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A B S T R A C T

Experimental Thermoluminescence (TL) glow curves for most dosimetric materials are composites, consisting of
weakly or strongly overlapping peaks. The ability to discriminate between two overlapping peaks defines the
resolution of a TL glow curve. Although the concept of resolution has been defined and used widely in many
areas of science, there have been no previous attempts to define and study the resolution of overlapping TL
peaks. In this work the resolution parameter R is defined in terms of the geometrical characteristics of TL peaks.
A large number of TL glow curves consisting of two peaks were numerically evaluated for various degrees of
overlapping between them. These numerically generated glow curves were analyzed by a computerized glow
curve deconvolution analysis, in order to determine the reliability of the deconvolution results as a function of
the resolution parameter R.

1. Introduction

Thermoluminescence (TL) finds extended applications in radiation
dosimetry and in archaeological and geological dosimetric methods of
dating. An experimental thermoluminescence (TL) glow curve consists
of several either weakly or strongly overlapping TL glow peaks. The
cornerstones of practical applications of TL are (a) the functional
relation of TL with the radiation dose and (b) the stability of TL signal
over long periods of time. Both of these factors have been researched
extensively, with the aim of providing dosimetric characterization and
energy level characterization [1–3]. The aim of both characterizations
is to obtain the most suitable part of the TL glow curves during practical
applications.

TL signals are analyzed by measuring either the peak height at spe-
cific temperatures, or as an integrated signal between two preselected
temperatures. When overlapping exists between TL peaks, the accuracy
of both methods is greatly decreased [1].

An alternative method is to analyze the complex TL glow curve
into its individual TL peaks by using a computerized glow curve
deconvolution (CGCD) analysis [4]. This method can provide both a
clear estimate of the TL signal, as well all the data needed to evaluate
theoretically the stability of the TL signal over long periods of time, and
is used widely for many dosimetric materials.

The easiest part of a CGCD analysis is to achieve a very good fit to
the experimental glow curves, but the most crucial and difficult part of
the analysis is to interpret the results correctly. When the experimental
TL glow curve contains strongly overlapping peaks, care must be taken
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to apply the CGCD analysis correctly. The reliability of the CGCD and
therefore of its correct interpretation is closely correlated with the
degree of overlapping of the individual TL peaks. It is then important
to find suitable criteria for defining and evaluating the resolution of
overlapping TL peaks. An attempt to develop such criteria for linearly
modulated optically stimulated luminescence signals (LM-OSL) was
carried out by Kitis and Pagonis [5]. These authors found that it is
possible to distinguish between two overlapping LM-OSL peaks if the
times at the maximum intensity of LM-OSL curves differ by at least 15%.

Although the concept of peak resolution has been defined and used
widely in many areas of science, there have been no previous attempts
in the literature to define and study the resolution of overlapping TL
peaks.

The main goals of the present work are

• To define the resolution factor 𝑅 of two closely overlapping TL
peaks, in terms of the well-known geometrical properties of TL
peaks,

• To investigate the dependence of 𝑅 on the temperature separation
and the intensity of the TL peaks, and

• To investigate the impact of the magnitude of the resolution 𝑅 on
the ability of CGCD analysis to give reliable results.

2. Resolution - definition

In many fields of physics experimental results are obtained in the
form of a spectrum consisting of several individual peaks, which can be:
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(a) well separated (b) weakly overlapping and (c) strongly overlapping.
Due to the highly informative nature of each peak, complex spectra
are subjected to computerized analysis with the aim of separating the
overlapping peaks and obtaining the relevant information. The degree
of overlapping between peaks is called resolution, and is formulated in
this section in terms of the geometrical characteristics of the peaks.

