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ABSTRACT

DETERMINATION OF TRAPPING PARAMETERS FROM
THERMOLUMINESCENCE GLOW CURVES BY COMPUTER GLOW
CURVE DECONVOLUTION METHOD

ZaferINCE
M.Sc. in Engineering Physics
Supervisor: Prof.Dr.A.Necmeddin YAZICI
June 2011, 81 pages

In the given study, the synthetic glow curves weuenerically obtained by
directly solving the differential equations of thealuminescence (TL) process
without the use of approximating functions that énano physical meaning after
different heating rates. The synthetic glow cumvetude a single TL glow peak. All
of the simulated glow curves were analyzed by avgtarve deconvolution (fitting)
program. The results of curve fitting program weoenpared with the input values to
obtaining whether it reflects correct values ofnther not. It was observed that the
agreements between input parameters and resuttsreé fitting program are very
good when the input parameters were chosen as elese to the first-order
(An<<Ap) and second-order (&A;) kinetics. Especially, if the concentration of
trapped electrons ghis equal or very close to the number of electraps (N), the
agreement between simulated and fitted glow cupreesmes excellent. On the other
hand, if the transition coefficient for electronghe conduction band becoming trapped
(An) is greater than the recombination transition foaceht for electrons in the
conduction band with holes in centersp)Athe agreement between numerically
simulated and fitted glow curves is decreased. d&alhg the success of fit is very bad
at the high values of #A;, ratios. As a result, the comparisons of resulfittgng
parameters and input parameters indicate that doglrgess of fit and agreement
between input and fitted parameters are highly dépgon the ratio of transition
coefficients (A/Ay) and occupancies of electron trapg).

Keywords:
Thermoluminescence, computer glow curve deconwnutcurve fitting, numerical
solutions, trapping parameters.



OZET

BILGISAYAR ISILDAMA E GRISi AYRISIM METODU iLE
TERMOLUM iNESANS ISILDAMA E GRIiLERINDEN TUZAK
PARAMETRELER iNiN HESAPLANMASI

ZaferINCE
Yuksek Lisans Tezi, Fizik MihendigiiBolumu

Tez YoOneticisi: Prof.Dr.A.Necmeddin YAZICI
Haziran 2011, 81 sayfa

Bu yiksek lisans tezinde farkl isitma hizi oramida herhangi bir anlami
olmayan yaklam fonksiyonlari kullanmaksizin termoliminesans edihsiyel
denklemleri nimerik olarak c¢ozilerek sente§ddama grileri elde edildi. Elde
edilen sentetiksildama grileri sadece birstldama tepesi icermektedir. TUm sentetik
Isildama @rileri bilgisayar ile gildama risi ayrsma metodu (g uydurma
metodu) kullanilarak analiz edildi. g uydurma metodunun sonucu, nidmerik
¢ozumlerde kullanilan giriverileri ile kagilastirilarak, d@ru sonug verip vermegii
kargilastirldi. Egri uydurma metodunun sonugclarinin gidieserleri birinci dereceden
(An<<Ap) ve ikinci dereceden (#An) TL kinetik denklemlerine yakin secilginde
aralarindaki uyumun oldukca giizel ojgugoruldu. Ozellikle, elektron tuzaklari
tumulyle elektronlar tarafindan dolduruffinda (=N, giris deserleri ile esri
uydurma metodunun sonugclari mikemmel derecede ugurde oldgu gorulda.
Diger yandan, iletkenlik bandindaki elektronlarin ykam elektron tuzaklarina gegi
katsayisi A'nin, birlesme merkezlerine gegkatsayisi Addan buyik oldgunda bu
uyumun bozulmaya Bedigl ve 6zellikle yiksek AAy, oranlarinda uyumun oldukcga
kot oldwu gorulmigtir. Sonucta, @i uydurma metodunun sonuglari ile giri
degerleri kasllastinldiginda, aralarindaki uyumun elektron gediatsayilarinin
oranina (A/Ay) ile elektron tuzaklarindaki elektron konsantrasyma (/N
oldukca bl oldugu elde edildi.

Anahtar Kelimeler:
Termoliminesans, bilgisayar ilgildama &risi ayrisim metodu, gri uydurma,
nimerik ¢cozim, tuzak parametreleri.
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CHAPTER 1

INTRODUCTION

When an insulating crystal is exposed to ioniziagjation, free electrons and
holes are produced. Then, some of these holeslectans are trapped in defects in
the crystal lattices of the solid. Subsequentlythd temperature is raised to a high
temperature enough to cause the removal of elecfrom their traps, they wander
around until they recombine with holes at recomtiamacenters giving off light.
This phenomenon is called as thermoluminescencg. (Tthe curve plotted versus
temperature is called as thermoluminescence (Tbwgturve. The shape and
position of the resultant TL glow curves can belyred to extract information on
the various kinetic parameters of the trapping ess¢trap depth, frequency factor,
trapping and retrapping rates, kinetic order and @the physical mechanisms
governing the trapping and release of electrongdm@issed in detail in the text by
McKeever [1]. The rate equations describing thédsssijgal processes at a single type
of trap (one trap one recombination center (OTO&R)) be solved under various
assumptions, and analytical expressions are olatdwrethe shape of the resulting
glow curve. Experimentally observed glow curvesaralyzed by fitting them to the
analytical expressions by computer glow curve dechmion (CGCD) program [2],
and the kinetic parameters are determined from fittieg process [3-5]. The
application of this method for the decompositioraafomposite thermoluminescence
glow-curve into its individual glow-peaks is widegpplied since 1980 [2]. This
method has become very popular method to obtaietikirftrapping) parameters for
the last two decades and it has great advantagedlmy other experimental methods
(i.e. initial rise, peak shape, heating rate and) etwing to simultaneous
determination of trapping parameters of all glovalkze without additional thermal

treatments and experimental repetitions.

The purpose of the present study is to investigave well this fitting process

(computer glow curve deconvolution process) workgrioviding reliable values for

11



the kinetic parameters of the traps. The relevatet equations describing the flow of
electrons between traps and the Iluminescence ceweme used without
approximation to numerically generate simulatedgldw curves for a wide range of
trapping parameters. The simulated glow curves \aeedyzed by the usual method
of fitting them to one of the analytical expressipand the kinetic parameter values
determined by this fitting procedure were compaxeith the values used in
generating the glow curves. We were comment orcoingparisons, and endeavor to
derive some useful insights to assist in the imgdgtion and analysis of

experimentally measured TL glow curves.
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CHAPTER 2

THEORY OF THERMOLUMINESCENCE

2.1 Luminescence
Luminescence is a light phenomenon which is obskewien an irradiated

insulator or wide band-gap semiconductor is stitealeby excitation energy. This
excitation energy classifies the luminescence. different kinds of luminescence
phenomena are defined according of the simulatiethad causing light emission.
The most known of luminescence are:

Thermoluminescence : released by increasing teatyer,
Photoluminescence  : obtained by stimulatiotih WiV light;
Radioluminescence : stimulated by ionizingatdn;
Triboluminescence : stimulation due to medaterstress;
Chemiluminescence : stimulated by chemicaltieas;
Phosphorescence . excited by ionizingateah, UV and visible light.

The process of emission by thermal stimulation frrrystalline solid after
irradiations is called as “thermally stimulated g¢&ss or simply”
thermoluminescence (TL) [1]. The TL belongs thesslaf phenomena involving
light emission from solids (insulators or semicoctdus) and then labeled as
luminescence. The storage of radiation energy isrgoortant feature for dosimetry
which is generally favored by presence of activatoamely impurity atoms and

structural defects.

When we characterize atoms of a crystal by threeedsional periodicity it is
observed that there are some point defects witmndrystal. A real crystal may
contain defects which are basically of the follogvigpes;

1. Intrinsic defects; vacancies (or missing atomsierstitials, aggregate forms of
previous defects.
2. Defects induced by ionizing radiations: F centersenters, Y centers, etc.

3. Extrinsic (or impurity) defects: substitutional inmgies, interstitial impurities.

13



The property of storing energy is due to the presesf crystal defects such
as vacancies and impurities. The luminescence phena can be observed due to all
defects can be potentially acted as traps or regwtibn center for charge carriers
created by suitable excitation. The defects are tbtapture the electrons and holes
generated in the irradiation process. A crystakdefs classified as a trap center if
the defect is able to capture a charge carrierraanhit it back to the band it come
from. A crystal defect where carriers of opposiggnsan be captured, resulting in an
electron-hole recombination, is classified as aomdmnation center. Efficient
thermoluminescent materials have a high conceatrati traps and recombination

centers, provided by structural defects and imjgsri6].

2.2 Band Model and Electronic Transitions in Insulatorsand Semiconductors

The band model of an insulator or semiconductor loa described quantum
mechanically and the energy band theory of soligplagns the observed TL
properties [3]. In an ideal semiconductor or intar@rystalline most of the electrons
reside in the valence band. The next highest Haaickhe electrons can occupy is the
conduction band, separated from the valence banthdgo-called forbidden band
gap. The energy difference between the valence baddconduction band 5.
Figure 1 shows schematically the energy band maufeds insulator, the electronic
energy levels within the forbidden energy gap, tiedcommon electronic transitions in
these levels [6].

For a crystal without lattice defects there areemergy levels between the
valance and conduction bands. The energy levetdimted may be discrete, or may be
distributed depending upon the exact nature ofdétfect and of the host lattice. In
general terms, it is believed that the lattice irfgmtions, impurities, intrinsic and
extrinsic defects give rise to the localized endayels (metastable state) within the
forbidden energy gap. A free electron in these tatysmay become attracted by
columbic field of a vacant anion site and beconapged. The energy required to
release the electron from the trap is less tharrdig@ired to free a valance electron and
thus anion vacancy has associated with it an enkenggl which lies somewhere
between the valance and the conduction bands. Aasisituation is satisfied for hole
which is trapped with cation vacancies and oncénafay give localized energy levels

within the band gap. Similar arguments apply to iti@rporation of impurity ions
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(cation or anion) within the crystal lattice, eithm substitutional or interstitial
positions. Thus, localized energy levels can aitteeias traps or as recombination
centers. The defect where the electron is releiasealled trapping center or trap. The
defect where the electron and hole recombine itedcalecombination center or
luminescent center if this recombination producghaton. In principle it is believed
that recombination centers are located towardsntiuelle of the forbidden gap and
traps are located towards the edges of correspphdinds. However, a center becomes

trap at high temperatures, but may become recotidnineenter at low temperatures

[6].

CONDUCTION BAND (C.B.)

Ec hd
1 12 1t 4)
v .
ET
(6) @ @ |
EF Y
LO | _| (10
HT | | 1 R1 LO |
(3) R / 5) (8 Rs
EV g, S

VALANCE BAND (V.B.)

Figure 1. Common electronic transitions in crystalline ssilifl) ionization; (2) and (3)
electron and hole trapping respectively; (4) ancl&ctron and hole release; (6) direct
recombination; (7), (8), (9), (10) indirect recomddion. (ET: Electron Trap; HT=Hole
Trap; R, R, and R Recombination Centers) [6].

During the irradiations of crystals withv>Eg (i.e. by UV lights,a, B andy-
radiations) correspond to the liberation of an tetecfrom the valance band into the
conduction band leaving a hole in the valance lfradsition (1)). Thus, transition (1)
corresponds to the process of ionization. The éfeetron in the conduction band and
free hole in the valance band wander through tstadruntil they become trapped at
the lattice defects. The electron may be trapped bgnsition to the lowest available
energy level at the defect (transition (2)). Théehmay be also be trapped at a lattice
defect above the valance band (transition (3)). tfdqgped electrons and holes may be
released from the traps when the crystal is heatednder the optical excitation
(transition (4) and (5)) [6].
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The probability of a charge carrier being thergna#lleased from its trap is
exponentially related to=/kT, whereE is called as "trap depth" which is the energy
difference between the trap and conduction barce(&eztrons) or the valance band (for
holes), T is the temperature at which charge carriers aragbexcited from their
corresponding delocalized band.

When the charge carriers are released to thegsmrnding band, they are once
again free to move through the crystal and maymbaeoe with a charge carrier of
opposite sign, either directly (transition (6)),indirectly (transitions (7), (8) and (9)).
The band-to-band recombination may be termed a®citli whilst recombination
involving localized levels, i.e. band to centeroanter-to-center, may be termed as
"indirect". If either of these recombination mecisams is accompanied by the emission
of light then luminescence results (radiative titaorss). When the free electron transits
to an excited state from conduction band due tadlaxation of the lattice around the
defect according to new situation, no photon isttechi(non-radiative transitions). But
the new situation is not stable, the excited edectransits to the ground state via
emitting a photon (transition (10)).

By heating the crystal captured electrons andshobn be freed thermally
into the conduction or valence band and then makeamsition to the radiative
recombination center R. This process is termedtibly stimulated luminescence
(TL). Alternatively, external light exposure of tharystal can release captured
electrons from a trap center to the conduction Hamah where they can recombine
into the recombination center R. This phenomenoteiised optically stimulated
luminescence (OSL) [3]. The optically or thermaflyeed charge carriers in the
conduction/valance band can be measured as e#dctigrent when applying
voltage across the crystal. These measurementerined thermally and optically
stimulated conductivity (TSC, OSC), respectively [3

2.3  Basic concepts of thermoluminescence

The phenomenon thermoluminescence has been knawalémg time. The
first application of this phenomenon for dosimepiorposes was from Daniel et al.
[7]. Since then much research has been carriedoow better understanding and
improvement of the material characteristics as waelto develop new TL materials.

Nowadays, thermoluminescence dosimetry (TLD) is ell-established dosimetric

16



technique with applications in areas such as pesprenvironmental and clinical
dosimetry [8-12].

Thermoluminescence (TL) is the physical phenomeimonwvhich a solid
sample absorbs energy while irradiated at a giwsnperature, and releases this
energy in the form of light while heating the saepIL should not be confused with
the light spontaneously emitted from a substancenwhis heated to incandescence.
At higher temperatures (say in excess of 200°Q)lid emits (infra) red radiation of
which the intensity increases with increasing terapee. This is thermal or black
body radiation. TL, however, is the thermally stlatad emission of light following
the previous absorption of energy from radiationcérding to this phenomenon, the
three essential ingredients necessary for the ptmouof TL can be deduced.
Firstly, the material must be an insulator or semductor-metals do not exhibit
luminescent properties.

