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A B S T R A C T

In this paper we describe a new initiative for the development of open-access codes in R and Python, to be used
for computerized analysis and modeling of luminescence phenomena. The purpose of this broad initiative is to
help in the classification, organization and standardization of the computerized analysis and modeling of a wide
range of luminescence phenomena. Although a very significant number of such open access codes is already
available in the literature, there is a lack of common standardization and homogeneity in the nomenclature
and in the codes, which we hope to address. New open-access codes are developed for thermoluminescence
(TL), isothermal luminescence (ITL), optically stimulated luminescence (OSL), infrared stimulated luminescence
(IRSL), dose response (DR) and time-resolved (TR) signals. In each of these categories, computer codes are
currently being developed based on (a) delocalized transitions involving the conduction/valence bands and (b)
localized transitions based on proximal interactions between traps and centers. Whenever applicable, additional
codes are developed for semi-localized transition models, which are based on a combination of localized
and delocalized transitions. While many previously published codes are based on the empirical general order
kinetics and on first order kinetics, several of the new codes in R and Python are based on physically meaningful
kinetics described by the Lambert W function. During the past decade, the Lambert W function has been
shown to describe both thermally and optically stimulated phenomena, as well as the nonlinear dose response
of TL/OSL/ESR in dosimetric materials. The paper demonstrates the proposed classification and organization
of the codes, which it is hoped will be a useful tool, especially for newcomers to the field of luminescence
dosimetry.
. Introduction

Phenomenological luminescence models and the associated subject
f computerized curve fitting analysis and modeling are an essential
art of analysis of thermally and optically stimulated luminescence
ignals (see for example, the recent review paper by Kitis et al. 2019).
omputerized deconvolution of complex luminescence curves into their

ndividual components by using curve fitting methods is widely ap-
lied for dosimetric purposes, as well as for evaluating the physical
arameters describing the luminescence processes. Although a very
ignificant number of open access codes are already available in the
iterature, there is a lack of common standardization and homogeneity
n nomenclature and in the presentation of the computer codes (see for
xample Peng et al., 2021; Chung et al., 2011, 2012, 2013; Puchalska
nd Bilski, 2006; Pagonis et al., 2001; Afouxenidis et al., 2012).

In this paper we describe a new initiative for the development
f open-access codes in R and Python, to be used for computerized
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E-mail address: vpagonis@mcdaniel.edu (V. Pagonis).

analysis and modeling of luminescence phenomena. The purpose of this
broad initiative is to help in the classification, organization and stan-
dardization of the computerized analysis and modeling of a wide range
of luminescence phenomena. The new open-access codes are grouped
in the broad categories of thermoluminescence (TL), isothermal lu-
minescence (ITL), optically stimulated luminescence (OSL), infrared
stimulated luminescence (IRSL), dose response (DR) and time-resolved
(TR) codes. Within each of these broad categories, codes are being
developed based on (a) delocalized transitions involving the conduc-
tion/valence bands and (b) localized transitions based on proximal
interactions between traps and centers. Whenever applicable, addi-
tional codes are developed for semi-localized transition models, which
are based on a combination of localized and delocalized transitions.
While most previously published codes for thermally and optically
stimulated phenomena are based on the empirical general order ki-
netics (GOK) and/or on first order kinetics (FOK), the new codes in R
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and Python are also based on physically meaningful kinetics described
by the Lambert W function (for a more complete discussion of the
importance and use of the Lambert W function in the description of
luminescence phenomena, see Section 4.10 in Pagonis, 2021).

The paper is organized as follows: Section 2 presents a general
discussion and overview of luminescence models and computerized
curve deconvolution analysis (CCDA). This is followed in Section 3 by
a summary of the analytical equations for CCDA, and in Section 4 by a
general discussion of the computerized curve deconvolution procedures
in R and Python. Sections 5 and 6 discuss the open access codes for R
and Python respectively. The paper concludes with a general discussion
of the current status of this open access codes initiative.

2. Overview of phenomenological luminescence models

Phenomenological luminescence models can generally be classified
into two broad general categories, and they were summarized in the
recent review paper by Kitis et al. (2019). The first category contains
models based on delocalized electronic transitions, involving transitions
taking place via the delocalized conduction and valence bands. This
first category includes several commonly used models for fitting lu-
minescence signals: the first order kinetics model (FOK), General One
trap model (GOT), Mixed Order kinetics (MOK) model, and the empir-
ical General Order Kinetics (GOK) model. These delocalized transition
models are used routinely for popular dosimetric materials like BeO,
LiF: Mg, Ti, Al2O3:C, quartz, doped LiB4O7 etc.

Models in the second category will be referred to as localized models
n the rest of this paper. There are several types of such models (for

review of such models and code examples, the reader is referred
o Chapters 6–7 in Pagonis, 2021). In this paper we focus on the
ST model of Jain et al. 2012, which is based on quantum tunneling
rocesses taking place from the excited state of the trap, within random
istributions of electrons and positive charges. In the EST model, the
robability of the recombination process taking place depends on the
istance between the negative and positive charges in the material.
hese types of models have been used for analyzing the luminescence
ignals from many types of feldspars and apatites (Sfampa et al.,
015), as well as for doped YPO4 (Mandowski and Bos, 2011), doped
gB4O7 (Pagonis et al., 2019) and other materials.