A TL peak is characterized by the temperatures at the peak maximum
intensity 𝑇𝑚 and the two temperatures at the half maximum intensity
𝑇1 < 𝑇𝑚 and 𝑇2 > 𝑇𝑚. These temperatures further define the relevant
widths quantities 𝜔 = 𝑇2−𝑇1, 𝜏 = 𝑇𝑚−𝑇1 and 𝛿 = 𝑇2−𝑇𝑚 [1–3,6]. Fig. 1
shows three different situations of two overlapping peaks; the degree of
overlap depends on the quantity 𝛿1 of the lower temperature peak and
the quantity 𝜏2 of the high temperature peak. By following the methods
used for high resolution chromatography [7,8], we quantify the degree
of overlapping by the quantity 𝑅 defined as:

𝑅 =
𝑇𝑚2 − 𝑇𝑚1
𝛿1 + 𝜏2

. (1)

The value of 𝑅 depends on the parameter 𝑥 = (𝑇𝑚2 − 𝑇𝑚1) − (𝛿1 + 𝜏2)
shown in Fig. 1. In the situation shown in Fig. 1(a), the quantity 𝑥
represents the part of (𝑇𝑚2 − 𝑇𝑚1) which does not belong to the two
peaks, and this defines a resolution 𝑅 given by:

𝑅 =
𝑇𝑚2 − 𝑇𝑚1
𝛿1 + 𝜏2

=
𝑥 + 𝛿1 + 𝜏2
𝛿1 + 𝜏2

= 1 + 𝑥
𝛿1 + 𝜏2

. (2)

Therefore in the case shown in Fig. 1(a), the quantity 𝑥 is such that
the resolution 𝑅 > 1.

In the case shown in Fig. 1(b) the parameter 𝑥 = (𝑇𝑚2 − 𝑇𝑚1) − (𝛿1 +
𝜏2) = 0, and this defines a resolution 𝑅 = 1 :

𝑅 =
𝑇𝑚2 − 𝑇𝑚1
𝛿1 + 𝜏2

= 1 . (3)

In the case of Fig. 1(c) x represents the part of (𝑇𝑚2 − 𝑇𝑚1) which is
common to both peaks. In this case,one obtains a resolution 𝑅 < 1, since
𝑥 = (𝛿1 + 𝜏2) − (𝑇𝑚2 − 𝑇𝑚1) and therefore:

𝑅 =
𝑇𝑚2 − 𝑇𝑚1
𝛿1 + 𝜏2

=
𝛿1 + 𝜏2 − 𝑥
𝛿1 + 𝜏2

= 1 − 𝑥
𝛿1 + 𝜏2

. (4)

When 𝑇𝑚2 = 𝑇𝑚1 the overlapping of the two TL peaks is absolute, and
this corresponds to a resolution 𝑅 = 0.

Since most of the readers are familiar with the full width of a TL peak
denoted by the full width at half maximum 𝜔, Eq. (1) can also be written
for the sake of simplicity in terms of 𝜔. By using the approximation

𝛿1 + 𝜏2 ≈ 𝜔1 𝑜𝑟 ≈ 𝜔2 (5)

the resolutions can be defined in terms of 𝜔 as:

𝑅 =
𝑇𝑚2 − 𝑇𝑚1
𝜔1 (𝑜𝑟 𝜔2)

. (6)

3. Evaluation of synthetic TL glow curves

In the present study the TL glow peaks will be numerically derived
using the general order kinetics equation by May and Partridge [9].

𝐼(𝑛0.𝐸, 𝑠, 𝑏, 𝑇 ) = 𝑛𝑏0 𝑠
′′ 𝑒−

𝐸
𝑘𝑇

[

1 +
(𝑏 − 1)𝑠′′

𝛽 ∫

𝑇

𝑇0
𝑒−

𝐸
𝑘𝑇 ′ 𝑑𝑇 ′

]− 𝑏
𝑏−1

(7)

where 𝑠′′ = 𝑠′𝑛𝑏−10 is the frequency factor for general order kinetics, 𝑛0
(cm−3) is the initial concentration of filled electron traps, 𝐸 (eV) is the
activation energy, 𝑏 the kinetic order parameter with a value usually
between 1 or 2, s′ (𝑚3(𝑏−1) s−1) the pre-exponential factor and 𝑇 (K) is
the temperature. It is noted that this is an empirical equation which
has been found useful in representing adequately experimental TL glow
curves in various materials.

