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ARTICLE INFO ABSTRACT

Keywords: During luminescence dosimetry applications, samples are irradiated in the laboratory with irradiation dose
TL simulation rates of the order of 0.1 Gy/s. By contrast, samples in nature are irradiated with a dose rate many orders
Low dose TL

magnitude smaller, typically 1 mGy/year. In this paper, the effect of very low dose rates and also low doses
on thermoluminescence (TL) signals is investigated using the basic one-trap one-recombination center model
(OTOR). The simulations showed that at very low dose rates the assumptions of quasi-equilibrium conditions
(QE) are violated. This violation of QE conditions results in a significant distortion of the shapes of TL glow
curves, with the result that the peak shape methods of analysis fail to produce the correct activation energy E
of the traps. At the same time, the estimated half-life of the electrons traps is found to increase significantly
at very low doses. The dose response of the sample at very low dose rates is simulated for both the irradiation
stage and the subsequent heating stage. The dose response of the integrated TL signal is found to coincide
with the dose response during the irradiation stage. However, the TL dose response measured in terms of
the peak height shows a significant under-response at very low doses, making the whole dose response curve
superlinear before the onset of saturation. The peak height under-response is due to the clear violation of QE
conditions at very low doses and dose rates. The reported distortion of the TL glow curves and the existence
of superlinearity of the TL signals at low dose rates, have important implications for the analysis of TL signals.
Researchers need to be aware of the possibility that both of these effects may be present, since they can
influence the analysis of experimental data and can lead to the wrong conclusions in dosimetric applications.

Electron trap lifetime
Low dose lifetime
TL peak height superlinearity

1. Introduction Within the OTOR model, significant competition can take place be-

tween recombination and retrapping energy transitions of the available

During luminescence dosimetry applications, samples are irradiated
in the laboratory with irradiation dose rates of the order of 0.1 Gy/s.
By contrast, samples in nature are irradiated with a dose rate many
orders magnitude smaller, typically with 1 mGy/year. This difference
of several orders of magnitude between the natural and laboratory
dose rates can have important implications for the luminescence signals
commonly used for luminescence dosimetry and luminescence dating.

In this paper we use the simplest phenomenological model of ther-
moluminescence, which is based on one-trap and one-recombination
center (OTOR). This model, under certain conditions, leads to the com-
monly used first order kinetics model (Randall and Wilkins, 1945a,b),
second order kinetics (Garlick and Gibson, 1948) and general order
kinetics (May and Partridge, 1964). The OTOR model has been studied
extensively, and several analytical equations have been developed for
the TL signals from dosimetric materials (Kitis and Vlachos, 2013;
Lovedy Singh and Gartia, 2013; Sadek et al., 2014).
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electron traps and holes. The current paper studies these competition
phenomena at low dose rates and low doses.

From the practical point of experimental studies, the dependence of
the TL signal on irradiation dose has an experimental threshold, termed
the lowest detectable limit (LDL). The TL dose response curve (DRC) is
known experimentally only at doses greater than the LDL. However, TL
production also takes place for doses less than the LDL. The question
of how very low dose rates affect the dose response below the LDL can
only be answered by simulations. For this purpose, we study the dose
response over many orders of magnitude of the irradiation dose.

The results of the simulations can help researchers understand
better TL signals which involve very low dose rates, as in the case of
archaeological and geochronological TL dating. For example, when a
ceramic is extracted from a furnace, or a geological material is bleached
by sunlight, the traps responsible for luminescence signals are assumed
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to be empty, and the sample starts being irradiated with extremely low

dose rates, possibly arriving at their LDL dose values after decades,

hundreds, or even thousands of years. Therefore, understanding the

(theoretical) TL dose response below the LDL limit is an important piece

of information while analyzing TL signals measured in the laboratory.
The goals of the simulations in the present works are:

+ To simulate and analyze the TL signals within the OTOR model,
under conditions of very low dose rate and low doses.

+ To investigate whether the quasi-equilibrium conditions (QE) and
the well-known methods of TL peak shape analysis are applicable
under these conditions.