.1. Models for analysis of TL and ITL signals

There are four major categories of delocalized models found in
he luminescence literature, namely first order kinetics (FOK) models,
eneral one trap models (GOT), mixed kinetics order models (MOK)
nd the empirical general order kinetics models (GOK). These models
ead to analytical equations which are commonly used for the analysis
f TL signals, and which are summarized in Fig. 1. The last entry in
ig. 1 is the excited state tunneling model (EST), which is a localized
ransitions model (Jain et al. 2012).

The specific nomenclature used for the analytical equations in Fig. 1
nd in the rest of this paper, is our effort to classify and standardize the
ames used for these equations in the literature. The acronyms KV and
P in this figure refer to the Kitis–Vlachos and Kitis–Pagonis equations
espectively, and are explained in Section 3 of this paper.

Several of the equations listed in Fig. 1 are available in two math-
matical versions, the original and the transformed versions (see the
etailed discussion in Kitis et al. 2019). The two mathematical versions
f these equations are discussed in Section 3.

Due to the space limitation for this conference paper, it is not
ossible to list al equations in this initiative. Instead, we refer the reader
o the review paper by Kitis et al. (2019) and to the recent book by
agonis (2021).

ITL signals can also be described within the FOK, GOT, MOK, GOK
nd EST models, similar to the situation for TL signals. These five
odels lead to analytical equations which are commonly used for the

nalysis of ITL signals, and they are summarized in Fig. 2.
2

.2. Models for analysis of OSL signals

When the stimulation of a sample is optical using visible light,
ne is dealing with optically stimulated luminescence (OSL). Typically,
lue LEDs with a wavelength of 470 nm are used during these OSL
xperiments. When the stimulation is with visible light and also occurs
ith a source of constant light intensity, the stimulated luminescence

s termed continuous wave optically stimulated luminescence (CW-OSL).
owever, when the optical stimulation takes place using a source
ith an intensity which increases linearly with time, the stimulated

uminescence is called linearly modulated optically OSL (LM-OSL).
OSL signals can also be described by the FOK, GOT, MOK, GOK and

ST models, similar to the situation for TL signals. These five models
ead to analytical equations which are commonly used for the analysis
f OSL signals, and they are summarized in Fig. 3.

.3. Models for analysis of IRSL signals

When the optical stimulation of the irradiated sample takes place
ith infrared photons, this process is called infrared stimulated lumi-
escence (IRSL). Typically infrared LEDs with a wavelength of 850 nm
re used during these IRSL experiments. During CW-IRSL experiments
he intensity of the light is kept constant, resulting in most cases in a
onotonically decaying curve. Linear modulation of the infrared LEDs

esults in the production of a peak shaped LM-IRSL signal.
The shapes of CW-OSL and LM-OSL signals are very similar to the

hapes of CW-IRSL and LM-IRSL signals. However, these signals are
btained with very different wavelengths of light (470 nm for blue light
EDs and 850 nm for infrared LEDs). Extensive research has shown
hat the mechanisms involved in the production of these signals are
ery different. In the case of the CW-OSL and LM-OSL signals from
ost dosimetric materials, the mechanism is believed to involve the

onduction band due to the higher energy of the blue LEDs, and can be
escribed by a delocalized model.

In the case of the CW-IRSL and LM-IRSL signals, the production
echanism is believed to involve localized energy levels located be-

ween the conduction and valence bands. There are several versions of
his type of a localized transition model in the literature; in this paper we
imit our discussion to the excited state transition (EST) models, which
ave been used extensively to describe quantum tunneling lumines-
ence phenomena in feldspars (Sfampa et al., 2015), apatites (Polymeris
t al., 2018), doped YPO4 (Mandowski and Bos, 2011), and doped
gB4O7 (Pagonis et al., 2019).

The EST model leads to analytical equations which are commonly
sed for the analysis of CW-IRSL and LM-IRSL signals, and they are
ummarized in Fig. 4.

.4. Models for analysis of dose response

Fig. 5 is a schematic showing several types of models which have
een used for describing the dose response of luminescence signals. Of
hese models, the OTOR model and two trap one recombination center
TTOR) model are based on systems of differential equations, and lead
o the saturating exponential (SE) function and the Pagonis–Kitis–Chen
quations (PKC and PKC-S) which are discussed in Section 3. The GOK,
ouble saturating exponential (DSE) and SE plus linear (SEL) equations
hown in Fig. 5 can be considered empirical, since they do not arise
irectly from a mathematical model based on electronic transitions
aking place in a solid.
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Fig. 1. Schematic diagram of the main models used for analyzing TL signals and the respective analytical equations. Four of these models are based on delocalized transition
models: the first order kinetics (FOK), general one trap (GOT), mixed order kinetics (MOK) and general order kinetics (GOK) empirical model. The excited state tunneling model
(EST) is a localized transitions model.
2.5. Models for analysis of time resolved (TR) signals

TR experiments can provide crucial information about the lumi-
nescence mechanisms in a dosimetric material. Fig. 6 is a schematic
showing several types of models which have been used for describing
the dose response of luminescence signals.