By considering Eq. (7) for 𝑇 = 𝑇𝑚 we obtain

𝐼𝑚 = 𝑛𝑏0 𝑠
′′ 𝑒−

𝐸
𝑘𝑇𝑚

[

1 +
(𝑏 − 1)𝑠′′

𝛽 ∫

𝑇𝑚

𝑇0
𝑒−

𝐸
𝑘𝑇 ′ 𝑑𝑇 ′

]− 𝑏
𝑏−1

(8)

Fig. 1. Example of two-peak TL glow curve, showing the definition of the resolution factor
𝑅.

where 𝐼𝑚 is the maximum TL intensity.

The condition for maximum TL intensity is found by equating the
derivative of Eq. (7) to zero, to obtain [1,2]:

1 +
(𝑏 − 1)𝑠′′

𝛽 ∫

𝑇𝑚

𝑇0
𝑒−

𝐸
𝑘𝑇 𝑑𝑇 =

𝑏 𝑠′′ 𝑛𝑏−10 𝑘𝑇 2
𝑚

𝛽 𝐸
𝑒−

𝐸
𝑘𝑇𝑚 (9)
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The exponential integral appearing in Eq. (7) is usually approxi-
mated by a asymptotic series approximation which is valid only for
𝐸 > 14𝑘 𝑇 . For 𝐸 < 14𝑘 𝑇 the exponential integral is approximated by
a power series [10]. However, in modern software this is not necessary
because, due to its importance and generality, the exponential integral
function is implemented as a built-in function like the common sine,
cosine etc. Therefore, the exponential integral in Eqs. (7)–(8) can be
evaluated by the following equations:

𝐹 (𝐸, 𝑇 ) = ∫

𝑇

𝑇0
𝑒−

𝐸
𝑘𝑇 ′ 𝑑𝑇 ′ = 𝑇 𝑒−

𝐸
𝑘𝑇 + 𝐸

𝑘
𝐸𝑖[− 𝐸

𝑘𝑇
] (10)

𝐹 (𝐸, 𝑇𝑚) = ∫

𝑇𝑚

𝑇0
𝑒−

𝐸
𝑘𝑇 ′ 𝑑𝑇 ′ = 𝑇𝑚 𝑒−

𝐸
𝑘𝑇𝑚 − 𝐸

𝑘
𝐸𝑖[− 𝐸

𝑘𝑇𝑚
] (11)

Eq. (7) was transformed by Kitis et al. [11], in the more useful form
of 𝐼(𝐼𝑚, 𝐸, 𝑇𝑚, 𝑏, 𝑇 ). However, according to above discussion about the
exponential integral function, the equation proposed by Kitis et al. [11]
can be slightly modified in order to use the built-in exponential integral
function. The algebra needed to obtain the modified version of the
original equation by Kitis et al. [11] is as follows:

• Divide Eq. (7) over Eq. (8), to eliminate the values of 𝑠′′ and 𝑛𝑏𝑜• Use the condition for the maximum Eq. (9), to eliminate the values
of 𝑠′′ and 𝛽

• Use Eqs. (10) and (11) for the integral appearing in Eqs. (7) and
(8).

After the above simple algebra steps, the modified form of the original
equation by Kitis et al. [11] is:

𝐼(𝑇 ) = 𝐼𝑚 𝑒
[

− 𝐸
𝑘𝑇 ⋅ 𝑇𝑚−𝑇

𝑇𝑚

]

⋅
[

1 + 𝑏 − 1
𝑏

𝐸
𝑘𝑇 2

𝑚
𝑒

𝐸
𝑘𝑇𝑚

{

𝐹 (𝐸, 𝑇 ) − 𝐹 (𝐸, 𝑇𝑚)
}

]− 𝑏
𝑏−1

(12)

The composite TL glow curves, which are numerically derived using
Eq. (7) have to be analyzed by a computerized glow curve deconvolution
(CGCD) procedure using the above Eq. (12) along with Eqs. (10) and
(11).

4. Study of numerical TL glow curves

This section describes three sets of synthetic glow curves consisting
of two partially overlapping peaks. In the first set, the robustness of the
resolution 𝑅, is demonstrated by showing that it depends rather weakly
on the kinetic parameters 𝐸, 𝑠, 𝑏. In the second and third set of synthetic
glow curves, we examine how the resolution 𝑅 affects the accuracy of
the commonly used CGCD procedures.