Secondly, the material must have at some time Bbdgoenergy during
exposure to ionizing radiation. Thirdly, the lunmsgence emission is triggered by
heating the material [1]. A thermoluminescent mateis a material that absorbs
some energy which is stored during exposure toziogi radiation. When the
material is heated, the stored energy is releas#tei form of visible light as seen in
Fig.2. In fact that TL does not refer to therneatitation, but to stimulation of
luminescence in a sample which was excited in ferdift way. TL material can not
emit light again by simply cooling the sample aeleating it another time. It should
first be re-exposed to ionizing radiation beforgrbduces light again. The storage

capacity of a TL material makes it suitable foridetric applications.

STAGE 1 STAGE 2
® |Trap l
>
ﬁg; Luminescence \|,
Centre &)
HEAT
Light

Figure 2. Phenomena of thermal excitation of luminescence.
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A simplified set up diagram for measuring TL is smoin Fig.3 and a typical
TL glow curve obtained from an Al-doped L#Bs sample is shown in Fig.4. The
emitted light is recorded as intensity vs. temperatn the shape of one or more TL
peaks. Although a TL glow curve may look like a sittocontinuum, it is composed
of a number of overlapping peaks derived from tieral release of electrons from
traps of different stabilities. The lifetime of eteons in deep traps is longer than that
of electrons in shallow traps. Under favorable dtiowls, the emitted TL light
intensity is proportional to the absorbed dose, #mas, using an appropriate
calibration, one can evaluate the applied dosénéngiven radiation field. The TL
signal may be the intensity at the maximum or treaainder the TL glow peak,
which are usually nearly proportional to each athkr “regular” dosimetric
applications, one can choose an appropriate mhteiih reproducible results in
repeated measurements, linear dose dependendesfkingd of radiation in question

as well as dose-rate independence and long tirbditsta

High

“WoltageSource _—| l—f-\mpllﬁer —Caonverter | PC —
[1h)
2 ——
[_|
P
4
=
=
g
[
5
=
a,
Filter
Changer
Samphg- .......... &

Heatar Tray momogs

Thermocouple —w—d—. f

Temperature
Controller

Figure 3. Simple diagram of a TL reader system with heal&iepphotomultiplier
detector and readout electronics [6].
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Figure 4. An analyzed glow curve of 1% Al-doped lsBs obtained at a heating
rate of 1°C/sec followingB-ray exposure at room temperature for 5 mih.% Gy)
(The open circles represent the experimental painésfull curve is the global fitting
and broken curves represent fitted individual gfzeaks.) [13].

The aim of a mathematical analysis concerning thernioluminescent
emission of light is to achieve a satisfactory kiemge of the phenomena related to
it. From a theoretical point of view, TL is direcitonnected to the band structure of
solids and particularly to the effects of impustiand lattice irregularities. The
mapping of the forbidden gap reveals quite a cormmenfiguration, and the
experimental TL emission study can provide a satisfy tool to get detailed
information on its most meaningful parameters. €hese, for each site, the
characteristic activation energy)( a frequency factois|, connected to the transition
frequency, and a Kkinetic ordem)( synthesizing the quality of the involved
phenomena [1].

The kinetic order ranges between 1 and 2. The foxakle corresponds to a
situation where a charge (electron) is suppliedgnt® raise in the conduction band
and, consequently, to fall to a center where itangdes recombination with hole; the
latter one stands for a situation where this phesr@n has the same probability of
retrapping. Intermediate cases are likely to o@suwell as contributions from non-

radiative eventsb(= 0). The mathematical models based upon thesaititefis are
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consisting of convenient differential equationsteyss, yielding for each case, the
evolution of charged carrier populations, the atedy forms of which are to be
checked by means of suitable experimental datés therefore evident how the
involved parameters are to be conveniently adjusted a fair agreement between
theory and practice is attained. The most promisiaj is the observation and the
recording of TL emission, under several experimeoctaditions, as a function of
temperature which the TL sample is heated to, dreatting up time. For a constant
heating rate, these two observations are equivaldr@ plot shape depends on the
physical and chemical properties of the materidl @m the kind of the treatment it is
submitted to. However it is always a single- or tinpkaks structure, as may be
expected from the general equations, and a comegnee can be pointed out
between a peak and an electron trap level. Thegp$ained by considering how, at a
certain temperature, the amount of thermal eneugplged reaches, for a given level,
the threshold necessary to raise the relative ¢@mharges in the conduction band
from where they can give rise to radiative recorabon events. For this purpose,
other centers, able to trap positive charge catreme involved, and they are likely to
be connected to the quality of the emitted ligtite Binalytical form for a single peak,
which the overall curve is a superposition of, éaty described by means of some
geometrical parameters as the peak position, ftsaled right widths, the ratio
between them, the overall width, the height. Tagt bne is dependent on the heating
rate and increases, for given experimental conditivith the increasing of it. These
geometrical parameters can be shown to correspotitet main physical ones: the
mathematical expressions can be evaluated by aeo@mt analytical manipulation
of the involved equations. It is also to be remdrkihat the experimental
uncertainties, obtained by means of the glow-cptet, allow for an estimate of the
physical errors related to them, and their evatmatican point out a well defined
method as the fittest one.

2.4  The One Trap—One Centre Model

The simplest model for TL consists of a single tyeclectron defect level
(electron traps-T) and a single type of hole defaa| (recombination center-R) in the

forbidden gap, as depicted in Figure 5 [3]. It mustrequired to remember in here that
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two energy level band model is the minimum numlesrded in order to describe the
thermoluminescence mechanism. But, the band mddah @ctual specimen may be
much more complex than this simple model. Howetves, simple model is enough to

explain the fundamental features of TL production.

CONDUCTION BAND

Ec . (2)
(1) s E
TL® | v
Er
@)~z hv
RLO |
Ev

VALANCE BAND (V.B.)

Figure 5. Simple band model for TL emission. Allowed traiasis: (1) thermal release,
(2) migration in the conduction band, (3) radiatiegeombination.

2.5 Trap-Filling Process

During the irradiation, the differential equatiogsverning the traffic of
electrons between the trap level, the recombinatemter and the conduction band
are [1,3]:

ddr:c =f-ncnnAn-nc(N-n)A, (1)
dn

— =n.(N-n)A, 2
il (N-n) (2)
90 £y (No 1) An @3)
dt

%:nv(Nh'nh)Am'ncnhAh (4)

The meaning of variables used in this model (OT@Rjhat: E=activation
energy of the electron traps (in e¥rfrequency factor of the electron trap (i) snc
is the concentration of electrons in the conductiand (per unit volume T, n, is the
concentration of holes in the valance baxds the concentration of available electron
traps (of depth E below the conduction band) in dmgstal (in n¥), n is the

concentration of the filled electron traps in tingstal (in M), n, is the concentration of
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holes in the recombination centex,is the concentration of available hole centégs,
is the transition coefficient for electrons in tbhenduction band becoming trapped
(volume/until time msec"), Anis the transition coefficient for holes in the vata band
becoming trapped in the hole centefg,is recombination transition coefficient for
electrons in the conduction band with holes in @entandf is the electron hole

generation rate.

2.6 Trap-Emptying Process

If the trap depthE >> kT,, wherek is Boltzmann's constant=8.617x18V/K
andTy is the irradiation temperature (i.e. room tempest trapped electrons will
remain for a long period of time in traps, untilpesure to the radiation there will
exist a substantial population of trapped electrdhgre must be an equal population
of trapped holes at level R, due to the free ebestiand holes created and annihilated
in pairs. Because the normal equilibrium Fermi ldses situated below level T and
above level R, these populations of trapped elastrand holes represent a non-
equilibrium state. The reaction path for returretpuilibrium is always open and the
probability () per unit time of release of an electron from titag is assumed to be
described by the Arrhenius equation,

p= sexp{-%} )

The perturbation from equilibrium (during exposuce ionizing radiation)
was performed at low temperature (comparedEt&), the relaxation rate as
determined by above equation is slow. Thus, theawpnlibrium state is metastable
and will exist for an indefinite period, governey the rate parameteEsands. The
life time, 7, of the charge carrier in the metastable stateraperaturd , is given by

r=p* (6)
If nis the number of trapped electronsTinand if the temperature is kept

constant, then decreases with timeaccording to the following expression:

dn (7)
— =-n
a "
Integrating this equation
n t (8)
[ &= [ pat
n t

Ny 0
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one obtains

“nes s 7
n=n,.exg — sexp, — — rt
KT

wheren, is the number of trapped electrons at the inttrak to = 0. Assuming now
the following assumptions:
 irradiation of the thermoluminescent material &\& enough temperature so
that no electrons are released from the trap,
« the life time of the electrons in the conductiomdbdés short,
 all the released charges from trap recombine inrlastent center,
» the luminescence efficiency of the recombinatiomtees is temperature
independent,
» the concentrations of traps and recombination centge temperature
independent,

* no electrons released from the trap is retrapped.

The return to equilibrium can be speeded up bymgithe temperature of the
TL material aboveTy. This will increase the probability of detrappiragd the
electrons will now be released from the trap ite tonduction band. The charge
carrier migrates through the conduction band of thgstal until it undergoes
recombination at recombination centre R. In thepé&mmodel this recombination
centre is a luminescent centre where the recombmaif the electron and hole
leaves the centre in one of the higher excitedestaReturn to the ground state is
coupled with the emission of light quanta, i.e. The intensity of TL in photonkKt)
per second at any timeluring heating is proportional to the rate of mbmation of
holes and electrons at R.rf(m™) is the concentration of holes trapped at R the TL

intensity can be written as
dm
I(t) =—— 10
() m (10)

Here we assume that each recombination producée@rpand that all produced
photons are detected. The rate of recombinatioi k& proportional to the
concentration of free electrons in the conductiandn; and the concentration of
holesm,

I©=-"=nmA, =n.(n+n,)A, (11)
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with the constan#y, the recombination probability expressed in unfty@ume per
unit time which is assumed to be independent otehgperature. The rate of change
of the concentration of trapped electranss equal to the rate of thermal release
minus the rate of retrapping,

dn E
——z=np-n.(N-n)A_=nsexg——;—-n_(N-n)A 12
o =mp-n.(N-mA, =nsex - S -nN-mA, (12

with N the concentration of electron traps and Ae frobability of retrapping
(m3/s). Likewise the rate concentration of freecttns is equal to the rate of

thermal release minus the rate of retrapping aeddte of recombination,

dn, = nsexp{— E} -n.,(N-n)A, -n.mA,
dt KT (13)

Equations (11-13) described the charge carrieficraf the case of release of
a trapped electron from a single-electron trap @wdmbination in a single centre.
For TL produced by the release of holes the ratetaons are similar to Eqn.(11-13).
These equations form the basis of many analys@d gsfhenomena. The equation
(12) express mathematically the fact that electioribe trap cab be either thermally

excited in the conduction bands(exp{— E/ kT}) or they can be retrapped in the trap
with a probability coefficientA,(n.,(N—n)). The equation (13) represents the

change in the concentration of the electrons in ¢beduction bandn. The
concentration of these free electrons in the comoludand can be reduced by either
trafficking into the trap @n/dt), or by recombination in the RC with a probability
coefficient A,(-Anng(n+nc)). The equation (11) describes the rate of chavfgthe
concentration of holes trapped in the RC and thiat#hand side representing the rate
of change of the total concentration of electranghe crystal. Unfortunately, there is
no general analytical solution of these equatidesdevelop an analytical expression
some simplifying assumptions must be additionalpden An important assumption
is at any time

dn,
dt

dn

<<|—
dt

dn, << ‘d_m (14)
dt dt

This assumption is called by Chen and McKeeverttig] quasi-equilibrium

assumption since it requires that the free electmmcentration in the conduction
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band is quasi-stationary. The trapped electronshaiet are produced in pairs during
the irradiation. Charge neutrality dictates therefo
n,+n=m (15)

which for ng==0 means that==m and

|(‘[) = —d_rn = —@
dt dt (16)
Since dnc/at0 one gets from equation (11) and (12):
E
mAnnsexp{— kT}
I(t) = (17)

(N-n)A, +mA,

2.7 First-order kinetics

Even Eqn.(17) cannot be solved analytically withadtlitional simplifying
assumptions. Randall and Wilkins [14-15] assumegligible retrapping during the
heating stage, i.e. they assurma#l,>>(N-n)A,. Under this assumption Egn.(17) can

be written

I(t) = —% - snexp{— %} (18)

This differential equation describes the chargaegpart in the lattice as a
first-order process and the glow peaks calculatech fthis equation are called first-

order glow peaks. Solving the differential Eqn.(¥®lds

d E t E :
I(t) = _d_? = nosexp{— ﬁ} exp{— s{ exr{—m}dt } (19)

whereng is the total number of trapped electrons at tine Usually the temperature
is raised as a linear function of time according to

T(t) =T, +pt (20)
with S the constant heating rate afglthe temperature at0. With using eq.(20),

heating rate can be written AsdT/dt and introducing it into equation (14)

”@ = —(EJ}eX[{_ ide' (21)
n N B3, KT

And the number of trapped electrons (n) in terng of
T (22)
n= no.exp{— (EJjexr{—ide'}
B s, kT
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This gives for the intensity as function of tempera

I(T):—l@— p{ }ex;{—— exp{ E,}dT} (23)
B dt B KT Bi | kT

This is the well-known Randall-Wilkins first-ordexpression of a single
glow peak. The peak has a characteristic asymm&tape being wider on the low
temperature side than on the high temperature €ide¢he low temperature side, i.e.
in the initial rise of the glow peak, the intensgydominated by the first exponential
(exp(£/KT)). Thus, ifl is plotted as function of T/ a straight line is expected in the
initial rise temperature range, with the slope Bfk; from which the activation
energyE is readily found.

The properties of the Randall-Wilkins equation #itestrated in Fig.6. In
Fig.6(a) it is shown how(T) varies ifno varies fromny=0.25 m" till ng=2 m* while
E=1 eV, s=1.0x13? s and f=1 K/s are kept constant. It can be noted that the
temperature at the peak maximumg, stays fixed. This is a characteristic of alltfirs
order TL curves. The condition for the maximum barfound by settingl&it=0 (or,

somewhat easier from d(fT)/dt=0). From this condition one gets

[352 = sexr{—i} (24)
KT, KT,,

In this equatiomy does not appear which shows tliatdoes not depend an. From

Fig.6(a) it can be further seen that not only teakpheight at the maximum but each
point of the curve is proportional tm. In the application in dosimetny, is the
parameter of paramount importance since this pasame proportional to the
absorbed dose. It is simple to see that the ardaruhe glow peak is equal g

since
jl(t)dt——j—dt——fdn:no—nw (25)

andn., is zero fort - . In Fig.6(b) the activation enerdyhas been varied from 0.8
to 1.2 eV. AsE increases the peak shifts to higher temperatuitsavdecrease in
the height and an increase in the width keepingitba (i.eng) constant.