Delocalized transition models which have been used in order to
describe TR-OSL experimental data obtained with blue LEDs (see the
review paper by Chithambo et al. 2016, and references therein). The
most popular delocalized transition model has been the FOK-TR model,
in which the excitation period of the TR experiment is described by
the sum of saturating exponential function, and the relaxation stage
of the TR experiment is described by the sum of decaying exponential
functions. The FOK-TR model has been used extensively, for example,
for TR-OSL measurements in quartz. In addition, stretched exponential
functions have been suggested as a possible fitting function to described
the relaxation stage of TR experiments (see for example Pagonis et al.
2012).
3

Localized transition models have been used to describe TR-IRSL
experimental data obtained with infrared LEDs (Chithambo et al. 2016,
Pagonis et al. 2012).

3. Analytical equations and their transformed equivalents

A useful technique for developing new analytical equations for
computerized analysis of data, is to develop transformed analytical
equations which use parameters that can be estimated directly from the
experimental data. The general method of developing the transformed
versions of the analytical equations is described in detail in the review
paper by Kitis et al. (2019). The transformation is based on replacing
two of the variables in the equations with two new variables. For
example in the case of TL signals, the initial concentration of trapped
electrons 𝑛0 and the frequency factor 𝑠 in the equations, will be replaced
with the maximum intensity 𝐼𝑚 and the corresponding temperature 𝑇𝑚.

For a recent extensive compilation of the literature on the computer-
ized glow curve deconvolution (CGCD) software used and developed for
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Fig. 2. Schematic diagram of the main delocalized and localized models which are used in this literature for analysis of ITL signals, and the respective analytical equations.
.

radiation dosimetry, the reader is referred to the paper by Peng et al.
(2021). These authors also presented a unified presentation of CGCD
within the framework of the open source R package tgcd Peng et al.
2016, and included first, second, general, and mixed-order kinetics
models for delocalized transitions.

Kitis et al. (1998) developed transformed equations for first, second
and general order kinetics under a linear heating function. In later
works transformed equations were developed by Kitis and Gómez-Ros
(1999) and Gómez-Ros and Kitis (2002) for mixed order kinetics and
for continuous trap distributions, and by Kitis et al. (2012) for an expo-
nential heating function. In the area of OSL, Kitis and Pagonis (2008)
developed transformed equations for LM-OSL signals. Recently Sadek
et al. (2015) transformed the analytical expression derived from the
OTOR model, whereas Kitis and Pagonis (2014) developed transformed
analytical expressions for tunneling recombination from the excited
state of a trap.

3.1. The Kitis–Vlachos (KV) equations for TL, ITL, CW-OSL and LM-OSL
signals

Kitis and Vlachos (2013) were able to solve analytically the GOT
model. Later Singh and Gartia (2013) obtained the analytical solu-
tion using the omega function. Kitis and Vlachos (2013) obtained the
following general analytical expression for the intensity 𝐼(𝑡) of the
luminescence signal, when 𝑅 < 1:

𝐼(𝑡) = 𝑁 𝑅
(1 − 𝑅)2

𝑝(𝑡)
𝑊 [𝑒𝑧] +𝑊 [𝑒𝑧]2

(1)

𝑧(𝑡) = 1
𝑐
− ln(𝑐) + 1

1 − 𝑅 ∫

𝑡

0
𝑝(𝑡) 𝑑𝑡 (2)

𝑐 =
𝑛0
𝑁

1 − 𝑅
𝑅

(3)

where 𝑛0 and 𝑁 are the initial and total concentrations of filled traps,
𝑅 = 𝐴𝑛∕𝐴𝑚 is the dimensionless retrapping ratio of the retrapping
and recombination coefficients in the OTOR model, and 𝑝(𝑡) is the
excitation rate for the experimental mode. 𝑊 [𝑒𝑧] is the Lambert 𝑊
function (Corless et al. 1996; Corless et al. 1997). This function is the
4

Table 1
Table of the KV-equations for analysis of TL, ITL, CW-OSL and LM-OSL signals. The
equations in this table refer to the delocalized GOT model of TL described in this chapter

