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ABSTRACT

DEVELOPMENT OF NEW THERMOLUMINESCENT
DOSIMETERS FOR NEUTRON MEASUREMENTS

IFLAZOGLU, Sera
Ph.D. in Engineering Physics
Supervisor: Prof. Dr. A. Necmeddin YAZICI

Co-Supervisor: Assoc. Prof. Dr. V. Emir KAFADAR
January 2017, 15

The main purpose of the proposed study is the investigation of the pos-
sibility to be used as neutron dosimeters with the analysis of the dependence
on thermoluminescent radiation dose by synthesizing the borates which is doped
metal ions and were development of materials until obtaining the best thermolu-
minescent neutron dosimeters. Borate anion group-containing materials such as
LiB30s5, Li;B4,O7, BaB,O7, CaB4O7; and MgB,0O; were produced for to be used
as neutron dosimeters by solid-state synthesis method and after the synthesizing
process compounds which include borate anion group were be doped with metal
ions by high temperature solid state method. Afterwards, for thermoluminescence
measurement of doped materials with the aim of the characterization of dosimet-
ric materials X-ray powder diffraction (XRD), Thermal (DTA, TGA), Scanning
Electron Microscope (SEM) and Fourier Transform Infrared Spectroscopy (FTIR)
analyses are done. As a result of this analyses, the thermoluminescence measure-
ments of materials are taken.

XRD patterns of the synthesized compounds have demonstrated compliance
with borate peak in JCPDS card. FT-IR spectra results did not yield different
band structure in compounds. Thermoluminescent measurement results show
that neutron radiation-sensitive borate compound are produced. Thermal analy-
sis of the neutron-sensitive compounds were performed. According to the results
of this analysis borate compounds are thermally stable. In all borate compunds,
0.5Dy% doped CaB,O7 yielded highest thermoluminescence response. Doping
with Dy, MgB,O; compounds shows increased thermoluminescence response for
neutron radiation. Using different concentrations of Dy, Ag, Cu, Eu, Mg and
Gd dopants into LisB,O7 gave good results of neutron-radiation sensitivity. In
this study, borate compounds that result after neutron irradiation were com-
pared with TLD-600/TLD-700 neutron dosimeters. Accordingly, the compounds
exhibit an ideal fit for all conditions required for a neutron dosimeter. The work
carried out under this thesis has reached the objectives.

Key words: Neutron dosimetry, Thermoluminescence, Borate compounds.



OZET

NOTRON OLCUMLERI ICIN YENI TERMOLUMINESANS
DOZIMETRELERIN GELISTIRILMESI

IFLAZOGLU, Sera
Doktora Tezi, Fizik Mithendisligi Boliimii
Tez Yoneticisi: Prof. Dr. A. Necmeddin YAZICI

Yardimc1 Danigman: Do,
Ocak 2017, 15

Bu caligmanin temel amaci farkli metal iyonlari katkili cesitli borat
bilesiklerinin sentezlenerek termoliiminesans ve radyasyon dozuna bagimliliginin
incelenmesiyle notron dozimetresi olarak kullanilabilme olasiliginin aragtirilmasi
ve en iyl termoliiminesans notron dozimetresinin belirlenmesidir.  LiB3Os,
Li;B,0O7, BaB,O7, CaB,0O7; ve MgB,0O7 gibi borat anyon grubu iceren bilesikler,
notron dozimetresi kullanimina yonelik katihal sentez yontemi ile tiretilmiglerdir
ve sentezleme igleminden sonra bilesiklere metal iyonlari katkilamasi katihal
yitksek sicaklik yontemi ile yapilmigtir. Daha sonra katkili malzemelerin ter-
moliiminesans ol¢iimiine yardimei olmasi ve hazirlanmig dozimetrik malzemelerin
karakterizasyonlarimin yapilabilmesi amaciyla elde edilen malzemelerin X-1g1m1
Toz Kirimim (XRD), Termal (DTA, TGA), Taramal Elektron Mikroskobu (SEM)
ve Fourier Transform Infrared Spektroskopisi (FTIR) analizleri yapilmigtir. Bu
analizlerin sonucunda malzemelerin Temoliiminesans ol¢timleri alinmistir.

Sentezlenen borat bilegiklerinin XRD desenleri JCPDS kartlarindaki pik-
ler ile uyum gostermislerdir. Bilesiklerin FT-IR spektra sonucglarinda da farkh
bant yapilarina rastlanmamistir. Termoliiminesans ol¢iim sonuglarindan notron
radyasyona duyarli borat bilesikleri elde edilmistir.  Notrona duyarli olan
bilesiklerin termal analizleri yapilmigtir. Bu analiz sonuglarina gore de borat
bilegiklerin termal olarak kararli olduklar1 goriillmiistiir. Borat bilesiklerinden
notrona karsi duyarli en yiliksek termoliiminesans siddetini %0.5Dy katkil
CaB,0O; vermistir. MgB,O7 bilesigine Dy katkilamasi yapildigi zaman notron
radyasyonuna kargi termoliiminesans siddetinin artigr goriilmiigtiir. Farkl kon-
strasyonlarda Dy, Ag, Cu, Eu, Mg ve Gd katkilamas1 yapilan Li;B4O7 bilesiklerde
notron radyosyonuna karsi iyi sonuclar vermislerdir. Bu calismada notron
iginlamasindan sonra sonug veren borat bilesikleri TLD-600/TLD-700 notron
dozimetreleri ile kiyaslanmiglardir. Buna gore bilesikler ideal bir notron dozime-
tresi i¢in gerekli olan tiim sartlar i¢cin uyum gostermektedirler. Bu tez kapsaminda
yapilan ¢alismada hedeflenen amaglara ulagilmigtir.

Anahtar kelimeler: Notron dozimetresi, Termoliiminesans, Borat bilegikleri
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CHAPTER 1

INTRODUCTION

The most important effect of radiation is to bring harmful biological effects
on living things. The biological effect is dependent on the energy of the absorbed
radiation and the amount of absorbed dose. The main focus of protection from
radioactive harmful biological effects on living things is to draw as low as possible
the level of radiation that personnel may be exposed to determine the presence

and extent of ionizing radiation and radioactive contamination.

Personnel working in a place exposed to radiation emitted from natural
and artificial radiation sources must have tracking devices that detect the total
“whole body radiation” value. Personal radiation doses to which personnel are
exposed must be measured continuously so that radiation doses that a person may
receive can be kept below the maximum permissible level. One of the indirect
readers that measures the dose they receive during radiation work in the field is
the thermoluminescence dosimeters, which require an additional device to read
the doses and measure the total dose of radiation taken over a certain period of

time.

The measurement of ionizing radiation is based on the ionization event
occurring in the dosimetry environment during irradiation. In solid state (TL)
dosimeters, this is the accumulation of a potential energy in crystal structure
defects [1-3]. This energy stored in the crystal is released back to the outside
with the heating of the crystal and the irradiation curve of the crystal-specific
and applied dose amount is obtained after recording the radiation of the radiating

end resultant with a reader.

Once solid-state dosimetry techniques and the characteristics of the detec-
tors are understood, it has become clear that this technique can be conveniently
used in personnel dosimetry services and can be generalized. With thermolu-

minescence dosimeters, according to the crystal used; Ionizing and non-ionizing



radiation doses such as x, 3, v, @ and neutron are measured. The thermolumines-
cence event was first observed in 1663 in the diamond [4, 5]. The application of the
thermoluminescence phenomenon to the dosimeter was possible in the late 1950s
[5, 6]. In developed countries, the thermoluminescence dosimeters are widely used
in the main areas of health, industry, research, military and environment, where
the radiation doses of the workers working with ionizing radiation are measured

and evaluated at international standards.

Such dosimeters are widely used in the dosimetry of personnel dosimetry, in
the determination of age of archaeological works, in radiotherapy and in food irra-
diation because of their linear relationship between dose and thermoluminescence

signals, their stability in room temperature after irradiation for months, tissue

equivalence properties [7-9]. For this purpose, studies on the development of

new thermoluminescence dosimeters in developed countries continue intensively.

There are many research groups working on dating and dosimetry studies
using the TL and OSL techniques at research centers such as Oxford University
in the UK, Oklohoma State University in the United States, Tel-Aviv University
in Israel, and Radiation Research Department in the Riso National Laboratory
in Denmark. Although, these renowned research institutions of the world, un-
fortunately, there are only a limited number of studies in this subject which will

provide important contributions to many branches of science.

In our country, dose evaluation using thermoluminescence dosimeters is car-
ried out only at the Ankara Nuclear Research and Education Center (ANAEM)
affiliated to the Atom Energy Agency. The Atom Energy Agency purchases hun-
dreds of thousands of thermoluminescence dosimeters from abroad every year for
this purpose and this reflects negatively on the country’s economy. More intensive
work has been initiated in the last five years especially for the dissemination of
boron products in our country and the production of new boron products, intro-
duction of these products and their potential use areas in the industrial sector and

for this purpose wide range of investigation/development studies [10-13].

The aim of this research is to synthesize borate compounds with metal
ions by solid state method. By studying the thermoluminescence and neutron
dosimetry properties of the materials developed by synthesis, it is possible to
obtain neutron sensitive compounds which can give the best results in terms of
usage purposes. It is to investigate in detail the usefulness of these compounds

in major fields such as health, industry, research, military and environment.



In this thesis, the thermoluminescence (TL) dosimeters which are compat-
ible with the measurement and evaluation of the neutron radiation doses have
been developed. In this thesis, the development of thermoluminescence neutron

dosimeter from borate compounds is the first study in our country.

Neutron dosimetric materials have been developed at the standards set by the In-
ternational Atomic Energy Agency. In this thesis, while boron-based compounds
were developed for thermoluminescence neutron dosimetry, the main features that
the International Atomic Energy Agency (IAEA) identified and recommended

were considered:

(1) The peak temperature (T,,) of the glow curve of the thermoluminescence

dosimetry should be between 180 and 250 °C, and possibly a single peak

(2) The dose-response curve of dosimetry should be linear over a wide dose

interval
(3) Almost no influence from environmental factors

(4) The wavelength of the emitted light from the dosimeter must be within

the visible region boundaries
(5) Do not change the sensitivity of dosimetry on reuse

(6) The sensitivity of the dosimetry should not be too dependent on the
energy of the applied radiation and the type

(7) The radiation absorption factor of the dosimetry is the same as the radi-

ation absorption factor of the human body (Z.fr = 7.42)

(8) The dosimeter should be cheap and easily prepared in almost any labo-

ratory environment

(9) There should not be toxic materials in the dosimetry that could harm

the human

The introduction of this thesis explains the importance of thermolumines-
cence dosimetry studies as a result of natural and artificial radiations which we
are constantly exposed to in our daily life. The recent technological developments
and the presence of nuclear energy have revealed the need for this work. In the

literature review of this thesis firstly the information about the studies done up



to date from the date when the thermoluminescence event first observed in 1663

was given.

Thermoluminescence dosimeters have become a necessity because of the
increased natural and artificial radiation in the environment. Recently, studies
on thermoluminescence have increased significantly. General information about
the general properties of borates has been given. Borates have a unique crys-
tal and electronic structure. The basic building blocks and compounds of the
borate crystals are described. Due to the excellent construction properties of
borates, recent work has gained a great deal of speed. It has a great advantage
because approximately 75% of the boron reserves in the world are in our country.
Later studies on the thermoluminescence properties of the neutron dosimeter have
been reported. In this study, the studies on the dosimetry of Li;B4O7, LiB3Os,
MgB,0O, CaB,0O; and BaB,O7; borate compounds synthesized and characterized
are given. Nevertheless, it has been found that the most suitable metal ion-doped
borate compound for the neutron dosimetric purposes is a 0.5% Dy-doped cal-
cium tetraborate compound. It was determined that the 0.5% Dy-added CaB,O-

compound gave better neutron dosimetry results (dose response).



CHAPTER 2

LITERATURE SURVEY

2.1 Historical Overview of Thermoluminescence

The first TL observations were performed on natural minerals, as diamonds
or fluorspar, and were first defined for diamonds by Robert Boyle in 1663 [14]. A
much more spectacular TL impact of a green fluorspar known as false emerald (a
type of fluorspar) was used for scientific demonstration, and then the powdered
mineral was pulverous as letters or figures on a metal plate and heated. In the 18"
century, a TL of minerals such as rock crystal, amethyst, topaz and of calcite, had
ben defined. By the end of the 18" century, an association of thermoluminescence
and phosphorescence as well as triboluminescence was obvious. In the early 19"
century, the electric spark was monitored to excite TL by exposure to its light.
Calcareous biominerals, as mother of pearl, scallop shells and egg shells, gave
spark-irradiated an orange-red TL. A colouration of fluorspar by spark irradiation

was observed to disappear after heating [14].

In 1888, Wiedemann was bringed the premise luminescence for the observ-
ing of more light emission over the thermal background. Wiedemann and Schmidt
(1895) was the initial to detect thermoluminescence (TL) of matter regularly [15].
Cathode rays, X-rays and the perception of native radioactivity opened the way
to excite TL experimentally in native and artificial minerals. The act of lumines-
cence activators, particularly manganese, iron and rare earth elements, has since
then been a topic of works supported by the conformity of synthetic irradiation
sources and tried analytic methods. The first glow curves measured light inten-
sity temperature vs. were registered by Przibram and his coworkers [16] (1922)
at the Radium-Institut in Vienna. Different minerals, as alkali halides, calcium
carbonates, silicates, and of track the broad variety of fluorites, were generally
exposed to radium sources or X-rays, and the resultant luminescence investigated

visually, registered spectrographically or measured by photoelectric detectors.



The first theoretical model of TL was referred by Randall and Wilkins
(1945) for first order kinetics [17] and after expanded by Garlick and Gibson
(1948) for second order kinetics [18]. At this time, study concentrated on geo-
logical materials, track impurities, and improvement of dosimeter matter doped
with such metal traces. First tries to apply TL on biogenic calcium carbonates
were performed by Johnson (1960) displayed that calcitic mollusc shells are con-
venient, while aragonitic shells do not emit TL [19]. In the next years, TL was
adaptation as a technique of geological, paleontological and archaeological dating
of rocks, soils, sediments, weathering deposits, fossil bones, shells, pottery and
other ceramic materials [20]. Thermoluminescence as a technique for the percep-
tion of food irradiation has been improved later 1985 for irradiated spices, herbs,

fruits, vegetables, and mushrooms, using the TL of mineral particles [20].

The initial application of this phenomenon for dosimetric goals was from
Daniel and his friends [21]. Since then much search has been performed for a
better understanding and development of the material characteristics as well as
to improve new Thermoluminescence materials. In these days, the TLD is a
well-established dosimetric method with applications in areas such as personnel,

environmental and clinical dosimetry [22].

The Thermoluminescence is a common phenomenon. Around three quar-
ters of 3,000 native minerals display Thermoluminescence affect; some minerals
as fluorite (CaFy) from obvious regions in Iceland, Brazil, Turkey and India are
between the most accurate phosphors common [23, 24]. The thermoluminescence
affect is not qualified to inorganic crystals and glasses. But; the thermolumines-
cence from organic compounds such as different polymers [25, 26]; and others
containing teflon [27], polyethylene, and polypropylene [28] generally consists of

below room temperatures. They aren’t interesting for practice dosimetry.