Similar changes can be noticed sais varied (see Fig.6(c)) but now in the
opposite way: asincreases the peak shifts to lower temperaturédsam increase of
the height and a decrease in width. In Fig.6(d)nbating rate has been varied. As

increases the peak shifts to higher temperaturele e height decreases and the
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width increases just as in the case of decreasifigis can be expected sincandf

appear as a rat®fin Eqn.(23).
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Figure 6. Properties of the Randall-Wilkins first-order Ttyuation, showing: (a)
variation withny, the concentration of trapped charge carriers aftadiation; (b) the
variation withE, the activation energy; (c) the variation wihthe escape frequency;
(d) the variation withg, the heating rate. Parameter valugsl m>; E=1 eV;
s=1x10 s, =1 K/s of which one parameter is varied while thieeos are kept
constant [16].

Temperature (K)

It is worthwhile to note that of the four paramstéhe activation energ
and the frequency fact@ are the main physical parameters. They are cdlied
trapping parameters and are fixed by the propedii¢ke trapping centre. The other
two parameters can be chosen by the experimentehdgsing a certain dosag)
and by read-out of the signal at a certain heatitg 8. Investigation of a new TL
material will therefore start with studying the gi@eak behavior under variation of
the absorbed dose and the heating rate.

The evaluation of Eqn.(23) is hampered by the that the integral on the
right-hand side is not elementary in the casenafdr heating. This integral cannot be
solved analytically, but can be found by successitegration by parts to be equal to
[17]
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F(T.E) = Texp(-E/ kT)i(kETjn (=D"n! (26)

By keeping only the first two terms in this approgition, the integral can be

approximated by

KT?

F(T E) =~ exp(-E/ kT)(

1- ZKTJ 27)

In practical applications it is convenient to déserthe glow peak in terms of
parameters which are easy to derive experimentadlyely the intensity of peak at
the maximuml,, and the temperature at the maximiigy Therefore, by using this
approximation to the integral and by further usihg condition for the temperature
Tm of the maximum TL intensity equation (24), Kitis &. [18] have shown that

Eqgn.(23) can be quite accurately approximated by

I(T)=Imexr{l+ET_Tm L ET_T”‘}(l—A)—Am} (28)

KT T, T2 '|kT T,

with A=2KT/E andAn=2kT/E. On the other hand, by keeping a lot of termthen

above approximation, Bos et.al. [19] were apprated the following first-order TL

glow curve expression,

I(T) = nosexp(—:f—T)exp{(—Esz

E KT
T E exp(- ) * (09920~ 1.620E—):| (29)

2.8 Second-order kinetics

Garlick and Gibson [20] considered the possibilitgt retrapping dominates,
i.e. mA<<(N-n)A,. Further they assume that the trap is far froraraéibn, i.e N>>n
andn=m. With these assumptions, Eqn.(17) becomes

I(t):—@:s A, nzexp{—E} (30)
dt  NA, KT

We see that nowrddt is proportional ton’ which means a second-order
reaction. With the additional assumption of equabgbilities of recombination and

retrapping A=A, integration of Eqn.(30) gives

(Ty="oS exp{—i}{u NS 1 exp{- E,}dT':l (31)
N kT N LT kT
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This is the Garlick—Gibson TL equation for secomdev kinetics. The main
feature of this curve is that it is nearly symneetwith the high temperature half of
the curve slightly broader than the low temperatoua#. This can be understood
from the consideration of the fact that in a seeorgkr reaction significant
concentrations of released electrons are retrappfate they recombine, in this way
giving rise to a delay in the luminescence emissiot spreading out of the emission
over a wider temperature range.

The initial concentratiomy appears here not merely as a multiplicative
constant as in the first-order case, so that itetran at different dose levels change
the shape of the whole curve. This is illustratadFig.7(a). It is seen thafy,
decreases ag, increases. It can be derived [21] that the tentpegashift can be
approximated by

T,-T,=TT, E Inf (32)

where T; is the temperature of maximum intensity at a @ertbose andT, the
temperature of maximum intensity faimes higher dose. With the parameter values
of Fig.7(a) the shift is 25 K. WheB=1 eV, T;=400 K and the absorbed dose is
increased by a factor 1000, which is easy to readisperimentally, a temperature
shift of 77 K can be expected. From Eqn.(32) ildwk further that for a given
increase of the dose the shallower the trap, the.,smallerg, the larger the peak
shift. Fig.7(b) illustrates the variation in sizedaposition of a second-order peak as
function ofE, in Fig.7(c) s function of/N, and in Fig.7(d) as function of the heating
rate. The area under the curve is, as in the dafsesteorder kinetics, proportional to
the initial concentratiomy but the peak height is no longer directly proporél to
the peak area, although the deviation is small.

Also for second-order kinetics the glow peak shaggn.(31) can be
approximated with a function written in terms ofximaum peak intensity,, and the

maximum peak temperatufg, [18]

-2
ET-T T2 ET-T
I(T) =41 _expt— MY x| — (1—-A)exp — DL+1+A 33
(T) =41, |0(kT Tm){T;( ) T m} m} (33)

with A andAr, the same meaning as in Eqn.(28).
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Figure 7. Properties of the Garlick—Gibson second-order guagion, showing: (a)
variation withng, the concentration of trapped charge carriers afdiation; (b) the
variation withE, the activation energy; (c) the variation watN; (d) the variation
with B, the heating rate. Parameter valugsl m>; E=1 eV;gN=1x10s* m®, =1
K/s of which one parameter is varied while the otrere kept constant [16].

2.9 General-order kinetics
The first- and second-order forms of the TL equatiave been derived with
the use of specific, simplifying assumptions. Hoemevwhen these simplifying
assumptions do not hold, the TL peak will fit neitHirst- nor the second-order
kinetics. May and Partridge [22] used for this case empirical expression for
general-order TL kinetics, namely
dn . E
I(t) = " n°s exp{— ﬁ} (34)
where s has the dimension of®®® s and b is defined as the general-order

parameter and is not necessarily 1 or 2. Integraifdegn.(34) fobZ1 yields

N N —b/(b-1)
_s _E 98 Texpl-E lgr
I(T) = 5 N, exp{ kT}|:1+ (b-2) 5 TOexp{ T }dT:l (35)

where nows'=sne™* with unit s*. Eqn.(35) includes the second-order c&se) and
reduces to Eqn.(23) whdm- 1. It should be noted that according to Eqn.(34) th

dimension ofs should bem®®?) s* that means that the dimension changes with the
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orderb which makes it difficult to interpret physicall$till, the general-order case is
useful since intermediate cases can be dealt withitasmoothly goes to first- and

second-orders wheam- 1 andb - 2, respectively (see Fig.8).

- =
- a B
ol

=1
r'_.___,_,_,--h
1.3

.6
2

(=2 -]
B

=]
i

Thermoluminescence Intensity
peopoep
i I R L

300 350 abo 450 500 E&0
Temperature (K}

g

Figure 8. Comparison of first-ordeibgl), second-ordeibE2) and intermediate-
order p=1.3 and 1.6) TL peaks, witt=1 eV,s=1x10" s, ng=N=1 m* and =1 K/s
[3].

In this model; the glow curve can be approximatgdising the expression,

(b= skT?
B E

The equations (29) and (36) will be referred tdhesBos et.al. equations in

_ E E,, KT, [Pt
I(T)—nosexp(—k—_l_) 1+ exp(—k—_l_) (O.9920—1.620E) (36)

this thesis and will be used to analyze the syithglow peaks obtained by

Mathematica.

2.10 Advanced models

The one trap—one centre model shows all the clarsits of the
phenomenon TL and explains the behavior of the gieak shape under variation of
the dose and heating rate. However, there is nstiegi TL material known that
accurately is described by the simple model.

This does not mean that the simple model has nmimgaOn the contrary, it
can help us in the interpretation of many featundsch can be considered as
variations of the one trap—one centre model. Thereo room to discuss all the
advanced (more realistic) models in detail. Theé bemok of Chen and McKeever [3]
for a deeper and quantitative treatment is referrmde, only some models are very
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briefly mentioned in order to get some idea abbatdomplexity of the phenomenon
in a real TL material.

In general, a real TL material will show more thame single electron trap.
Not all the traps will be active in the temperatuaage in which the specimen is
heated. A thermally disconnected trap is one wrdah be filled with electrons
during irradiation but which has a trap depth whiglmuch greater than the active
trap such that when the specimen is heated ontyreles trapped in the active trap
(AT) and the shallow trap (ST) (see Fig.9(a)) aeed. Electrons trapped in the
deeper levels are unaffected and thus this deefrahetrap (indicted in Fig.9(a) with
DET) is said to be thermally disconnected. Buteiksstence has a bearing on the
trapping filling and eventually on the shape of ghew peak [23].

In Section 2.3 it was assumed that the trappedretex are released during
heating while the trapped holes are stable in ¢élsembination centre. A description
in which the holes are released and recombine cnére where the electrons are
stable during heating is mathematically identieiwever, the situation will change
if both electrons and holes are released from thaps at the same time at the same
temperature interval and the holes are being thirme&eased from the same centers
as are acting as recombination sites for the thiirmeleased electrons and vice
versa (see Fig.9(b)). In this case Eqn.(10) is oagér valid. New differential
equations should be drafted. Analysis of this cacaped kinetic model reveals a TL
glow curve which retains the simple Randall-Wilk{Egn.(23)) or Garlick—Gibson
(Eqgn.(31)) shape, depending upon the chosen vafube parameters. However, the
E and s values used in Eqn.(23) and Eqgn.(31) in order ltaia a fit on this
complicated kinetic model need further interpretati

Another process which might happen is a recomlonatiithout a transition
of the electron into the conduction band (Fig.9(&)¢re the electron is thermally
stimulated into an excited state from which a tit@ms into the recombination centre

is allowed. This means that the trap has to beamtoximity of a centre.
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Figure 9. Advanced models describing the thermally stimulatdease of trapped
charged carriers including: (a) a shallow trap (%iTdleep electron trap (DET), and a
active trap (AT); (b) two active traps and two nedmnation centers; (c) localized
transitions; (d) defect interaction (trapping cenfiteracts with another defect) [3].

The transition probability may strongly depend be tistance between the
two centers. Under certain assumptions an expredsiothe TL intensity can be
derived [24] which has the same form as Eqn.(23Mbth s replaced by a quantity
related to the probability for recombination. Thiseans that these localized
transitions are governed by first-order kinetics.

Finally, we will mention the possibility that theféct which has trapped the
electron is not stable but is involved in a reactiath another defect (Fig.9(d)). The
result may be that at low temperature the traphdépthanging while the trapped
electron concentration is stable. At higher temjpees electrons are involved in two
processes: the escape to the conduction band andkfact reaction. Piters and Bos
[25] have defect reactions incorporated into thee requations and glow curves
simulated. It appears that the simulated glow curgan be very well fitted by
Eqn.(23). It is clear that (again) the fitting paeters do not have the simple

meaning of trap depth and escape frequency.

2.11 Trapping Parameters Determination Methods

The determination of trapping parameters from tlduminescence glow

curves has been a subject of interest for halinducg. There are various methods for
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evaluating the trapping parameters from the glowesi[1-3, 26-31]. Some of them
are initial rise method, variable heating, two egtisothermal decay, peak shape,
partial thermal cleaning and peak area methods.

When one glow peak is highly isolated from the cthehe experimental
methods such as initial rise, variable heatings;atsothermally decay, and peak
shape methods are suitable methods to determise fregameters. However in most
TL materials, the glow curve consists of severalngpeaks. In case of overlapping
glow peaks there are essentially two ways to oliteése parameters, the first one is
the partial thermal cleaning method and the seamadis the computer glow curve
deconvolution program. In most cases, the pattieirhal cleaning method can not
be used to completely isolate the peak of intevatout any perturbation on it.
Therefore, the computer glow curve deconvolutio®s@D) program has become
very popular method to evaluate trapping paraméters TL glow curves in recent
years [2,19].

2.12 CGCD Method

As mentioned in previous paragraph, Computer Glawwv€ Deconvolution
(CGCD) is one of the most important methods to rieitee trapping parameters
from TL glow curves. This method has the advantagg experimental methods in
that they can be used in largely overlapping-pdalv gurves without resorting to
heat treatment.

It is well known that the CGCD is one of the mostverful technigues in the
study of TL [2]. This technique is commonly usedhe study dosimetric properties
of TL dosimeters. The application of the CGCD taghe for the decomposition of a
composite TL glow curve into its individual glowades is widely applied since 1970
[32-34]. On the other hand, the obtained resulsnfrthis method are highly
dependent upon the input parameters which were insbe deconvolution program.
For example, it is very important to decide colgebbw many glow peaks there are
in the glow curve during the analyses of the complew curves by computer curve
fitting program and which of them have first- orngeal-order kinetics. In some
cases, the best-fits can be obtained when diffananber of peaks is used in the

curve fitting program instead of real number ofvglpeaks to be in the glow curve.
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Therefore, it should be necessary to decide theeconumber of glow peaks and
their kinetic orders in the glow curve of synthejicartz.

In this study, a CGCD program was used to andlyeeglow curve of quartz.
The program was developed at the Reactor Instétu@elft, The Netherlands [19].
This program is capable of simultaneously decortiduas many as nine glow
peaks from glow curve. Two different models weredus) the computer program. In
the first model, the glow curve is approximatedniréirst order TL kinetic by the

expression,

E 2
I(T) = nosexp(—ﬁ)exp{(—ékET

In the second model the glow curve is approximatikd general order TL

expE E—) * (0.9920-1 620k—T) (29)
KT ' T E,

kinetics by using the expression,

I(T) = nosexp(—%)[u (—%Sl%zexp(—%) *(0.9920~ 1.620|é—T)}M

(36)
wheren, (M) is the concentration of trapped electrons=at s (s%) is the frequency
factor for first-order and the pre-exponential éador the general-ordeE (eV) the
activation energyT (K) the absolute temperatute(eVK™) Boltzmann’s constanfg
(°Cs?) heating rate anl the kinetic order.