+ To simulate the filling of electron traps under these, conditions
and obtain the corresponding TL dose response over several or-
ders of magnitude of the irradiation dose.

» To estimate theoretically the effects of trap filling on the half-life
of the trapped electrons and on the thermal stability of traps.

2. The one trap one recombination center (OTOR) phenomenolog-
ical model

Fig. 1 shows the energy bands and processes being simulated in
the OTOR model. The simulations consist of three stages, termed (i)
irradiation stage, (ii) relaxation stage and (iii) heating stage.

The differential equation governing the traffic of electrons and holes
in this model are the following.
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Where E (eV) is the activation energy, s(s~!) the frequency factor,
N (cm™3) is the concentration of available electron traps, n(cm™) the
concentration of trapped electrons, M (cm™>) is the concentration of
available luminescence centers, m (cm™) is the concentration of trapped
holes, n, (cm~3) and n, (cm™3) are the concentrations of electrons in the
conduction and holes in the valence band, A, (cm?s~!) is the trapping
coefficient in electron trap, A,, (cm®s~!) is the recombination coeffi-
cient, A, (cm’s~!) the trapping coefficient of holes in luminescence
centers, f(K/s) the heating rate and Drate is the rate of production
of ion pairs (ip) per second and per unit volume (ip s~1em=3).

Eq. (1) evaluates the time variation of the temperature of the sam-
ple, while Egs. (2)-(5) express the time variation of the concentrations
n(t), m(t), n,(t) and n,(r) respectively.

The ratio n,/N of the concentrations of trapped electrons at the end
of irradiation (n,) and of available electron traps (N) is a quantity with
a key role in the present simulations.

The simulation follows closely the three physical processes shown
in Fig. 2, for the irradiation, relaxation and heating stages. During
the irradiation stage, the initial values of the parameters are sample
temperature T, = 273 K, heating rate § = 0 K/s and all concentrations
ny =0, nyy =0, my =0, ny =0, nyy = 0. The dose rate in the present
work was taken as Drate = 103 (e— h) pairs/s/cm?, as discussed later in
this paper. The values of the concentrations at the end of the irradiation
stage are used as input values for the relaxation stage.

During the relaxation stage, one uses f = 0 and Drate = 0,
since there is no sample heating or irradiation. The values of the
concentrations at the end of the relaxation stage are used as input
values for the heating stage.

During the heating stage we set Drate = 0 and A, = 0, since there
is no irradiation and hole trapping taking place. The heating rate is
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Fig. 1. The energy band model for the OTOR model, showing the irradiation stage
(a), relaxation stage (b) and heating stage (c).

taken as # = 1 K/s. At the end of the heating stage the TL glow peak is
obtained.

It must be emphasized that, as was shown by Sadek and Kitis (2017),
it is necessary that all simulations of luminescence signals contain all
three stages described above, in order to produce physically reasonable
results.

The simulations consist of solving the above system of ordinary
differential equations (ODEs), using the standard Scientific Python
(SciPy) package in the Python programming language.

3. Methods of analysis of the results from the model

In this section we will describe the methods of analyzing the simu-
lated results.
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Fig. 2. Simulated TL peak shapes as a function of irradiation time in the range 2-200 s. The numbers on the peaks represent the irradiation times is seconds, so that the curve

labeled 2 corresponds to an irradiation time of 2 s.
3.1. The peak shape methods (PSM) for evaluating the activation energy E

The simulated TL glow curves are analyzed using the well-known
peak shape methods, in order to evaluate the activation energy E
characterizing the trap.

In the present work we apply the generalized Chen equations (Chen,
1969; Kitis and Pagonis, 2007; Kitis et al., 2008; Kitis, 2020), which
allow the simultaneous evaluation of the kinetic order » and the energy
E. These equations are based on the following geometrical character-
istics of the TL glow curves:

ny: The integrated signal of the simulated TL peak

n, : The integrated signal of the high temperature part of the peak,
above the temperature of maximum intensity.
1,.T, : The intensity I,, and the temperature at the peak maximum

T,

m

T,,T, : The temperature at the low and at high temperature side of

the peak, at the half intensity 7,,/2

w,7,6: The full width of the peak w = T, — T}, and the half-widths on
the low and high temperature side of the peak, r = T,, — T} and
6 =T, —T,, respectively.