Type of signal Equation Stimulation rate 𝑝(𝑡) (s−1) Model parameters

TL KV-TL 𝑠 exp {−𝐸∕ (𝑘𝑇 )} 𝑅, 𝑁 , 𝑛0
ITL KV-ITL 𝑠 exp

{

−𝐸∕
(

𝑘𝑇𝐼𝑆𝑂
)}

𝑅, 𝑁 , 𝑛0
CW-OSL KV-CW 𝜎 𝐼 = 𝜆 𝑅, 𝑁 , 𝑛0
LM-OSL KV-LM 𝜎 𝐼𝑡∕𝑃 = 𝜆𝑡∕𝑃 𝑅, 𝑁 , 𝑛0

solution 𝑦 = 𝑊 [𝑒𝑧] of the transcendental equation 𝑦 + ln 𝑦 = 𝑧. In these
analytical equations W represents the real positive part of the Lambert
W function. In fact, Kitis and Vlachos (2013) found that there is a
second solution of the OTOR model corresponding to 𝑅 > 1. However,
for our deconvolution purposes, we need only concern ourselves with
the positive real branch of W, since values of the retrapping ratio 𝑅
in the range 0 < 𝑅 < 1 can describe any luminescence signal between
first and second order kinetics. Kitis et al. (2019) termed this general
equation the first master equation, and in this paper we refer to it as the
Kitis–Vlachos equation (KV equation) for thermally/optically stimulated
phenomena. The term master equation was introduced because the equa-
tion is very general and can describe a wide variety of luminescence
signals originating in delocalized electronic transitions (TL, ITL, CW-
OSL, LM-OSL), by simply using a different mathematical expression
for the excitation rate 𝑝(𝑡). For thermally stimulated phenomena, the
trap is characterized by the thermal activation energy 𝐸 (eV) and
by the frequency factor 𝑠 (s−1). Respectively for optically stimulated
phenomena, the trap is characterized by the optical cross section 𝜎 of
the OSL or IRSL process.

The various forms of the KV equation are summarized in Table 1.
The nomenclature used here is rather obvious, with KV-ITL referring to
the Kitis–Vlachos equation for ITL signals etc.

3.2. The Kitis–Pagonis (KP) equations for TL, ITL, CW-IRSL and LM-IRSL
signals

Kitis and Pagonis (2013) derived an analytical equation solution
for the EST model, by considering quasi-equilibrium conditions (QE).
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Fig. 3. The main models which are used for analysis of CW-OSL and LM-OSL signals, and the respective analytical equations.

Fig. 4. Schematic diagram showing the analytical equations from the localized model EST, which are used for analysis of CW-IRSL and LM-IRSL signals.
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Fig. 5. Schematic diagram showing the two delocalized models OTOR and TTOR models discussed in this paper, and the respective analytical equations which are used for analysis
of the dose response of luminescence signals.
Fig. 6. Schematic diagram showing several models and the respective analytical equations which are used for analysis of the time-resolved luminescence signals.
These authors carried out extensive algebra, and obtained the following
analytical solutions for the luminescence intensity 𝐼(𝑡) during thermally
or optically stimulated luminescence experiments. We will refer to this
analytical equation as the general Kitis–Pagonis equation (KP equation):

𝐼(𝑡) = 3 𝑛0 𝜌′ 1.8𝐴(𝑡)𝐹 (𝑡)2 𝑒−𝐹 (𝑡) 𝑒−𝜌
′(𝐹 (𝑡))3 (4)

𝐹 (𝑡) = ln
(

1 +
1.8 𝑠𝑡𝑢𝑛
𝐵′ ∫

𝑡

0
𝐴(𝑡) 𝑑𝑡

)

(5)

where 𝐴(𝑡) (s−1) is the excitation rate from the ground state into the
excited state of the trap, 𝜌′ is dimensionless acceptor density, 𝐵′ (s−1)
is the retrapping rate from the excited state into the ground state of the
trap, and 𝑠𝑡𝑢𝑛 (s−1) is the frequency factor for the tunneling process.

Eq. (4) was termed the fifth master equation in the review paper by
Kitis et al. (2019). This is because it is very general and like the KV-
equations, it can also describe a wide variety of luminescence signals
originating in localized electronic transitions (TL, ITL, CW-IRSL, LM-
IRSL), by simply using a different mathematical expression for the
excitation rate 𝐴(𝑡). The KP equations can characterize TL, IRSL and
ITL signals within the EST model, as long as one is dealing with freshly
irradiated samples, i.e. samples which have not undergone any thermal
or optical treatments after irradiation. The reason is that these types of
treatments cause a truncation in the distribution of nearest neighbors
6

in the crystal. For a detailed discussion of this topic, see Section 6 in
Pagonis et al. (2021).

The fifth master equation Eq. (4) was tested by Kitis and Pagonis
(2013), by comparing it with the numerical solution of the differen-
tial equations in the EST model (Kitis and Pagonis 2013; Kitis and
Pagonis 2014; Pagonis and Kitis 2015). This equation has been also
tested extensively during the past decade, by comparing it with many
different types of experimental signals, from different types of natural
and artificial dosimetric materials (Sfampa et al. 2014; Şahiner et al.
2017; Kitis et al. 2016; Polymeris et al. 2017).

Detailed examples of using these analytical equations to fit exper-
imental data are given in the recent comprehensive feldspar study
by Pagonis et al. 2021 and in the book by Pagonis (2021).

Table 2 summarizes the KP equations which describe TL, ITL,
CW-IRSL and LM-IRSL signals within the EST model.

3.3. The Pagonis–Kitis–Chen (PKC and PKC-S) equations for dose response
of luminescence signals (TL, OSL, ESR etc.)

The GOT model for irradiation processes leads to the Pagonis–
Kitis–Chen (PKC) equations for dose response of luminescence signals.
Specifically, Pagonis et al. (2020a) developed recently the exact ana-
lytical solution 𝑛(𝐷) of the GOT equation in terms of the Lambert 𝑊
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Table 2
Table of the KP-equations for analysis of TL, ITL, CW-IRSL and LM-IRSL signals. The

equations in this table refer to the localized EST model of luminescence developed by
Jain et al. (2012).