The summation of overall peaks and backgroundritanion can lead to

composite glow curve formula as shown below

I(T) = 21,(T) +a+bexp(T) @7

wherel(T) is the fitted total glow curveg allows for the electronic noise contribution
to the planchet and dosimeters infrared contrilbut@othe background.

Starting from the above equation (37), the leastasg minimization
procedure and also FOM (Figure of Merit) [35-36]swased to judge the fitting
results as to whether they are good or not. i.e.
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)= I(T))
A

whereN;(T) is thei-th experimental points (total n=200 data poinkg]) is thei-th
fitted points, and\ is the integrated area of the fitted glow curve.

From many experiences [35-36], it can be said ithide values of the FOM
are between 0.0% and 2.5% the fit is good, 2.5 @&63a8% the fit is fair, and > 3.5%
it is bad fit.

To have a graphic representation of the agreebwinteen the experimental

and fitted glow curves, the computer program aletsghe function,

N; (M) 1 (T)
VL)

which is a normal variable with an expected valwm@o=1 whered*(T)=1;(T).

X(T) = (39)

2.13 Mathematica

Mathematica is a computational software programduge scientific,
engineering, and mathematical fields and othersaoéaechnical computing [37]. It

was conceived by Stephen Wolfraamd is developed by Wolfram Research

Champaign, lllinoig37]. Mathematica is split into two parts, the rikelrand the front

end. The kernel interprets expressions (Mathematiocde) and returns result
expressions. Th&lathematica language was designed from the start to provide a
clear and precise way of communicating ideas--fhrmmman to computer or from one
human to another. Computer languages typically ispéite operations in a rather
low-level and literal way. ButMathematica is essentially unique among languages in
common use because it operates at a much highadr Eelevel corresponding much
more closely to normal human thinking.

Mathematica has emerged as an important tool in computer seienra
software development: its language component iselyidused as a research,
prototyping and interface environment. Therefoldathematica has become
important in a remarkably wide range of fields otles yearsMathematica is used
today throughout the sciences—physical, biologisakial and other—and counts

many of the world's foremost scientists among ighesiastic supporters. It has
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played a crucial role in many important discoveriand has been the basis for
thousands of technical papers.

In engineering, Mathematica has become a standard tool for both
development and production, and by now many of wweld's important new
products rely at one stage or another in theirgtiesnMathematica.

Whether they have tasks that involve numbers, ftamydunctions, graphics,
data, documents, or interfacddathematica gives automatic access to by far the
largest collection of algorithms ever assembledatidmatica perform the arithmetic
calculations in seconds that would take humans hsoot years to do unaided.
Mathematica can perform all the usual calculus ajp@rs — such as integration,
differentiation, series, limits, etc. But the essenfMathematica is its language for
describing and manipulating expressions. The nwakand symbolic computations
by mathematica can be conducted and both two- fane@-dimensional graphics, as
well as counter and density plots can be produéeda result, numeric of any
precision, symbolic, or visualizatiorMathematica is the ultimate computational
tool, with system-wide technology to ensure relighi ease-of-use, and

performance.

2.13.1 Numerical Solution of Differential Equations by MATHEMATICA

The function NDSolve allows finding numerical satuts to differential equations
by mathematica [37]. NDSolve handles both singieedintial equations, and sets of
simultaneous differential equations. You can useShie to solve systems of
coupled differential equations. This finds a numrisolution to a pair of coupled
equations. It can handle a wide rangeodfinary differential equations as well as
somepartial differential equations. In a system of ordinary differential equations
there can be any number of unknown functignsbut all of these functions must
depend on a single “independent variabteivhich is the same for each function.
Partial differential equations involve two or mameependent variables [37].
NDSolve[{ egnl, egn2, ... }, y, {X xmin, xmax}] = find a numerical solution for
the functiony with x in the rangemin t0 Xux

NDSolve[{ egnl, egn2, ... }, {yn, VYu ...} {X xmin, xmax }] = find numerical
solutions for several functiorys
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NDSolve represents solutions for the functighsas InterpolatingFunction
objects. ThelnterpolatingFunction objects proviggraximations to the; over the
range of valuegyi, to Xmx for the independent variable NDSolve finds solutions
iteratively. It starts at a particular value xfthen takes a sequence of steps, trying
eventually to cover the whole ranggn to xmax. In order to get started, NDSolve has
to be given appropriate initial or boundary coratis for they, and their derivatives.
These conditions specify values f@x], and perhaps derivatives'[x], at particular
pointsx. In general, at least for ordinary differentialuations, the conditions you
give can be at any. NDSolve will automatically cover the ranggn t0 Xmax-

When you use NDSolve, the initial or boundary ctinds you give must be
sufficient to determine the solutions for hecompletely. When you use DSolve to
find symbolic solutions to differential equationgmu can get away with specifying
fewer initial conditions. The reason is that DSolatomatically inserts arbitrary
constants GJ to represent degrees of freedom associated witilaliconditions that
you have not specified explicitly. Since NDSolvesnhgive a numerical solution, it
cannot represent these kinds of additional degreé&gedom. As a result, you must
explicitly give all the initial or boundary conditis that are needed to determine the
solution. In a typical case, if you have differahtiequations with up ta"
derivatives, then you need to give initial condisdfor up to § — 1) derivatives, or
give boundary conditions atpoints.

NDSolve has many methods for solving equationsgbaéntially all of them
at some level work by taking a sequence of stefgbarindependent variable and
using an adaptive procedure to determine the dizhese steps. In general, if the
solution appears to be varying rapidly in a paféicuegion, then NDSolve will
reduce the step size or change the method solesdble to track the solution better.
NDSolve follows the general procedure of reducitep size until it tracks solutions
accurately. When NDSolve solves a particular satitdérential equations, it always

tries to choose a step size appropriate for thqaat®ns.

2.13.2 Numerical Solutions of Differential Equations of O’'OR Model by
Mathematica

As mentioned in the section 2.4, the simplest madehermoluminescence
phenomenon is the OTOR model which consists of ewergy levels: the electron
traps (ET) and the recombination center (RC) inftrbidden gap. The differential
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equations governing the traffic of electrons betwéke electron trap level, the
recombination center and the conduction band are:

C

p = nsexp{— %} -n,(N-n)A, —nmA, =Traffic of electrons in electron traps

—% =np-n,(N-n)A, = nsexp{—k—i} -n.(N-n)A = Traffic of electrons in CB

I(t) = —%—T =n.mA, =n.(n+n,)A, = Thermoluminescence Intensity (TL)

Unfortunately these differential equations can betsolved in any closed
form, and the solutions must be obtained numeyic&lbme of the results obtained

by using Mathematica program with the OTOR modelsitown in below examples
after different values of kinetic parameters.
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CHAPTER 3

NUMERICAL CALCULATIONS AND RESULTS

Example 1: The following simple programs in Mathematica sothie differential
equations for the first, second and general-ordeatics with the initial value,=N.
The command NDSolve is used to perform the numiericgegration of the
differential equation and the parameter x represtre temperature PE) and the
function n[x] represents the electron concentratibf). The integration is generally
carried out from a temperature of T20 to T=150°C (or up to 400°C in some
cases) and the command Plot is used to graph tdt rés (T) of the numerical
integration procedure. As seen from the numeriagdigerated glow curves in below
figures, the peak temperature position at maximat@nisity (T,ay of the first-order
TL glow curve (A<<Ap) stays the same for the different values of thrapaters g
but the maximum height .y of the glow curve increases with increasiggwhile
the overall asymmetric shape of the TL glow cuemains the same. On the other
hand, both the peak temperature,{J and maximum height §) of the second
(An=Ap) and general-order TL (&An) glow curve change with the valuergf
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£=10712; El=1; E2=0.95; E3=0.9; k=8.617%10%-5; n0=10710; B =1;

TL1 = NDSolve[{n'[x] = -n[x] *s /B*E* {-E1 / (k% {273 +x))), n[0] ==n0}, n, {x, 0, 150}];
TL2 = NDS3olve[{n'[x] = -n[x] s /B+*E*~{-E2 / (k% {273 +x))), n[0] ==n0}, n, {x, 0, 150}];
TL3 = NDSolve[{n'[x] = -n[x] *s /B *E* (-E3 / (k% (273 +x))), n[0] ==n0}, n, {x, 0, 150}];
Plot[{Evaluate[-n"[x] /. TL1], Evaluate[-n"'[x] /. TL2], Evaluate[-n'[x] /. TL31}, {x, 0, 150},
PlotRange - All, PlotLabel - "TL Glow Curves", ImageSize » 80 x5, Frame - True,

FrameLabel - {"Temperature (°C)}"™, "TL (a.u.}"} , LabelS$tyle - Directive[Bold, 127,

Plot8tyle » {{Black}, {Dashed, Black}, {Dashing[Large], Black}}]

TL Glow Curves
35x 108 - ‘ ; ; ; . ‘ ‘
3.x 108
2.5% 108
3 2.x10%
B
2 15x10®
i
Lx10%
5.x 107
1}
Temperature (°C)
El=1; s1=1%10"12; =52=3+10%12; 53 =9%10%12; k=8.617%104-5; a0 =10~10; g =1;
TLl = NDSelve[{n " [x] == -n[x] *sl /B+E* (-EL/ (k% (273 +x)})), n[0] =n0}, n, {x, 0, 150}];
TL2 = NDSolve[{n " [x] = -n[x] *e2 /E*E~ {-E1 / {k* (273 +x))), n[0] ==n0}, n, {x, 0, 150}];
TL3 = NDSelve[{n " [x] == -n[x] *s3 /B+E* (-E1 / (k+ (273 +x)})), n[0] =n0}, n, {x, 0, 1503}];
Plot[{Evaluate[-n'[x] /. TL1], Evaluate[-n'[x] /. TL2], Evaluate[-n'[x] /. TL3]}, {x, 0, 150},
PlotRange - All, PlotLabel + "TL Glow Curves", ImageSize - 80x5, Frame - True,
FrameLabel » {"Temperature (°C)", "TL Intensity(a.u.)"} , Labelftyle - Directive[Bold, 12],
PlotStyle + {{Black}, {Dashed, Black}, {Dashing[Large], Black}}]
TL Glow Curves
35x 108 ‘ " " ‘ ‘ " "
3.x 108
7 2sx108
X
= 2.x 108
£ 8
out[22)= £ 1.5x10
= 1.x 108
5.x 107
0
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nzz= (#This program describes the sclution of differential equations of first
order TL kinetics (b=l). It shows the effect of initial number of trapped
electrons (n,)in electron traps on the first order thermoluminescence
glow peaks. The kinetic parameters for calculaticons are shown in below;+)

El=1; 1 =1%10~12; k=8.617+10"~-5; nl =1%10°10; n2=2%10710; n3 =3%10+10; B=1;

TL1 = NDSolve[{n'[x] = -n[x] *sl /B +E* {-E1/ (k% {273 +x))), n[0] = nl}, n, {x, 0, 150}];
TL2 = NDSolve[{n'[x] = -n[x] ¥l /B +E* {-E1/ (k% {273 +x))), n[0] =n2}, n, {x, 0, 150}];
TL3 = NDSolve[{n'[x] = -n[x] *sl fB*E* (-E1 / (k#* (273 +x))), n[0] =n3}, n, {x, 0, 150}];

Plot[{Evaluate[-n'[x] /. TL1], Evaluate[-n'[x] /. TL2], Evaluate[-n'[x] /. TL3]}, {x, 0, 150},
PlotRange - All, PlotLabel » "TL Glow Curves", ImageSize + 80x5, Frame - True,
FrameLabel - {"Temperature (°C)", "Thermoluminescence Intensity (a.u.)"},

Label8tyle - Directive [Bold, 12], PlotStyle » {{Black}, {Dashed, Black}, {Dashing[Large], Black}}]

TL Glow Curves

£ ;N
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= B.x108 1
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g ;
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E
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0 0 40 60 80 100 120 140
Temperature (°C)
In[1):=

El=1; s1=1%10%12; k=8.617%104-5; nl =1%10*10; Bl=1; g2=3; B3:=7;

TLl = NDSolve[{n'[x] == -n[x] #sl fBL+E* (-E1 / (k+ (273 +x))), n[0] =nl}, n, {x, 0, 200}];
TL2 = NDSolve[{n'[x] == -n[x] +5l /B2 +E* (-E1/ (k+* (273 +x)}), n[0] =nl}, n, {x, 0, 200}];
TL3 = NDSolve[{n'[x] = -n[x] *sl /B3 *E* (-E1/ (k% (273 +x))), n[0] =nl}, n, {x, 0, 200}];

Plot[{Evaluate[-n" [x] /. TL1], Evaluate[-n'[x] /. TL2], Evaluate[-n'[x] /. TL3]}, {x, 0, 200},
PlotRange —» Al1, PlotLabel » "TL Glow Curves™, ImageSize » 80x5, Frame - True,
FrameLabel » {"Temperature (°C}", "Thermoluminescence Intensity f{a.u.}"},

LabelStyle » Directive [Bold, 12], PlotStyle » {{Black}, {Dashed, Black}, {Dashing[Large], Black}}]

TL Glow Curves

3.x 108
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In[&]:=

El=1.6; s1=1+10"11; s2=1%10%12; 83 =1%10713; k=8.617%10~-5; n0=10"10; B =1;

TL1l = HDSolve[{n " [x] == -n[x] +n[x] *sl /B +E*(-E1/ (k» (273 +x)}), n[0] ==n0}, n, {x, 0, 150}];
TL2 = NDSolve[{n ' [x] == -n[x] *n[x] *s2 /B *E* (-E1/ (k* (273 +x)}), n[0] ==n0}, n, {x, 0, 150}];
TL3 = NDSolve[{n ' [x] = -n[x] ¥n[x] *s3/B*E" (-E1/ (k (273 +x))), n[0] ==n0}, n, {x, 0, 150}];

Plot[{Evaluate[-n'[x] /. TLl], Evaluate[-n" [x] /. TL2], Evaluate[-n"[x] /. TL3]}, {x, 0, 150},
PlotRange - All, PlotLabel 5 "TL Glow Curves™, ImageSize » 80x5, Frame - True,
FrameLabel - {"Temperature (°C)", "TL Intensity (a.u.)"} , LabelStyle - Directive[Bold, 12],
Plot8tyle » {{Black}, {Dashed, Black}, {Dashing[Large], Black}}]

TL Glow Curves

4.x 108
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2.x 108
out{10]=

TL Intensity (a.u.)

