was examined for the top, middle and bottom parts of the orange Csl:TlI

crystals to be 0.455, 0.455 and 0.456 nm, respectively.
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Figure 4.6 X-ray diffraction 20-scan of the Csl:Tl crystals with different precursor
purities of (a) 99.999% (colorless crystal) and (b) 99.9% (orange crystal).
An above, middle and bottom diffraction profiles were recorded from the

top, middle and bottom parts of the Csl: Tl crystal ingots.
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4.2.2 Optical Properties of Csl: Tl crystals

Figure 4.7(a) shows the transmittance of the colorless Csl:Tl crystal in the top,
middle and bottom part. The results show an increase in the transmission of photon
energy, which starts at 320 nm in the top and middle part, while the bottom part starts
at 220 nm and gradually increases to 330 nm. Then, the transmittance of the three parts
were constant in the visible region about 45, 70 and 20% in the top, middle and bottom
part, respectively. This indicates the absorption of photon energy in the UV region at
wavelengths below 320 nm in the top and middle part and 220 nm in the bottom part,
respectively. These results show that each part of the crystal exhibits a different
absorption in both of the UV and visible region. Noted that in the bottom part shows
the more opaque or higher absorption of the light in the UV region than the other
crystals. Figure 4.7(b) shows the transmittance of the orange Csl: Tl crystal in the top,
middle and bottom part. This result showed the similarity of the start of high photon
energy absorption at 320 nm and gradually constant in the visible region in all three
crystals with a transmittance about 35, 65 and 80% in the top, middle and bottom part
of the crystal, respectively. A complex set of absorption bands were observed near the
band edge, which they have a clear the different with the all part of the colorless Csl: Tl
crystals. Noted that in the top part shows the more opaque or higher absorption of the

light in the UV region than the other crystals.
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Figure 4.8(a) shows the reflectance of the colorless Csl: Tl crystal in the top, middle and
bottom part. The obtained results, referring only to the reflected photons, show that the
top part was more reflective than the middle and bottom part especially in the visible
region. Noted that they were the reflectance about 38, 20 and 22% in the top, middle
and bottom part, which were in the visible region, respectively. However, in the Figure
4.8(b) shows the reflectance of the orange Csl: Tl crystal in the top, middle and bottom
part. This result shows that the top part of the crystal had a slightly higher reflectance
than the middle and bottom part in the visible region. Noted that they were the
reflectance around 12-22% in three parts of the orange crystals, which were in the

visible region.
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In the Figure 4.9(a) shows the absorption spectra obtained from UV-VIS spectroscopy
of the top, middle and bottom part of colorless Csl:Tl crystals. The blue line is the top
part of the specimen. It exhibited optical gap at 3.82 and 5.14 eV, which were attributed
to the Tl-doped state and the bandgap of Csl, respectively. The optical gap at 3.81 and
5.22 eV, which were attributed to the Tl-doped state and bandgap of Csl, respectively,
of the middle part of the specimen as shown in the black line. However the red line
shows as the bottom part exhibited optical gap at 4.97 eV, which were attributed
bandgap of Csl, while the optical gap of the Tl-doped state was not clear. These results
show that the different in each part of the optical property of the specimens, which were
indicated not uniformity in the specimen of the colorless Csl: Tl crystal. For the top part
of the orange Csl:Tl crystal, the TI-doped state and the bandgap of Csl were observed
at 3.51and 4.4 eV, respectively, as shown in the Figure 4.9(b). This indicates a lowering
of optical gap, which is due to a higher impurity level in the Csl:Tl crystal. While, in
the middle and bottom part of the orange Csl:Tl crystals were found that only the TI-
doped state, which were 3.72 and 3.74, respectively. These results are expected to occur
merge the optical gap of the Tl-doped state with the Csl bandgap, which caused by the
impurities that create a state between the optical gaps. Noted that, in the orange Csl:TI
crystal rather shows the properties of Tl-doped state over Csl bandgap and also seen
the forming between the both optical states due to the presence of more impurities than
the colorless Csl:Tl crystal. Both results of the colorless and orange Csl:Tl crystals
indicate higher impurities affect to different of the optical property and also depends on

each part of the crystal.
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Figure 4.9 Absorption spectra of the Csl:Tl crystals with different precursor purities of