Type of signal Equation Stimulation rate 𝐴(𝑡) (s−1) Model parameters

TL KP-TL 𝑠 exp {−𝐸∕ (𝑘𝑇 )} 𝑛0, 𝜌′, 𝑠, 𝐸
ITL KP-ITL 𝑠 exp

{

−𝐸∕
(

𝑘𝑇𝐼𝑆𝑂
)}

𝑛0, 𝜌′, 𝑠, 𝐸
CW-IRSL KP-CW 𝜎 𝐼 = 𝜆 𝑛0, 𝜌′, 𝜆
LM-IRSL KP-LM 𝜎 𝐼𝑡∕𝑃 = 𝜆𝑡∕𝑃 𝑛0, 𝜌′, 𝜆

function:
𝑛(𝐷)
𝑁

= 1 + 1
1 − 𝑅

𝑊
[

(𝑅 − 1) exp
(

𝑅 − 1 −𝐷∕𝐷𝑐

)]

(6)

where the constant 𝐷𝑐 is defined as 𝐷𝑐 = 𝑁∕𝑅 , 𝑅 is the retrapping
ratio in the OTOR model, and 𝑛(𝐷)∕𝑁 is the trap filling ratio The
parameter 𝐷𝑐 has the same units as the dose 𝐷, and depends on the
physical properties 𝑅,𝑁 of the material. From a physical point of view,
the retrapping ratio parameter 𝑅 can have any positive real value,
including values 𝑅 > 1. The values 𝑅 → 0, 𝑅 → 1 correspond to
irst and second order kinetics. Furthermore, under certain physical
ssumptions, values of 𝑅 between 0 and 1 correspond to the empirical
eneral order intermediate kinetic orders (see for example the discus-
ion in Kitis et al. 2019). As may be expected from a physical point
f view, the approach to saturation and the shape of the 𝑛(𝐷) function

depends on the amount of retrapping, i.e. on the value of the ratio 𝑅.
The model of Bowman and Chen (1979) is a TTOR model, which

describes superlinear dose response as being a result of competition
between two electron traps during the irradiation stage of a sample.
Recently Pagonis et al. (2020b) obtained the following Pagonis–Kitis–
Chen-Superlinearity (PKC-S) equation, which describes the non-linear
dose response of a dosimetric trap:

𝑛(𝐷)
𝑁

= 1 −
(

1
𝐵
𝑊

[

𝐵 exp (𝐵) exp
(

−𝐷∕𝐷𝑐
)

])𝐴2∕𝐴1
. (7)

here the two constants 𝐵, 𝐷𝑐 are functions of the parameters in the
riginal model. The dose response 𝑛(𝐷)∕𝑁 in this rather simple Eq. (7)
epends on only three parameters, the constants 𝐴2∕𝐴1, 𝐵 and 𝐷𝑐 .

The parameter 𝐷𝑐 has the same dimensions at the irradiation dose 𝐷,
o that the ratio 𝐷∕𝐷𝑐 in Eq. (7) is dimensionless. The parameter 𝐵
s also dimensionless and one of the assumptions in this equation is
he additional condition 𝐴2∕𝐴1 < 1. The overall dose response in this
odel will depend on the numerical values of the three parameters

ppearing in these equations: 𝐵, 𝐷𝑐 , 𝐴2∕𝐴1. As the competitor trap
pproaches saturation, the dose response of the dosimetric trap 𝑛∕𝑁
ecomes superlinear. The initial short linear range in the curve 𝑛∕𝑁
s followed by a range of superlinearity, which eventually becomes
ublinear on its way to saturation.

The shape of the simulated dose response 𝑛(𝐷)∕𝑁 from Eq. (6)
epends strongly on the retrapping ratio 𝑅, and looks similar to a
aturating exponential function (SE). The SE is often used to fit exper-
mental dose responses in a variety of materials, and for a variety of
uminescence signals, together with two more general equations, the
EL and the DSE functions (Berger and Chen 2011). As noted above, the
EL and DSE are considered more or less empirical analytical equations,
nd the constants in some of these models are not usually assigned a
irect physical meaning. In recent experimental work, the SEL and DSE
unctions have been used to fit experimental ESR data (Duval 2012;
rompier et al. 2011); OSL data (Lowick et al. 2010; Timar-Gabor et al.
012; Timar-Gabor et al. 2015; Anechitei-Deacu et al. 2018; Fuchs et al.
013, Li et al. 2016), TL data (Berger and Chen 2011; Berger 1990;
osken and Schmidt 2020), and ITL data (Vandenberghe et al. 2009).

For extensive examples of fitting TL,OSL, ESR data using the PKC
nd PKC-S equations, see the papers by Pagonis et al. 2020a; Pagonis
t al. 2020b.
7

o

.4. Analytical equations for the analysis of TR signals

As discussed above, the first order kinetics model is routinely used
o describe TR-OSL signals, by using the sum of saturating exponentials
nd exponential decay functions, which we denote in Fig. 6 as the
OK-TR equations.