1.x 10°

Temperature (°C)

El=1.6; sl1=1%10"11; s2=1%10"12; s3=1%10713; k=8.617%10~-5; n0=1010; g =1;

TL1 = NDSolve[{n ' [x] == -n[x] *n[x] sl /B +E* (-E1/ (k+ (273 +x))), n[0] =n0}, n, {x, 0, 150}];
TL2 = NDSolve[{n'[x] = -n[x] *n[x] *s2 /B +E* (-E1/ (k+ {273 +x))}}, n[0] =n0}, n, {x, 0, 1503}];
TL3 = NDSolve[{n ' [x] = -n[x] *n[x] *s3 /A *E* (-E1 / (k+* (273 +x)))}, n[0] ==n0}, n, {x, 0, 150}];

Plot [{Evaluate[-n"'[x] /. TL1], Evaluate[-n" [x] /. TL2], Evaluate[-n'[x] /. TL3]}, {x, 0, 150},
PlotRange -+ All, PlotLabel + "TL Glow Curves"”, ImageSize » 80 x5, Frame - True,
FrameLabel - {"Temperature (°C)", "TL Intensity (a.u.)"} , LabelStyle - Directive[Bold, 12],
PlotS8tyle » {{Black}, {Dashed, Black}, {Dashing[Large], Black}}]

TL Glow Curves

4.x108
3.x108
2.x108
out[s]=
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Thermoluminescence Intensity (a.u.)

0 20 40 60 30 100 120 140

Temperature (°C)

43



np= (#This program describes the solution of differential equations of SECOND
ORDER TL kinetics (b=2). It shows the effect of initial number of trapped
electrons (n,)in electron traps on the SECOND ORDER thermceluminescence
glow peaks. The kinetic parameters for calculations are shown in below;*)

El=1.7; s1=1%10"12; k=8.617%10*-5; nl =1%10"10; n2=2%10"10; n3 =3+%10°10; B=1;

TL1l = HDSolve[{n ' [x] = -n[x] *n[x] *sl /B+E* (-E1/ (k+* (273 +x))), n[0] =nl}, n, {x, O, 150}];
TL2 = NDSolve [{n ' [x] = -n[x] *n[x] *sl /B+E* (-E1/ (k* (273 +x))), n[0] =n2}, n, {x, 0, 150}];
TL3 = NDSolve[{n ' [x] = -n[x] *n[x] *sl/B+E* (-E1/ (k* (273 +x)))}, n[0] =n3}, n, {x, 0, 150}];
Plot[{Evaluate[-n"'[x] /. TL1], Evaluate[-n"'[x] /. TL2], Evaluate[-n'[x] /. TL3]}, {x, 0, 150},
PlotRange - All, PlotLabel - "TL Glow Curves™, ImageSize - 80x5, Frame s True,

FrameLabel - {"Temperature (°C)™, "TL Intensity (a.u.)"} , LabelStyle - Directive[Bold, 12],
Plot8tyle » {{Black}, {Dashed, Black}, {Dashing[Large], Black}}]

TL Glow Curves
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In[1]:=
El=1.5; s1=1%10"12; k=8.617+104-5; nl =1+10+10; Bl=1; B2 =5; B3 =25;
TL1 = NDSolve[{n " [x] = -n[x] *n[x] sl /BL+E* (-E1/{k+ (273 +x)))}, n[0] =nl}, n, {x, 0, 1503}];
TL2 = NDSolve[{n " [x] = -n[x] *n[x] #sl fB2+E* (-E1/ {k+ (273 +x)))}, n[0] ==nl}, n, {x, 0, 1503}];
TL3 = NDSolve[{n ' [x] = -n[x] *n[x] *sl /B3 *E~ (-E1/ (k% (273 +x))), n[0] ==nl}, n, {x, 0, 150}];
Plot[{Evaluate[-n'[x] /. TL1], Evaluate[-n'[x] /. TL2], Ewvaluate[-n'[x] /. TL31}, {x, 0, 150},
PlotRange - All, PlotLabel - "TL Glow Curves", ImageSize » 80x5, Frame - True,
FrameLabel - {"Temperature (°C)™, "TL Intensity (a.u.)"} , LabelStyle - Directive[Bold, 12],
PletStyle » {{Black}, {Dashed, Black}, {Dashing[Large], Black}}]
TL Glow Curves
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)=

g§=10%14; E1=1.0; k=8.617+10*-5; Nt=1%10410; n0=1+10410; B=1; bl=1.3; b2=1.5; b3=1.8;

TL1 = NDSolve [{n ' [x] = - (n[x] *bl) /Ht+s /B *E* (-E1/ (k (273 +x))), n[0] ==n0}, n, {x, O, 400}];
TL2 = NDSolve [{n ' [x] = - (n[x] *b2) /Ht+s /B +E* (-E1/ (k* (273 +x))}), n[0] =n0}, n, {x, O, 400}];
TL3 = NDSolve[{n "' [x] = - (n[x] *b3) /Nt+s /B +E* (-E1/ (k* (273 +x))), n[0] ==n0}, n, {x, 0, 400}];
Plot[{Evaluate[-n'[x] /. TL1l], Evaluate[-n"'[x] /. TL2], Evaluate[-n"'[x] /. TL3]}, {x, 0, 400},
PlotRange = All, PlotLabel » "TL Glow Curves", ImageSize -» 80«5, Frame -» True,

FrameLabel » {"Temperature (°C)", "TL Intensity {(a.u.)"} , LabelStyle - Directive[Bold, 12],
PlotS8tyle -+ {{Black}, {Dashed, Black}, {Dashing[Large], Black}}]

TL Glow Curves
2.x 108 a :
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]
B ax
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In[1]:=
s=10*14; E1=1.0; k=8.617%10%-5; Nt=1%10%10; nl=1%10%10; n2=0.75+%10%10; n3 =0.5+10"10;
p=1; b1 =1.5;
TL1 = NDSolve[{n' [x] = - (n[x] *bl) /Ht*xs /B+E* (-EL/ (k* {273 +x))}), n[0] =nl}, n, {x, O, 400}];
TL2 = NDSolve[{n' [x] = - (n[x] *bl) /Ntws/B+E" (-EL/ (k¥ (273 +x))), n[0] =n2}, n, {x, 0, 400}]1;
TL3 = NDSolve [{n ' [x] = - (n[x] *bl) /Htws /B+E* (-EL/ (k% (273 +x}})}, n[0] =n3}, n, {x, 0, 400}];
Plot[{Evaluate[-n'[x] /. TL1], Evaluate[-n'[x] /. TL2], Evaluate[-n'[x] /. TL3]}, {x, 0, 400},
PlotRange -» All, PlotLabel » "TL Glow Curves", ImageSize » 80x5, Frame - True,
FrameLabel » {"Temperature (°C)", "TL Intensity (a.u.)"} , LabelStyle - Directive[Bold, 12],
Plot8tyle » {{Black} K {Dashed, Black}, {Dashing[Large], Black}}]
TL Glow Curves
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Example 2: The following Mathematica programs integrate thiéfecential
equations for the OTOR model after different kiogtarameters. The command Plot
is used to graph the functiong(T), n(T), m(T) and TL(T). The graphs in below
figures show the results from using different/A, ratios. Note that when the
A,=0.01A,, the probability coefficient pof the free electrons in the conduction band
recombining in the RC is 100 x larger than the piolity coefficient A, of being
retrapped in the electron trap. It can be eas#yiaed that the first-order kinetic will
be satisfied under these conditions. The calculdtedglow curves have indeed
represents the characteristic shape of the fidgrorglow curve under these
circumstances. When ,Abecomes equal to pAthe probability coefficient A of
recombining in the RC is equal to the retrappingbpbility coefficient A, which
satisfies the second-order glow curves under tincuimstances. If the A100xA,,

the probability coefficient Aof recombining in the RC is 100 x smaller than the
retrapping probability coefficient A In this case, the heavy retrapping is dominant
and thereupon the intensity of TL glow curve bedsfributed over a much larger
temperature region. As seen from the graphs invbélgures, the concentrations of
trapped electrons n(T) in electron traps and hotg€l) in RC decrease,
simultaneously. On the other hand, the gragfi)rshows that the concentration of
free electrons in the conduction band increasesoup certain temperature which
depends on the input kinetic parameters and thesredses with increasing
temperature. Note that the peak temperatures @f) rand TL glow curve are

different from each other.
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Inja] =

k=8.617%10~-5; Tm=200; s=1+10~12; E1=1.0; B=1; Nt=1%10710; Ah=1%10"-7; An=0.0001

Out[10}=

out{ 1=

out[12]=

sol = NDSolve[{nl "[x] == -nl[x] *s fB*E* (-EL / (k% (273 +x))) +An* (Nt -nl[x]) *nc[x] /B,
ne ' [x] == -nl ' [x] - Ahxnc[x] * (nl[x] +nc[x]) /B8, nh'[x] ==nl"[x] +nc'[x], nl[0] = Nt,
ne[0] == 0, nh[0] ==nl[0] +nc[0]}, {nl, ne, nh}, {x, O, Tm}];

Plot [Evaluate[nl[x] /. sol], {x, 0, Tm}, PlotRange - All, PlotLabel - "Number of Electrons in ET",
ImageSize » 80 x5, Frame » True, FrameLabel = {"Temperature (°C)"™, ™n(T)"},

LabelStyle » Directive[Bold, 12], PlotStyle » {{Black}}]

Plot [Evaluate[nc[x] /. sel], {x, 0, Tm}, PlotRange - All, PlotLabel - "Number of Electrons in CB™,
ImageSize » 80 x5, Frame » True, FrameLabel - {"Temperature (°C)", "n.(T)"},

LabelStyle - Directive[Bold, 12], PlotStyle - {{Black}}]

Plot [Evaluate[-nh ' [x] /. sel], {x, 0, Tm}, PlotRange -+ All, PlotLabel » "TL Glow Curve™,
ImageSize » 80 x5, Frame » True, FrameLabel - {"Temperature (°C)", "TL Intensity (ar.un.)"},

LabelStyle - Directive[Bold, 12], PlotStyle » {{Black}}]

Clear([seol, nl, ne, nh, E1, s, Nt, k, Ah, An]

Number of Elecitrons in ET

1.x 100 i ]
8.x10° 1
6.x10° 1

2
=
4.x10° 1
2.x10° 1
0 ‘ . ‘ :
0 50 100 150 200
Temperature (°C)
Number of Electrons in CB
31008 b 1
g 2.0t 1
&
Lx108 1
0f; ‘ 1
0 50 100 150 200
Temperature (“C)
TL Glow Curve
3.x105 ' ‘ ' E
~  15x10%f 1
5 2.x10% | ]
-E' 15x108 | 1
£
8 1.x10% L ]
-
=
5.x107 1
0 50 100 150 200

Temperature (°C)

47



k=8.617%10"-5; Tm=200; s=1%10"12; E1=1.0; Bg=1; Nt=1%10"10; Ah=1%10"-7; An =1«%Ah;

sol = NDSolve [{nl ' [x] = -nl[x] *5 /B *E~ (-El / (k% (273 +x}}) +An+ (Nt -nl[x]) *nc[x] /8,
nc ' [x] = -nl"[x] - Ahwne[x] * (nl[x] +nc[x]} /A, nh'[x] =nl"[x] +nec’[x], nl[0] = Nt,
nc[0] =0, nh[0] =nl[0] +ne[01}, {nl, ne, nh}, {x, O, Tm}]1;

Plot [Evaluate[nl[x] /. sol], {x, 0, Tm}, PlotRange - All, PlotLabel - "Number of Electrons in ET",
ImageSize -» 80 x5, Frame - True, FrameLabel - {"Temperature (°C}™, "n(T)"},
LabelStyle » Directive [Bold, 12], PlotStyle -» {{Black}}]

Plot [Evaluate[nc[x] /. sol], {x, 0, Tm}, PlotRange - All, PlotLabel » "Number of Electrons in CB",
ImageSize - 80 x5, Frame - True, FrameLabel » {"Temperature (°C)}™, "n.(T}"},
LabelStyle » Directive [Bold, 12], PlotStyle -» {{Black}}]

Plot [Evaluate[nh[x] /. sol], {x, 0, Tm}, PlotRange » All, PlotLabel —» "Humber of Holes in RC",
ImageSize - 80 x5, Frame - True, FrameLabel » {"Temperature (°C)}™, "n,(T}"},
LabelStyle » Directive [Bold, 12], PlotStyle -» {{Black}}]

Plot [Evaluate[-nh ' [x] /. sol], {x, 0, Tm}, PlotRange —+ All, PlotLabel -+ "TL Glow Curve",
ImageSize -» 80 x5, Frame - True, FrameLabel - {"Temperature (°C)™, "TL Intensity (ar.un.)"},
LabelStyle » Directive [Bold, 12], PlotStyle -» {{Black}}]

Clear[sol, nl, ne, nh, E1, s, Nt, k, Ah, An]
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In[1]:=

k=8.617%10%-5; Tm=400; s=1%10~12; E1=1.0; A=1; Nt =1%10*10; Ah=1%10*-7; An =1000 xAh;
sol = NDSolve[{nl " [x] == -nl[x] *s /B*E*(-E1/ (k# (273 +x))) +An* (Nt -nl[x]) #nc[x] /B,

ne ' [x] = -nl"[x] - Ahwvnc[x] » {(nl[x] +ncx]) /8, nh"[x] =nl"'[x] +ne’[x], nl[0] = Nt,

na[0] == 0, nh[0] =nl[0] +nc[0]}, {nl, ne, nh}, {x, 0, Tm}];

{x, 0, Tm}, PlotRange + All, PlotLabel » "TL Glow Curve™,

Plot [Evaluate[-nh ' [x] /. sol],
"TL Intensity {ar.un.)"},

ImageSize -+ 80x5, Frame » True, FramelLabel - {"Temperature (°C)",
Labelftyle » Directive [Bold, 12], Plotf&tyle - {{Black}}]