4.1. Synthetic set #1: Dependence of the resolution 𝑅 on the kinetic
parameters 𝐸, 𝑠, 𝑏

According to its definition by Eq. (1), the resolution 𝑅 depends on
the geometrical factors 𝜔, 𝜏 and 𝛿. One of the characteristics of TL
peaks is that at each temperature 𝑇𝑚 correspond an infinite number of
𝐸, 𝑠, 𝑏 values. This situation is very different from the analysis of LM-
OSL signals, where to each time maximum corresponds one and only
one LM-OSL peak [5]. Therefore, our study has to take into account this
fact, and we must investigate its impact on the resolution parameter 𝑅.

In a first set we study the dependence of 𝑅 on the following three
factors:

(a) The parameters 𝐸, 𝑠 (for a fixed kinetic order 𝑏)
(b) The distance 𝛥𝑇𝑚 = 𝑇𝑚2 − 𝑇𝑚1 between the two peaks and
(c) The kinetic order parameter 𝑏.
In these synthetic set the position of the first peak is fixed at 𝑇𝑚1 =

420 K, and the position of the second peak is varied in the range 420–
470 K in steps of 10 K. The heights of the two TL peaks are taken to be
the same. For each fixed temperature 𝑇𝑚1 and 𝑇𝑚2, a large number of 𝐸, 𝑠
pairs is evaluated which produces a TL peak with the same temperature
𝑇𝑚. This is achieved according to the following protocol.

Fig. 2. Resolution 𝑅 as a function of the difference 𝑇𝑚2 − 𝑇𝑚1 for a large number of (𝐸, 𝑠)
pairs. (a) First order kinetics (b) second order kinetics. (c), (d) For first and second order
kinetics peaks with 𝐸 = 1 eV and 𝑠 varying from 1010 to 1012 s−1.

Table 1
Values of 𝑅 as a function of 𝛥𝑇𝑚 for first order (F.O) and second order (S.O). Mean values
from 40–50 𝐸, 𝑠 pairs.
𝛥𝑇𝑚 (𝐾) R (F.O) R (S.O)

10 0.34 ± 0.07 0.24 ± 0.05
20 0.67 ± 0.10 0.50 ± 0.09
30 1.02 ± 0.16 0.74 ± 0.13
40 1.31 ± 0.21 0.98 ± 0.16
50 1.61 ± 0.27 1.21 ± 0.21

• step 0: We use only first order kinetics for both TL peaks (𝑏 =
1.0001 in Eq. (7)), and select a fixed position of the first peak at
𝑇𝑚1 = 420 K .

• step 1: Select a temperature 𝑇𝑚2 = 430 K for the second peak.
• Step 2: Evaluate all pairs of 𝐸 in the region (0.8–2 eV) and 𝑠 in

the region (108 − 1020 s−1) which result in the same 𝑇𝑚2 for the
second TL peak in step 1. This results in a total number of 40–50
𝐸, 𝑠 pairs, for each kinetic order studied.

• Step 3: For each TL glow peak and for each 𝐸, 𝑠 pair, evaluate the
quantities 𝜔, 𝜏, 𝛿 and calculate the resolution 𝑅 using Eq. (1).

• Step 4: Apply steps 1 to 3 for 𝑇𝑚2 = 430, 440, 450, 460 and 470 K,
in order to study the effect of the peak separation 𝛥𝑇𝑚 = 𝑇𝑚2 −𝑇𝑚1
on the resolution 𝑅.

Typical results of the procedure in this section are shown in Fig. 2 and
Table 1, and are discussed in the Results section of his paper.

The complete set of synthetic glow curves in steps 0–4 above are then
repeated for the case of second order kinetics (𝑏 = 2), in order to see the
effect of the kinetic order 𝑏 on the resolution 𝑅. We decided to study only
the cases of first and second order kinetics, because they are the limiting
cases of single TL peaks, with symmetry factor 0.42 < 𝜇𝑔 = 𝛿∕𝜔 < 0.52
[2,6].

4.2. Simulation set #2: Dependence of the accuracy of CGCD on 𝑅, for TL
peaks of different 𝑠 values

In a second set of synthetic TL curves, CGCD is used to analyze a
system of two TL peaks with different 𝑠 values as follows:

• Step 1: Two single TL peaks were selected with the same values of
𝑛0, and with the parameters 𝐸1 = 𝐸2 = 1 eV, 𝑠1 = 1012 s−1.