Early researches of synthetically activated TL phosphors such as CaSO4:Mn
date back to the turn of the century [29]. This sample was used in 1935, and again
since 1949 in rocket experiments for UV dosimetry [30, 31], and 1954 was used
in the firstly medical dosimetry resarch with thermoluminescence dosimetry [32].
The affect of X-ray on CaF, was initially studied by Wick and Slattery in 1928
[33]. Mangenese-activated CaFy was promoted in mid-1950’s as a susceptibility

and uniformity sample which has one large glow peak [34-36].

LiF dates back to the late 1940’s and firstly 1950’s, when Daniels and his
students [21] at university of Wisconsin researched the thermoluminescence of

alkali halides [37]. They used suppressed pellets of LiF powder for dosimetry



experiments. LiF' that is activated with Mg and Ti, called “TLD-100", governed
the low atom numbers detector market for following years and is style the most
used thermoluminescence phosphor [38, 39]. Manganese-doped lithium borate
and beryllium oxide [40, 41] have been the most successful low effective atomic

number materials so far.

Significant attempt have been connected during the past 50 years to the
development of susceptibility and uniformity of high effective atomic numbers ma-
terials [42, 43]. Natural fluorites [44, 45] turned out to be not too successful, and
thermoluminescence glasses [46, 47] could never severely contend with crystalline
phosphors. High susceptive phosphors such as CaSO4:Mn, CaF,:Dy end up to be
not uniformity enough for long-term measurements, however other, equivalently
constant and more susceptive samples (CaSO4:Dy, CaSO4:Tm) became existing
[21]. This area is yet advancing quickly with new detector materials or modified

old ones.

A large volume of knowledge has been published on the thermoluminescence
in common an private applications, involved dosimetry [22, 48, 49]. Total number
of publications on the Thermoluminescence dosimetry is approaching 3000 and

is increasing at rate of 200 papers per a year.

2.2 General Properties of Borates

Borates structures are naturally occurring minerals made up of boron which
is the fifth element in the periodic table. People require borates, too, as an
significant section of a healthy diet and an necessary content in many products
essential for an reasonable standard of living. The element boron does not occur
by itself in nature. Fairly, with oxygen and other elements boron combines to
mode inorganic salts (boric acid) called borates. Though the millions of tons
of industrial borates mined, treated and dispensed generally all over the world
every year, far major of quantities boron are transferred nearby the planet by

path forces of nature [50].



Figure 2.1: The shape of borates [50].

Borats are explained as “esters or salts of boric acid; a compound containing
the root BoO3” [51]. Borates are explained by industry as any acompound that
includes or requisite boric oxide. A great number of minerals to contain boric
oxide, however the three are important from a world generally commercial point of
view are: colemanite, borax, ulexite and these are manufactured in a restricted
number of states, rule by the Turkey and United States, which cooperatively

provide around 90% of the world’s borate essential [52].

Borate naturel substances (minerals) having work in an extensive diversity
of utilize for many nation, dating from at least the 8 century when they were
utilized more desirably as a flow for trying and pertaining Ag and Au. Their
valuable characterize and junction scantiness in a short period of time caused

international trade in borates [53].

Boron is every time combined with oxygen to form borates. Borates are one
of the most interesting groups due to the rich variety of their crystal chemistry.
New borate compounds which are not accessable with any other compounds are
explored [54]. Therefore borates have considerable significance for production of

high technology materials.

Generally, borate crystals can be recognized as following;:

(1) simple trigonal (BO3*7) and tetrahedral groups (BO,°~) which form the
basis for the structure of LiBOy crystals [55]. (Figure 2.2 a and b);

(2) bitrigonal and ditetrahedral groups (B,O5*") and (B,0;%7) (Figure 2.2.
c and d);



(3) circular six-membered groups with a mixed coordination (B3O0¢*7), (B3
O;°7), which form the basis for the structure of LiB3Os crystals (Knig
1978), (B30s™™), and (B30¢°) (Figure 2.2 e-h);

(4) coupled double six-membered rings (B5010°~) and (B4Og%~) which are
the base unit of Li;B,O7 crystals [56]. (Figure 2.2 i and j).

i ]
Figure 2.2: Basic structural units of borate crystals, closed and open circles are

boron and oxygen atoms, respectively [57, 58].

Borates have unique crystal and electronic structures, so they have establish

widespread application in regions like materials processing, medicine, etc.

Early investigation about laser was performed in 1960 [59]. Later the cre-
ation of laser, interactions between lasers and materials have been widely research
by many researchers. Laser light must be powerful and it has to possess exact fre-
quency. In order to ensure these features, laser beam need to be passed through
appropriate nonlinear optical crystals for instance, ArF, XeCl and KrF since there
is no suitable source occurs for the route manufacture of laser beam. However,
these crystals have some disadvantages such as corrosive gases, requirement of
high voltage gaseous discharges and necessity of regular maintenance. Therefore

new compounds including borates were desired to be synthesized [60-62].



Investigation in the area of non-linear optical devices leads to a growing
concern in new borate compounds. Lots of borates have excellent non linear
optical properties such as: high polarizability and perfect transparency in ultra-
violett area of planar (BO3)3~. Boron has just 3 electrons (1s2 2s2 2p1) to study
with, thus the ion is not polarizable. It doesn’t want to donate electrons and also
accept them easily. Therefore, boron and oxygen make together chemical bond
that is formed by sharing electrons. Due to the strong covalent B-O bond and

diverse structures, generally, borates have high nonlinear optical properties [63].

Because of the nonlinear optic properties of borate, rare earth borates,
alkali earth borates and rare earth alkali earth borates have been synthesized
and investigated to use as the hosts of nonlinear materials and laser materials
[64-66]. The initial nonlinear optic borate described was KB;Og. 4H0
in 1975 [67], and then very much of investigation concern has been based on
nonlinear optic properties of inorganic borates. [S-BaB,O, (BBO) [68] lithium
Borate [57] cesium triborate [69], KBe;BO3F5 [70], cesium lithium borate [71],
SroByBeyO7 (SBBO) [72], CayLnO (BO3)3 (CLnOB) [73], KoAl,B2O7 (KAB) [74]
and BiB3Og (BiBO) [75] are some of the examples.

Some activators (generally rare-earth oxides and transition metals) are
added as activators into the borate compounds in order to obtain luminescent
materials. These materials find widespread use in industrial application area.
For instance, Eu is doped into SrB4O; for ultraviolet emitting medical lamps,
tiberium and cerium are doped together into GAMgB50( for the green emitted
consituent in maximum-efficiency fluorescent lights and europium is doped into
(Y,Gd) BOj for the red emitted consituent in plasma demonstrate panels for

maximum description television.

Boric acid was firstly analysed by Wilhelm Homberg (1652-1715) from borax, by
the mobility of mineral acids and was utilized particularly the name sedative salt
of Homberg. Nonetheless, borates have been exploiting since early time in Greeks

for preserving foods, cleanings and other activities.

Crystalline boric acid make up of plates of B(OH); molecules keep along
with by hydrogen bonds. The B-O bond length is 136 pm and the O-H is 97 pm
with a hydrogen bond of 272 pm. The range between two neighbor plates is 318

pm.
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Figure 2.3: The unit cell of boric acid and hydrogen bonding lets boric acid

molecules to form parallel layers in the solid state [76].

2.3 Literature Survey on the Thermoluminescence Properties of

Neutron Dosimeters

In 2007, Triolo et al. studied the thermoluminescent glow curves of TLD-
600, TLD-700 and MCP for mixed area of n and 7. The flux rates of thermal
neutrons used to explain the confidently of the thermoluminescent dosimeters in
this radiation area and to get knowledge on the dose absorbed rates. The glow
curves found have been CGCD (computerized glow curve deconvoluted) program
using general order kinetics and the determined variations for the difference linear

energy transfer components have been inspected [77].

Yukihara et al. explained the probability of using neutron converters con-
solidated into Al;O3:C dosimeters to generate new neutron accurate optically
stimulated luminescence dosimeters proper for personal monitoring. A compar-
ison between different neutron converters show that lithium based compounds
result in the best neutron susceptibility, likely due to the comparatively big range
of the 2.75~MeV triton manufactured by the %Li(n,«)*H neutron capture reac-
tion. With these results, neutron susceptible optically stimulated luminescence
material for dosimetry systems was manufactured and characterized except for
the smaller gamma and enhanced neutron susceptibility. The gamma suscepti-
bility of the new material is ~35% because Al;O3:C composition is decreased in
the material. The neutron susceptibility performed in this new material is ~60%
of the neutron susceptibility of TLD-600 (°LiF:Mg,Ti) [78].
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Horowitzt et al. reports in commonly accepted thermoluminescence re-
sponse of fast neutrons to gamma betwen 0.05 to 0.3. A new thermoluminescence
dosimeter sample of LiF:Cu,Mg,P, with a ~ irradiation thermoluminescence sus-
ceptibility ~20 times larger than TLD-100 (LiF:Mg,Ti) is reported. The thermo-
luminescence response of LiF:Cu,Mg,P to californium-252 (*32Cf) (a fast neutron
source with an average energy of E = 2.5 MeV) is measured. Supposition of the

thermoluminescence signal was performed using CGCD program [79].

Mittani et al. reports the OSL (optically stimulated luminescence) fea-
tures of neutron dosimeters which is a mixture of C doped Al,O3 and neutron
converters. The neutron converters researched were maximum density polyethy-
lene, lithium fluoride, LiF 95% enriched with °Li, LiyCO3 95% enriched with 6Li,
H5'%BO; enriched with 99% of 1B and GdyO5. The ratio of C doped Al,O5 and
neutron converter in the mixture was optimised to minimize the whole optically
stimulated luminescence signal and neutron susceptibility. The neutron suscep-
tibility and dose return were reported for the optically stimulated luminescence
dosimeters using a bare californium-252 neutron source and similar to the return
of Harshaw neutron dosimeters °LiF:Mg,Ti and "LiF:Mg,Ti. The study indicates
the probability of improving an optically stimulated luminescence dosimeter con-
sist of C doped Al;O3 sample and neutron converter with a neutron susceptibility
and neutron gamma separation similar to the SLiF:Mg,Ti and "LiF:Mg,Ti com-
bination [80].

2.4 Literature Survey on the Thermoluminescence Properties of
Li,B,O;

In 2014, Dhanuskodi, Mohandoss and Vinitha studied the cobalt doped
lithium tetraborate. LioB,O7 doped with Co ions of different concentrations were
synthesized by chemical reaction and determined by XRD. SEM measurement
reveals the spherical morphology of the nanoparticles and the medium particle
magnitude is supposited to be 50-110 nm. Ultraviole—visible radiation response
demonstrate the incorporate of Co**and the Li-hole pair creation. The materials
are completely transparent in the visible area and having absorption peak 220 nm
in ultraviolet area. For the Z-scan method, the nonlinear optical parameters such
as nonlinear absorption, nonlinear optical susceptibility and non-linear refractive
index are estimated as, 10~2cm/W, 1077 esu and 10~%cm?/W respectively [81].
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Kimberlee et al. indicates on a determination into the OSL features of a few

common thermoluminescent samples, namely, CaSO4:Tm, CaFy:Mn, LiF:Mg,Ti,
and Li;B4O7:Cu. These materials were irradiated to air doses of 15 mGy, 150

mGy and 1.5 Gy and researched using a trading existing optically stimulated
luminescence reader system to designate their luminescence return to sustained
infrared and blue light stimulation, centered at 830 nm and 470 nm wavelengths,
respectively. Mn doped CaF, did not demonstrate an optically stimulated lumi-
nescence return with either blue light or infrared light excitation. Mg, Ti co-doped
LiF and Cu doped LiyB4O7 indicated comparatively low optically stimulated lu-
minescence signals just under blue light stimulation. Tm doped CaSO, showed
optically stimulated luminescence under both blue light and infrared light stim-
ulation at susceptibility crudely one order of size less than the OSL return of C

doped a-Al,O3 under the same situation [82].

Tou et al. presents the thermoluminescence return of strontium tetrabo-
rate glass related to electron rays at different Dy,Osconcentrations ranging from
0.00 to 1.00 mol%. Overall glass materials indicated only extensive peak with
maximum peak temperature located at 170-215 °C. The minumum thermolumi-
nescence response was determined at Dy,O3 concentration 0.75 mol%. This glass
demonstrated good linearity and higher susceptibility for 7 MeV compared to 6
MeV electrons. The determined of kinetic parameters indicated that the glasses

show second order kinetic [83].

O. Annalakshmi and his colleague have studied the LisB4;O7:Mn produced
by solid state reaction shows a dosimetric peak at 280 °C. The sensitivity of Mn
doped Li;B4O7 is found to be 0.9 times that of TLD-100. The infrared spectrum
of this phosphor demonstrate the existence of bond vibrations relative to BO;
triangles and BO, tetrahedral. The mechanism for TL in this phosphor was
focused on the thermoluminescence emission spectra and thermoluminescence

glow curves measurements on non-ray and gamma-ray phosphors [84].

C. Furetta et al. researched the thermoluminescence properties of Li;B4O7
polycrystaline powder undoped and doped with Cu or Eu impurities in 1996. In
the case of LiyB4O7:Eu, a high temperature thermoluminescence peak induced
by the impurity is showed at any dopant concentration. Comparative analysis of

undoped LiyB4O7 reveals the contributions of impurities to the glow curves [85].
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X. Zhengye and his colleagues have worked on Li;B,07:Cu,Ag,Mg phos-
phors by the sintering method. The roles of Mg and Ag dopants in the phosphors
have been reported using the technique of thermoluminescence glow curves and
3D thermoluminescence spectra. The results showed that suitable concentrations

of Ag and Mg can increment the thermoluminescence of LisB4O7:Cu. It was
also demonstrated that the intensity of thermoluminescence peak at 130 °C is

diminished with the rising Ag concentration, and diminished with the rising Mg

concentration [86].

LisB4O7:Cu TLDs phosphor radiation dosimetry characteristics was also
researched by A.R. Lakshmanan et al [87]. The large peak in that phosphor take
placed at 230 °C and its thermoluminescence susceptibility to gamma ray is two
three times larger than that of TLD-100.

In 2005, Manam and Sharma reported the Cu-doped Li;B4O7; phosphor.
They have determined the trapping parameters such as activation energy, fre-
quency factor and order of kinetics. This work was one of the most significant
studies in the area of TSL. A polycrystalline material of Li;B,O7: Cu was syn-
thesized using the melting technique. Sample was tested using of FT-IR spec-
troscopy. Termoluminesce measurements of the LisB,O7:Cu material indicates 3
glow peaks at temperatures of 175 °C, 290 °C and 350 °C, repectively and the
intensity of the glow peak at 175 °C is the heighest one. The trapping param-
eters related to this featured glow peak of Cu doped Li;B,O; are investigated
here in, using the Chen’s peak shape and isothermal luminescence decay tech-
niques. Their results indicate that very well understanding between the trapping

parameters determined by the two techniques [88].

Kelemen et al. investigated the RL and TL data for Mn doped single crystal
and glassy materials of lithium tetraborate, and single crystal create of the lithium
tetraborate. The measured light output of Mn doped lithium tetraborate and Ag
doped lithium tetraborate single crystal and glassy samples during the irradiation
procedure and the subsequent TL process revealed that glassy structure showed

much lower trapping efficiency than the corresponding single crystal [89].