Clear[sol, nl, ne, nh, E1, s, Nt, k, Ah, An]
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k=8.617+104-5; Tm=250;

s1=1%10%12; 52 =1+%10+12; s3=1%10~12;
El=1.0; E2=1.05; E3=1.1;

pl=1; p2=1; p3=1;

Ntl=1+10710; Nt2 =1+10410; Nt3 =1%10210;
Ahl =1%10*-7; Ah2 =1%10*-7; Ah3 =1%10~-7;
Anl =1 %Ahl; An2 =1+Ah2; An3 =1+Ah3;

soll = NDSolve[{nl '[x] == -nl[x] x5l /Bl +E* (-EL / (k* (273 +x))) +Anl % (Nt1l -nl[x]) +nel[x] /R1,
nel '[x] = -nl " [%] - Ahl ¥nel [x] % (n1[x] +nel[x]) /AL, nhl " [%] =nl"[x] +nel ' [x],
nl[0] == Ntl, nel[0] =0, nhl1[0] ==nl[0] +nel[0]1}, {nl, nel, nhl}, {x, 0, Tm}];

s0l2 = NDSolve [{n2 ' [x] == -n2[x] *s2 /B2 %E* (-E2 / (k* (273 +x))) +An2 % (Nt2 -n2([x]) »nc2[x] /B2,
ne2 ' [x] = -n2 " [x] - Ah2 ¥nc2 [x] » (n2[x] +ne2[x]) /B2, nh2 " [x] =n2 " [x] +ne2 " [x],
n2 [0] ==Nt2, nc2[0] ==0, nh2[0] =n2[0] +nc2[0]}, {n2, nc2, nh2}, {x, 0, Tm}];

s0l3 = NDSolve [{n3 ' [x] == -n3[x] *s3 /B3 *E* (-E3 / (k* (273 +x))) +An3 » (Nt3 - n3[x]) »nec3[x] /R3,
ne3 ' [x] = -n3 " [x] - Ah3 ¥nc3 [x] » (n3[x] + ne3[x]) /B3, nh3 " [x] =n3 " [x] +ne3d " [x],
n3[0] ==Ht3, ne3[0] ==0, nh3[0] =n3[0] +nec3[0]}, {n3, nc3, nh3}, {x, 0, Tm}];

Plot[{Evaluate[-nhl'[x] /. soll], Evaluate[-nh2'[x] /. s0l2], Evaluate[-nh3 ' [x] /. socl3]},
{x, 0, Tm}, PlotRange - All, PlotLabel - "TL Glow Curve", ImageSize -+ 80 x5, Frame - True,
FrameLabel » {"Temperature (°C)", "TL Intensity (ar.un.)"}, LabelStyle »Directive[Bold, 12],
PlotStyle » {{Black}, {Dashed, Black}, {Dashing[Large], Black}}]

Clear[soll, nl, nel, nhl, E1, s1, Ntl, g1, Ahl, Anl, sol2, n2, nc2, nh2, E2, s2, Nt2, g2, Ah2,
An2, sol3, n3, nc3, nh3, E3, =3, Nt3, 83, Ah3, An3]
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Infas]:=

k=8.617+104-5; Tm=300;

£l =1%1012; 82 =1%10~12; 3 =1%10"12;
El=1.0; E2=1.0; E3=1.0;

Bl=1; B2 =1; g3 =1;

N£l=1%10710; N£2 =1+10410; N£3 =1%10710;
Ahl =1%10%-7; Ah2 =1%104-7; Ah3 =1%104-7;
Anl = 0.1 %Ahl; An2 = 10 *Ah2; An3 =1000 xAh3;

soll = NDSolve[{nl ' [x] == -nl[x] *sl /BL*E* (-EL / (k* (273 +x))) +Anl » (Ntl -nl[x]) »ncl[x] /R1,
nel ' [x] = -nl " [x] - Ahl ¥nel [x] » (n1[x] +nel[x]) /RLl, nhl " [x] =nl"[x] +nel " [x],
nl[0] ==Htl, nel[0] ==0, nhl1[0] ==nl[0] +ncl[0]}, {nl, ncl, nhl}, {x, O, Tm}];

s0l2 = NDSolve[{n2 ' [x] == -n2[x] &2 fB2+E* (-E2 / (k# (273 +x))) +An2 % (Nt2 - n2[x]) *+nc2[x] f B2,
no2 ' [x] = -n2 " [x] - Ah2 ¥ne2 [x] * (n2[x] + ne2[x]) FB2, nh2 " [x] =n2 " [x] +ne2 " [x],
n2 [0] == Nt2, nc2[0] =0, nh2[0] =n2[0] +nc2[0]1}, {n2, nc2, nh2}, {x, 0, Tm}];

£0l3 = NDSolve[{n3 ' [x] = -n3[x] 3 /A3 +E* (-E3 / (k* (273 +x))) +An3 % (N3 -n3[x]) *+ne3 [x] /B3,
nel ' [x] = -n3 " [x] - Ah3 ¥ne3 [x] # (n3[x] +ne3[x]) FB3, nh3 " [x] =n3"[x] +neld " [x],
n3[0] ==Ht3, nc3[0] ==0, nh3[0] ==n3[0] +nc3[0]}, {n3, nc3, nh3}, {x, 0, Tm}];

Plot[{Evaluate[-nhl'[x] /. soll], Evaluate[-nh2 ' [x] /. sol2], Evaluate[-nh3 ' [x] /. sol3]},
{x, 0, Tm}, PlotRange - All, PlotLabel - "TL Glow Curve", ImageSize - 80 x5, Frame » True,
FrameLabel » {"Temperature (°C)", "TL Intensity {ar.un.}"}, LabelStyle - Directive[Bold, 12],
Plot3tyle » {{Black}, {Dashed, Black}, {Dashing[Large], Black}}]

Clear([soll, nl, nel, nhl, E1, s1, Ntl, g1, Ahl, Anl, =o0l2, n2, nc2, nh2, B2, s2, Nt2, g2, AhZ,
An2, so0l3, n3, ned, nh3, E3, =3, Nt3, 83, Ah3, An3]
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In[133] =

out{143}=

k=8.617+10*-5; Tm =250;

s1=1%10412; 52 =1%10%12; s3=1+10412;
El1=1.0; E2=1.0; E3=1.0;

Bl=1; g2 =10; B3 =50;

Htl=1+10410; Nt2 =1%10710; Nt3=1+10~10;
Ahl =1%104-7; Ah2 =1+10%-7; Ah3 =1%10*-7;
Anl = 0.1%Ahl; An2 = 0.1 %xAh2; An3 = 0.1 +Ah3;

soll = NDSelve[{nl '[x] == -nl[x] *sl /BL+E~ {-E1/ (k+ (273 +x))) +Anl » ({Ntl - nl[x]) *+ncl[x] /A1,
nol ' [x] == -nl ' [x] - Ahl *#nel [x] # (nl[x] +ncl[x]) /A1, nhl ' [x] ==nl"'[x] +necl "’ [x],
nl[0] = Ntl, nel[0] =0, nh1[0] == nl[0] +nel[0]}, {nl, nel, nhl}, {x, 0, Tm}];

sel2 = NDSelve[{n2 "[x] = -n2[x] *s2 /B2 %E* (-E2 / (k+ (273 +x))) +An2 % (Nt2 - n2[x]) #nec2[x] / B2,
no2 ' [x] = -n2 ' [x] - AhZ *nc2 [x] * (n2 [x] +no2[x]) /B2, nh2 ' [x] =n2 " [x] +nec2 ' [x],
n2[0] = Nt2, ne2[0] =0, nh2[0] == n2[0] +ne2[0]}, {n2, ne2, nh2}, {x, 0, Tm}, MaxSteps -+ 20 000];

scl3 = NDSelve[{n3 "[x] == -n3[x] *s3 /B3 %E* (-E3 / (k+ (273 +x))) +An3 % (Nt3 - n3[x]) #nec3[x] / B3,
ned ' [x] == -n3 7 [x] - Ah3 *ne3 [x] * (n3 [x] +ne3 [x]) /B3, nh3 ' [x] ==n3 " [x] +nec3 " [x],
n3[0] == Nt3, nc3[0] ==0, nh3[0] == n3[0] +nc3[0]}, {n3, ne3, nh3}, {x, 0, Tm}, MaxSteps - 20000];

Plot[{Evaluate[-nhl " [x] /. soll], Evaluate[-nh2 "[x] /. sol2], Evaluate[-nh3 '[x] /. sol3]},
{x, 0, Tm}, PlotRange - All, PlotLabel » "TL Glow Curve”, ImageSize - 80 x5, Frame » True,
FrameLabel » {"Temperature (°C)", "TL Intensity (ar.un.)"}, LabelStyle - Directive[Bold, 12],
PlotStyle -+ {{Black}, {Dashed, Black}, {Dashing[Large], Black}}]

Clear[secll, nl, ncl, nhl, E1, s1, Ntl, g1, Ahl, Anl, sol2, n2, nc2, nh2, E2, s2, Nt2, g2, Ah2,
An2, sol3, n3, nc3, nh3, E3, s3, Nt3, 83, Ah3, An3]

TL Glow Curve

2.5x 108
2.x 108
15x 108

1.x108

TL Intensity (ar.un.)

5.x107

0 S0 100 130 200 250

Temperature (°C)

52



In[169] =

out[179)=

k=8.617%10*-5; Tm=200;

sl =1%10*12; s2=1%10%12; 3 =1+10~12;
El=1.0; E2=1.0; E3=1.0;

Bl=1; p2=1; B3 =1;

Ntl=1%10410; Nt2 =1%10410; Nt3=1+10%10;
Ahl =1%10*-7; Ah2 =1%10%-7; Ah3=1%10*-7;
Anl =1w%Ahl; An2 =1%Ah2; An3 =1+3ah3;

soll = NDSolve[{nl "[x] = -nl[x] *sl /Bl *E* (-El1/ (k% (273 +x)}) +Anl » {(Ntl -nl[x]) #ncl[x] /81,
nel ' [x] = -nl " [x] - Ahl *nel [x] * (nl[x] + nel[x]) /B1l, nhl " [x] ==nl"'[x] +necl ' [x],
nl[0] ==Nt1l, nel[0] =0, nhl[0] =nl[0] +nel[0]}, {nl, ncl, nhl}, {x, O, Tm}];

s0l2 = NDSolve [{n2 " [x] = -n2[x] *s2 fB2 *E* (-E2 / (k* (273 +x))) +An2  (Nt2 -n2[x]) *nc2[x] /B2,
ne2 ' [x] = -n2 " [x] - Ah2 ¥nc2 [x] * (n2[x] + ne2[x]) /B2, nh2 " [x] =nZ"'[x] +nc2 ' [x],
n2[0] == 0.5 *Nt2, ne2[0] =0, nh2[0] =n2[0] +ne2[0]}, {n2, ne2,6 nh2}, {x, 0, Tm}, MaxSteps - 20000];

5013 = NDSolve [{n3 "[x] = -n3[x] +s3 fR3*E* (-E3 / (k* (273 +x)}) +An3  {Nt3 - n3[x]) +ne3[x] /B3,
ned ' [x] = -n3 " [x] - Ah3 *nc3 [x] * (n3[x] + ne3[x]) /B3, nh3 " [x] =n3 "' [x] +ne3 " [x],
n3[0] ==0.1*Nt3, ne3[0] =0, nh3[0] =n3[0] +nc3[0]}, {n3, nc3, nh3}, {x, 0, Tm}, MaxSteps » 20000];

Plot[{Evaluate[-nhl "[x] /. soll], Evaluate[-nh2 '[x] /. sol2], Evaluate[-nh3 '[x] /. s0l13]},
{x, 0, Tm}, PlotRange - All, PlotLabel » "TL Glow Curve", ImageSize - 80 x5, Frame - True,
FrameLabel - {"Temperature (°C)"™, "TL Intensity (ar.un.)"}, LabelStyle - Directive[Bold, 12],
PlotStyle » {{Black}, {Dashed, Black}, {Dashing[Large], Black}l}]

Clear[soll, nl, ncl, nhl, E1, s1, Nt1, g1, Ahl, Anl, sol2, n2, nc2, nh2, E2, s2, Nt2, g2, Ah2,
An2, so0l3, n3, nc3, nh3, E3, s3, Nt3, 83, Ah3, An3]
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The glow curves of TL materials are in most casampiex curves which
consisting of many overlapping glow peaks. The degotution of this type complex
glow curves into their individual glow peaks is wig applied for dosimetric
applications and also to evaluate some of the ikipetrameters such &s, s, n, and
b. As mentioned in chapter 2, Bos et al [19] wasetlgyed analytical equations for
the first (Equation 29) and general-order (EquaB6h kinetic peaks to analyze the
experimental glow curves by computer glow curveotwolution program (CGCD).

In this thesis, the curve fitting (deconvolutionppedure was performed by
using commercially available software (TAMTAM) [19To compare the accuracy
of expressions 29 and 36 with a synthetic referghoe peak, the exact solutions of
the OTOR model were performed by Mathematica progadter different kinetic
parameters and then the numerical results of tHetieas were stored in the
computer. They were then analyzed by the computwx gurve fitting program
(TAMTAM) and the results of curve fitting (deconwution) program were compared
with the input kinetic parameters that were usednumerical solutions. The
parameters,, E,, s andb are free parameters used in the expressionsrarfierical
data. The results are shown in Tables 1-5. Thenwollabeled FOM is obtained by
using the TAMTAM program which was explained in ptex 2, in detail. The FOM
value gives an estimate about the accuracy of espressions (29 and 36) that were
developed by Bos et.al [19]. It is important to endhat the FOM values are very
sensitive to small changes in the kinetic paramsetised in expressions 29 and 36.
Some of the selected glow curves after analyzingurye fitting program (CGCD)
are shown in figures 10-20, where the calculat&liffom equation (36) is compared
with the numerical solutions of differential equeits of TL. In the given study,
approximately two hundred exact numerical solutibased on the OTOR model
were solved after different kinetic parameters anein they compared with the

approximated TL equation 36 to obtain its accuracy.
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Table 1 The below table includes some of the input patareevhich were used in
numerical simulated TL glow curves and obtainecdkmparameters after their
analyzing by curve fitting program.