The geometrical shape symmetry factor y, = 6/ and the
integral symmetry factor ;4; = n,,/n, correspondingly.

Hgs by

Once the above parameters are evaluated, the next step is to evalu-
ate the triangle assumption pseudo-constant C,, which, is defined as the
degree by which the integral n of the simulated TL peak approximates

the area of a triangle with height 7,, and base 2w. It is given by the
expression
wl,
= 6
“ Bny ©
By using the values of ;4; , T,,, E we can evaluate the kinetic order »
of the luminescence process to any desired accuracy, using the iteration
method based on the equation:
-1
b—1
b
llé =S|l (7)

L+ (b — 1)

Finally, the value of the activation energy E can be evaluated using
the pseudo-constant C,, and the evaluated kinetic order b, through the
equation:
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3.2. The half-life of a trap in the OTOR model

In the present simulation, the thermal stability of the energy level
corresponding to the TL peak is of crucial importance, since it is directly
related to the luminescence process, and it depends strongly on the trap
occupancy ny/N at the end of the irradiation process. As a measure
of the thermal stability of the trap, we use the half-life 7,,, for an
isothermal decay process. For the purposes of this paper, the half-life
71/, is defined as the time required for the population of the trapped
charge in a single trap to decay to half its initial value. Kitis and Pagonis
(2017) derived a general expression for the half-life of a TL trap, in the
framework of the OTOR model. The general expression of the half-life
depends on the kinetic parameters E, s of the trap, on the trap filling
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ratio ny/N and on the retrapping coefficient R = A,/A,,, which is the
ratio of the retrapping and recombination coefficients 4, and A,,:

1| NR
TI/ZIE{T‘F(I—R)IHZ} (9)
where
A=1sexp (—%) (10)

The importance of this equation is that it allows us to estimate the half-
life of the trap at very low doses represented by the low trap filling ratio
ng/N.

In addition to using Eq. (9), we can also estimate the half-life of
the trap using the empirical general order kinetics (GOK). The half-life
expression for general order kinetics was given by Furetta and Kitis
(2004), as

(71/2)00K:%{(%>1_hﬁ (1_ﬁ)}’b¢l an

where 1 < b < 2 is the kinetic order. Note that the empirical general
order kinetics parameter b corresponds to the phenomenological OTOR
model parameter R. For first order kinetics one has R < 1 or b = 1,
and one obtains the well known expression for lifetime (Randall and
Wilkins, 1945a), which is widely used by the TL community:

1 - E
11/2=E=s 1exp(k—T) (12)

For second order kinetics these equations apply for R=1 and b = 2.

3.3. Correspondence between irradiation dose and the rate of production of
ion pairs

The physical unit of dose is the Gy, which unfortunately cannot
be used directly in simulations of phenomenological models. In these
models the dose and dose rate units are given in terms of the number
of ion pairs Drate produced per unit time and per unit volume (ip s~!
cm~3). Similarly, the dose in these models is derived as the product
of Drate and the irradiation time, during the irradiation stage of the
simulation. Therefore, in simulations the dose is in units of ion pairs
produced per unit volume (ip cm~3). For simplicity, we assume a
sample with a volume of 1 cm3, so that the irradiation doses in the
figures of this paper are reported simply in units of ip.

The relationship between the dose in Gy and the dose rate parame-
ter Drate was discussed in the book by Chen and Pagonis (2011), their
Chapter 8. These authors considered the example of LiF, and used the
density of this material and an average energy of 36 eV required for
the production of an electron-hole pair. Starting from the definition
of 1 Gy = 1 J kg1, they estimated the number of electron-hole pairs
produced when 1 Gy is delivered to the sample. They concluded that a
laboratory dose rate value of Drate = 10'2 ip em~3s~! corresponds to
an actual dose rate of 0.03 Gy s~1.