Pagonis et al. (2016) used the model of Jain et al. (2012) to describe
uantitatively the shape of TR-IRSL signals during and following short
nfrared pulses on feldspars, in the microsecond time scale. These
uthors developed the following analytical TR-IRSL equations for the

light emission, using the assumption of a weak de-excitation rate
aking place from the excited state into the ground state of the trap:

ON(𝑡) = 𝐼0
{

1 − exp
(

−𝜌′ ln
[

1.8 𝑠𝑡𝑢𝑛 𝑡
]3
)}

𝑡 < 𝑡0 (8)

OFF(𝑡) = 𝐼0
{

exp
(

−𝜌′ ln
[

1.8 𝑠𝑡𝑢𝑛 𝑡
]3
)

− exp
(

−𝜌′ ln
[

1.8 𝑠𝑡𝑢𝑛
(

𝑡 + 𝑡0
)]3

)}

𝑡 > 𝑡0 (9)

he parameters in these equations are the saturation intensity 𝐼0, the
imensionless positive charge density 𝜌′, the elapsed time 𝑡 (s), the
unneling frequency 𝑠𝑡𝑢𝑛 (s−1), the duration of the IR pulse 𝑡0 (s). It
s noted that if the assumption of a weak de-excitation rate is lifted
n this model, the resulting analytical expressions of 𝐼ON(𝑡) and 𝐼OFF(𝑡)
epresent simple exponential functions; this type of exponential behav-
or has not been reported in TR-IRSL experiments, which are generally
elieved to follow non-exponential behavior (Pagonis et al., 2016).

In addition to the above TR-IRSL equations, the stretched exponen-
ial function has also been used to described the relaxation stage of
R-IRSL experiments (see for example Pagonis et al., 2012).

. Computerized curve fitting analysis in Python and R

The subject of computerized curve fitting analysis is an essential
art of analysis of thermally and optically stimulated luminescence
ignals, and several sophisticated curve deconvolution techniques have
een developed. The general term computerized curve deconvolution
nalysis (CCDA) is commonly used for any luminescence signal, and in
he case of TL signals the term computerized glow curve deconvolution
CGCD) is used extensively. Chen and McKeever (1997) and Chen and
agonis (2011) summarized the curve fitting procedures commonly
sed to analyze multi-peak luminescence curves. They emphasized the
rimary importance of using a carefully measured curve, since any
rrors in measuring the data can lead to the wrong results in the
omputerized procedures.

The analysis of complex luminescence signals starts by defining de-
ote the mathematical function 𝑓 (𝑇 ) of an individual signal component.
hen several luminescence components are involved, the glow curve

an be written as the linear combination of these analytical functions
(𝑇 ). Basically, the process of curve fitting, be it for a single or a
omposite curve, consists of a first guess of the parameters, evaluating
(𝑇 ) and comparing it to the experimental curve. The parameters are
hen changed so that the difference between the experimental and
alculated curves is minimized. A popular way of doing this is the
evenberg–Marquardt nonlinear least-squares fitting, which minimizes
he objective:

=
𝑛
∑

𝑖=1

(

𝑦𝑒𝑥𝑝𝑡𝑖 − 𝑦𝑓𝑖𝑡𝑖

)2
, 𝑖 = 1… 𝑛 (10)

here 𝑦𝑒𝑥𝑝𝑡𝑖 and 𝑦𝑓𝑖𝑡𝑖 are the i-th experimental point and the fitted value
espectively, and 𝑛 is the number of data points. When the weights
f the experimental data points are known, one can use the ‘‘chi-
quared’’ function instead (Chen and Pagonis, 2011). At the end of the
east squares fitting process of minimization of the objective function,

ne wishes to evaluate the goodness of fit. The goodness of fit of the
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equation to the data is often expressed by the Figure of Merit (FOM)
which is defined as follows (Balian and Eddy 1977):

𝐹𝑂𝑀 =
∑𝑛

𝑖=1 ∣ 𝑦
𝑒𝑥𝑝𝑡
𝑖 − 𝑦𝑓𝑖𝑡𝑖 ∣

∑𝑛
𝑖=1 ∣ 𝑦

𝑓𝑖𝑡
𝑖 ∣

, 𝑖 = 1… 𝑛 (11)

here 𝑦𝑒𝑥𝑝𝑡𝑖 and 𝑦𝑓𝑖𝑡𝑖 were defined above. Since the 𝐹𝑂𝑀 is normalized
y the integral under the curve, the goodness of fit may be compared
rom one glow curve to another. Fits are considered to be acceptable
hen the 𝐹𝑂𝑀 is of a few percent.