Driscoll et al. compared the thermoluminescence features of manganese
doped lithium borate sample with copper doped lithium borate and copper and
silver doped lithium borate on their dose response conducts and levels of fading
and the results are in good agreement with that of Wall. Driscoll et al. also
compared the usable dose ranges and photon energy responses for TLD-800 chips
and two different Mn doped LTB obtained from two producers. Results of this

comparison reveal the two different Mn doped LTB has similar properties [90].
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2.5 Literature Survey on the Thermoluminescence Properties of
LiB;05

Lithium triborate is considered as a technologically important material for
diverse applications, such as nonlinear optical materials [54] laser harmonic gener-
ation, acoustic wave [91, 92] and recently neutron detectors. Furthermore, lithium

triborate is suggested as efficient thermoluminescent material [93, 94].

Ogorodnikova and his colleague have reported the recombination processes
and lattice defects in crystals of alkali metal borate lithium triborate by the

implement of the thermoluminescence and ESR methods [95].

N. Senguttuvana and his collogues studied crystal growth of lithuim trib-
orate doped with Ni, In, Ce, Ti and Cu and some works on their luminescent
features. Crystals were grown by the Bridgman technic. The Ce-doped com-
pound indicated powerful emission at 375 nm for 2 stimulation peaks at 270 and
320 nm [96].

Chen provided the probable submitting of lithium triborate crystals in non-
linear optics in 1989 [57]; lithium triborate is one of the alkali borate crystals with
benzene ring same B,O3~ groups. Alkali borate crystals have an excellent non-
linear optical property because of their anionic teams [93]. Then, this compound
has been used in nonlinear optical applications [98-101]. Besides, it is
known that “B” and “Li” both have major neutron seizing capability which makes
lithium a encouraging scintillator for neutron detection [102]. Since lithium borate
crystals have great number of boron atoms per unit cell, they are very attractive
for neutron detectors. This situation was investigated and showed primary for
glass and ceramic samples by Van Eijk (1997) [103].

Initial studies on LiB3Os, which is a nonlinear optical (NLP) crystal, was
performed by Mazzetti and Carli in 1926 [104] and followed by Rollet and Bouaziz
[105).

Mathews et al. investigated the high temperature behavior of the LiyO-
B,03 system and found that LiB3Os5 gave three overlapping, distinct and small
endotherms at 845, 880 and 907 °C. The endotherms at 845 °C and 880 °C were
ascribed to the unsuitable melting of lithium heptaborate, and last endothermic
peak was attributed to unsuitable melting of LiB3Os5. In the same investigation,
the unit cell parameters of LiB3Os, a: 8.444 (2), b: 7.380 (3), ¢: 5.142 (2), its
density (2.43g/cc) and its solubility (1.84 g/ml) were determined [106].
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Wei et al. (1990) investigated the lithium triborate structure depending
on temperature. They reported that LiB3O5 decomposed above 500 °C forming
LiysB4O5. Lithium triborate powder materials were heated at 520 °C for 130 hours
and 580 °C for 95 hours. After heat treatment, the peaks belonging to LisB,O7
were observed in the X-ray diffraction patterns of LiB3Oj5 [107].

Konig and Hoppe (1978) synthesized the first small lithium triborate crystal
which was produced by solid state method of B,Oj3 glass covered with LiF powder
at 750 °C for 10 hours. They determined the cell parameters and crystal system of
the lithium triborate. Lithium triborate crystal was in the orthorhombic system
with the space group Pna21-C2v and the unit cell parameters were determine
as a= 8.466(2), b=7.380(2) and ¢=5.147(2). In this study, it was also observed
that lithium triborate (LiB3Os) decomposed to lithium tetraborate (LipB,O7),
and lithium octaborate (LipBgOy3) at 595 °C [108].

The crystal structure of LiB3Os5, depended upon thermal treatment, was in-
vestigated by Shepelev et al 2005. LiB3O5; was heated at different temperatures
and crystal structure of lithium triborate was evaluated by X-Ray diffraction.
They found that the intensities of certain reflections of LiB3Oj5 alteration impor-
tantly on heating. When temperature was increased above 650+20 °C, the first
slight traces of Li3sB;015 were observed. These investigations showed that LiB3Os5
was a metastable compound below 600 °C. It started to decompose to Li;B4O~
or LizB;01, [109)].

In 2008, Surovtsev et al. studied to establish the temperature dependent
properties of structuring of lithium triborate melts. Single crystals of lithium
triborate were grown by using Li;COjz and BsO3 as well as MoOg3 as a flux by
TSSG method. Surovtsev et al. reported that crystalline substance consisted
mainly of lithium triborate and lithium tetraborate was presented with a minor

concentration [110].

Eugene et al. (2006) [111] claimed that using stoichiometric melts of the
system LisO-B5O3 for growth of major quality lithium triborate single crystals
is unable. The main problem of growth of high-quality lithium triborate single
crystal is reproducibility due to the low heat conductivity and high anisotropy of
crystal thermal stretching, incongruently melting properties, trouble in crystal-
lization which assumed to be relevant to the polymerization of BO, tetrahedra
and BOj triangles in the melt [54, 112].
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2.6 Literature Survey on the Thermoluminescence Properties of
MgB407

Thermoluminescent dosimetric features of MgB4O7:Dy,Na were reported by
Furetta [113]. The following TL dosimetric features of this sample were investi-
gated in that work; the shape of glow curve, thermoluminescence susceptibility,
annealing procedure, photon dose response, and optimum detectable dose, cer-
tain of thermoluminescence measurements, reproducibility, and energy response

and fading characteristics.

A thermoluminescent material based on MgB,O7:Dy was also advanced at
the Boris Kidric Institute of Nuclear Sciences and characterized by L.L. Campos
and O.0. Ferando Filho [114] .

In 2014, Kawashima and his colleague have studied the polycrystalline ma-
terials of MgB,O7 doped with Tb for different concentrations using the solvent
evaporation procedure [115]. The material doped with 1 mol% of Tb reported
the largest luminescence intensity. The glow curve of the materials indicated an
intense and good described thermoluminescence peak having the highest on 220
°C and a low shoulder peak at ~330 °C. Thermoluminescence spectra and flu-
orescence of 1 mol% doped material reported a powerful Th3" emission lines at
489, 545, 588 and 622 nm. The thermoluminescence dose response was calculated
over the gamma ray interval between 1 and 10 Gy. The connection between peak
intensity and dose was linear and the optimum perceivable dose acquired by ad-

dition take statement of 3 times the normal deviation of the dose reading was 50

Gy.

Sensitivity and fading characteristics of thermoluminescence magnesium
borate was reported by C.M.H. Driscoll et al [116]. The new tissue equivalent
magnesium borate has been studied and compared with those established mate-

rials.

Sahare et al. in 2015 presented the optimized dosimetric features of small
atomic number Mn,Tb doped magnesium tetraborate using a thermolumines-
cence. The phosphor sample was produced using a traditional maximum temper-
ature solid state method. The sample and stage naivety of synthesized sample
were validated by sample XRD analysis. The sample in the micro crystalline
structure was constituted to be in orthorhombic compose. The relative dosi-
metric features of the phosphor sample have been prevalently examined for its

practices in medical and personal dosimetry. It has been constitute that the
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Mn,Tb co-doped MgB,O; sample, against v radiations, indicates beter thermo-
luminescence susceptibility and has an point via the Mn and Tb doped materials
as it is a great deal susceptible than the formers. It has an easy glow curve struc-
ture two good decomposed thermoluminescence peaks centered at approximately
475 and 650 K. At the end of the storage in the dark for 1 month, the maximum
intensity of was reduced nearly ~10%. It was also expressed that the thermolu-
minescence sensitivity of the sample is 3.5 times than that of TLD-100, effective
atomic number is ~8.23 and has a linear dose response up to broad interval form
0.1 Gy to ~5.0 kGy of ~ radiation [117].

Furetta was presented certain thermoluminescence features of Dy and Na
doped magnesium borate, namely the TL response of absorbed dose and the
fading manner [118]. Dy and Na doped magnesium borate indicates a better
linear interval of the thermoluminescence response as a function of the absorbed

dose also a small threshold dose.

J.H. Souza et al [119] done two sets of empirical works pursued by computer
analysis of more than 200 glow curves show that a joining of at least eleven peaks
of first order kinetics is essential to define the glow behavior of dysprosium doped
magnesium tetra borate. It was found that for a heating rate of 1 °C/s the high
intensity of singular peaks are available the pursuing temperatures: 101, 110,
126,142, 155, 160, 173,192, 224, 231 and 304 °C.

Annalakshmi et al. (2013) determined rare earth elements with doped mag-
nesium tetraborate produced by high temperature solid state reaction method.
Among the distinct such as Gd, Na, Ag and Li dopants worked in this MgB,0O~
sample. The thermoluminescence susceptibility, dose response glow curve, and
after irradiation storage consistency were worked for the probably use of this
sample in radiation dosimetry applications. The thermoluminescence parame-
ters, like the b, E and s were found for the MgB,O7:Gd phosphor. The phosphor
was determined to be reusable post a few cycles of irradiation and annealing.
The after ionizing radiation storage consistency works indicated that this close
tissue-equivalent phosphor, which has a gamma susceptibility five times that of

TLD-100, is convenient for medical dosimetry applications [120].

Environmental radiation monitoring around coal fired power plants to find
the instability in measured background exposures were reported by F. Adrovic
[121]. Measurements have been done using a multi-element, maximum accu-
rate dosimeter system comprised of three solid, appropriately filtered, sintered

Dy doped CaSO, thermoluminescent detectors, and single small atomic number
Dy,Na doped MgB,O7 thermoluminiscencent detector manufactured at the Vinca

Institute .
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Pradhan has investigted the general characteristics of MgB,0O7:Dy, Li;B,O7
:Cu,Ag and Li;B4O7:Cu as promising TL dosimeters due to their tissue equivalent

effective atomic number [122].

T. Karali and his team mates reported X radiation stimulated thermolu-
minescence spectra of either single rare earth ions Dy or Tm, or co-doped with
Dy/Tm, Tm/Mn or Dy/Tb with doped magnesium borate [119]. Domestic emis-
sion from the host sample was determined in the ultraviolet/blue area at roughly
375 nm, with a tail lengthily to 200 nm. The basic dosimetric peak is detected
at roughly 180 °C however light diversity are determined between the glow peak
maximum from the different rare earth ions and there were alterations pursuing
thermal treatments [123].

2.7 Literature Survey on the Thermoluminescence Properties of
CaB4O7

The TL characteristics of glass containing divalent copper were studied by
Fukuda et al [124]. The TL of X-ray irradiated copper doped borate compunds
(0.01 to 1.0 mol %) is studied. The thermally stimulated luminescence for X-ray

irradiated glass indicated maxima in temperature area 90-100 °C.

Haghiri et al. (2014) reported the dosimeteric features of rare earth Cu and
Mn doped CaB4O; nanocrystals sample produced by co-precipitation method.
The compound and the morphology of the manufactured nanophosphor were de-
termined by XRD and TEM. Thermoluminescence glow curve of this nanophos-
phor sample demonstrated two well separated peaks embed at nearly 124 °C and
256 °C. The nanocrystals sample gives good linearity response in the interval of
0.05-3000 Gy [125].

The affected of lithium co-dopant on the TL of certain thermolumines-
cence phosphors has been reported by Mirjana Prokic [126]. Results indicate
that lithium codopant when existing in Tm doped CaSO,4, MgB,0;, CaB,07,
Dy doped CaSO,4, MgB40O7, CaB,0O7, Mn doped CaFy, MgB,0O; and MgB,0O,:Th
TL phosphors causes largest luminescence efficiency either because of very well
combination of activator ions or because of development in energy transfer pro-

gression.
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In 2013, Padlyak and Drzewiecki studied the terbium and dysprosium with
doped CaB,O; and LiCaBOj3 glasses spectroscopy. A series of borate glasses
of maximum optical quality with Tbh doped CaB,0O;, LiCaBO3 and Dy doped
CaB,0, LiCaBO3 compounds including 0.5 and 1.0 mol% Thy03 and Dy,03 im-
purity compositions were acquired from associated sample compositions using
normal glass improve technology. By EPR and optical spectroscopy it was indi-
cate that the Th and Dy impurities are combination as Th*" and Dy3* ions in
the Ca and Li(Ca) sites of CaB4O7 and LiCaBOj glasses network, respectively.
The luminescence stimulation and emission spectra also luminescence kinetics of
the Thb3" and Dy?" centres in the CaB4O; and LiCaBOj glasses have been re-
searched and determined in comporable with acquired initial conclusion for Th3*
and Dy®" centres in the Li;B4O; glasses. Luminescence kinetics indicate only
exponential decay for Dy** and Tbh3" centres in the LiCaBO3 and CaB,O7glass
network. The obtained results show that the CaB,0O; and LiCaBOj3 glasses are
encouraging luminescent samples, operating in green and yellow blue spectral
fields, when activated with Th?T and Dy*" ions, respectively [127].

The TL in sintered CaB,0O7 doped with activators Eu, Dy, Pb and Cu was
investigated bu Y.Fukuda and his friends [128].

Glass sample with CaB4O7; and CaBQOy, such as the zCaB,0O; - (100-z)
CaBy0y4 system (0 < z > 100 wt%) were acquired by the conventional melting
and quenching technique by S.S. Rojas [129]. The dysprosium doped and lithuim
co-doped 80% of CaB,O;— 20% of CaB,0, glass materials were worked by the
thermoluminescence method. The additional of dysprosium enhanced the signal
susceptibility in concerning three times according to the undoped glass material.
The additional of lithuim as a co-dopant in this sample induced an interchange

to a smaller temperature of approximately 20 °C in the basic glow peak.

2.8 Literature Survey on the Thermoluminescence Properties of
BaB4O7

Manam and S. K. Sharma firstly reported TL studies of BaB4O7; compound
[130]. The polycrystalline material of BaB4O7; was prepared by a melting tech-
nique. The creation of the BaB,O; composition was verified by an XRD work.
The composition has orthorhombic structure at room temperature. The ther-
mally stimulated luminescence glow curves of BaB4;O; compound when heated at
a constant heating rate of 4 °C/s indicate two thermoluminescence glow peaks at
110 and 150 °C followed by a shoulder around 210 °C.
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In 2004, Juan Li and his friends presented thermoluminescence features
of dysprosium doped BaB;O7:Dy phosphor. The powder sample of Dy doped
BaB4O; phospor were synthesised by solid-state method in air with major tem-
perature [131]. The thermoluminescence glow curves and three dimentional ther-
moluminescence emission spectrum was studied in 20-130 kGy dose range The
emission bands about at 480, 575, 660 and 750 nm were noticed in the three
dimensional emission spectrum. The experiment conclusion indicates that Dy
doped BaB,O; potential use as the materials of gamma radiation thermolumi-

nescence dosimeter for cilinical dosimetry.

Mishra and his friends have studied the relation between mechanolumines-
cence and thermoluminescence of v radiation BaB,O7:Dy phosphor compound.
BaB4O; and BaB,O,:Dy phosphor have been prepared by solid state reaction
method and its TL and mechanoluminescence has been researched. A one peak
at 162 °C along with to shoulders approximately 242 °C and 294 °C was noticed
in thermoluminescence glow curve of BaB,O; phosphor. Thermoluminescence
intensity increased with added to dopant concentration and extensive band was
noticed fort he material having 0.5 mol% of dopant concentrations. For larger

concentrations of dopant, the concentration quenching was occurred [132].