• Step 2: The 𝐸1, 𝑠1 values of the first peak and the 𝐸2 value of the
second peak are kept constant.
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Fig. 3. Series of numerical TL glow curves consisting of two peaks derived according to
second method.

• Step 3: The value of 𝑠2 is gradually decreased from 1012 to 1010 s−1.
This causes a shift of the second peak to higher temperatures, and
separates gradually the two peaks along the temperature axis.

• Step 4: The resolution 𝑅 is evaluated from the values of 𝑇𝑚, 𝜔, 𝛿1
and 𝜏2 according to Eq. (1).

• Step 5: The TL glow curves of step 4 are subjected to CGCD
analysis.

Typical examples of these synthetic curves are shown in Fig. 3. It is noted
that similar results are obtained when the value of 𝑠2 is kept constant,
and the value of 𝐸2 is increased instead.

4.3. Simulation set #3: Dependence of the accuracy of CGCD on 𝑅, for TL
peaks of unequal heights

In this section we describe a third set of synthetic glow curves, in
which CGCD is used to analyze a system of two TL peaks derived by using
the same set of trapping parameters used in Section 4.1. The resolution
𝑅 is studied as a function of the temperature difference 𝛥𝑇𝑚 = 𝑇𝑚2−𝑇𝑚1,
as well as a function of the relative intensities of the two TL peaks (for
fixed value of 𝛥𝑇𝑚). The details of the study are as follows:

• Step 1: TL peaks were derived with 𝐸, 𝑠 values corresponding to
𝛥𝑇𝑚 equal to 10, 20, 30, 40 and 50 K.

• Step 2: The areas of the two TL peaks are initially taken to be equal,
by choosing the same parameter 𝑛0. Then the TL integral of the
first peak was kept constant, whereas the peak integral of the sec-
ond peak was decreased by the factors 1 𝑛0, 0.8 𝑛0, 0.6 𝑛0, 0.4 𝑛0.0.2
𝑛0, 0.1 𝑛0. Six different TL glow curves are produced in this manner,
with typical results shown in Figs. 4–5.

• Step 3: The TL glow curves of step 2 were subjected to CGCD
analysis.

5. CGCD analysis, goodness of fit and initial parameter values

All synthetic TL glow curves obtained by the methods described
above were subjected to CGCD analysis using Eq. (12). In the present
work the ROOT data Analysis Framework was used [12]. All fittings
were performed using the MINUIT program [13] released in ROOT,
which is a physics analysis tool for function minimization. The expo-
nential integral function, 𝐸[𝑖] is implemented in ROOT through the GNU
scientific library (GNU GSL) [14].

The goodness of fit was tested using the figure of merit (FOM) [15]
which is given by

𝐹𝑂𝑀 =
∑

𝑖

|𝑌𝐸 − 𝑌𝐹 |
𝐴

, (13)

Fig. 4. Examples of numerically evaluated TL glow curves consisting of two peaks with
𝑇𝑚2 − 𝑇𝑚1 = 40 K and a resolution 𝑅 > 1. (a) First order and (b) Second order kinetics.

where 𝑌𝐸 are the points in the synthetic glow-curve, 𝑌𝐹 are the
corresponding points in the fitted glow curve using the CGCD procedure,
and 𝐴 is the area of the fitted glow-curve.

6. Results and discussion

6.1. Results from synthetic set #1

The resolution values 𝑅 evaluated using the synthetic single TL peaks
as described in Section 4.1 are listed in Table 1. Every value of 𝑅 is the
mean and standard deviation from 40–50 (𝐸, 𝑠) pairs . The same results
are also plotted in Fig. 2, along with resolution results of protocol in
Section 4.2, which are discussed later in this paper. It is clear that there
is very good agreement between the resolution 𝑅 values evaluated from
the TL peaks using both methods.