Obviously, one wishes to get a global minimum of the objective
unction, in order to obtain the best possible set of parameters. Un-
ortunately, non-linear functions of this sort usually have many local
inima, and practically all the methods of minimization lead to a local
inimum which is not necessarily global. A wide variety of methods are

eing used for such minimization and for increasing the probability of
pproaching the global minimum, even when the initial guess of the set
f parameters is rather far from the final optimum. Some of these meth-
ds are steepest descent, Newton, quasi-Newton, simulated annealing
nd genetic algorithms (Adamiec et al. 2004; Adamiec et al. 2006). In
eneral, it is important to compare the results between different CCDA
odels, in order to assess the reliability of the determined parameters.

In this paper we use the optimize() function in Python to
erform CCDA analysis of TL glow curves. Specifically we import and
se the function curve_fit() in the form:
scipy.optimize.curve_fit(f, xdata, ydata, p0,

ounds)
Here f is the function which is used to fit the data (xdata,ydata),

0 is an array containing the initial guesses for the parameters, and
ounds specifies the lower and upper bounds on the parameters.

For the R codes discussed in this paper, we use the nls.LM()
unction in the R package minpack.lm (see Moré, 1977), available
or free download at CRAN (2022). This package implements the
evenberg–Marquardt algorithm, for solving nonlinear least-squares
roblems which was modified in order to support lower and upper
arameter bounds in the fitting parameters. The general structure of
he least squares part of the algorithm is
nlsLM(formula, data, start, bounds)
where formula is the analytical equation to be used in the fitting

rocedure, data is the list of experimental data to be fitted, and
tart and bounds respectively are the lists of starting and bounding
alues to be used for the fitting parameters.

When applying CCDA methods of analysis, one should keep in mind
hat the solutions of the best fit process are not unique, and that therein
eneral are infinite combinations of the parameters which could give
very good fit. Indeed, the results of the CCDA procedures are in
any cases strongly influenced by the choice of initial values for the
arameters. These are well known standard issues with optimization
unctions, and they are certainly not unique to luminescence data
nalysis. It is highly recommended that researchers use several different
ethods to evaluate the best parameters characterizing a luminescence

ignal, and not simply use a single fitting method. By using several
ifferent methods to analyze the results of different experiments on the
ame sample, a better understanding and confidence is obtained for the
nderlying luminescence process.

. The open access R codes

The past decade has seen rapid growth in the development and
pplication of the programming language R, in the fields of radiation
osimetry, luminescence dosimetry, and luminescence dating. R is now
idely used in these scientific areas with new packages becoming
vailable and used regularly by students and researchers (see for exam-
le Peng et al. 2021, Peng et al. 2016, Kreutzer et al. 2012, Kreutzer
t al. 2017).

Presently, there are 99 fully developed open access R codes avail-
ble within this initiative. For a detailed description of the various
8

a

odels and R codes, the reader is referred to the recently published
ook by Pagonis (2021). Fig. 1 shows a schematic diagram of the
rganization of the 99 R codes in this book. Overall the book is
rganized in four parts I–IV and 12 chapters, as shown in this diagram.

Part I of the book consists of a practical guide for analyzing lu-
inescence signals having their origin in delocalized transitions, and
rovide a detailed presentation of various methods of analyzing and
odeling experimental data for TL signals, OSL signals, TR-OSL signals

nd the Dose response of dosimetric signals. Part II is a practical guide
or analyzing luminescence signals having their origin in localized
ransitions between energy states located between the conduction and
alence bands. It contains a general introduction to quantum tunneling
rocesses, as pertaining to dosimetric materials with emphasis on the
nalysis of luminescence signals from feldspars and apatites, which
xhibit quantum tunneling luminescence phenomena.

Part III provides a general description of luminescence phenom-
na as a stochastic process, by using Monte Carlo techniques for the
escription of TL and OSL phenomena. Part IV presents several com-
only used comprehensive phenomenological models for quartz and

eldspars, which are two of the best studied natural luminescence
aterials. This part also contains simulations of several commonly used

xperimental protocols for luminescence dating, including the very
uccessful single aliquot regenerative protocol (SAR).

These 99 open access R codes can be downloaded at the GitHub
ebsite

https://github.com/vpagonis/Springer-R-book
nd a detailed description of the respective equations and models can
e found in Pagonis (2021).

. The open access Python codes

Python is one of the most often used programming languages in the
ciences (Van Rossum and Drake 2009). It is a simple and readable
anguage, which makes it relatively easy for developers to find and
olve software issues. Two additional big advantages are the existence
f an extensive Python community, and compatibility with various plat-
orms. It also supports both procedure-oriented and object-oriented pro-
ramming, and many libraries exist for carrying out specific scientific
asks.

However, there are currently no open-access scripts available in
ython for the deconvolution of TL signals. The advantages of the
ython scripts presented in this paper are: they are stand alone codes,
ser friendly, easy to modify and run for the analysis of single or
ultiple-peak TL glow curves of most dosimetric materials. The scripts
o not require special packages to run, and users can obtain the result
f the CCDA analysis in most cases within seconds. The scripts also
o not require compilation of code written in FORTRAN or C++, as is
he case for some of the other available open-access codes (Peng et al.
021).