(@) 99.999% (colorless crystal) and (b) 99.9% (orange crystal), which

included in the top, middle and bottom part.
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In the figure 4.10(a) shows X-ray Luminescence spectra of the top, middle and bottom
part of the colorless Csl:Tl crystals. All parts of the colorless crystals show the same
broad emission centered at 2.33 eV but it had the difference of the intensity. These
results show that the bottom part had a higher intensity than the other parts. For the
orange Csl:Tl crystals, all parts show broad emission centered at 2.07 eV, which were
shifted toward a red shift of about 260 meV. Furthermore, in the three parts show
slightly the different of the intensity. As the results, it was confirmed a red shift of the
absorption edge, which were described in the results of the overview already. Therefore,
our results indicate the difference of impurity levels for the Csl:Tl crystals that affect
to the difference in both of absorption and emission properties. After measuring the
uniformity of both crystals in both optical and structural properties, it was found that in
each part of both the specimens, the properties were different. As the results of the XRD
found that only in the bottom part of the orange crystal found contamination of calcite
(CaCO0:s). In each part of both the crystals, the difference in the absorption band of both
Csl bandgap and Tl-doped state as well as the results of luminescence was found. These
results affect the decision of choosing the optimum part for using of radiation detection.
In engineering, we need to know what properties affect the performance of the radiation
detection. To study which factor should be adjusted to improve radiation detection.
Furthermore, the original property of the material should be maintained for considering
to know what properties should be improved that affect the performance of the radiation
detection. Therefore, the part that still exhibits the original properties of the Csl:Tl
crystal are the top and middle part of the colorless Csl:Tl crystals so it is most suitable
for the radiation detection. Since this material has to be used with gamma rays, the

material was exposed to gamma ray irradiation at varying amounts of absorbed dose to
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see the effect, as well as a recovery measurement to see the ability to bring the material
back to use again. From the absorption spectra, there was a clear difference in the
middle part of both the crystals, which can be seen in the middle part of the colorless
crystal, it is shown both of the Csl bandgap and TI-doped state, while the middle part
of the orange crystal shown only a clear Tl-doped state. Therefore, it had taken only the
middle part of the both the crystals to irradiation of gamma ray for studying the impact

of gamma ray to the difference of the both of absorption bands.
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Figure 4.10 X-ray Luminescence spectra of the Csl: Tl crystals with different precursor
purities of (a) 99.999% (colorless crystal) and (b) 99.9% (orange crystal),

which included in the top, middle and bottom part.
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4.3 Gamma ray irradiation to Csl:Tl crystals

Due to the fact that Csl: Tl crystals must be used for detecting the radiation, it
must be exposed to radiation. Therefore, both Csl:Tl crystals are irradiated the gamma
ray to study the effect on the crystal. The specimens in the middle part of both crystals
were selected for the study because of the clear differences in the optical properties,
which were observed by the absorption band obtained by UV-VIS spectroscopy. It is
noted that the middle part of the colorless crystal shows both Tl-doped state and Csl
bandgap, while the orange crystal clearly shows the Tl-doped state only. For this reason,
the middle part of both Csl:Tl crystals were chosen to analyze the effects of the gamma
ray irradiation. Two absorbed doses, which were 1 and 5 Gy, were used respectively to

irradiate the gamma ray in order to study the effects of recovery of both Csl:Tl crystals.
4.3.1 Structural Properties of Csl: Tl crystals

Figure 4.11 shows FESEM images of the middle part of the colorless Csl:TI
crystal before (a) and after irradiate the gamma ray at 1 Gy (b), 5 Gy (c) and the middle
part of the orange crystals before(d) and after irradiate the gamma ray at 1 Gy (e), 5 Gy
(F), respectively. For colorless Csl:Tl crystal, when compared the results between
before-irradiation and after-irradiation at 1 Gy, the grain was larger and the conductivity
which was noticed by the charging effect decreased as shown in Figure 4.11(Db).
Compared with the results after irradiation, the 5 Gy absorbed dose was found to be
more charged, as shown in Figure 4.11(c). For oranges Csl:Tl crystals, the results,
which showed a clear charging effect after absorbed dose 1 and 5 Gy respectively, were

similar to the colorless Csl: Tl crystal as shown in Figure 4.11(e) and (f). It is noted that



53

after both specimens were irradiated the gamma ray at 1 and 5 Gy, respectively, the

conductivity decreased.