Sangeeta and S.C. Sabharwal reported the kinetics of TSL emission from
BaB,0O,, CaB;04 and SrB;0O4 has been researched employing both isothermal
decay analysis and peak shape techniques in 2004 [133]. The emission spectra of
CaB5;0,4 and SrB,O4 were constituted to comprise two extensive emissions: single

in the ultraviolet and the other in the blue green areas [133].
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CHAPTER 3

THEORY

3.1 Neutrons

The invention of neutrons in 1932 lead the wide usage of nuclear energy
in present day. The radiation manufactured in nuclear reactors is completely
because of neutron interactions with the samples in the reactor core. A neutron
has concerning the like atomic mass same as a proton, however dissimilar a proton,
it has no electrical charge. A proton with its plus charge is forcefully repelled

form a nucleus, however a neutron is not due to not having a charge.

0;9 O—*a

Figure 3.1: A Proton is repelled; however a neutron is not [134].

Neutrons have no charge, are not pushing back if they closing nuclei, and
could essentially go into nuclei. It is for this cause that they are of large significant
in nuclear physics when you same, they are the blade with which the scientists
can nudge about in the nucleus. Because of neutrons are electrically neutral,
they reason no ionisation immediately, and thus they could travel large distant

whereby substance, more same gamma rays.

The most important feature for producing neutrons is that they have to
be ejected out of the nucleus. They arise from the nucleus with a large velocity,
having energies of up to a few MeV. Majority of these neutrons are decelerated by
collisions with nuclei. Later maybe a hundred of as collisions, the velocity of the

neutrons is lower to as an rate that they have concerning the like kinetic energy as
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the particles of their around. The kinetic energy of these particles is fundamental
the temperature of the sample they constitute. For this reason, the neutrons
that are slowed down to the similar energy level of the surrounding particles are
called thermal neutrons. They are usefull for triggering fission reaction. Thermal

neutrons continue to drift until they are captured by a particular nucleus [134].

The route in which neutrons interact with substance depends to a major
range on their energies. For this cause, neutrons are frequently definited by energy

as the under mentioned:

e Fast Neutrons - above 8 keV
e Slow Neutrons - below 8 keV

e Thermal Neutrons - about 0.025 eV

Although the thermal neutrons have as little energy as possible, thermal
neutrons should not have a residual effect. They still exits and travel at speeds
of 2.2 km/s [135-138].

3.2 Neutron Sources

3.2.1 Fission

Along with the techniques of decay argued precedently, there is still else
methods in which weighty nuclei like uranium can reach a stable level. This is
by separating into two sections. The separating of a nucleus is named fission,
and the two sections of the initial nucleus are named fission fractions. These
fission fractions are not a thing other than two lesser nuclei. Spontaneous fission
of uranium occurs comparatively rarely. It happens almost seven times a second

in one kilogram of uranium.

Figure 3.2: Fission [134].
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Nevertheless, in the later years of 1930’s it was find out that Uranium-
235 can be caused to fission by thermal neutrons. A neutron can go into the
Uranium-235 nucleus to create a stimulated composition nucleus, Uranium-236%*.
The asterisk * demonstrates the stimulation level. Nuclear fissions, and also the
fission fractions, it besides creates 1/3 additive neutrons, and a large amount of

energy in the generate of warmth and gamma ray

/g,o @O @ ©

Figure 3.3: A chain reaction [134].

The production of additional neutrons in every fission carriers a significance.
If these additional neutrons can be formed to reaction with other U-235 nuclei
to create still very fissions, thus that every fission conclusions in extra fissions,
a “self-sufficient” or chain reaction happens. This does occur when the suitable
circumstances are satisfied. The fission neutrons occupy a broad energy range,
however have an average energy of 2 MeV. Fission neutrons lost energy by means

of collisions with the fuel, compression tubes, construction sample and moderator.

3.2.2 Photoneutrons

Gamma photons with energies higher than 2.21 MeV can to interaction

with the deuterium nuclei in weighty water to create so-named photoneutrons.

.

j"ﬁ —— > 5
y+H —  H'+on' \

Figure 3.4: Photoneutron generation with deuterium [134].

In CANDU reactors, this interaction happens anywhere deuterium (D50 in

the reactor) is being exterminated by great energy gamma radiation. When the
reactor is closedown, the photoneutron creation reduces [134].
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3.2.3 Neutron Sources Used for Calibration

Whole nuclear positions have a neutron source for calibrating neutron equip-
ment. Assuming that an alpha emitter, as americium-241, is mixture with beryl-

lium, the alpha fragments emitted by Am-241 can induce following interaction:
sHe + {Be — $2C + (n

We have two sources in such a way; one for calibrating the reactor activates

equipment and one for analyzing the neutron inquiry meters.

3.3 Neutron Reactions

The reactions of neutrons with nuclei are named neutron reactions. The
most commonly known neutron interactions are [135-138]: Fission, scattering

and activation.

3.3.1 Fission

It is the breakdown of the nucleus by interaction of the nucleus with ther-
mal energetic neutrons (E ~ 0.025 eV). After the fission, two product cores are

energized in large quantities as well as other by-products [139, 140].

3.3.2 Neutron Scattering Reactions

(a) Elastic Scattering

The energy is that the neutrons, which are in the MeV range, have lost their
energy and brought it to the fountain. This is scattering (n, n) type reactions,
in which the total kinetic energy of the two colliding particles is preserved. The
neutron multiplies the atom’s core and transfers some of its kinetic energy to the
nucleus. The smaller the mass of the nucleus, the greater the kinetic energy to be
received by the nucleus. It then deviates from the direction of arrival and moves
away from the nucleus. In this case there is no change in the structure of the
nucleus. In such collisions, slow neutrons can transfer a small fraction of their

energy to the core due to their small kinetic energy [139].
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O scattered neutron
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Figure 3.5: Elastic scattering [134].

(b) Inelastic Scattering

This scattering occurs when (n, n), (n, 2n) type reactions occur. Neutron
with sufficient energy (E=1 MeV veya E>1 MeV) stimulates the nucleus. In
this case, the neutron enters the core. This changes the physical structure of the
nucleus. This takes a very short time, giving some of the neutron kinetic energy
to the core. The core leaves the core in a direction different from the direction
of arrival and with a smaller energy than the energy initially possessed. Below
this energy value, it is only scattering. In such reactions the nucleus is left in an
stimulated state. Then the excited nucleus is degraded by emitting radiation like

a gamma ray [139].

o scattered neutron

e

incoming neutron© ——» a
. gamma photon

Figure 3.6: Inelastic scattering [134].

3.3.3 Neutron Activation Reactions

When an energetic neutron is incident on a nucleus and captured by it, the
necleus becomes unstable. This newly formed unstable nucleus immediately ejects
a proton or an alpha particle to form a different element, or radiate a gamima
photon to lose its excess energy. The reaction which the unstable nucleus undergo
is determined by the excess enery of the incident neutron. These reactions can

be explained with the following examples;
(a) Neutron-Proton Reaction (n,p)

Oxygen-16 is a nice instance. It seizes a greater-energy neutron and emits a
proton to create nitrogen-16. This is called an (n,p) interaction, since a neutron

going in and a proton be released.
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on' + 50'® nucleus becomes g 7N nucleus + p'

Figure 3.7: (n,p) Interaction of Oxygen-16 [134].

The product, nitrogen-16, is radioactive. It is a beta-gamma emitter with
a half-life of 7.2 s. What is much more significant is that it besides emits much
great-energy gamma photons in the area of 6 to 7 MeV. At potential, these gamma
photons spread by the N-16 that was generated by (n,p) interactions with oxygen

atoms in slight or weight water are significant in radiation conservation.
(b) Neutron-Alpha Reaction (n,«a)

An instance is the slow neutron seize by boron-10 (1°B) in this interaction:

/V

O - >
on' +:B' nucleus becomes ﬁ;\‘ 5Li" nucleus + ;He*

Figure 3.8: (n,«) Interaction of Boron-10 [134].

Both the alpha particle and the lithium nucleus have kinetic energy, and
both induce ionisation in the general method. This is a significant interaction for

equipments accustomed to receive slow neutrons and thermal neutrons.
(c) Neutron-Gamma Reaction (n,7)

This is one of the high usual neutron interactions. The recent nucleus
created emits just a gamma photon. This means that the product nucleus is an
isotope of the similar element as the initial nucleus (its atomic weight will have
raised by one). Much more elements will subjected like interactions, however
the interaction is most probably to happen with thermal neutrons than with fast
neutrons. This interaction is usual named radiative seize since a gamma photon
is radiated when the neutron is seized. There are many examples; we will use

only four.

1. The most easy neutron-gamma interaction (n,y) happens with hydrogen-1 to

form deuterium (hydrogen-2) in in + {H — 2H + ~ :
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neutron O

Y
Figure 3.9: (n,y) Interaction in H-1 to form H-2 [134].

The deuterium produced is a steady nuclide. But, many yields of (n,y) interac-

tions are radioactive and are beta-gamma emitter.

2. Deuterium itself can undergo an (n,y) interaction asin jn + ?H — $H + ~ :

)=~

Figure 3.10: (n,7) interaction in H-2 to generate H-3 [134].

neutron O

The product is the hydrogen isotope with a mass number of three. This appears

a suitable level to examination the three hydrogen isotopes shortly:

OR0R0

1H? (deuterium) (H? (tritium)

Figure 3.11: The three isotopes of Hydrogen [134].

Whole three atoms are isotopes of hydrogen and consequently their nuclei every
include one proton. Moreover, the deuterium nucleus includes one neutron, and
the tritium nucleus includes two neutrons. As a result chemically whole three
isotopes are same, however hydrogen and deuterium are steady; tritium is ra-
dioactive. Tritium has a half-life of 12.3 years. It emits beta particles of lesser

energy (high energy= 18 keV):
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1P

oHe3+ 5~ (no gamma is emitted)

Tritium is produced in heavy water reactors where deuterium is against to slow

neutrons. It is the most significant radionuclide in CANDU reactors.
3. An significant (n,7) interaction is that sustained by argon-40:
on'+ 1gArt —— gArtt+ 4

Argon-41 is a beta-gamma emitter with a half-life of 1.8 hours. Because argon
constitute about 1% of air, radioactive argon-41 is going to be formed in whole

places where air is exposed to neutrons.

4. As a final for instance, deal with the (n,y) interaction of U-238 in the nuclear

fuel:
onl U U 4y

The yield U-239 is a (-, emitter with a half-life = 23 minutes.
902U —— g3Np*® + 37 v

The daughter is an element of atomic number 93 named neptunium (Np) which
does not exist in nature. Np-239 is besides a beta-gamma emitter and it has a
half-life of 2.3 days:

93Np?¥ —— g,Pu®? + =~

The daughter is plutonium-239, one more element which does not obtain gen-
erally. Pu-239 is a continuing alpha emitter. It has nuclear features partially
identical to uranium-235, since neutrons may induce it to fission. Fuel that is
in a performing reactor will progressively generate a few Pu-239 as a conclusion
of the reactions over, and afterwards this Pu-239 will fission and produce heat
similar to U-235.

Whereas there are several sources of neutrons at Ames, scientists should
still have a usual familiarization with this type of radiation. Neutrons are given
off by just the weightiest clements like uranium. These weighty particles are
relatively great and have a tendency to split spontaneously down the medium
producing two recent elements with nuclei that are the most closely same in
magnitude. The ejected neutrons composes a small portion of the end product of
splitted nucleuses. They possess enough energy to repeat a new splitting reaction

if it is the vicinity of another large nucleus. The number of splitting nucleus can
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increase rapidly by interacting with these ejected neutron. This process is called
chain reaction if there are sufficient nuclei in the vicinity. These interactions are

used in nuclear reactors to warmth water for producing electricity.

Neutrons are able to besides be syntheticly produced by equipments user
alpha emitters, for example radium, if the alpha emitter is confined with by a
metal like beryllium. The effect of the alpha particle on the beryllium nucleus
is to cause it to split and emit a neutron in the progression. The neutron has
no charge and thus can be most entering. The quantity of shielding essential for
decreasing a neutron flow to a reliable state is immediately connected with the
energy of the neutrons in the flow. Several centimeters of shielding will ensure
enough prevention from slow neutrons; however a few feet of shielding may be
essential for the very energetic neutrons. Shielding is very well carrying out by

utilizing hydrogen wealth samples such as water, Plexiglas, or paraffin.

Associated with protons, neutrons generate the nucleus, keeep along with
by the powerful force. The neutron is a baryon and is noted to be comprised of

two down quarks and one up quark [141].

Decay of neutron
M= p+e+7

Figure 3.12: Decay process of neutron.

A free neutron will decay with a half-life of almost 10.3 minutes; however it
is steady when jointed into a nucleus. The decay of the neutron includes the weak
interaction as demonstrated in the Feynman diagram to the true. This actual
is significant in samples of the early universe. The neutron is almost 0.2% more

massive magnitude than a proton, which interpretations to an energy distinction
of 1.29 MeV.

mp = 1838.68 m

2
U ="up"quark +3e &
@ = down" quark -3 6 = 930.5656 MeV/c 2

Neutron = 1.0086647 u

Figure 3.13: Feynman diagram.
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The decay of the neutron is relevant to a quark conversion because of this
a down quark is surrounded to an up by the weak interaction. The approximate
half-life of 10.3 min/0.693 = 14.9 minutes is appallingly lengthy for an atom de-
cays that product 1.29 MeV of energy. You would say that this decay is gradually
“downwards” in energy and could be hoped for advance quickly. It is likely for a
proton to be converted into a neutron; however you have to provide 1.29 MeV of
energy to arrive the threshold for that conversion. In the many initial levels of
the big bang if the thermal energy was higher than 1.29 MeV, we estimate that
the conversion among protons and neutrons was progression smoothly in both

positions such as there was an actually same number of protons and neutrons.

A free neutron having a half-life of about 10.3 minutes will decay if it is
not captured by a nucleus. Beta decay with an emission of an electron and an
electron antineutrino can be observed after the neutron capture. The decay of
the neutron involves the weak interaction as indicated in the Feynman diagram
to the right.

mp = 1838.68 mg

2
U ="up"quark +3e -27
I 1 Mass = 1.6749x 10 kg
= Wi -8
D K =S = 939.5656 MeV/c2
Decay of neutron
N p +& +7 Neutron = 1.0086647 u

Figure 3.14: Feynman diagram.

A much particular diagram of the neutron’s decay definitions it as the
conversion of one of the neutron’s down quarks into an up quark. It is an instance
of the type of quark conversions that are included in very nuclear progression,

involving beta decay [141].

p

et \
U a u

% @
e
R,
Neutron decay
via weak
interaction

Figure 3.15: Neutron decay via weak interaction.
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The decay of the neutron is a well instance of the investigation what causes
the find out of the neutrino. An analysing of the energetics of the decay may be
employed to exemplify the quandarys what compare to initial scientists of this

progress.

Using the conception of binding energy, and to presenting the masses of
the atoms by their remain mass energies, the energy product from neutron decay
may be to take into account from the atom masses. The energy product is con-
servatively symbolized by the Q. Since energy and momentum need be protected
in the decay, it will be indicate that the lighter electron will make away with very
of the kinetic energy. With a kinetic energy of this size, the relativistic kinetic

energy to explain need be used.