At the present stage in the initiative, there are 24 fully developed
pen access Python codes. Table 1 shows a listing of the 24 Python
odes, consisting of 4 groups: the first group contains 10 Python codes
abeled (1.1–1.10) in Table 1, which can be used for deconvolution
f TL signals from delocalized transition models. The second group
onsists of 7 Python codes, with the first five codes labeled (2.1–2.5)
eing examples of deconvolution of TL signals from localized transition
odels. Codes (3.1–3.3) are an example of applying three different
ethods of analysis (isothermal signal analysis, initial rise analysis and
GCD analysis), to the popular dosimetric material LiF:Mg,Ti.

The fourth group of Python codes in Table 1 consists of 6 codes
abeled (4.1–4.6), providing examples of fitting different types of dose
esponses (TL, OSL, ESR) to experimental data from various materials.

These 24 Python codes and a detailed description of the respective
quations and models can be downloaded at the GitHub website
ttps://github.com/vpagonis/Python-Codes

The goal of the initiative is to develop a complete set of Python
odes for CCDA of luminescence signals, similar to the currently avail-

ble set of 99 R codes.

https://github.com/vpagonis/Springer-R-book
https://github.com/vpagonis/Python-Codes
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Table 3
List of 24 currently available open access Python codes. The last column indicates the corresponding
luminescence model: GOT = general one trap model, MOK = mixed order kinetics, FOK = first order kinetics,
GOK = general order kinetics, EST = excited state tunneling, GST = ground state tunneling, OTOR = one
trap one recombination center, TTOR = two traps one recombination center.

Code Description of Python code Model

1.1 Deconvolution of GLOCANIN TL with the KV-TL equation GOT
1.2 Deconvolution of LiF peak using the KV-TL equation GOT
1.3 Deconvolution of TL for Al2O3:C using the MOK-TL equation MOK
1.4 Deconvolution of TL for BeO with transformed MOK-TL MOK
1.5 Deconvolution of GLOCANIN TL using the original GOK-TL GOK
1.6 Deconvolution of Al2O3:C glow curve using the GOK-TL GOK
1.7 Deconvolution LBO data using the transformed KV-TL equation GOT
1.8 Deconvolution of TL user data (.txt file, GOK-TL) GOK
1.9 Deconvolution of 9-peak glow curve using the transformed KV-TL GOT
1.10 Deconvolution of 9-peak GLOCANIN TL data using GOK-TL GOK

2.1 Anomalous fading (AF) and the g-factor GST
2.2 Fit MBO data with KP-TL equation EST
2.3 Fit TL for KST4 feldspar with KP-TL equation EST
2.4 Deconvolution of 5-peak glow curve for BAL21 sample EST
2.5 Deconvolution of MBO data with transformed KP-TL equation EST

3.1 Isothermal analysis for LiF:Mg,Ti FOK
3.2 Initial rise analysis for LiF:Mg,Ti
3.3 CGCD analysis of single TL peak in LiF:Mg,Ti FOK

4.1 Fit dose response of TL data with saturating exponential Empirical
4.2 Fit of TL dose response data using the PKC equation OTOR
4.3 Fit of ESR dose response data using the PKC equation OTOR
4.4 Fit of OSL dose response data using the PKC equation OTOR
4.5 Fit of TL dose response of anion deficient aluminum oxide (PKC-S) TTOR
4.6 Fit to Supralinearity index f(D) using the PKC-S equation TTOR
Fig. 7. The organization of the 99 R codes in the recently published book by Pagonis 2021.
7. Conclusions

The purpose of this paper is to describe a new extensive initiative
which pools existing models and deconvolution methods for the analy-
sis and modeling of luminescence signals, production transparently, and
to develop open-source Python and R software, which can be shared
and further developed in the future by the luminescence dosimetry
community.

At the current stage of this initiative, 99 R codes and 24 Python
codes are available for downloading and using immediately at the two
GitHub websites mentioned previously. We anticipate that the initiative
will be completed within the next 6 months, and will contain models
for TL, OSL, ESR, dose response and TR signals. The classification,
9

organization and standardization of the computerized analysis and
modeling in this initiative is straightforward and extensive. Several of
the developed codes use the physically meaningful kinetics described
by the Lambert W function, instead of the often used empirical general
order kinetics (see Table 3).

In addition to containing the computer codes for analyzing experi-
mental data, the R and Python suites of software discussed in this paper
contain also codes for modeling studies. Specifically codes are available
for the OTOR, TTOR, IMTS, FOK, GOT, GOK and MOK delocalized mod-
els of luminescence. In addition, codes are provided for several localized
transition models (LT, SLT, EST, TA-EST) shown in Fig. 7. Examples
of such codes are provided for simulating TL signals, OSL signals, TR-
OSL signals and the Dose response of dosimetric signals. In addition,
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codes are provided in R for modeling stochastic luminescence processes
using Monte Carlo techniques, as well as for several commonly used
comprehensive phenomenological models for quartz and feldspars.

It is hoped that the proposed classification and organization of the
codes will be a useful tool, especially for newcomers to the field of
luminescence dosimetry, and for the broad scientific audience involved
in luminescence phenomena research: physicists, geologists, archae-
ologists, solid state physicists, and scientists using radiation in their
research.
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