Input Parameters : (B=0,1°C/s, n=1*10°m?® E=1eV, s=1x1s"
n E. S b FOM
sinl n= N 0,9985*10 1 9,989*10" 1 0,01752
sin2 | n=0,5N 0,4992*10 1 1,009*16? 1 0,03529
sin3| n=0,IN |A,=0.0001A| 0,9974*16 | 1,002 | 1,050*1& | 1,003| 0,17506
sind | n=0,0IN 0,9916*16 | 1,017 | 1,766*1& | 1,046| 1,19082
sin5 | n=0,001N 0,9770*1¢ | 1,071 | 1,037*18 | 1,312| 3,61685
sin6 n= N 0,997710 | 1,001 | 1,039*1& | 1,003| 0,12867
sin7| n=05N 0,4985*13 | 1,003 | 1,093*1& | 1,006| 0,24998
sin8 | n=0,IN | A,=0.001A, | 0,9930*16 | 1,014 | 1,582*1& | 1,038 0,97125
sin9 | n=0,01IN 0,9819*16 | 1,064 | 8,406*1& | 1,28 | 3,11114
sin10| n,=0,001N 0,9849*1¢ | 1,058 | 3,660*18 | 1,783| 2,40515
sinll| ng&= N 0,9931*1F | 1,013 | 1,582*1% | 1,037| 0,95352
sin12| n=05N 0,4950*10 | 1,024 | 2,290*1& | 1,074| 1,82769
sin13| n=0,IN | A,=0.01A, | 0,9823*13 | 1,064 | 8,322*1% | 1,278| 3,05884
sin14| n=0,01N 0,9878*1G | 1,063 | 4,301*1& | 1,79 | 2,08951
sin15| n,=0,001N 0,9944*1¢ | 1,013 | 1,393*18 | 1,985| 0,59666
sin16|  ng= N 0,9821*1d | 1,066 | 9,964*1% | 1,296| 3,1137
sin17| n=05N 0,4908*13 | 1,079 | 1,385*18 | 1,45 | 3,27957
sin18] n=0,IN | A,=0.1A, | 0,9890*16 | 1,059 | 3,970*1% | 1,874| 1,94167
sin19| n,=0,01N 0,9970<16 | 1,011 | 1,29871Y | 1,979| 0,32298
sin20| n,=0,001N 0,9963*1¢ | 1,003 | 1,066*18 | 2,006| 0,249895
sin21|  ng&= N 0,9986*10 1 9,989*10" 2 0,00119
sin22| n=0,5N 0,4993*10 1 5,010*10" 2 0,00135
sin23| n=0,1IN A=A, 0,9987*16 1 1,001*108* 2 | 0,003128
sin24| n=0,01N 0,9985*18 1 1,004*168° | 2,001| 0,01993
sin25| n,= 0,001N 0,9968*1¢ | 1,001 | 1,027*1d | 2,007| 0,15471
sin26|  ng= N 1,017*10 | 0,6137| 9,748*10 | 1,761| 4,30322
sin27| n=05N 0,5042*13 | 0,9085| 4,467*1d | 2,091| 2,13212
sin28| n=0,AN | A,=10A, 1,000 | 0,9878| 7,513*1d | 2,022| 0,33106
sin29| n,=0,01N 0,9987*16 | 0,999 | 9,770*1® | 2,003| 0,03254
sin30| n,= 0,001N 0,9970*1d | 1,001 | 1,019*1® | 2,005| 0,07677
sin31|  ng&= N 0,9973*1d | 0,4883 2,338 1,441 1,08002
sin32| n=0,5N 0,505*10 | 0,8933| 3,704*1® | 2,096| 2,42142
sin33| n=0,IN | A,=1004, | 1,01*10 | 0,9865| 7,533*1d | 2,025| 0,36549
sin34| ns=0,01IN 0,9986*1G | 0,9989| 9,795*1D | 2,003| 0,03126
sin35| n,=0,001N 0,977*1d | 1,001 | 1,022*16 | 2,004| 0,04358
sin36|  n= N 0,9889*10 | 0,4771| 1,044*1d | 1,412| 0,58983
sin37| n=05N 0,505*10 | 0,8919| 4,490*10 | 2,098| 2,42871
sin38| n=0,IN | A=1000A, | 0,1*10 | 0,9865| 7,783*10 | 2,025| 0,36267
sin39| n,=0,01N 0,9984*10 | 0,9989| 9,820*1® | 2,002| 0,03065
sin40| n,= 0,001N 0,9967*10 1 1,014*16 | 2,003| 0,03315
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Table 2 The below table includes some of the input patareevhich were used in
numerical simulated TL glow curves and obtainecgkmparameters after their
analyzing by curve fitting program.

Input Parameters : (B=1°C/s, n=1*10°m?> E=leV, s=1x18s?
n E. S b FOM

sindl]  n= N 9,982*1d 1 1,009*13° | 1.000 | 0,06045
sin42| n,=0,5N 4,989*1d | 1,001 | 1,019*1& | 1.001 | 0,119444
sind3| n,=0,IN | A,=0.0001A, | 9,955*1G | 1,005 | 1,184*1¢ | 1.011 | 0,498869
sin44| ns=0,01N 9,843*1¢F | 1,034 | 1,104*1& | 1,103 | 2,30209
sin45| n,= 0,001N 9,570*10 | 1,103 | 2,402*1& | 1,527 | 6,0621

sind6|  n= N, 9,976*1d | 1,002 | 1,05*1¢ | 1,003 | 0,168242
sind7| ne=0,5N 4,983*1d | 1,001 | 1,115*1& | 1,007 | 0,32029
sin48| n,=0,IN | A,=0.001A, | 9,919*1CG | 1,016 | 1,680*1& | 1,045 | 1,158788
sin49| n,=0,01N 9,777*1¢ | 1,088 | 1,547*1&' | 1,342 | 3,767716
sin50| n,=0,001N 9,679*1d | 1,087 | 7,917*1& | 1,925 | 4,363155
sin51|  n= N, 9,931*1d | 1,014 | 1,551*1& | 1,038 | 0,972078
sin52| n,=0,5 N 4,95*1¢ | 1,025 | 2,223*1& | 1,076 | 1,55778
sin53| n,=0,IN | A.=0.01A, | 9,821*1CG | 1,065 | 7,382*1& | 1,28 | 3,105021
sin54| n,= 0,01N 9,856*1G | 1,064 | 3,853*1¢ | 1,797 | 2,34306
sin55| n,=0,001N 9,796*10 | 1,034 | 2,538*18 | 2,101 | 2,153541
sin56| = N, 9,822*1d | 1,066 | 8,576*18 | 1,296 | 3,11546
sin57| n,=0,5N 4,908*1d | 1,079 | 1,158*16 | 1,449 | 3,2837

sin58| ne=0,1N A=0.1A, | 9,888*10 | 1,061 | 3,74*1& | 1,808 | 1,971645
sin59| n,= 0,01N 9,85*1¢ | 1,012 | 1,312*18 | 1,986 | 0,50893
sin60| n,= 0,001N 9,838*1d | 1,015 | 1,656*18 | 2,101 | 1,433039
sin6l|  n= N 9,987*1d 1 9,99*10" 2 0,002988
sin62| ne=0,5 N 4,993*1d 1 5,011*18" 2 0,004823
sin63| ne=0,1N A=A, 9,985*1F 1 1,002*16' | 2,001 | 0,020159
sin64| n,= 0,01N 9,968*1¢F | 1,001 | 1,035*18' | 2,007 | 0,156553
sin65| n,= 0,001N 9,860*10 | 1,016 | 1,517*1d| 2,09 | 0,933721
sin66|  n= N, 1,016*10 | 0,6132| 2,213*10| 1,765 | 4,352142
sin67| ne=0,5 N 1,000%1d | 0,988 | 7,743*1H| 2,023 | 0,320373
sin68| n,=0,1N A=10A, 5,043*1d | 0,9087| 5,511*1d| 2,093 | 2,128989
sin69| n,= 0,01N 9,972*1G 1 1,007*1§ | 2,008 | 0,061963
sin70| n,=0,001N 9,871*1d | 1,012 | 1,34*18 | 2,069 | 0,432317
sin71]  n= N, 9,951*1d | 0,4866| 1,409*10| 1,442 | 1,117486
sin72| n,=0,5N 5,049*1d | 0,8936| 4,66*1H | 2,098 | 0,250262
sin73| n=0,IN | A.,=100A, | 1,000*1d | 0,9852| 8,079*1H| 2,03 | 0,360565
sin74| ns=0,01N 9,971*1¢ | 0,9994| 9,993*10| 2,006 | 0,033888
sin75| n,=0,001N 9,59*1¢F | 1,046 | 2,572*16| 2,058 | 3,309812
sin76]  n= N, 9,857*1d | 0,4749| 3,053*1d| 1,413 | 0,982541
sin77| n,=0,5N 5,049*1d | 0,8928| 5,766*10| 2,104 | 0,479272
sin78| n,=0,IN | A,=1000A, | 1,000*1d | 0,9866| 8,02*10 | 2,206 | 0,34047
sin79| n,=0,01N 9,968*1F | 0,9993| 9,919*10| 2,005 | 0,0191

sin80| n,= 0,001N 9,633*1CF | 1,035 | 1,91*18 | 2,346 | 2,22899
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Table 3. The below table includes some of the input pararaethich were used |
numerical simulated TL glow curves and obtaineckmparameters after their
analyzing by curve fitting program.

Input Parameters : (B=10°C/s, n=1*10°m? E=1eV, s=1x18s?
n E. S b FOM
sin81 = N, 9,964*1d | 1,003 | 1,1040*1¥ | 1,006| 0,366599
sin82 | n=0,5N 4,974*1d | 1,007 | 1,2324*1% | 1,014| 0,638702
sin83| n=0,IN | A;=0.0001A | 9,872*1C | 1,027 | 2,2456*1% | 1,071/ 1,86222
sin84 | n=0,01IN 9,602*1¢ | 1,088 | 1,3449*18 |1,375| 5,41131
sin85 | n=0,001N 8,962*10 | 1,246 | 8,969*18 | 2,665 12,5245
sin86 = N, 9,959*1d | 1,005 | 1,1490*1¥ | 1,009 0,451479
sin87 | n=0,5N 4,97*1d¢ | 1,009 | 1,3217*18 | 1,021| 0,778231
sin88| nR=0,IN | A,=0.001A, | 9,854*1CG | 1,034 | 2,7155*1¥ | 1,098 2,1807
sin89 | n=0,01IN 9,598*1¢ | 1,099 | 1,7098*1Y |1,497| 5,63614
sin90 | n=0,001N 9,120*13 | 1,212 | 2,0417*1Y | 2,924| 9,655409
sin91 = N, 9,922*1d | 1,016 | 1,6144*1F |1,044| 1,133825
sin92 | nR=0,5N 4,943*1d | 1,028 | 2,3140*1% | 1,086 1,76497
sin93| nr=0,IN | A,=0.01A, | 9,79*10 | 1,069 | 7,3080*1¥ | 1,303| 3,455167
sin94 | n=0,01IN 9,705*1¢ | 1,083 | 5,8648*1% | 1,905| 3,93445
sin95 | n=0,001N 9,327*1¢ | 1,112 | 2,1575*1¥ | 2,978| 5,706505
sin96 = N, 9,820%10 | 1,066 | 7,4557*1% | 1,297 3,147088
sin97 | nR=0,5N 4,906*1d | 1,079 | 9,8648*1F | 1,451| 3,335493
sin98 | n=0,IN A=0.1A, | 9,867*1G | 1,061 | 3,2187*1¥ |1,821| 2,165499
sin99 | n=0,01IN 9,824*1¢ | 1,026 | 1,9185*18 | 2,075| 1,663309
sin100| n,= 0,001N 9,404*10 | 1,075 | 7,4943*18 | 2,824 3,911959
sin101]  n= N, 9,985*1d 1 1,0090*16? | 2,001| 0,020097
sin102| ne=0,5N 4,992*10 1 2,5132*1¢" | 2,001| 0,037954
sin103| ne=0,1N A=1A, 9,968*10 | 1,001 | 1,032*18 |2,007| 0,154555
sin104| ne=0,01N 9,854*1¢ | 1,011 | 1,3554*1Y |2,078| 0,880246
sin105| n,= 0,001N 9,477*13 | 1,067 | 5,2421*1Y | 2,709| 5,77433
sin106|  n= N 1,015*16 | 0,6128| 5,0758*1D| 1,77 | 4,36158
sin107| ne=0,5N 5,041*1d | 0,9084 | 6,7310*10 | 2,096| 2,096301
sin108| n,=0,1N A=10A, | 9,986*1C | 0,9886| 8,1395*10 |2,028|0,268975
sin109| ne= 0,01N 0,9876*1G | 1,007 | 1,2174*1d | 2,062| 0,553988
sin110| n,= 0,001N 9,537*10 | 1,057 | 359,419*10| 2,579 4,81497
sin111] n= N, 9,920*1d | 0,4845| 3,974*10 |1,443| 1,09401
sin112| ne=0,5N 5,046*1d | 0,8939| 5,926*1d |2,102| 2,35898
sin113| n=0,IN | A,=100A, | 9,987*10 | 0,9872| 8,1606*1D |2,029| 0,30344
sin114| ne=0,01N 9,80*1¢ | 1,005 | 1,1380*19 | 2,049| 0,425015
sin115| n,= 0,001N 9,59*10" | 1,046 | 2,5906*10 | 24,6 | 3,71238
sin116|  n= N, 9,811*1d | 0,4723| 8,866*1d |1,413|0,544288
sin117| ne=0,5N 5,044*1d | 0,8926 | 8,1606*1D | 2,105| 2,371826
sin118| n=0,IN | A.,=1000A, | 9,984*1d | 0,987 | 8,3470*10 | 2,029 0,315627]
sin119| n,= 0,01N 9,896*1¢ | 1,003 | 1,0853*10 | 2,036| 0,260166
sin120| n,= 0,001N 9,636 1,036 | 1,9434*f0| 2,35 | 2,53095
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Table 4. The below table includes some of the input patareevhich were used in
numerical simulated TL glow curves and obtainecgkmparameters after their
analyzing by curve fitting program.