® m, =939.5656 MeV
m, =938.2723 MeV
® m,=0510999 MeV
0.7823 MeV=0 for n—>p+e

Figure 3.16: Rest mass energy of particles.

For the moment we assume indirectly that the decay includes only the
proton and electron as yields. The energy product Q could then be subdivided
among the proton and electron. The electron will obtain very of the kinetic energy

and will be relativistic, however the proton is non-relativistic.

The energy equate is thus

1 P2
= 0.7823MeV = KE, + —m,v? = KE, + =2 3.1
Q 2 PP 2m,,c? (3-1)
In the remain limits of the neutron, preservation of momentum necessarys
PCelectron = = PCproton
and PCejectron May be termed in conditions of the electron kinetic energy
(PCetectron)’ = KE* + 2K E,.m,c? (3.2)
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The energy equate thus occurs

KE? + 2KE, - m.c?
2my,c?

0.7823MeV = KE, +

(3.3)

If you subrogate the numbers for this value of Q, you see that the KE.? expressed
is insignificant, thus the necessary kinetic energy of the electron can be calculated.

The necessary electron kinetic energy for this two-atom decay figure is
0.7823MeV = KE, {1 + %} ; KE, = 0.7819MeV (3.4)
P

In the same way, the momentum of the electron for this two atom decay is enforced
to be

Pletcctron = VK E2 + 2K E,.m.c* = 1.188MeV (3.5)

The available momentum and energy dispersions for the electron are like indicate
following [141].

Momentum Energy
Distribution Distribution

Relative number

of electrons
Relative number

of electrons

1.19 MeV/e

Momentum ( MeVic) Electron kinetic energy (MeV)

Figure 3.17: Momentum and energy distribution of electrons

The fact that the electrons produced from the neutron decay had continuous
distributions of energy and momentum was a clear indication that there was
another particle emitted along with the electron and proton. It had to be a neutral
particle and in certain decays carried almost all the energy and momentum of the
decay. This would not have been so extraordinary except for the fact that when
the electron had its maximum kinetic energy, it accounted for all the energy Q
available for the decay [141]. So there was no energy left over to account for the
mass energy of the other emitted particle. The initial investigators were compared
with the quandarys of an atom which could transport closely whole the energy
and momentum of the decay; however what had no charge and seemingly no

atomic mass.
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The mysterious atom was named a neutrino, however it was 25 years before
unambiguous empirical investigation of the neutrino was generated by Cowan and

Reines. The available perceiving of the decay of the neutron is

n — p+e + 7 (3.6)

This decay illustrates some of the conservation laws which govern particle
decays. The proton in the product satisfies the conservation of baryon number,
but the emergence of the electron unaccompanied would violate conservation of
lepton number. The third atom need be an electron antineutrino to permit the
decay to gratify lepton number protection. The electron has lepton number 1,

and the antineutrino has lepton number 1.
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CHAPTER 4

MATERIALS AND METHODS

4.1 Materials

The synthesis of the compounds and the majority of the characterization
in this study were held in Middle East Technical University, Faculty of Art and
Sciences, Department of Chemistry. The syntheses of materials were done in solid-
state chemistry laboratory. Thermoluminescence and sensitivity measurements
of products against neutron dosimeters were held in Gaziantep University in the

Department of Engineering Physics.

All materials and chemicals used in the experimental studies are analyt-
ical grade. LiB30s;, LiyB4O;, BaB,O;, CaB,O; and MgB,O; were produced
for to be used as neutron dosimeters by solid-state synthesis method and after
the synthesizing process compounds were doped with metal ions by high tem-
perature solid state method. The powder forms of Li;COs, MgCO3, CaCOs,
BaCOj3 and H3('°B)O3 were used as starting materials for synthesis of LiB3Os,
Li;B4O7, BaB,O;, CaB4O; and MgB,O; powder compounds. Al;O3, AgNOs,
CuCls, Ce(SO4)2.4H20, MnCI,.4H,0, MgSO,, Gd03, EuyO3 and Dy,03 com-
pounds, which are metal sources, were utilized for doping of synthesized LiB3Os,
Li;B4O7, BaB,O,, CaB,0O; and MgB4O; powder compounds.

4.2 Instrumentation

4.2.1 Powder X-Ray Diffractometer (XRD)

In this study, new dosimetric materials were analyzed by obtaining XRD
pattern for determination of crystal lattice, unit cell structure, d-spacing, miller

indices and crystal structure. The X-ray Diffractometer employed for the crystal
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structure investigations was a Rigaku MiniFlex X-ray Diffractometer with a radi-
ation source of Cu-Ka line (A=1,54056 A) to confirm phase purity. The scanning

rate within a 26 range of 3 to 90° is 2 °/min.

4.2.2 Furnace

The samples were heated in Protherm furnaces that are able to heat the

samples up to 1500 °C and they have heating rate control parameters.

4.2.3 Fourier Transform Infrared Spectrometer (FT-IR)

The FTIR analysis of borate-based neutron dosimeters that developed in
this study was measured vibrational frequencies of bonds between crystal lattice
atoms/ions and obtained information about the functional groups in the molecule
and observed the effects on the characteristics of the produced dosimeters. The
vibrational modes of the produced materials were studied by VARIAN 1000 FTIR
spectrometer between wave numbers 500 to 4000 cm~! with 128 scans. The FTIR
spectrometer is equipped with attenuated total reflectance (ATR). The resolution

was chosen as 8 cm™!.

4.2.4 Differential Thermal Analyzer (DTA) and Thermogravimet-
ric Analyzer (TGA)

In thermal analysis, the physical property of a material was measured as a
function of temperature. The chemical changes in the structure of the material
were also observed from the physical measurement results. In this study, the
physical properties of the borate compounds doped with metal ions were mea-
sured before and after the doping process to determine the melting points, the
water outlet temperatures between the crystal layers of the dehydration event, the
dehydration temperature and the mineral phase formation of the crystal struc-
ture water. In order to assess the thermal behavior of the samples as well as
their chemical stability, the differential thermal analysis was carried out in an
aluminum crucible at a heating rate of 10 °C/min in atmospheric condition using
Pyris 1 Perkin Elmer DTA /TGA simultaneous a differential thermal analyzer and
thermogravimetric analyzer. The heating interval was chosen between 30 °C and
930 °C.
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4.2.5 Scanning Electron Microscope (SEM)

The SEM analyses were performed by using Zeiss SUPRA 50 VP with which
has magnification range between 12-900000, variable pressure between 2 and 133

Pa, and acceleration voltage of 0.1-30 kV.

4.2.6 252Cf Neutron Source

252Cf source was used for the production of neutron radiations. The samples
were irradiated for 1 min at room temperature with a ?*?Cf neutron+gamma
source delivering about 0.08 Gy/min radiation. The all samples were exposed to
neutron, 2°2Cf radiations at room temperature. The average energy of the neutron
source is around 2 MeV. The neutron source was purchaced from Eckert & Ziegler
Isotope Products GmbH and its calibration was also done by the manufacturer
on 01 March 2015.

Figure 4.1: 2Cf neutron source.

4.2.7 Thermoluminescence Reader

The dosimetric properties of the samples were investigated by using Har-
shaw QS-3500 Manual type TL Reader interfaced to a PC where the TL signals
were analyzed. This TL Reader is controlled by a computer simply by means of
an RS-232 cable consisting of a temperature control unit, a heater tray, a pho-
tomultiplier, a high voltage source, signal amplifiers and translators connected
in series to the system. Once the signal collection is done by the TL reader,
it is transferred to the computer and controlled by winrems software program

specially written under windows and the luminescence curves are taken by this
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program. A detailed analysis of the TL luminescence curves gives many physical
parameters of the dosimetry studied. With this program, not only the physical
parameters of the developed dosimeters are obtained but also a lot of information

about the dosimetric properties is obtained.

The glow curves were measured using a platinum planchet at a linear heat-
ing rate of 1 °C/s from room temperature (RT) up to 400 °C. To eliminate
unwanted infrared lights emitted from heater, a standard clean glass filter always
installed in the reader between sample and photomultiplier tube, which has the

peak sensitivity of wavelength at ~400 nm.

[

High i =
Viltage Sabrcs j ,—| Amplifier HCanarta:'—— PC

| I

Photom Multipher Tube

Filter
Changsr

Heater Tray..._...p

™,

Thermocouple —w—. p
Temperature

Contraller

Figure 4.2: The Harshaw TLD system 3500 manual TL reader and the basic
block diagram of this reader [142].

4.3 Experimental Procedure

Lithium tetraborate (Li2B4O7), lithium triborate (LiB30Oj;), magnesium
tetraborate (MgB4O7), calcium tetraborate (CaB4O7)and barium tetraborate
(BaB,O7) compounds were synthesized by solid state high temperature method
using '°B isotope enriched boric acid (96.5% “B-H3(*°B)0O3).

4.3.1 Synthesis of Lithium Triborate

Lithium triborate was synthesized previously in solid-state chemistry lab-
oratories at Middle East Technical University [143]. The powder samples of un-
doped LiB305 were synthesized by high temperature solid state reaction method.
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Li,CO3 (98.5% pure, Merck) and H3(**B)Os (99.5% pure, Merck) were mixed
with stoichiometric amounts and 15.0 ml of distilled water was added to obtain
of lithium triborate product. The mixture was heated and stirred on magnetic
stirrer around 90 °C until a homogeneous mixture was obtained. The heating and
stirring of the mixture continued till three four parts of water was evaporated.
Then, highly viscous mixture was preheated in a muffle furnace up to 200 °C
with 6 °C/min heating rate. It was kept at this temperature for 4 h in order to
get rid of residual water in the mixture. After the preheating stage, the cooled
sample re-grinded in agate mortar. Afterwards, the furnace was adjusted to heat
the sample up to 750 °C with 6.0 °C/min heating rate and retention time was 4 h
at this temperature. Intermittent grinding of the mixture facilitates discharge of

gases properly while heating solid mixture. The expected reaction is given below.

Doping Procedure for Lithium Triborate

All samples were doped with metals according to wt/wt percentage. Syn-
thesized lithium triborate samples were doped with Al,O3, AgNO3, CuCl;.2H50,
Ce(SO4)2.4H,0, MnCl,.4H,0, MgSO,4, Gdy03, EusO3 and Dy,03. 1.0 gram of
lithium triborate and certain amounts of dopants were blended in agate mortar.
Subsequently, powder form of mixture was placed in porcelain crucible and it
was heated up to 750 °C with 4.0 °C/min heating rate in furnace. The reten-
tion time was 14 h at that temperature. After heating stage, sample was slowly
cooled down room temperature. Metal concentrations and dopant combinations
are given in the Tables 4.1 - 4.9.

An example calculation of the mass in grams for 0.1% aluminium (Al) doped

compound is given below.
Molecular weight (MA) for Al;O3=101.96128 g/mole

MA for Al=26.98153 g/mole

1073g 103¢g
1 for Al = =3. 10~ mol
AO0Lfor Al = SRF o AL~ 26.98153 g/mole o100 X 107 mole

Since there are two Al;O3

i
B0 X0 e = 1.853 x 10 " mole x 101.96—
5 mole

=1.88 x 107%g
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Table 4.1: Aluminum Doping Scheme.

LiB305; Weight (g) | Aluminum (Al) wt %|Al:O3 (g)
1.0 0.1 0.00188
1.0 0.5 0.094 0
1.0 1 0.0188

Table 4.2: Silver Doping Scheme.

LiB30; Weight (g)|Silver (Ag) wt % |AgNO; (g)
1.0 0.1 0.00154
1.0 0.5 0.0077
1.0 1 0.0154

Table 4.3: Cerium Doping Scheme.

LiB305; Weight (g)|Cerium (Ce) wt %|Ce(S04)2.4H20(g)
1.0 0.1 0.0028
1.0 0.5 0.0144
1.0 1 0.028

Table 4.4: Copper Doping Scheme.

LiB305; Weight (g)|Copper (Cu) wt % |CuCI,.2H,0 (g)
1.0 0.1 0.0026
1.0 0.5 0.013
1.0 1 0.026

Table 4.5: Dysprosium Doping Scheme.

LiB305; Weight (g) |Dysprosium (Dy) wt %|Dy203 (g)
1.0 0.1 0.00114
1.0 0.5 0.0057
1.0 1 0.0114
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Table 4.6: Europium Doping Scheme.

LiB30; Weight (g) |Europium (Eu) wt %|Eu20; (g)
1.0 0.1 0.001157
1.0 0.5 0.00578
1.0 1 0.01157

Table 4.7: Gadolinium Doping Scheme.

LiB30; Weight (g)|Gadolinium (Gd) wt % |Gd20s3 (g)
1.0 0.1 0.00059
1.0 0.5 0.0029
1.0 1 0.0059

Table 4.8: Manganese Doping Scheme.

LiB305 Weight (g) |Manganese (Mn) wt % | MnCI,.4H>0 (g)

1.0 0.1 0.02

1.0 0.5 0.1

1.0 1 0.2
Table 4.9: Magnesium Doping Scheme.

LiB30; Weight (g) |Magnesium (Mg) wt % |MgSO, (g)
1.0 0.1 0.0036
1.0 0.5 0.018
1.0 1 0.036
4.3.2 Synthesis of Lithium Tetraborate

Lithium tetraborate was synthesized previously in solid-state chemistry lab-

oratories at Middle East Technical University [144-146].

The powder samples of undoped Li,B;O7; were synthesized high tempera-
ture solid state reaction method. Li,COjs (98.5% pure, Merck) and H3(*°B)O;
(99.5% pure, Merck) were mixed with stoichiometric amounts and 15.0 ml of dis-

tilled water was added to obtain of lithium tetraborate product. The mixture was

41




heated and stirred on magnetic stirrer around 90 °C until a homogeneous mixture
was obtained. The heating and stirring of the mixture continued till three four

parts of water was evaporated.

Then, highly viscous mixture was preheated in a muffle furnace up to 150
°C with 6.6 °C/min heating rate. It was kept at this temperature for 4 h in order
to get rid of residual water in the mixture. After the preheating stage, the cooled
sample re-grinded in agate mortar. Afterwards, the furnace was adjusted to heat
the sample up to 750°C with 4 °C/min heating rate and retention time was 4 h
at this temperature. Intermittent grinding of the mixture facilitates discharge of

gases properly while heating solid mixture. The expected reaction is given below.

ngCOs + 4H3B03 — L12B407 + COQ + GHQO

Doping Procedure for Lithium Tetraborate

All samples were doped with metals according to wt/wt percentage. The
synthesized lithium tetraborate samples were used Al;O3, AgNO3, CuClI;.2H50,
Ce(SO4)2.4H,0, MnClI,.4H,0, MgSO,, Gdy03, EuyO3 and Dy,O3 metal sources.
1.0 gram lithium tetraborate and the dopants (chosen upon doping combination)
were stirred in 15.0 ml of distilled water to form suspension by heating and
stirring with magnetic stirrer at 90 °C for 30 min. The suspension in a crucible
was put into the furnace to heat up to 150°C with heating rate 6.6 °C/min and
kept at this temperature for 3 h. After intermittent grinding of the mixture was
performed, the furnace was adjusted to heat the sample up to 700 °C with 4.0
°C/min heating rate and the retention time was 2 h at this temperature. The
dopants and their amounts used in single doping system are also given in Tables
4.1-4.9.