Figure 4.11 FESEM images of the middle part of the colorless Csl: Tl crystal before (a)
and after the irradiation of the gamma ray at 1 Gy (b), 5 Gy (c) and the
middle part of the orange crystals before(d) and after the irradiation of

gamma ray at 1 Gy (e), 5 Gy (f), respectively.



54

Figure 4.12 illustrates XRD profiles of the middle part of the (a) colorless and (b)
orange Csl:Tl crystals, which includes before the gamma ray irradiation at 1 Gy, after
the gamma ray irradiation at 1 Gy for 28 days, immediately after the gamma ray
irradiation at 5 Gy and after the gamma ray irradiation at 5 Gy for 28 days, respectively.
After gamma ray irradiation at a higher absorbed dose, it has been observed that the
diffraction peaks in each plane of both Csl: Tl crystals are reduced and show only a few
peaks. Therefore, the gamma ray irradiation makes the crystals change from
polycrystalline to become more single crystal. It is also expected to be caused heat
accumulation up within the lattice structure. Therefore, it causes the change of
orientation of the plane by making the grain boundary larger which eventually
corresponds to the results of the FESEM. It is noted that a lattice constant calculated
from the (110) reflection from the colorless and orange Csl: Tl crystals in each absorbed

dose of gamma ray were similarly to before gamma ray irradiation.
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Figure 4.12 X-ray diffraction profiles of the middle part of the (a) colorless and (b)
orange Csl:Tl crystals, which includes before irradiation of gamma ray at
1 Gy, after irradiation of gamma ray at 1 Gy for 28 days, immediately after
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for 28 days, respectively.
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4.3.2 Optical Properties of Csl: Tl crystals

Figure 4.13 shows absorption spectra obtained from the middle part of the
colorless Csl:Tl crystals before and after irradiation the gamma ray at 1 Gy for 1, 7,
14, 21 and 28 days, respectively. Figure 4.13(a) shows both Tl-doped state and Csl
bandgap. Initially, it was observed that the intensity of absorption of Tl-doped state
with Csl bandgap was similar to before gamma ray irradiation. After gamma ray
irradiation at 1 Gy for 1 day, the crystal showed the clearly higher Csl bandgap. The
absorption of Csl bandgap is decreasing over time. After gamma ray irradiation at 1 Gy
for 28 days, the absorption band backed to the feature before irradiation. As a result, it
is expected that the heat from the gamma ray, which is called the gamma heating causes
some impurities to fall out of the lattice structure [6, 8]. Then, the atoms of Cs and | are
in a self-interstitial replacing other impurities; therefore, this represents that the
properties of the Csl bandgap came out more. After that, the diffusion of impurities
back to lattice again. This may be because the area where it enters has a stress and it is
pushed back into its original position within the lattice structure. As observed in Figure
4.13(b), the intensity of absorption of Tl-doped state decreases after irradiation at 1 Gy.
It can be explained that gamma ray causes the heat in the lattice, resulting the atoms of
Tl to fall out of the lattice structure. There is a decrease of the intensity of absorption
of Tl-doped over time. Therefore, it is expected to be because the diffusion of Cs and |

atoms, which replace the position of Tl atom, back to lattice again.



(chv)’ (eV/em)®

(chv)’ (eV/em)’

3500

3000

2500

2000

1500

1000

500

0

1—IIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

coav by vy by o i

After irradiation 1 day

[ After irradiation 7 days

[-After irradiation 14 days

[ After irradiation 21 days /

| After irradiation 28 days

| Before irradiation (1Gy) PLE T LA P
- .

............................