From Fig. 2 its is clear that in general the resolution is better for
first order kinetics, and this is evident more clearly for 𝛥𝑇𝑚 > 20 K.
However, for 𝑅 > 0.5 it seems that the value of 𝑅 does not impact the
CGCD analysis, despite the differences existing between first and second
order kinetics. This, however, has to be confirmed by the results of the
CGCD analysis, which will be presented in the next section.

6.2. Extraction of peak parameters from the CGCD procedure

When the CGCD analysis is applied to experimental glow curves, the
initial guess values of the free parameters used in the algorithm are
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Fig. 5. Examples of numerically evaluated TL glow curves consisting of two peaks with
𝑇𝑚2 − 𝑇𝑚1 = 20 K, and a resolution 𝑅 = 0.85. (a) Results for first order and (b) for second
order kinetics.

extremely important. Therefore, a separate method of analysis like the
initial rise method is used to evaluate the values of activation energies
𝐸 to be used as input in the CGCD algorithms.

The TL analytical Eq. (12) is of the form 𝐼(𝐼𝑚, 𝐸, 𝑇𝑚, 𝑏, 𝑇 ), and the
values of the free parameters 𝐼𝑚 and 𝑇𝑚 can be extracted from the
experimental glow curves with high accuracy.

Although the exact values of the parameters𝐸, 𝑠, 𝑏 of synthetic curves
are known in this paper, we use the following CGCD procedure to
obtain unbiased results. Four parameter values are used as input to
the MINUIT program. These 4 parameters are the initial guess value,
its estimated error, its lowest possible limiting value and its maximum
possible limiting value. For example, the activation energy of all peaks
starts with a guess value of 1 eV and an error of 0.1 eV, with the lower
limit value set 0.8 eV, and the upper limit value set 2 eV. The 𝑇𝑚 values
of the peaks start with a guess value of 390 K, and lower and upper limits
at 370 K and 470 K correspondingly. The 𝐼𝑚 limits vary from 0 to 104
a.u., and the kinetic order 𝑏 limits are set from 𝑏 = 1.0001, up to 𝑏 = 2.1.
Using this methodology it is very probable to achieve an unbiased fitting
procedure.

6.3. Results from synthetic set #2

Fig. 3 shows the sequence of the numerically evaluated first order
TL glow curves using the second method described in Section 4.2. The

Table 2
CGCD analysis of glow curves in Fig. 7 using one TL peak component.
𝑇𝑚 (K) 𝐸 (eV) FOM%

384.5 1 0.0001
385.8 0.98 0.02
387.7 0.96 1.7
390 0.90 5.5

resolution values as a function of peak separation are shown in Fig. 2,
and the FOM values from CGCD analysis were better that 0.001%.
However, despite these excellent FOM values the CGCD results are not
correct when the glow curves shape has the shape of single peak.

The single peak like glow curves were also analyzed using one peak
component. The results are shown in Table 2. The first row corresponds
to 𝑅 = 0 and to the absolute degeneration case. However, the quality of
fit indicated by the FOM values drops quickly, as the activation energy
𝐸 is varied. The FOM value of 4.6% for a 𝛥𝑇𝑚 = 6 K, which is already
unacceptable.

The results of Fig. 2(b) and of Table 2 are very important, because
they give researchers a criterion which can be used to determine
whether an experimental glow curve is composite or not.

6.4. Results from synthetic set #3

Cases with resolution 𝑅 > 1
Fig. 4 shows TL glow curves generated using the protocol in Section

4.3, with a resolution of 𝑅 > 1. The TL glow curves shown in Fig. 4(a)
and (b) are obtained for first and second order kinetics, correspondingly.
This is an example of weakly overlapping peaks. The intensity of the
first peak is stable, whereas the intensity of the second vary following
the fractions shown in the figure. All TL glow curves were analyzed by
CGCD analysis, and the FOM values were better that 0.4%.

The comparison of the input parameters in the synthetic curves in
Fig. 4, and the output parameters extracted from the CGCD procedure
are presented here in the form [input, output±error] as follows:

• First order kinetics

1. Peak 1: The output values of first peak were exactly equal
to the input values

2. Peak 2: 𝑇𝑚[460, 459 ± 0.35], 𝐸[1.8, 1.83 ± 0.04] and
𝑏[1.0001, 1.01 ± 0.01].

• Second order

1. Peak 1: 𝑇𝑚[420, 418.3 ± 0.04], 𝐸[1.65, 1.654 ± 0.004] and
𝑏[2, 2.03 ± 0.01].

2. Peak 2: 𝑇𝑚[470, 69.2 ± 0.25], 𝐸[1.85, 1.87 ± 0.03] and
𝑏[2, 2.003 ± 0.002].

These results show that for cases with resolution of 𝑅 > 1, the CGCD
overall performs in an ideal way, and reproduces the input parameters
very accurately.