4.3.3 Synthesis of Magnesium Tetraborate

The powder samples of undoped MgB,0O- were also synthesized high tem-
perature solid state reaction method. MgCOs3 (98.5% pure, Merck) and H3(1°B) O3
(99.5% pure, Merck) were mixed with stoichiometric amounts and 15.0 ml of dis-
tilled water was added to obtain of magnesium tetraborate product. The mixture
was heated and stirred on magnetic stirrer around 90 °C until a homogeneous mix-
ture was obtained. The heating and stirring of the mixture continued till three

four parts of water was evaporated. Then, highly viscous mixture was preheated
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in a muffle furnace up to 400 °C with 4 °C/min heating rate. It was kept at this
temperature for 4 h in order to get rid of residual water in the mixture. After
the preheating stage, the cooled sample re-grinded in agate mortar. Afterwards,
the furnace was adjusted to heat the sample up to 850 °C with 2 °C/min heating
rate and retention time was 12 h at this temperature. Intermittent grinding of
the mixture facilitates discharge of gases properly while heating solid mixture.

The expected reaction is given below.

MgCO3 + 4H3BO3 — MgB,0O; 4+ CO, + 6H,0

Doping Procedure for Magnesium Tetraborate

All samples were doped with metals according to wt/wt percentage. Cu-
doped MgB,O7, Dy-doped MgB4O7, Eu-doped MgB,O7; and Gd-doped MgB,0O~
samples were prepared by taking the starting material in stoichiometric ratio and
adding desired amount of CuCl,.2H50, Gd;03, EusO3 and Dy,03 metal source
in the mixture. The metal ion doping of the magnesium tetraborate compound
was carried out by the magnesium tetraborate synthesis described above. The
dopants and their amounts used in single doping system are given Tables 4.4 -
4.7.

4.3.4 Synthesis of Calcium Tetraborate

The powder samples of undoped CaB,O7 were synthesized high temperature
solid state reaction method. CaCOj3 (98.5% pure, Merck) and H3(1°B)O3 (99.5%
pure, Merck) were mixed with stoichiometric amounts and 15.0 ml of distilled
water was added to obtain of calcium tetraborate product. The mixture was
heated and stirred on magnetic stirrer around 90 °C until a homogeneous mixture
was obtained. The heating and stirring of the mixture continued till three four
parts of water was evaporated. Then, highly viscous mixture was preheated in
a muffle furnace up to 750 °C with 4 °C/min heating rate. It was kept at this
temperature for 4 h in order to get rid of residual water in the mixture. After the
preheating stage, the cooled sample re-grinded in agate mortar. Afterwards, the
furnace was adjusted to heat the sample up to 850 °C with 4.0 °C/min heating
rate and retention time was 10 h at this temperature. Intermittent grinding of
the mixture facilitates discharge of gases properly while heating solid mixture.

The expected reaction is given below.

C&COg+ 4H3B03—>CaB4O7 + COQ + 6HQO
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Doping Procedure for Calcium Tetraborate

All samples were doped with metals according to wt/wt percentage. Dy-
doped CaB,0O7, Eu-doped CaB,0O7 and Gd-doped CaB,0O; samples were prepared
by taking the starting material in stoichiometric ratio and adding desired amount
of Gdy03, EusO3 and Dy,03 metal source in the mixture. The metal ion doping
of the calcium tetraborate compound was carried out by the calcium tetraborate
synthesis described above. The dopants and their amounts used in single doping

system are given Tables 4.5 - 4.7.

4.3.5 Synthesis of Barium Tetraborate

The powder samples of undoped BaB,O; were synthesized high temperature
solid state reaction method. BaCOj (98.5% pure, Merck) and H3(*“B)O3 (99.5%
pure, Merck) were mixed with stoichiometric amounts and 15.0 ml of distilled
water was added to obtain of barium tetraborate product. The mixture was
heated and stirred on magnetic stirrer around 90 °C until a homogeneous mixture
was obtained. The heating and stirring of the mixture continued till three four
parts of water was evaporated. Then, highly viscous mixture was preheated in
a muffle furnace up to 400°C with 4 °C/min heating rate. It was kept at this
temperature for 4 h in order to get rid of residual water in the mixture. After the
preheating stage, the cooled sample re-grinded in agate mortar. Afterwards, the
furnace was adjusted to heat the sample up to 800°C with 2.0 °C/min heating
rate and retention time was 12 h at this temperature. Intermittent grinding of
the mixture facilitates discharge of gases properly while heating solid mixture.

The expected reaction is given below.

BaCO3 + 4H3BO3 —>BaB4O7 + COQ + 6HQO

Doping Procedure for Barium Tetraborate

All samples were doped with metals according to wt/wt percentage. Dy-
doped BaB,O~, Eu-doped BaB,O; and Gd-doped BaB,O; samples were prepared
by taking the starting material in stoichiometric ratio and adding desired amount
of Gd,03, EuyO3 and Dy,03 metal source in the mixture. The metal ion doping
of the barium tetraborate compound was carried out by the barium tetraborate
synthesis described above. The dopants and their amounts used in single doping

system are given tables Tables 4.5 - 4.7.
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CHAPTER 5

EXPERIMENTAL RESULTS AND DISCUSSIONS

5.1 Characterization of Materials

As mentioned in chapter 4, the synthesized all materials such as lithium
tetraborate, lithium triborate, magnesium tetraborate, calcium tetraborate and
barium tetraborate compounds were characterized by X-ray Diffraction (XRD),
Fourier Transform Infrared Spectroscopy (FT-IR), Scanning Electron Microscopy
(SEM) and Differential Thermal Analysis (DTA) and Thermogravimetric Analy-
sis (TGA) to determine structural and morphological properties. The thermolu-
minescence (TL) properties of lithium tetraborate, lithium triborate, magnesium
tetraborate, calcium tetraborate; and barium tetraborate compounds samples

were studied to examine the radiation dosimetric properties of them.

5.1.1 X-Ray Diffraction (XRD) Results
XRD results for Lithium Triborate

The powder X-ray diffraction method has been employed to determine
whether the lithium triborate material is correctly produced or not. Besides,
this method helps us to examine the effects of dopants on the crystal structure
of host materials. The XRD patterns of LiB3O5 and metal doped LiB3O5 com-
pounds are given in Figures 5.2 - 5.10. The X-ray diffraction patterns are shown
with Miller indices (hkl) of synthesized materials and they are well matched with
corresponding reference data (JCDPS No: 70-0735) which is shown Figure 5.1.
The crystal structure of lithium triborate is showing orthorhombic crystal system
with space group Pna2;, unit cell parameters are: a = 8.456 A, b = 5.133 A and
c=7.38 A [147]. When the peak positions of the XRD patterns of undoped and

doped lithium triborate samples in the figures from 5.2 up to 5.10 were compared
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to each others, no extra peaks detected due to the dopants. However, it was
observed that the Al doped lithium triborate compound has extra peaks. It is
thought that these extra peaks are due to Al doping.
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Figure 5.1: XRD Pattern of Lithium Triborate (JCDPS No: 70-0735).
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Figure 5.2: XRD pattern of Ag-doped LiB3O5 sample.
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Figure 5.3: XRD pattern of Al-doped LiB3O5 sample.

20000

)

s
R
(=]
=]
(=]

10000

Intensity (a.u.

5000

Figure

1%Ce-LiB,0, |

I ““” 0.5%Ce-LiB,0,
I “I T 0.1%Ce-LiB,0, 1

l "H I LiB,O, |

1 L 1 L | i |
20 40 80 80
2 Theta (Degree)

5.4: XRD pattern of Ce-doped LiB3O5 sample.
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Figure 5.5: XRD pattern of Cu-doped LiB3O5 sample.
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Figure 5.6: XRD pattern of Dy-doped LiB3O5 sample.
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Figure 5.7: XRD pattern of Eu-doped LiB3O5 sample.
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Figure 5.8: XRD pattern of Gd-doped LiB3O5 sample.
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5.9: XRD pattern of Mg-doped LiB3O5 sample.

I M“” l 1%Mn-LiB,0, ]

- ll “" II “ 0.1%Mn-LiB.O.1
l.J,u -

I M | “ | 0.5%Mn-LiB,O;

20

40 60
2 Theta (Degree)

Figure 5.10: XRD pattern of Mn-doped LiB3O5 sample.

XRD results for Lithium Tetraborate

The lithium tetraborate crystal consists of two BO, tetrahedral units and
two BOgstriangles. T'wo boron atoms and one oxygen atom in tetragonal group are
shared by two six membered rings that are two non-planar. The three-dimensional

form of lithium tetraborate is constructed by the basic repeating structural block
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(B4Og)b~. 1In this structure, crystallographically, two inequivalent boron sites
and four inequivalent oxygen sites are exist. All of the lithium sites are identical
[148].

03

Figure 5.11: Schematic representation of a portion of the LiysB,O7 crystal. The
five oxygen ions surrounding a lithium site are illustrated along with the basic

B4Og group. This view is along an arbitrary direction [148].

The XRD patterns of Li,B4O7; and metal doped LiysB4;O7; compounds are given in
Figures 5.13 - 5.21. The X-ray diffraction patterns are shown with Miller indices
(hkl) of synthesized materials and they are well matched with corresponding
reference data (JCDPS No: 18-0717) which is shown in Figure 5.12. The lithium
tetraborate crystallizes in the tetragonal structure. The unit cell parameters are
a = 9477 A b = 9477 A and ¢ = 10.286 A. The phase composition of the
lithium tetraborate samples has been synthesized and consequently characterized
and crystal structures of the samples were determined. According to the XRD
results, most of the peaks at the diffractogram were found to show overlaps with
the JCPDS (Card No.: 18-0717) card. As shown in the diffractograms of the
lithium tetraborate samples doped using the solution method, it is observed that
there is no change in the structure of lithium tetraborate after doping process.
Additionally, the peak intensities of %1 Ce and Eu doped lithium tetraborate
samples generally decreased with respect to peak intensity of un-doped lithium

tetraborate.

51



112)

100 4 =
JCPDS No: 18-0717
80
-
=
L _
> 604 =
B <
g g &
]
I ™
£ 404 o -
° X
(] [v)
& = 8
= b -
m© o™ o
20 + = - — T om| sw
£ = = = 3 _ ]| e = s
= 2 2 gl 32 - o 236
[] - = < =] - 0
4 =~ | 2 S o
0 -

T T T T ' T d LI T 1 T T ' T v T T
10 15 20 25 30 35 40 45 50 55 60 65 70
2Theta (degree)

Figure 5.12: XRD Pattern of Lithium Tetraborate (JCDPS No: 18-0717).
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Figure 5.13: XRD pattern of Ag-doped Li;B,O; sample.
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Figure 5.14: XRD pattern of Al-doped Li;B4O7 sample.
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Figure 5.15: XRD pattern of Ce-doped Li;B,O; sample.
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Figure 5.16: XRD pattern of Cu-doped Li;B4O7 sample.
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Figure 5.17: XRD pattern of Dy-doped Li;B,O7 sample.
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Figure 5.18: XRD pattern of Eu-doped Li;B,O7 sample.
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Figure 5.19: XRD pattern of Gd-doped Li;B,O7 sample.

%)



40000 . -
‘ l " H Li,B,0-%1Mg

)
W
]
=]
=]
=]

Li,B,0,%0.5Mg

20000 - .
Li,B,0,%0.1Mg

Intensity (a.u.

10000

20 40 80 80
2 Theta (Degree)

Figure 5.20: XRD pattern of Mg-doped LiyB4O7 sample.
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Figure 5.21: XRD pattern of Mn-doped Li;B,O; sample.

XRD results for Magnesium Tetraborate

The XRD patterns of MgB,O; and metal doped MgB,O; compounds are
given in Figures 5.23 - 5.26. The X-ray diffraction patterns are shown with
Miller indices (hkl) of synthesized materials and they are well matched with cor-

responding reference data (JCDPS No: 31-0787) which is shown Figure 5.22. The

56



magnesium tetraborate indicates an orthorhombic structure. The unit cell pa-
rameters are a = 8.596 A b = 13.729 A and ¢ = 7.956 A. The XRD measurements
were performed to determine the phase composition of the magnesium tetrabo-
rate compounds which has been synthesized by the solid state high temperature
method. According to the XRD results, most of the peaks in the diffractogram
were overlapped with JCPDS (Card No: 31-0787) card.

120

100

Intensity (a.u.)
= [22] o]
o o o

P
o

60

8 § |JCPDS 31-0787|
]
§
1=k
" 5 - il
= = &
8 -~ | s B
N | 8 = § il
o el ~
s & e _ T
8 Z| |4 = o & 238
s 2 = ql= e |l Zsw o
—|= . =] N = cﬁ —
= 17l Bal § [E e
-k e =hHe= 12T
1 1 n ] ]’J 1 } ”n ) UJ i
10 20 30 40 50
2 Theta (Degree)

Figure 5.22: XRD Pattern of Magnesium Tetraborate (JCDPS No: 31-0787).
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Figure 5.23: XRD pattern of Cu-doped MgB,O; sample.
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Figure 5.24: XRD pattern of Eu-doped MgB,O7; sample.
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Figure 5.25: XRD pattern of Dy-doped MgB,0O, sample.
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Figure 5.26: XRD pattern of Gd-doped MgB,0O7 sample.

XRD results for Calcium Tetraborate

The XRD patterns of CaB;O; and metal doped CaB;O; compounds are
given in Figure 5.28. The X-ray diffraction patterns are shown with Miller indices
(hkl) of synthesized materials and they are well matched with corresponding
reference data (JCDPS No: 31-0253) which is shown Figure 5.27. The calcium
tetraborate specifies a monoclinic structure. The unit cell parameters are a =
12.264 A, b = 9.895 A and ¢ = 7.796 A. The phase composition of the calcium
tetraborate samples synthesized and then characterized for investigation of crystal
structures of the samples. According to the XRD results, most of the peaks in the
diffractogram were overlapped with JCPDS (Card No: 31-0253) card. As shown
in the diffractograms of the calcium tetraborate, the samples doped by adding
metal ions to the initial materials, it was observed that there was no change in
the structure of calcium tetraborate after doping process. Additionally, the peak
intensities of Cu, Dy, Gd and Eu doped calcium tetraborate samples generally

increased with respect to peak intensity of un-doped calcium tetraborate.
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Figure 5.27: XRD Pattern of Calcium Tetraborate (JCDPS No: 31-0253).

7000 T T T T T T T T

6000

CaB,0,%0.5Gd

5000

)

Intensity (a.u
w I
(=] (=]
[=] (=]
(=] (=}

L3
[=3
[=3
(=1

1000

20 40 6
2 Theta (Degree)

Figure 5.28: XRD pattern of 5% Eu, Gd and Dy doped CaB,0O; samples.