I—|||||||||||||||||||||||||||||||||||||||||—-o-

20 25 30 35 40 45 50 55 6.0

200

130

160

140

120

100

80

60 |

40

20

hv (eV)
1—IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII|IIII|IIII—_'

F b o
c b) RN

x 10

Before irradiation (1Gy)

e

[ After irradiation 1 day

[ After irradiation 7 days
| After irradiation 14 days

| After irradiation 21 days

|- After irradiation 28 days
D

I—||||||||||||||||||||||||||||||||||||||||||||—_1

3.4 3.6 3.8 4.0 4.2

hv (eV)

\

57

Figure 4.13 Absorption spectra obtained from the middle part of the colorless Csl:Tl

crystals before and after irradiation the gamma ray at 1 Gy for 1, 7, 14,

21 and 28 days, respectively, which (a) shows energy(hv) between 2.0-6.2

eV that represent the both Tl-doped state and Csl bandgap and (b) shows

energy(hv) between 3.3-4.2 eV that represent the Tl-doped state only.
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Figure 4.14 shows absorption spectra obtained from the middle part of the orange
Csl:Tl crystals before and after irradiation the gamma ray at 1 Gy for 1, 7, 14, 21 and
28 days, respectively. Figure 4.14(a) shows both Tl-doped state and Csl bandgap.
Before gamma ray irradiation, it was found that TI-doped state had more evidence of
absorption band than Csl bandgap. After 1 Gy of gamma ray irradiation for 1 day, the
crystals exhibited significantly higher Csl bandgap properties, similar to the colorless
Csl:Tl crystal. Over time, the absorption of Csl bandgap was decreasing. After gamma
irradiation at 1 Gy for 28 days, the absorption band backed to the feature before
irradiation. The cause of this result was already described in the case of colorless
Csl:Tl crystal, but the number of Tl atoms decreased as shown in the decrease of
intensity. As observed in Figure 4.14(b), the intensity of absorption of Tl-doped state
decreased after irradiation at 1 Gy. This shows the similarities in the colorless Csl:TlI
crystal result. The cause this result was already described in the case of colorless

Csl:Tl crystal too.
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Figure 4.14 Absorption spectra obtained from the middle part of the orange Csl:Tl
crystals before and after irradiation the gamma ray at 1 Gy for 1, 7, 14, 21
and 28 days, respectively, which (a) shows energy(hv) between 2.0-6.2
eV that represent the both TI-doped state and Csl bandgap and (b) shows

energy(hv) between 2.3-4.2 eV that represent the Tl-doped state only.
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Figure 4.15 shows absorption spectra obtained from the middle part of the (a) colorless
and (b) orange Csl:Tl crystals before and after irradiation the gamma ray at 5 Gy for 1,
7,14, 21 and 28 days, respectively. After gamma ray irradiation at 5 Gy, a clear change
in the absorption band was shown as shown in the Figure 4.15(a), which is clearly that
there was a Tl-doped state only. Over time, the intensity of absorption was slightly
higher. It was observed that it was permanently deformed. It is expected that it occurs
from the atom diffusion due to the heat from the gamma ray, which is called the gamma
heating [34]. As the result, diffusion of the atoms causes atoms to fall out from the
lattice and be unable to return to the original position within the lattice structure. It is
concluded that there is no recovery or, in other word, permanent damage. In the Figure
4.15(b), it was noted that after gamma ray irradiation at 5 Gy, it still showed the same
absorption band as before irradiation. In other word, it only shows the TI-doped state,

although the intensity is slightly higher over time.
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(b) orange Csl:Tl crystals before and after irradiation the gamma ray at 5
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between 2.0-6.2 eV that represent the both TI-doped state and Csl