The natural irradiation dose rate will be about 8 orders of magnitude
smaller, with a value of Drate = 10* ip cm~3s~! corresponding to
an actual dose rate of approximately 10712 Gy s~ (or approximately
1 mGy y™1).

On the basis of this previous estimate, we use a very low natural
dose rate Drate = 10% ip cm™3s~! in the simulations of this paper.

3.4. Choosing the extent of the irradiation doses

Let us consider the well known experimental dose response region
of the common TL material LiF(TLD-100), which varies approximately
between 1 mGy and 10 Gy, i.e. it covers a region of four order of
magnitudes. On the basis of these estimates, we consider that the
measurable experimental dose region usually extends over 4-5 orders
of magnitudes.

In addition, we assume that the above experimental dose response
region extends in reality below the LDL, by several more orders of
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magnitude. We also use a saturation dose of 10'°-10'% ip em~3. These
numerical values determine the extent of the irradiation in the simula-
tion. These irradiation times should be appropriate for the simulation
of the dose response below the LDL.

However, it is noted that it is not strictly necessary to predefine an
LDL threshold in the model, and the results reported here should be
applicable for a variety of dosimetric materials.

3.5. The QE conditions

The quasi-equilibrium conditions (QE) are a fundamental set of
assumptions usually made in phenomenological luminescence models.
One of the main goals of this paper is to test whether the QE assump-
tions are valid under the conditions of low dose rates and low doses
used in the simulations.

The QE assumptions are usually stated as the inequalities:

dne| _|dn| |dm
dt dt dt

In the simulations of this paper, we follow the concentrations n,, n, m
as well as their derivatives, and investigate whether the QE conditions
are violated.

A detailed discussion and mathematical description of the QE as-
sumptions was carried out by Chen and Pagonis (2013). These authors
showed that using a certain set of parameters in the OTOR model,
these conditions are not satisfied. In addition, they showed that instead
of Eq. (13), one can evaluate the following two terms during the
simulation:

n,<n (13)

)

Term; = sexp [—E/(kT)] a4

Termy = A,(N —n)n. + A,mn, (15)
and the QE conditions can be expressed as the inequality:

nC
dt

The physical meaning of this equation is that the rate of change
dn,/dt of the concentration of electrons in the conduction band, should
be smaller than the rate of addition of electrons (Term;), and also
smaller than the rate of subtraction of electrons from the conduction
band (Terms,).

< Termy, Term, (16)

4. Simulation results and discussion

4.1. The effect of low dose rate on the shape of TL glow curves

The input parameters in the simulation were N = M = 10'° cm=3,
E =15eV, s = 1083571, 4, =107 em3s7!, 4, = 107 em3s~! and
A,, = 1077 cm3s~!. In this case the retrapping to recombination ratio is
R = A,/A,, = 0.01. This R value corresponds, normally, to first order
kinetics.

The simulation was repeated once more with all the parameters
being the same, except we set 4, = A, = 1077 cm3s~!, which
corresponds to second order kinetics (R = 1). Our purpose here was
to examine whether the order of kinetics will affect the results of the
simulation.

As discussed above, the irradiation dose rate was Drate = 10° ip
s"lem™3 and the irradiation time from 2-108 s, so that the lowest dose
was 2 x 10%ip cm™3 and the highest possible dose was 10'!ip cm™3.
These values cover a dose region of eight orders of magnitude, which
should include doses well below the LDL.

The shapes of single OTOR peaks at very low trap occupancy ny/N
(i.e. very low dose), are shown in Fig. 2. The numbers shown on the
curves are the irradiation times in seconds. For example, the TL peak
in Fig. 2(a) marked as “2” results from an irradiation time of 2 s. This
corresponds to a value of ny/N = 1077, i.e. there is a large number of
empty electron traps at the end of the irradiation.
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Fig. 3. The simulated rates of change of concentrations dm/dt, dn,/dt, dn/dt during the heating stage, for different irradiation times 7 of (a) 2 s, (b) 100 s, (c) 1000 s (d) 100000
s. The QE conditions from Eq. (13) are clearly violated for cases (a),(b) and they apply to case (d).