XRD results for Barium Tetraborate

The XRD patterns of BaB;O; and metal doped BaB,O; compounds are
given in Figures 5.30. The X-ray diffraction patterns are shown with Miller indices
(hkl) of synthesized materials and they are well matched with corresponding
reference data (JCDPS No: 73-1333) that is shown Figure 5.29.
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Figure 5.29: XRD Pattern of Barium Tetraborate (JCDPS No: 73-1333).
I ' T I
4x10° BaB,0,%0.5Gd
x10° - .
— BaB,0,%0.5Eu
=
Ak
P
@ 2x10° - -
o
L BaB,0,%0.5Dy
z |
1x10°
oL -
| 1 | 1

20 40 60
2 Theta (Degree)

Figure 5.30: XRD pattern of 5% Eu, Gd and Dy doped BaB,O; samples.

The barium tetraborate has a monoclinic structure. The unit cell param-
eters a = 10.560 A, b = 8.200 A and ¢ = 13.010 A. The phase composition of
barium tetraborate samples synthesized and subsequently characterized to study
about crystal structures of the samples. According to the XRD results, most of
the peaks in the diffractogram were found to overlap with the JCPDS (Card No.

61



73-1333) card. As shown in the diffractograms of the barium tetraborate samples
doped with metal ions to the initial materials, it was observed that the barium

tetraborate structure did not cause any change after doping process.

Fourier Transform Infrared Spectroscopy (FTIR) results

The fourier transform infrared spectroscopy was employed to determine
chemical bonding of synthesized un-doped and doped lithium triborate, lithium
tetraborate, magnesium tetraborate, calcium tetraborate and barium tetraborate
samples. Besides, FTIR was utilized to see the spectra differences of various syn-
thesized samples and metal doped borate compound samples after the dopant ad-
dition. The fourier transform infrared spectroscopy of borate samples are shown
in Figures 5.31 and 5.54 and they were performed to determine chemical bonding
of borate compounds. The FTIR spectra were fitted with the literature values
for BO3 and BOy ring structure vibrations between 600 cm~! and 1600 cm™!
[149-153]. In addition, the formation of new vibrational band was
not detected after the addition of dopants into borate samples. The char-
acteristic vibrational modes of borate compounds could be given as follows: the
asymmetric stretching vibration band of B-O in BOj3 unit at ~1432 and ~1344
cm~!, an asymmetric stretching band of B-O in BO,unit assigned at ~1130 cm™!,
the broad bands at ~944 and ~826 cm™! assigned as symmetric stretching of B-
O in BO,4 and BOgrings; respectively. The weak band was observed at ~710

1

cm ™ which is assigned as, out of plane bending of B-O in BOgunit [154]. The

absorption peaks attribute to borate network according to Table 1.

The vibration modes of the borate network are mainly active in three FTIR
spectra region: 850-1100 cm ™! associated with the B-O stretching of tetrahydral
BO*~ units, and 600-800 cm~! associated with bending vibrations of various

! which corresponds to band

borate segments and a band at around 700 cm™
bending of B-O-B bridges in the boron-oxygen network [150-155]. According to
the results of FT-IR spectroscopy measurements, the locations of the vibration

bands of borate compounds before and after doping are the same. No new bond

formation has been observed due to the added metals.
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Frequencies (cm ™) | Assigment Reference

~ 685 B-O-B bending vibration [150]

~ 700 B-O-B bending vibration in borate ring [150, 151, 153]
850-1100 B-O stretching of tetrahydral BO4~ (150, 151, 153]
600-800 Bending vibrations of various borate [151, 153]

~ 907 B-O stretching vibration of BO,4 units in tri, [150, 152]

tetra and pantaborate groups
~ 1400 B-O stretching trigonal BO3 units [150, 151, 153, 155]

Table 5.1: Frequencies and their assignments for FTIR spectra of borate com-
pounds

FTIR results for Lithium Triborate
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Figure 5.31: FTIR spectra of synthesized and Al-doped Lithium Triborate
samples.
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Figure 5.32: FTIR spectra of synthesized and Ag-doped Lithium Triborate
samples.
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Figure 5.33: FTIR spectra of synthesized and Ce-doped Lithium Triborate
samples.
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Figure 5.34: FTIR spectra of synthesized and Cu-doped Lithium Triborate
samples.
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Figure 5.35: FTIR spectra of synthesized and Dy-doped Lithium Triborate
samples.
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Figure 5.36: FTIR spectra of synthesized and Eu-doped Lithium Triborate
samples.
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Figure 5.37: FTIR spectra of synthesized and Gd-doped Lithium Triborate
samples.
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Figure 5.38: FTIR spectra of synthesized and Mg-doped Lithium Triborate
samples.
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Figure 5.39: FTIR spectra of synthesized and Mn-doped Lithium Triborate
samples.
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Figure 5.40: FTIR spectra of synthesized and Ag-doped Lithium Tetraborate
samples.
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Figure 5.41: FTIR spectra of synthesized and Al-doped Lithium Tetraborate
samples.
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Figure 5.42: FTIR spectra of synthesized and Ce-doped Lithium Tetraborate
samples.
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Figure 5.43: FTIR spectra of synthesized and Cu-doped Lithium Tetraborate
samples.
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Figure 5.44: FTIR spectra of synthesized and Eu-doped Lithium Tetraborate
samples.
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Figure 5.45: FTIR spectra of synthesized and Dy-doped Lithium Tetraborate
samples.
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Figure 5.46: FTIR spectra of synthesized and Gd-doped Lithium Tetraborate
samples.
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Figure 5.47: FTIR spectra of synthesized and Mg-doped Lithium Tetraborate
samples.
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Figure 5.48: FTIR spectra of synthesized and Mn-doped Lithium Tetraborate
samples.

FTIR results for Magnesium Tetraborate
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Figure 5.49: FTIR spectra of synthesized and Cu-doped Magnesium Tetrabo-
rate samples.
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Figure 5.50: FTIR spectra of synthesized and Dy-doped Magnesium Tetrabo-
rate samples.
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Figure 5.51: FTIR spectra of synthesized and Eu-doped Magnesium Tetrabo-
rate samples.
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Figure 5.52: FTIR spectra of synthesized and Gd-doped Magnesium Tetrabo-
rate samples.

FTIR results for Calcium Tetraborate
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Figure 5.53: FTIR spectra of synthesized and 5% Gd, Eu and Dy doped Calcium
Tetraborate samples.

74



FTIR results for Barium Tetraborate
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Figure 5.54: FTIR spectra of synthesized and 5% Gd, Eu and Dy doped Barium
Tetraborate samples.

5.1.2 Thermoluminescence Results

The thermoluminescence measurements were taken after XRD characteri-
zation and FT-IR spectroscopy measurements of synthesized borate compounds
by metal ion doped. The radiation dosimetric performance of a TL materials is
highly depends upon shape of its glow curve intensity and peak temperatures of
the glow peaks. The thermoluminesce glow curves of synthesized lithium tetrab-
orate, lithium triborate, magnesium tetraborate, calcium tetraborate and barium
tetraborate samples were utilized to determine whether those samples show ideal
TL glow curve structure and the TL intensity for neutron measurements or not.
The samples that have sufficient TL intensity and proper TL structure were an-
alyzed for further dosimetric measurements such as dose-response and heating
rate. The 252Cf neutron source was used for thermoluminescence measurements
made with the aim of developing neutron dosimetry. The average energy of the
neutron source is around 2 MeV. The neutron dose which the neutron source
is spread over 1 hour is 5 Gy. The background TL measurements were taken
for each borate compound before each irradiation. The samples had 25-35 mg
weight in all measurements. Measurements were made at a heating rate of 1
°C/s at 50-40 °C. After thermoluminescence measurements, it was observed that

borate compounds were not sensitive to neutron. After annealing the compounds
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for 1 hour at 600 °C, the neutron sensitivity of borate compounds were obtained.
Therefore; each compound was annealed at 600 °C for 1 hour before each ther-
moluminescence measurement. The XRD measurements of annealed compounds
were also taken after annealing processes. According to the XRD measurement
results, no change in the structure of the compounds was observed after anneal-
ing processes. The dose-response and heating rate measurements of the obtained

borate compounds were also performed.

Termoluminescence Dose-Response Results

The characterizations of the dose response graphs of the synthesized borate
compounds are given in Figures 5.55 - 5.74. The 0.1 %, 0.5 %, 1 % Dy, Ag, Eu-
doped, 0.1 %, 0.5 % Cu-doped, 0.1 % of Mg, Gd-doped of lithium tetraborate,
un-doped magnesium tetraborate and 0.1 %, 0.5 %, 1 % Dy-doped magnesium
tetraborate, 1 % Cu-doped lithium triborate, and un-doped calcium tetraborate
and 0.5 % Dy-doped calcium tetraborate are exhibiting sensitivity to neutron
radiation. The borate compounds, which are sensitive to neutron, show a lin-
ear increase in all compounds compared to increasing doses relative to the dose
response results. No significant change in maximum peak temperatures versus

increasing dose amount of borate compounds has been observed.

Figures 5.57, 5.61 and 5.65 show a single peak according to the dose response
results of the Ag-doped lithium tetraborate compounds. The maximum peak
temperatures of 0.1 %, 0.5 % and 1 % Ag-doped tetra borate compounds were
observed at =271 °C, =271 °C and ~278 °C, respectively. The peak temperature
of 1 % Ag-doped was found to be higher than 0.1 % and 0.5 % Ag-doped lithium
tetraborate compounds. Figures 5.60 and 5.62 show that 0.1 % and 0.5 % Cu-
doped lithium tetraborate compounds have two glow peaks according to their dose
response graphs. The maximum peak temperatures of both glow peaks of 0.1 %
Cu-doped tetraborate were obsrerved at =169 °C and ~254 °C, respectively. On
the other hand, the maximum peak temperatures of these peaks of the 0.5 % Cu-
doped tetraborate were observed at ~166 °C and =265 °C, respectively. Figure
5.59, 5.63 and 5.67 show that the compounds according to the dose response
graphs of 0.1 %, 0.5 % and 1 % with Eu-doped lithium tetraborate compounds
have a single peak. The maximum peak temperatures of 0.1 %, 0.5 % and 1 % with
Eu-doped lithium tetraborate compounds were measured at ~266 °C, ~260 °C
and ~267 °C, respectively. A single peak was observed according to dose response
graphs of 0.1 %, 0.5 % and 1 % with Dy-doped lithium tetraborate compounds
and they are shown in Figures 5.55, 5.56 and 5.66, respectively. In addition, the
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peak temperatures of lithium tetraborate compounds doped with 0.1 %, 0.5 % and
1 % Dy were observed at ~272 °C, ~293 °C and ~280 °C, respectively. Figures
5.58 and 5.64 show that the peak temperatures of this glow peak are seen at ~267
°C and 271 °C for 0.1% Mg and 0.1% Gd doped lithium tetraborate compounds,
respectively. A single peak was observed according to dose response graphs of un-
doped and 0.1 %, 0.5 % and 1 % Dy-doped magnesium tetraborate compounds are
given in Figures 5.68 - 5.71. The maximum peak temperatures of un-doped and
0.1 %, 0.5 %, 1 % Dy-doped magnesium tetraborate compounds were recorded
at ~243 °C, =250 °C, ~234 °C and =256 °C, respectively. It is observed that
1 % Cu-doped lithium triborate compound has a single peak at ~162 °C which
is shown in Figure 5.74. Figures 5.72 and 5.73 show that the un-doped calcium
tetraborate and 0.5 % Dy-doped calcium tetraborate compounds have a single
peak compared to the dose response graphs. The maximum peak temperatures
of un-doped calcium tetraborate and 0.5 % Dy doped calcium tetraborate were
recorded at =178 °C and ~180 °C, respectively.
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Figure 5.55: The glow curves of 0.1 % Dy-doped lithium tetraborate compound
corresponding to various radiation doses using 22Cf neutron source with a heating
rate of 1 °C/s.
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Figure 5.56: The glow curves of 1 % Dy-doped lithium tetraborate compound

corresponding to various radiation doses using 22Cf neutron source with a heating

rate of 1 °C/s.
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Figure 5.57: The glow curves of 1 % Ag-doped lithium tetraborate compound

corresponding to various radiation doses using *>Cf neutron source with a heating

rate of 1 °C/s.
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Figure 5.58: The glow curves of 0.1 % Mg-doped lithium tetraborate compound

corresponding to various radiation doses using 22Cf neutron source with a heating

rate of 1 °C/s.
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Figure 5.59: The glow curves of 1 % Eu-doped lithium tetraborate compound

corresponding to various radiation doses using 22Cf neutron source with a heating

rate of 1 °C/s.
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Figure 5.60: The glow curves of 0.5 % Cu-doped lithium tetraborate compound

corresponding to various radiation doses using 22Cf neutron source with a heating

rate of 1 °C/s.
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Figure 5.61: The glow curves of 0.1 % Ag-doped lithium tetraborate compound

corresponding to various radiation doses using 22Cf neutron source with a heating

rate of 1 °C/s.
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Figure 5.62: The glow curves of 0.1 % Cu-doped lithium tetraborate compound

corresponding to various radiation doses using 22Cf neutron source with a heating

rate of 1 °C/s.
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Figure 5.63: The glow curves of 0.1 % Eu-doped lithium tetraborate compound

corresponding to various radiation doses using *>Cf neutron source with a heating

rate of 1 °C/s.
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Figure 5.64: The glow curves of 0.1 % Gd-doped lithium tetraborate compound

corresponding to various radiation doses using 22Cf neutron source with a heating

rate of 1 °C/s.
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Figure 5.65: The glow curves of 0.5 % Ag-doped lithium tetraborate compound

corresponding to various radiation doses using *>Cf neutron source with a heating

rate of 1 °C/s.
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Figure 5.66: The glow curves of 0.5 % Dy-doped lithium tetraborate compound
corresponding to various radiation doses using 22Cf neutron source with a heating

rate of 1 °C/s.
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Figure 5.67: The glow curves of 0.5 % Eu-doped lithium tetraborate compound

corresponding to various radiation doses using *>Cf neutron source with a heating

rate of 1 °C/s.
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Figure 5.68: The glow curves of magnesium tetraborate compound correspond-

ing to various radiation doses using 22Cf neutron source with a heating rate of 1

°C/s.
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Figure 5.69: The glow curves of 0.1 % Dy-doped magnesium tetraborate com-

pound corresponding to various radiation doses using 2°2Cf neutron source with

a heating rate of 1 °C/s.
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Figure 5.70: The glow curves of 0.5 % Dy-doped magnesium tetraborate com-

pound corresponding to various radiation doses using 2°2Cf neutron source with

a heating rate of 1 °C/s.
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Figure 5.71: The glow curves of 1 % Dy-doped magnesium tetraborate com-

pound corresponding to various radiation doses using 2°2Cf neutron source with

a heating rate of 1 °C/s.
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Figure 5.72: The glow curves of calcium tetraborate compound corresponding

to various radiation doses using ?*>Cf neutron source with a heating rate of 1

°C/s.
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Figure 5.73: The glow curves of 0.5 % Dy-doped calcium tetraborate compound

corresponding to various radiation doses using 22Cf neutron source with a heating

rate of 1 °C/s.
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Figure 5.74: The glow curves of 1 % Cu-doped lithium triborate compound

corresponding to various radiation doses using 22Cf neutron source with a heating

rate of 1 °C/s.
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Figure 5.75: The comparison of dose response glow curves of borate compounds.