Cases with resolution 1 > 𝑅 > 0.5
Fig. 5(a) and (b) shows additional examples of numerically evaluated

TL glow curves with a resolution of 𝑅 = 0.85. The examples shown
consist of two TL peaks with first order kinetics in (a), and with second
order kinetics in (b). This is an example of strongly overlapping peaks.
The CGCD was satisfactory, with FOM values better than 0.1% for all
TL curves in the figure.

The comparison of the input parameters in the synthetic curves in
Fig. 5, and the output parameters extracted from the CGCD procedure
in the same form [input, output±error] are as follows.

• First order kinetics

1. Peak 1: 𝑇𝑚[420, 419 ± 0.5], 𝐸[1.55, 1.56 ± 0.02]
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Fig. 6. Examples of numerically evaluated TL glow curves consisting of two peaks with
𝑇𝑚2−𝑇𝑚1 = 10 K. Left hand side for first order and right hand side for second order kinetics.

2. Peak 2: 𝑇𝑚[440, 438.9 ± 0.3], 𝐸[1.65, 1.675 ± 0.003] and
𝑏[1.0001, 1.008 ± 0.001].

• Second order kinetics

1. Peak 1: 𝑇𝑚[420, 418.3 ± 0.1], 𝐸[1.65, 1.655 ± 0.008] and
𝑏[2, 2.014 ± 0.01].

2. Peak 2: 𝑇𝑚[450, 448.7 ± 0.85], 𝐸[1.75, 1.76 ± 0.07] and
𝑏[2, 2.006 ± 0.002].

Cases with resolution 𝑅 < 0.5
Finally Fig. 6(a) and (b) shows examples of numerically evaluated

TL glow curves of first and second order kinetics, with a resolution of
𝑅 = 0.25. Obviously this is an example of strongly overlapping peaks.
From the point of view of FOM, the CGCD was quite satisfactory with
FOM values better than 1% for all TL curves in this figure.

The overlapping of individual theoretical peaks in glow curves of
Fig. 6 is so strong, that the whole composite glow curves has the shape
of a single TL peak. When the CGCD analysis was applied on these glow
curves using a single glow peak, the FOM was still excellent and better
than 0.01%. Examples of two peak and one peak analysis are shown in
Fig. 7. It is easily seen that the fit is very good, but both analyses are
erroneous.

When using the two peak analysis, the 𝑇𝑚 and 𝐸 values were close
to the input values, for both first and second order kinetics. However,
the results were erroneous because the order of peaks is the opposite of

Fig. 7. Fitting example for a degenerated case. The single like peak is composite consisting
of two peaks with 𝑇𝑚2 − 𝑇𝑚1 = 10 K, and a resolution 𝑅 = 0.25. (a) Results for first
order and (b) for second order kinetics. The fit using two components gave FOM=1.2%,
whereas the fit using one component gave FOM = 0.4%. Despite the very good FOM, both
deconvolution results are erroneous.

Fig. 8. CCGD analysis of the REFGLOW003 of the GLOCANIN project, which is an
experimental glow peak, in order to evaluate the resolution among its individual peaks.
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Table 3
Evaluation of resolution among peaks of glow curves LiF:Mg,Ti after the analysis of its
glow curves using a CGCD procedure.

Peqak 𝑇𝑚 (K) 𝜔 (K) Resolution

2 386.4 25.4 –
3 426.3 28.1 𝑅23 = 1.40 − 1.60
4 458.3 25.6 𝑅34 = 1.12 − 1.28
5 484.5 23.2 𝑅45 = 1.02 − 1.13

that expected. Namely, the second component peak had to be smaller
by construction, but the opposite was found during the CGCD analysis.
In other words, the arrangement of the two peaks in CGCD was random,
without any relation to the initial values of 𝑛0.