During thermal stimulation an electron is released into the con-
duction band, and can either recombine with one of the holes or be
retrapped in the electron traps. Due to the large number of available
empty electron traps, at this low dose level the electrons will undergo
a large number of thermal release and retrapping cycles, before they
recombine with a hole. The result of this behavior is the very unusual
shape of the TL peaks shown in Figs. 2(a),(b). The important observa-
tion here is that the TL peak becomes very broad at its high temperature
part. The physical reason is that due to the large number of release —
retrapping cycles, the recombination process is delayed significantly.

As the dose increases in Figs. 2(c,d), the recombination term A,, mn,
starts to compete effectively with the retrapping term A, (N — n)n,,
so that the shape of the TL glow curves becomes gradually the more
familiar TL peak shape.

It is noted that this type of very broad high temperature tail in the
glow curves has been reported in several dosimetric materials, with the
relevant experimental results summarized in Chen and Pagonis (2013).
These authors discussed in detail the behavior of the TL signal at high
temperatures in these types of glow curves.

4.2. Are the QE assumptions valid at very low dose rates and low doses?

In order to test the validity of the QE conditions, the simula-
tions evaluate the time variation of the electron concentrations at
the very low doses. This is shown by plotting the concentrations
dn,/dt, dn/dt, dm/dt as shown in Fig. 3(a)-(d), for four irradiation
doses of 2, 100, 1000, 10° s respectively.

Fig. 3 is very similar to the results obtained previously in the study
by Chen and Pagonis (2013), their Fig. 3.

Fig. 3(a) describes the situation for the very low dose of 10° ip with
ny/N = 1077, In this case the rate of change of concentration of holes
dm/dt in the recombination center is zero, and the corresponding rates
for trapped electrons |dn/dt| and conduction band electrons |dn,/d1|

are practically the same. This is a clear violation of the QE condition
in Eq. (13).

Fig. 3(b) describes the situation for the very low dose of 10°ip
with ny/N = 107>. At this dose a number of traps are occupied, and
the retrapping rate decreases, while the recombination rate increases.
However, the rate |dn,/dt| is still high compared to |dn/dt|, which
means that the QE condition is still violated.

Fig. 3(c) describes the situation for the dose of 10®ip with ny/N =
10~ In this case we start seeing the recovery of the QE conditions, with
the rate |dn,/dt| becoming smaller than |dn/dt|. It is interesting that
this recovery starts at least three order of magnitude before saturation,
coinciding with the useful range of experimental irradiation doses in a
typical dosimetric material.

Fig. 3(d) describes the situation for the dose of 6- 10% ip. In this case
the recombination rate dominates and the rate dn./dt tends to zero,
indicating that the QE conditions now hold true.

The above simulation for R = 0.01 (normally first order kinetics)
was repeated by setting R = 1 (normally second order kinetics) and
by keeping all other parameters the same. The simulation results were
very similar to those presented in Fig. 3 and are not shown here. So,
it is concluded that the kinetic order of the process does not affect the
results of the simulations in this paper.

4.3. The peak shape methods of evaluating e

The peak shape method of estimating the activation energy E of
the electron trap was described above. In addition to the PSM, we
also estimate the value of E using the empirical GOK model based on
Eq. (8). In the present two simulations the values of the retrapping ratio
are R =0.01 and R = 1, which correspond to b ~ 1 and b = 2.

The output values of E and b are shown in Fig. 4(a) for R = 0.01,
and in Fig. 4(b) for R = 1. At the very low doses shown in Fig. 2a, the
peak shape of the glow curve is not complete and the estimated value
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of b is unreliable, so that the corresponding values of E are much lower
than the input E = 1.5V value. The failure of the PSM is obviously due
to the distortion of the TL glow curves, caused by the violation of the
QE conditions.

As the dose increases and the QE conditions recover, the PSM
become more reliable and the model value of E = 1.5¢V is obtained
within less that 2%.