bandgap.
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Figure 4.16 shows the emissions of the middle part of both Csl:TI crystals, which were
irradiated the gamma ray at 1 Gy before and after for 1, 7, 14 and 21 days, respectively,
were investigated by X-ray Luminescence spectroscopy. Figure 4.16(a) shows that the
intensity of emission of colorless Csl:TI crystal was significantly lower after gamma
ray irradiation at 1 Gy for 1 day. Over time, it was found that the intensity of emission
was higher, which was similar to before irradiation and showed broad emission centered
at 2.33 eV as always. In the Figure 4.16(b), the orange Csl:Tl crystal shows the , similar
result to the colorless Csl:Tl crystal, which had a significantly lower of the intensity of
emission after irradiation at 1 Gy. Over time, the intensity of emission increased to
nearly before irradiation and showed broad emission centered at 2.07 eV. These results
show the recovery of the emission of both Csl:Tl crystals. As a result of gamma ray
irradiation at 1 and 5 Gy in both crystals, found that the grain size was larger in both
crystals. This is due to the phenomenon called gamma heating, which taken a very long
time to accumulate the gamma ray energy, which may result in a larger size of grain
size [35]. As the results of absorption spectra, it was found that the absorbed dose at 1
Gy could recover in both Csl:Tl crystals. However, the amount of absorbed dose at 5
Gy made colorless Csl:Tl crystal change the absorption band permanently, while
orange Csl:TI crystal could recover back after around 28 days. The results of emission
found that there was the extreme decrease of the intensity one day after irradiation of
the gamma ray at 1 Gy in both Cs:Tl crystals. However, after 7 days it was found that
the crystal started to recover back to the similar result before irradiation of gamma ray.
Additionally, after 21 days the intensity is still similar to the one before the irradiation
of gamma ray. In addition, the procedure between irradiation of gamma ray and

recovery measurements, both of the crystals were measured the efficiency of radiation
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detection in before and after irradiation to see the efficiency to measure radiation after

radiation to over time.
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Figure 4.16 X-ray Luminescence spectra for the middle part of the (a) colorless and the

(b) orange Csl:Tl crystals before and after irradiation the gamma ray at 1

Gy for 1, 7, 14 and 21 days, respectively.
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To investigate the detection efficiency
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tion of Csl: Tl crystals

of the scintillators, the middle parts of

cal shapes of a diameter of 10 mm and

thickness around 3-4 mm. Both the Csl: Tl crystals were coupled with a photomultiplier

tube (PMT) with black Teflon and then connected to electronic parts to detect gamma

radiations at 122 keV of Co-57.
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Figure 4.17(a) shows energy spectrum of Co-57 source for the middle part of the
colorless Csl:Tl scintillator, which was included the result before and after irradiation
the gamma ray for 28 days at 1 Gy and 5 Gy, respectively. From the result, it shows the
decrease of the intensity of the detected gamma ray after irradiation the gamma ray for
28 days at 1 Gy and 5 Gy, respectively. The orange Csl:Tl scintillator shows the
decrease in the intensity of the detected gamma ray, which is similar to the result of the
colorless Csl:Tl scintillator as shown in the Figure 4.17(b). It can be seen that after
irradiation of the higher absorbed dose, it affected the decrease of the efficiency of
absorbing the energy of the gamma ray. Table 4.1 shows a similar detection efficiency
of the colorless and the orange Csl:Tl scintillators before irradiation, which were
estimated to be 60.5+4.4% and 59.1+4.8% respectively. In addition, the colorless Csl: Tl
scintillator gave an energy resolution about 64.0+5.2%, while the orange Csl:TI
scintillator showed the energy resolution about 82.3+8.3% before irradiation too. It was
found that after irradiation of the gamma ray at higher absorbed dose, the efficiency of
radiation detection tendency to decrease in both Csl:Tl scintillators. For the energy
resolution, it was not significantly different in both Csl: Tl scintillators. Noted that both
of before and after irradiation were found that the colorless Csl:Tl scintillator was

higher energy resolution than the orange Csl:Tl scintillator.
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Table 4.1 Detection efficiency and energy resolution for the colorless and the orange

Csl:Tl scintillators before and after irradiation of the gamma ray for 7, 14,

21 and 28 days at 1 Gy and 5 Gy, respectively.

Detection Efficiency (%) Energy Resolution (%)
Condition Colorless Orange Colorless Orange
crystal crystal crystal crystal
Before gamma ray irradiation
As-grown 605+44 | 59.1+48 | 64.0+52 | 823+83
After gamma ray irradiation of 1.0 Gy
7 days 41.8+2.2 30.6 + 2.7 62.1+ 35 66.6 + 6.3
14 days 332+ 23 | 409+ 24 | 513+ 34 99.9+ 7.8
21 days 323+ 2.1 364+ 26 | 56.2+ 4.0 88.3+ 8.5
28 days 416 +2.6 409+ 3.2 63.3+4.3 93.3+9.7
After gamma ray irradiation of 5.0 Gy
7 days 282+ 2.1 351+ 25 53.9+4.0 744+ 6.3
14 days 466+ 28 | 46.7+ 3.7 | 84.0+ 5.6 78.7+ 8.4
21 days 315+ 2.2 352+ 16 | 535% 35 949+ 7.3
28 days 30.8+2.0 320+24 58.6 +4.4 68.8 £ 6.7