When using a single peak analysis, the 𝑇𝑚 and 𝐸 values were again
close to the input values, for both first and second order kinetics.
Specifically the results were:

• First order: Input 𝑇𝑚 420 and 430 K. Output 𝑇𝑚 = 423 ± 1.8. Input
𝐸 values 0.85 and 0.95. Output 𝐸 = 0.86 ± 0.04

• Second order: Input 𝑇𝑚 420 and 430 K. Output 𝑇𝑚 = 422±1.9. Input
𝐸 values 1.65 and 1.7. Output 𝐸 = 1.57 ± 0.04 and 𝑏 = 1.99 ± 0.01.

However, this single peak analysis is obviously also erroneous, and the
results of the CGCD are meaningless.

6.5. A practical example using LiF:Mg,Ti

LiF:Mg,Ti is the most common TL dosimeter, so it is selected as a
practical example for evaluation of the resolution among its individual
peaks. The glow curve chosen was taken from the collection of the
reference glow curves of the GLOCANIN inter comparison program by
Bos et al. [16,17]. The REFGLOW003, which is an experimental glow
curve containing the glow peaks 2, 3, 4 and 5 of LiF:Mg,Ti after a
15 mGy 60𝐶 dose. The glow curve was analyzed using Eq. (12) along
with Eqs. (10) and (11). The values of the kinetic order used was
𝑏 = 1.00001 for which the general order equations gives exactly the first
order kinetics. The kinetic parameters 𝐸 and 𝑠 found are the same with
that of the GLOCANIN project. The resolution was evaluated among the
peaks 2 and 3 𝑅23, the peaks 3 and 4 𝑅34 and the peaks 4 and 5 𝑅45. The
resulting values are listed in Table 3. The resolution values are all greater
than 1. These values are very satisfactory and ensure the reliability of
the results of the CGCD analysis of the glow curve of LiF:Mg,Ti (see
Fig. 8).

7. Discussion- general resolution criteria

From the results presented above, it becomes clear that the problems
in TL analysis due to resolution appear for 𝑅 < 0.5. Following the aim of
the present work it is useful to define regions of 𝑅, which will be related
with reliability of CGCD analysis as follows.

• 𝑅 > 1: This case represents isolated or weakly overlapping peaks.
The results of the CGCD analysis are obviously reliable.

• 0.5 < 𝑅 < 1: This case represents strong overlapping between two
peaks. The results of the CGCD are obviously not reliable, but they

can be made reliable by using additional TL methods for trapping
parameter evaluation.

• 0.25 < 𝑅 < 0.5: This case represents extremely strong overlapping.
The sum of two peaks tend to take the shape of a single peak. Their
analysis with CGCD is possible, but its reliability will depend on
additional TL measurements.

• 0 < 𝑅 < 0.25: In this region the sum of the two peak already has
the shape of a single peak. The CGCD analysis is able to identify
the complex nature of the single shaped glow curve, but it is not
able to give a uniquely reliable solution. This can be achieved only
by the combination of CGCD analysis with other TL methods.

• 𝑅 ≊ 0: Represents the absolute degeneration case, where CGCD
analysis is meaningless without additional experiments or addi-
tional analysis.

8. Conclusions

The conclusions of the present work can be summarized as following:

• The CGCD analysis can always achieve a very good fit to any
glow curve, however this does not mean that the CGCD results
are always reliable.

• The resolution 𝑅 is defined quantitatively in the present work, and
can help researchers estimate the reliability of the CGCD analysis.

• For resolution of 𝑅 > 0.5 which corresponds to peak maximum
temperature difference 𝑇𝑚2 − 𝑇𝑚1 greater that the full width 𝜔 of
the peaks, the CGCD results are always reliable.

• For resolution 0.25 < 𝑅 < 0.5 which corresponding to peak
maximum temperature difference 𝑇𝑚2−𝑇𝑚1 less that the full width
𝜔, the two-peak glow curve appears as a single TL peak. The CGCD
can give reliable results, but only in combination with other TL
methods.

• For resolution 𝑅 < 0.25 the results of the CGCD analysis are
meaningless.
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