In Fig. 4(a) the kinetic order b is greater than 2 at very low doses,
and starts decreasing gradually towards the expected value of b ~ 1.
However, in Fig. 4(b) the evaluated kinetic order b decreases slightly
from b = 2.6 to a constant value of b =2 in the high dose region.

The unusual large values of b shown in Fig. 4 are obtained only
when the QE conditions are violated.

A strict conclusion from Fig. 4 is that when R <« 1 then at low
doses an OTOR peak starts always as a non first order. The first order
kinetics in OTOR appears only at the boundary conditions of 4, < 4,,
at ny — N. On the other hand when, R = 1 the OTOR peak starts from
very high b values tending to the value of b = 2 for a broad dose region
(i.e. from ~ 107> < ny/N ~ 1)

4.4. Dose response curves (DRC)

The number of trapped electrons n at the end of irradiation stage,
and the dose response of the TL signal are two important simulation
outputs.

Figs. 5(a)(b) show the dose response behavior for a peak with
parameters E = 1.5 eV, s = 101357, R=0.01(b~1)and R=1, (b=2)
correspondingly. All curves (1,2,3) are normalized to the TL at the
highest (saturation) dose.
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Fig. 5. Curve 1: The normalized dose response of the trapped electrons at the end of
the irradiation stage (n,). Curve 2: the corresponding dose response for the area under
the TL curves. Curve 3: The corresponding dose response of the maximum TL signal
In sub-figure (a) the retrapping ratio is R =0.01, and in (b) R=1.

Ime M

In both figures, curve (1) represents the DRC of electrons trapped at
the end of irradiation stage (n;). Curve (2) represents the corresponding
integrated TL signal obtained from Fig. 2. In the OTOR model, curves
(1) and (2) should coincide, however we observe that this does not
happen in the very low dose region. This disagreement at low doses
is not real but artificial. It is due to a limitation of the simulation to
record the whole TL peak, although, the simulation temperature was
extended up to 1100 K. If the simulation was extended to even higher
temperatures then curve (2) had to coincide with curve (1).

In both Figs. 5(a)(b), curve (3) represents the dose response of the
TL intensity I,, at the peak maximum. The agreement between curves
(1) and (3) is achieved only at high doses, due to the distortion of the
shape of the glow curve at low doses. The deeper physical reason for
the difference between curves (1) and (3) is once more the violation of
the QE conditions.

This distortion of the glow peaks and the resulting nonlinear dose
response was also reported by Chen et al. (1983) and Chen et al. (2010),
who studied the nonlinear response of TL and OSL signals within the
OTOR model.

Fig. 6(a)(b) is obtained by plotting the un-normalized simulated DRC
curves (1) and (3) from Fig. 5(a)(b). The DRC for the concentration nj
is clearly linear, whereas the DRC for the peak height I,,,. shows a sur-
prising behavior of strong superlinearity. This nonlinear behavior could
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Fig. 6. The un-normalized curves 1 and 3 from Fig. 5 showing the superlinear dose
response of the I, signal, and the linear dose response of n,. The parallel lines show
the linear range of the dose response.

have serious implications for applications, and needs some additional
explanation as follows.

Let us consider the triangle pseudo-constant of Eq. (6). According
to Eq. (6), the quantities I,, and n,, are proportional to each other, if
the full width @ of the glow curve remains the same. In the present
simulations in Fig. 2, the full width @ varies dramatically. Specifically
the width » increases significantly as the dose decreases, causing a
strong decrease of I,. As the QE condition recovers, the values of @
recover too, and the proportionality between I,, and n, is established
again. This is noted by the lines drawn in Fig. 6(a)(b), which are
parallel with the lines of a linear DRC.

4.5. Half-life estimates of the trap

With the model parameters listed above, the half-life of the trap
is evaluated using Eq. (9), as well as using the GOK Eq. (11) for
comparison purposes.

Both estimates of the half-life depend on the trap filling ratio n,/N,
i.e. on the irradiation dose. The behavior of 7/, as a function of dose
is shown in Fig. 7(a) for the case of R = 0.01 (first order kinetics), and
in Fig. 7(b) for the case R = 1 (second order kinetics). In both figures
the horizontal line represents the r value at saturation (n,/N = 1).