Input Parameters : (B=50°C/s, nr=1*1fm?® E=leVv, s=1x18s"
n Ea S b FOM

sin121 No= N; 9,919*1( 1,014 | 1,4903*1F | 1,032 1,10692
sin122 n= 0,5N 4,941*1d 1,024 | 1,9916*18 | 1,062 1,70397
sin123 n= 0,1N A,=0.0001A, 9,731*1G 1,062 | 9,4780*1F | 1,216 3,77195%
sin124| n,=0,01N 9,223*1G 1,164 | 0,8218*1F | 1,922 10,7743
sin125| n,=0,001N 8,728*10 1,469 | 1,1925*1Y | 6,535 14,3807
sin126 No= N 9,916*10 1,015 | 1,5356*18 | 1,036| 1,1664
sin127 n= 0,5N 4,939*1d 1,026 | 2,0937*1F | 1,068 1,779

sin128 n=0,1N A=0.001A, 9,725*1F 1,065 | 6,1655*1F | 1,234 | 3,8872
sin129 n,= 0,01N 9,243*16 1,166 0,8301*16 1,998 | 10,535%§
sin130| n,=0,001N 8,845*17 1,406 | 1,6767*1Y | 6,529 12,2644
sin131 no= N; 9,891*10 1,024 | 1,9916*18 | 1,067 | 1,6248
sin132 n= 0,5N 4,922*1d 1,039 3,001*1¢ | 1,123| 2,3805
sin133 n=0,1N A=0.01A, 9,701*1@ 1,083 9,6695*16 1,389 | 4,4237
sin134| n,=0,01N 9,388*1G 1,144 | 0,2550*1% | 2,319| 8,1986
sin135| n,=0,001N 9,091*10 1,199 | 0,0167*1F | 5,928 8,1946
sin136 No= N 9,808*10 1,068 7,0920*16 1,307| 3,2752
sin137 n= 0,5N 4,896*1d 1,08 9,1979*1% | 1,463| 3,5249
sin138 n=0,1N An=0.1A, 9,799*1G 1,068 | 25,507*1% | 1,85 | 2,7971
sin139 n,= 0,01N 9,559*1G 1,069 | 5,7636*18 | 2,44 5,394

sin140| n,=0,001N 9,168*10 1,114 | 1,8068*18 | 5,189| 6,709

sin141 No= N; 9,977*10 1,001 | 1,0191*18 | 2,003| 0,0905
sin142 n= 0,5N 4,984*1d 1,001 | 5,1632*18 | 2,007 | 0,1662
sin143| ns=0,1N A=1A, | 9912¢1¢ | 1,006 | 1,1871*18 | 2,038| 0,6604
sin144| n,=0,01N 9,626*16 1,045 3,4012*16 2,382| 3,976

sin145| n,=0,001N 9,208*10 1,098 9,9416*1Y | 4,639 5,95

sin146 No= N 1,014*10 0,6129 | 9,0656*1D| 1,776 4,3475
sin147 n= 0,5N 5,034*1d 0,9096 | 7,8203*10| 2,101| 2,0196
sin148 n=0,1N An=10A, 9,938*10F 0,9922 | 9,0859*10| 2,053| 0,395

sin149 n,= 0,01N 9,674*16 1,036 2,3088*1%) 2,313| 3,5332
sin150| n,=0,001N 9,245*10¢ 1,086 6,292*18 | 4,137| 4,8734
sin151 No= N; 9,887*1d 0,483 8,328*1t | 1,445| 1,1037
sin152 n= 0,5N 8,039*1(d 0,8943| 7,0239*1D| 2,107 | 2,3256
sin153 n=0,1N An=100A, 9,946*1@ 0,9898 8,8402*1%) 2,049| 0,3219
sin154| n,=0,01N 9,714*1G 1,028 1,8208*1% | 2,248| 1,3153
sin155| n,=0,001N 9,276*10 1,071 3,982*10 | 3,669| 1,3739
sin156 no= N; 9,765*10 0,4704 1,869*10 | 1,413| 0,536

sin157 n= 0,5N 5,037*1d 0,8931 8,601*10 | 2,11 | 2,3727
sin158 n=0,1N A=1000A, 9,946*1G 0,9888 8,863*10 | 2,043 | 0,2405
sin159 n,= 0,01N 9,746*1G 1,021 1,509*10 | 2,101| 1,9024
sin160| n,=0,001N 9,301*10 1,054 2,5715*1?) 3,242 2,4996

58



Table 5: The below table includes some of the imauameters which were used in
numerical simulated TL glow curves and obtainecgkmparameters after their
analyzing by curve fitting program.

Input Parameters : (B=100°C/s, n=1*1*m?® E=leV, s=1x18s"
n Ea S b FOM

sin161 no= N 9,885*1d | 1,023 1,913*1& | 1,089 1,6607

sin162 n,= 0,5N 4,917*1d | 1,037 2,798*18 | 1,106| 2,42993
sin163 n=0,1N |A,=0.0001A, 9,636*1G | 1,081 9,290*1% | 1,326| 5,01662
sin164| n,=0,01N 9,004*1G | 1,229 3,720%1Y | 2,432| 12,44617
sin165| n,=0,001N 9,096*10 | 1,506 1,317*18 | 10,81| 8,75551
sin166 no= N 9,883*10 | 1,024 | 1,9522*1F | 1,062| 1,70044
sin167 n,= 0,5N 4,916*1d | 1,038 2,883*18 | 1,111| 2,481623
sin168 n,= 0,1N A=0.001A, 9,633*1G | 1,083 9,669*1¢ | 1,341| 5,07991
sin169| n,=0,01N 9,028*16 1,228 3,366*1Y | 2,49 | 11,84567
sin170| n,=0,001N 9,173*10 | 1,453 2,741x18 | 10,64| 7,68958
sinl71 no= N 9,863*1d | 1,031 2,408*18 | 1,091| 2,05303
sinl72 n,= 0,5N 4,904*1d | 1,048 3,777*1% | 1,159| 2,90984
sinl73 no=0,1N A=0.01A, 9,625*1@ 1,095 1,254*163 1,471| 5,35799
sinl74| n,=0,01N 9,188*1G | 1,195 8,553*1Y | 27,64| 9,21646
sinl75| n,=0,001N 9,372*10 | 1,214 | 1,8155*185 | 9,19 | 4,75489
sinl76 no= N 9,795*1d 1,07 7,163"‘162 1,318| 3,43466
sinl77 n,= 0,5N 4,886*1d | 1,083 9,197*18 | 1,478| 3,76562
sin178 n,=0,1N An=0.1A, 9,735*1G | 1,077 4,344*1Y 1,9 3,58013
sinl79| n,=0,01N 9,391*1G | 1,099 1,220*1& | 2,828| 5,37231
sin180| n,= 0,001N 9,362*10 | 1,085 8,0377*16 7,538| 3,65081
sin181 no= N 9,968*1d | 1,002 | 1,0397*1F | 2,007| 0,188734
sin182 n,= 0,5N 4,976*1d | 1,003 5,373*18 | 2,014| 0,343823
sin183| n=0,1N A=1A, | 9,860%10 | 1,012 | 1379718 | 2,079| 12014

sin184| n,=0,01N 9,472*16 1,066 5,0740*16 2,697| 3,859845
sin185| ny,=0,001N 9,325*10 | 1,066 4,631*10 | 6,494| 3,529098
sin186 no= N; 10,12*1d | 0,6133| 1,1875*10| 1,78 | 4,311818
sin187 n,= 0,5N 5,027*1d | 0,9103| 8,47172*10| 2,107 | 1,934597
sin188 n,= 0,1N An=10A, 9,803*1G | 0,9966| 1,0142*18 | 2,086| 0,659989
sin189| n,=0,01N 9,522*16 1,05 3,1478*16 2,554| 2,640746
sin190| n,= 0,001N 9,288*10 1,06 3,4879*18 | 5,602| 3,125251
sin191 no= N 9,867*10 | 0,4827| 1,1469*10 | 1,447| 1,261145
sin192 n,= 0,5N 5,033*1d | 0,8948| 7,6089*1b | 2,112| 2,276235
sin193 no=0,1N An=100A, 9,908*1@ 0,9933 9,5706*1%) 2,075| 0,662469
sin194| n,=0,01N 9,591*1G | 1,044 2,5075*1% | 2,458| 3,10024
sin195| n,= 0,001N 9,254*1G | 1,051 | 2,61667*10| 4,796| 2,55594
sin196 no= N 9,732*1d | 0,4696 2,584*1b | 1,414| 0,67626
sin197 n,= 0,5N 5,031*1d | 0,8933 9,224*10 | 2,114| 2,330667
sin198 n,=0,1N A=1000A, 9,914*1G | 0,9915 9,411*10 | 2,063| 0,405142
sin199| n,=0,01N 9,628*1G | 1,032 1,825*10 | 2,338| 1,802048
sin200{ n,= 0,001N 9,213*1¢ | 1,037 1,9241*1?) 4,064| 1,82272
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glow curves of sin66, sin71, sin72 and sin73
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Figure 18. The numerically simulated (open circles) and ditfeed solid line) glow
curves of sin174, sin178, sin181 and sin187.
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CONCLUSION

As mentioned previously, the deconvolution and ysialof the glow curve
into its individual glow peaks by computerized aufitting method has become very
popular over the forty years [2, 19]. The computedi glow curve deconvolution
(CGCD) is easily performed by available softward @rhas established that it is not
only a powerful technique in the analysis of glowves but also for studying TL
dosimetry (TLD) as well. In dosimetric investigatg) it may be necessary to
separate the glow curve into its individual glonake and finds the values for the
glow peak parameters. This can be done by glowecwd®convolution program
finding a mathematical model that describes théviddal glow peaks. Probably the
best deconvolution software program (GLOCANIN) isveloped at the Reactor
Institute at Delft, The Netherlands [19]. This prag has been successfully used in
TL&OSL laboratory in our department over a numbkyears. On the other hand, it
is well known that the CGCD method cannot yield ¢berect trapping parameters in
cases where two or more peaks are highly overlafi@#id Because, the results of
curve fitting programs vary strongly for a complgiew curve where includes many
closely overlapped glow peaks which have similéensities. In addition, the values
of E,, S, o andb obtained by curve fitting program are highly degieg upon the
input parameters which were used in the fittinggpaon. It can be mentioned that the
values of kinetic parameters are also affected friiva different equations,
approximations and minimisation procedures thatewmased in the curve fitting
programs. As a consequence, one may wonder whtbaresults of curve fitting
program reflect correct values of trapping paramseté TL materials or not. In the
case of experimentally measured glow curves oahTe material, a difficulty arises
in comparing the results of curve fitting programish the real values of trapping
parameters of glow peaks. Because, the true validbese parameters are not
known and therefore the inter comparisons of okthiparameters concentrated on
the goodness of the fit are meaningless. In addiamomalous heating and spurious

luminescence which are sometimes caused by dosimetgamination, or light
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leakage in the heating chamber, among other cadsaesasurement artifacts
are other problems which are known to affect TLestigations in experimental
measurements. Even a minor occurrence of these aiesnalistorts the glow curve
shape, which is reflected by the numerical valueshe very sensitive trapping
parameters. This problem is particularly importentobtain kinetic parameters of
glow peaks in the solid state investigations. Thia unique problem of TL provided
by glow curve deconvolution. However, the input grmaeters are known in the
synthetic glow curves. Therefore, to evaluate thpabilities of the curve fitting
programs, it is necessary to obtain synthetic gimaks by solving the differential
equations which describes the charge transpotienT. phenomena by computer
simulation and then the numerically obtained glawves can be analyzed by curve
fitting program. The numerical method to analyzeclitves using the rate equations
has been studied over forty years [33-34].

In the given study, the synthetic glow curves wdrstly numerically
obtained by directly solving the differential eqoats without the use of
approximating functions that have no physical megrafter different heating rates
and then the inter comparison of input parameterd wesults of curve fitting
program was done. The synthetic glow curves includéngle glow peak. Because,
as mentioned previously, for well-separated glovakge it was observed that the
guality of deconvolution is quite satisfactory. Hower, it has its limitations when
the glow peaks are highly overlapped. In the cds&nople glow curves, it can be
easily analyzed by the CGCD method and the resfititting can be easily
compared to input values, whether it reflects adrmalues of input parameters or
not. In this case, the agreement between the tug afevalues is a proof of the
adequacy and integrity of the deconvolution progrimtontrast, disagreement will
imply the existence of anomalies. The fitting paogrproduces a data file with the
analysis results, including many parameters sudheasumber of trapped electrons
no (electrons/cr, the activation energy E (eV), the frequency dads (§") and
kinetic order b for every peak. Additionally, a plaf residuals, i.e. of the relative
differences between measured and fitted valueadh ehannel, FOM values are also
included in the data file.

In figures 10-19, some of the selected simulatedvgturves after different
input parameters (open circles) and fitted glowvesr(red solid line) are clearly

shown. As seen, the agreement between simulateditéed] glow curves is very
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good in most cases. For example, when the inpuinpeters were chosen as very
close to the first-order (&<A,) and second-order (AAp) kinetics, the success of
the fitting is excellent. Especially, if the numlmdrtrapped electrons in electron traps
(no) is equal or very close to the number of electi@ps (N), the agreement
between simulated and fitted glow curves becomeslixt. On the other hand, if
the transition coefficient for electrons in the doation band becoming trapped,fAs
greater than the recombination transition coefficifor electrons in the conduction
band with holes in centers {}A the agreement between numerically simulated and
fitted glow curves is decreased at all heatingsrdEspecially, the success of fit is very
bad at the high values of /A, ratio. Similarly, it was obtained that the succebs
fitting is influenced by the agreement between inymiues and fits of results. For
example, the agreement between two sets of valuesy good near the first-order and
second-order kinetics (see tables 1-5). The dewiatin the activation energy (E) and
frequency factor (In(s)) are very low and they imr¢he range from 0% to 10% and
0% to 5%, respectively. It is seen that the vabhfds obtained by fitting program are
always greater than the input parameters up toAA However, the agreement
between simulated and fitted glow curves is stadetisappear when the/A, ratio is
increased above 1 (one). For example, for complétedd traps (R=N;) at all A>Ay,

it can be seen that the values of E and s obtdipditting program are too low when
compared with the input parameters of E and sl ditealting rates (see tables 1-5). In
general, if A is greater than # the E and s values obtained by fitting progranes a
less than the input parameters. The deviationsagmeements between the kinetic
parameters @y E, s and b) of input values used in the numesoalulated glow
curves and fitted results are clearly shown ingald-5. The comparisons of fitted
parameters and input parameters indicate that doelrgess of fit and agreement
between input and fitted parameters are highly deépgon the ratio of transition
coefficients (A/Ar) and occupancies of electron traps by electrogfN{n and

slightly depend upon the heating rate.
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