In addition, the trend of detection efficiency and energy resolution are shown in the

Figure 4.18(a) and (b), respectively. It is noted that the electronic conditions and

amplifications were maintained for both scintillators. The colorless scintillator with

higher purity Csl:TI crystal showed a higher energy resolution compared to that of the

orange scintillator with lower purity Csl: Tl crystal, although they had similar the

detection efficiency. However, the peak sensibility energy of PMT used in this study is

2.95 eV (420 nm) and nearly constant sensibility in a range of 2.76 to 3.54 eV (350 to

450 nm) and a steeply deceasing sensibility of 1.90-2.76 eV (450-650 nm). Thus, we

would expect that if we use a new PMT with a wavelength response of 2.0-2.5 eV (500-

600 nm) for coupling with both Csl:Tl scintillators, it can improve the response to the

wavelengths that are suitable for the light emission of crystals.
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the gamma ray for 28 days at 1 Gy and 5 Gy, respectively.
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CHAPTER V
CONCLUSIONS

In this thesis, the structural and optical properties of Csl: Tl crystals which were
irradiated by the gamma ray were studied. Both Csl:Tl crystals were grown by a
modified homemade Bridgman-Stockbarger technique with using Csl precursors from
two sources which are 99.999% and 99.9% purities, while the Tl in the form of powder
of thallium iodide was used in the same amount. Both of them were grown at the
department of nuclear engineering, faculty of engineering, Chulalongkorn University.
Finally, the Csl:TI crystal with the Csl precursor at the purity of 99.999% is a colorless
crystal and the precursor at the purity of 99.9% is a bit orange crystal.

The study also includes the uniformity of both of the Csl: Tl crystals, which were
divided into three parts. Structural and optical properties of Csl:Tl crystals grown with
different purities of Csl precursor were investigated with various techniques. Initially,
the structural and optical properties were investigated prior to the gamma ray irradiation
of both Csl:TI crystals. It is found that the orange Csl:Tl crystal was slightly
contaminated with a few amount of calcite (CaCOs) or other impurities, which directly
modified optical properties of this material. For investigating the uniformity, there are
differences in both structural and optical properties in each part of the specimens. These
results affect the decision of choosing the optimum part for using of radiation detection.
As the results, the part that still exhibits the original properties of the Csl:Tl crystal are
the top and middle part of the colorless Csl:TI crystals so it is most suitable for the

radiation detection. For investigating the results of irradiation of gamma ray, it is found
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that gamma ray at higher absorbed doses affects the changing in the crystallinity of the
specimen, resulting in a change from polycrystalline to more single crystal. Noted that,
FESEM shows the larger grain and the conductivity decreased after irradiated of the
gamma ray at 1 and 5 Gy, respectively of both Csl:TI crystals. It also affects the
absorption band. It was found that the absorbed dose at 1 Gy could recover in both
Csl:Tl crystals. However, the amount of absorbed dose at 5 Gy made colorless Csl:Tl
crystal change the absorption band permanently, while orange Csl:Tl crystal could
recover back after around 28 days. The results of emission found that there was the
extreme decrease of the intensity one day after irradiation of the gammaray at 1 Gy in
both Cs:Tl crystals. However, after 7 days it was found that the crystal started to recover
back to the similar result before irradiation of gamma ray. Additionally, after 21 days
the intensity is still similar to the one before the irradiation of gamma ray. Furthermore,
both the Csl:Tl scintillator represented the similar detection efficiency. Although the
energy resolution of orange Csl:Tl scintillator was lower than that of colorless Csl:Tl
scintillator. After irradiation of the gamma ray at 1 and 5 Gy respectively, the results
show that the efficiency of radiation detection decrease respectively but they also were
not significantly different of energy resolution of both Csl: Tl crystals.

Based on our results, the effects of gamma ray irradiation on the structural and
optical properties of Csl: Tl crystals were significantly depended on an impurity level,

which also directly affected on a performance of radiation detector.
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