In the case R = 0.01 shown in Fig. 3(a), the half-life at the
lowest irradiation dose is two orders of magnitude higher than the
half-life at the saturation dose. This is an impressive result, which can
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Fig. 7. Comparison between Egs. (11) and (12), expressing the half-life as a function
of trap occupancy n. (a) Evaluation for R =0.01, (b) Evaluation for R= 1.

nevertheless be understood according to the previous discussion in this
paper. In the low dose region, almost all available electron traps are
empty, and therefore the probability of retrapping prevails. This leads
to a significantly larger apparent value of 7,,,. However, as the dose
increases, more traps are filled and the 7/, decreases, approaching the
values of 7 at saturation.

The same qualitative behavior is also evaluated for the empirical
GOK model using Eq. (11). However, there is a strong quantitative
differentiation, due to the fact that in the GOK model the 7,,, depends
on both the trap filling ratio n,/N and on the kinetic order b. As was
described in Section 3, the kinetic order b is evaluated from the TL peak
using the PSM. As it is seen in Fig. 2(a,b), the TL peaks have a very
extensive high temperature part, which corresponds to » values much
greater than b = 2. As the dose increases and the high temperature part
of the peak recovers, the value of b decreases, and the corresponding
half-life approaches that saturation limit defined by the horizontal line.

For the parameters used in this paper, the trap is thermally stable at
room temperature, and its half-life at 300 K is 7, , = 1.1 x 10'?s (about
3.5 x 10*yrs). The simulations show that at low doses, the effective
half-life can be two orders of magnitude larger than this value.

In future work we plan to investigate the dose response as a function
of the irradiation temperature in the sample’s environment, especially
for geological applications.

5. Conclusions and implications for applications
In this work, the behavior of an OTOR model peak was simulated

under conditions of low dose rates and low doses which extend below
the LDL of a typical dosimetric material.
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The shape of the TL glow curve under these conditions becomes
very distorted and a long high temperature tail is observed together
with a shift of the TL peak towards higher temperatures. At low doses
an OTOR peak starts always as a non first order. The first order kinetics
in OTOR peak appears only at the boundary conditions of A, < 4,, at
ng — N.

An important result of the simulations is that the peak shape
methods of evaluating the kinetic parameters E fail, due to the dis-
torted peak shapes. The underlying physical reason for the failure of
the PSM is the failure of the QE conditions, which were tested by
simulating the rates of change of the concentrations in the model
(dn/dt,dm/dt,dn,/dt).

This failure of the PSM can be used by researchers as a criterion for
the detection of violations of the QE condition. For example, if the E
value from the PSM differs significantly from the value of E obtained
from the initial rise method, this may well be an indication of the
failure of the QE conditions, and further study is warranted.

The simulated dose response of the trapped electrons n at the end
of irradiation stage is found to be linear, tending to sub-linear, and
eventually approaching saturation.

Theoretically, the simulated dose response of the integrated TL signal
during the heating stage should coincide with the dose response of
ny. However, an under-response is observed at very low doses in the
simulation, due to the strong shift of the TL peak towards the higher
temperature the TL peak, which is not completely record-able.

The behavior of the peak height (1,,), which is the most common
measure of the experimental TL data, is found to be superlinear. This
new result in the OTOR model could have serious implications for dosi-
metric applications, because it violates the equivalency between peak
height and peak integral in TL applications. This superlinear behavior
is also due to the violation of QE assumptions and the distortion of the
shape of the TL peak.

The lifetime of electrons in traps within the OTOR model depends
strongly on the trap filling ratio ny/N. In the low dose region and dur-
ing irradiation with low dose rates, the effective lifetime can increase
dramatically, due to retrapping events dominating over recombination
processes.

One of the main assumptions of the phenomenological OTOR model
is that electron and hole traps are not created by irradiation, but rather
preexist in the material. These empty traps and centers are filled during
irradiation. In future work we intend to examine this assumption, and
study the behavior of a material at very low dose rates and doses, when
the “electron-hole pairs” are created by the irradiation process itself.
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