Figure 5.75 shows a comparison of thermoluminescent results of some borate
compounds that are sensitive to neutron radiation. As seen, 0.5 % Dy-doped
calcium tetraborate compound has the highest TL intensity of among all borate

compounds. The thermoluminescence measurement were done after exposure to

the 240 Gy neutron dose.
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Termoluminescence Heating Rate Results

It is well known that the heating rate is an important experimental param-
eter on the glow peak intensities and peak temperatures of many TL dosimetric
materials [156-158]. In general, the peak intensity decreases with the in-
creasing heating rate due to thermal quenching [159]. The TL glow curve readout
was carried out on a platinum planchet at a linear heating rate 1 °C/s up to 400
°C/s, except for the heating rate experiments. In the variable heating rate (VHR)
experiments; to observe the changes in the glow curve structures, to check the
glow peak intensities and dose dependence effects of the peak positions as a func-
tion of exposed dose levels; the heating rates were changed between 1 °C/s and 9
°C/s. The effects of heating rates on the glow curves of the synthesized lithium
tetraborate, lithium triborate, magnesium tetraborate, calcium tetraborate and
barium tetraborate compounds were observed after the irradiation by 2°2Cf neu-
tron source at doses 240 Gy. All of the recorded TL glow curves after various
heating rates are shown in Figures 5.76 - 5.95 for all borate compounds. It is
clearly seen from these figure that the maximum peak temperatures of all glow
peaks shift to high temperature side while the corresponding TL intensities and
the total areas under the glow curves of borate compounds decrease with the

increasing heating rates.
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Figure 5.76: The TL glow curves of 0.1 % Ag-doped lithium tetraborate com-
pound measured after various heating rates between 1 and 9 °C/s. Measurements

are taken after irradiation of 240 Gy using 2*>Cf neutron source.
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Figure 5.77: The TL glow curves of 0.1 % Cu-doped lithium tetraborate com-
pound measured after various heating rates between 1 and 9 °C/s. Measurements

are taken after irradiation of 240 Gy using ?*?Cf neutron source.
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Figure 5.78: The TL glow curves of 0.1 % Dy-doped lithium tetraborate com-
pound measured after various heating rates between 1 and 9 °C/s. Measurements

are taken after irradiation of 240 Gy using ?*?Cf neutron source.
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Figure 5.79: The TL glow curves of 0.1 % Dy-doped magnesium tetraborate
compound measured after various heating rates between 1 and 9 °C/s. Measure-

ments are taken after irradiation of 240 Gy using 2°2Cf neutron source.
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Figure 5.80: The TL glow curves of 1 % Dy-doped magnesium tetraborate com-
pound measured after various heating rates between 1 and 9 °C/s. Measurements

are taken after irradiation of 240 Gy using ?*?Cf neutron source.
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Figure 5.81: The TL glow curves of 0.5 % Dy-doped magnesium tetraborate
compound measured after various heating rates between 1 and 9 °C/s. Measure-

ments are taken after irradiation of 240 Gy using #*2Cf neutron source.
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Figure 5.82: The TL glow curves of calcium tetraborate compound measured
after various heating rates between 1 and 9 °C/s. Measurements are taken after

irradiation of 240 Gy using ?>2Cf neutron source.
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Figure 5.83: The TL glow curves of magnesium tetraborate compound mea-

sured after various heating rates between 1 and 9 °C/s. Measurements are taken

after irradiation of 240 Gy using 2°2Cf neutron source.
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Figure 5.84: The TL glow curves of 0.1 % Eu-doped lithium tetraborate com-
pound measured after various heating rates between 1 and 9 °C/s. Measurements

are taken after irradiation of 240 Gy using 2*2Cf neutron source.
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Figure 5.85: The TL glow curves of 0.5 % Eu-doped calcium tetraborate com-
pound measured after various heating rates between 1 and 9 °C/s. Measurements

are taken after irradiation of 240 Gy using 2*2Cf neutron source.
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Figure 5.86: The TL glow curves of 0.1 % Gd-doped lithium tetraborate com-
pound measured after various heating rates between 1 and 9 °C/s. Measurements

are taken after irradiation of 240 Gy using 2*2Cf neutron source.
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Figure 5.87: The TL glow curves of 0.1 % Mg-doped lithium tetraborate com-
pound measured after various heating rates between 1 and 9 °C/s. Measurements

are taken after irradiation of 240 Gy using ?*?Cf neutron source.
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Figure 5.88: The TL glow curves of 1 % Ag-doped lithium tetraborate com-
pound measured after various heating rates between 1 and 9 °C/s. Measurements

are taken after irradiation of 240 Gy using 2*>Cf neutron source.
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Figure 5.89: The TL glow curves of 1 % Cu-doped lithium triborate compound
measured after various heating rates between 1 and 9 °C/s. Measurements are

taken after irradiation of 240 Gy using ?*?Cf neutron source.
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Figure 5.90: The TL glow curves of 1 % Dy-doped lithium tetraborate com-
pound measured after various heating rates between 1 and 9 °C/s. Measurements

are taken after irradiation of 240 Gy using ?*>Cf neutron source.
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Figure 5.91: The TL glow curves of 1 % Eu-doped lithium tetraborate com-
pound measured after various heating rates between 1 and 9 °C/s. Measurements

are taken after irradiation of 240 Gy using 2*2Cf neutron source.
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Figure 5.92: The TL glow curves of 0.5 % Ag-doped lithium tetraborate com-
pound measured after various heating rates between 1 and 9 °C/s. Measurements

are taken after irradiation of 240 Gy using ?*?Cf neutron source.
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Figure 5.93: The TL glow curves of 0.5 % Cu-doped lithium tetraborate com-
pound measured after various heating rates between 1 and 9 °C/s. Measurements

are taken after irradiation of 240 Gy using 2°2Cf neutron source.
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Figure 5.94: The TL glow curves of 0.5 % Dy-doped lithium tetraborate com-
pound measured after various heating rates between 1 and 9 °C/s. Measurements

are taken after irradiation of 240 Gy using ?*>Cf neutron source.
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Figure 5.95: The TL glow curves of 0.5 % Eu-doped lithium tetraborate com-
pound measured after various heating rates between 1 and 9 °C/s. Measurements

are taken after irradiation of 240 Gy using 2*2Cf neutron source.

5.1.3 Differential Thermal Analysis (DTA) and Thermogravimetric
Analysis (TGA) Results

The temperature dependence to mass change and thermal stability of the
synthesized compounds have been studied by using Pyris 1 Perkin Elmer DTA /
TGA Analyzer. The measurement was carried out at nitrogen atmosphere at the
range of 30 °C and 930 °C. The heating rate was 10 °C/s. The DTA and TGA
results of un-doped and doped borate compounds are illustrated in Figures 5.96
and 5.115. In all figures, it is observed that all samples were thermally stable in

the particular desired range.
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Figure 5.96: DTA/TGA curves of 0.5 % Eu-doped Li;B,O7 samples.
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Figure 5.97: DTA/TGA curves of 0.5 % Cu-doped Li;B4O7 samples.
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Figure 5.98: DTA/TGA curves of 0.5 % Ag-doped LiyB,O7 samples.
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Figure 5.99: DTA/TGA curves of 1 % Eu-doped LisB,O7 samples.
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Figure 5.100: DTA/TGA curves of 1 % Cu-doped LiB3O5 samples.
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Figure 5.101: DTA/TGA curves of 1 % Ag-doped LisB4O7 samples.
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Figure 5.102: DTA/TGA curves of 0.1 % Mg-doped Li;B,O7 samples.
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Figure 5.103: DTA/TGA curves of 0.1 % Gd-doped Li;B,O7 samples.
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Figure 5.104: DTA/TGA curves of 0.1 % Eu-doped Li;B,O7 samples.
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Figure 5.105: DTA/TGA curves of 0.1 % Cu-doped Li;B4O7 samples.
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Figure 5.106: DTA/TGA curves of 0.5 % Eu-doped Li;B,O7 samples.
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Figure 5.107: DTA/TGA curves of 0.5 % Dy-doped CaB4O; samples.
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Figure 5.108: DTA/TGA curves of CaB,O7 samples.
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Figure 5.109: DTA/TGA curves of 1 % Dy-doped MgB,0; samples.
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Figure 5.110: DTA/TGA curves of 0.5 % Dy-doped MgB,O; samples.
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Figure 5.111: DTA/TGA curves of 0.1 % Dy-doped MgB,O7 samples.
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Figure 5.112: DTA/TGA curves of MgB,O7 samples.
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Figure 5.113: DTA/TGA curves of 0.5 % Dy-doped LiyB,O; samples.
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Figure 5.114: DTA/TGA curves of 1 % Dy-doped Li;B4O7 samples.
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Figure 5.115: DTA/TGA curves of 0.5 % Eu-doped Li;B,O7 samples.
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5.1.4 Scanning Electron Microscopy (SEM) Results

The scanning electron microscopy (SEM) images revealed the morphological
characteristics of un-doped and doped borate compounds produced by using solid
state method. In the given study, the SEM images of developed samples are
shown in Figures 5.116 and 5.135. As seen, it could be said that the particles
size are in the range of ~5 - 100 pm, and there is homogeneous distribution
among particles. These SEM images show that the compounds are not exactly
crystalline. The compounds are thought to be molten. It can be said that the

particles are “agglomerate”because they appear to be attached.

S5um GANTEP 20kV  X1,800 10pm™ .~  GANTEP
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Figure 5.116: SEM images of 1 % Cu doped LiB3O5 sample.
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Figure 5.117: SEM images of 0.5 % Dy doped CaB4O; sample.
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Figure 5.118: SEM images of 1 % Ag doped Li,B,O7 sample.
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Figure 5.119: SEM images of 1 % Dy doped Li,B,O; sample.
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Figure 5.120: SEM images of 1 % Dy doped MgB,0O; sample.
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Figure 5.122: SEM images of 0.1 % Ag doped Li,B,O7 sample.
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Figure 5.123: SEM images of 0.1 % Cu doped Li,B,O; sample.
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Figure 5.124: SEM images of 0.1 % Dy doped MgB4O7, sample.

113



R

GANTEP L _ GANTEP

20kV  X5,000 5|.||"i‘7|\ o 1

()
o
N
) i

20kV X12.0_ ~100pm GANTEP

Figure 5.125: SEM images of 0.1 % Dy doped Li;B,O7 sample.
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Figure 5.126: SEM images of 0.1 % Eu doped Li,B,O; sample.
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Figure 5.127: SEM images of 0.1 % Gd doped Li,B,O7 sample.
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Figure 5.128: SEM images of 0.1 % Mg doped Li;B,O7 sample.
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Figure 5.129: SEM images of 0.5 % Ag doped Li,B,O7 sample.
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Figure 5.130: SEM images of 0.5 % Cu doped Li;B,O7 sample.
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Figure 5.131: SEM images of 0.5 % Dy doped Li,B,O7 sample.
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Figure 5.132: SEM images of 0.5 % Dy doped MgB4O, sample.
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Figure 5.134: SEM images of CaB,0O; sample.
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Figure 5.135: SEM images of MgB,0O; sample.
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CHAPTER 6

CONCLUSION

Firstly, the borate compounds were synthesized by solid state method in
this study. In METU, this method was previously used in the synthesis of lithium
triborate and lithium tetraborate compunds. However, this method has been used
as first time for the synthesis of magnesium tetraborate, barium tetraborate and

calcium tetraborate compounds in this work.

The doping of metal ions was carried out after the synthesis of the com-
pounds. The lithium tetraborate was doped by the solution method. A solid-solid
homogeneous mixture was obtained by adding metal ion after synthesis to the
lithium triborate compound, and the resulting mixture was then fired and doped.
Additionally, magnesium, calcium and barium tetraborate compounds were syn-
thesized simultaneously as mentioned previously for lithium tetraborate. The
XRD and FT-IR spectra measurements were investigated after synthesis and
doping processes. According to XRD results, they are coincided with JCPDS

cards.

The thermal analyses (DTA-TGA) were carried out after finding the neu-
tron sensitivity of borate based compounds that show neutron dosimetric proper-
ties. The thermal analysis was carried out up to a temperature of 930 °C from the
temperature of 30 °C. According to the measurement results, the borate-based
compounds display to maintain their thermal stability according to temperature

change.

Then; the TL glow curves of boron-based compounds were measured to in-
vestigate its radiation dosimetric properties. The neutron sensitivity of developed
samples was found in the thermoluminescence measurements after irradiation by
a 2°2Cf neutron source in this study. The TL glow curve measurements were re-
peated two times for each sample before and after neutron irradiation. It was seen
that the thermoluminescence measurements did not exhibit appropriate results

after neutron irraditions. On the other hand, it was observed that the annealing
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process have probable effects on the TL glow curves of these compounds and they
start to exhibit glow curves after annealing processes. Therefore, all compounds
were annealed at 600 °C for 1 hour before TL glow curve measurements and then
they were exposed to neutron radiation to measure their glow curves. These re-
sults are the borate-based neutron dosimeter compounds that were aimed to be

developed in this thesis.

TL neutron sensitivity of the samples was also compared with TLD-600 and
TLD700 by calculating the glow curve area per unit of mass of dosimeter and per
unit of dose of neutrons. Among the samples CaB,O7:Dy (0,5%) and MgB,0O,:Dy
(1%) have the highest sensitivity. CaB,O7:Dy (0,5%) approximately 4,35 and 3,36
times higher than that of TLD-600 and TLD-700 respectively. TL intensity of
MgB4O7:Dy (1%) approximately 1,9 and 1,47 times higher than that of TLD-600
and TLD-700 respectively. The TL neutron sensitivity of the other samples are
below both TLD-600 and TLD-700. The compounds with positive results are
considered to be in accordance with the conditions necessary for their acceptance
as an ideal neutron dosimetry. As shown in Figure 5.75; 0.5% Dy-doped calcium
tetraborate (CaB,O7) compound gives the highest thermoluminescence intensity
among the all developed samples. According to obtained results in this study,
the intensity of thermoluminescence glow curve increases when the amount of
dysprosium increases in magnesium tetraborate (MgB,O7) composition. Addi-
tionally, the lithium tetraborate (LizB4O7) compounds when doped with Ag, Dy,
Eu, Mg, Gd and Cu gave good TL results after neutron radiation. The maximum
peak temperature values of all of the neutron-sensitive compounds developed in

this study are in agreement with the value required for the dosimetric material.

Within the scope of this thesis, the aims have been achieved. 75% of the
source the compounds from the borates in our country were synthesized and
compounds sensitive to neutron were obtained. Increasing nuclear power plants
today are of great importance for nuclear energy and for people working in these
fields. This thesis is considered as a great importance because of the difficulties
in detection of neutrons and the fact that there are few studies and researches
have been carried out on this subject worldwide. With the support of this work,
neutron sensitive borate compounds were obtained from the developed materials.
Borate compounds doped with metal ions were synthesized and characterization
analyzes were performed and borate compounds sensitive to neutron radiation

were obtained.
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The neutron detector and materials prepared at Gaziantep University and
material prepared at Middle East Technical University and the neutron source
for this study have been reinforced with the infrastructure of the central ther-
moluminescence laboratory, and a great step has been taken to develop neutron
measurements and to make new studies. Some of the important experimental in-
struments in the TL & OSL laboratory, which are still used for limited applicant,
could be used more widely with this thesis achievement and provides personal
dose measurements for individuals exposed to radiation due to working condi-
tions in Gaziantep and surrounding areas. It is considered that the obtained
results from this study could have probable contribute to the future scientific

studies.
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