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The quest for new materials for thermoluminescence (TL) and optically stimulated luminescence (OSL) dosimetry
continues to be a central line of research in luminescence dosimetry, occupying many groups and investigators,
and is the topic of many publications. Nevertheless, it has also been a research area with many pitfalls, slow
advances in our understanding of the luminescence processes, and rare improvements over existing materials.
Therefore, this paper reviews the status of the field with the goal of addressing some fundamental questions: Is

there a need for new luminescence materials for TL/OSL dosimetry? Can these materials be designed and, if so,
are there strategies or rules that can be followed? What are the common pitfalls and how can they be avoided? By
discussing these questions, we hope to contribute to a more guided approach to the development of new
luminescent materials for dosimetry applications.

1. Introduction

Thermoluminescence (TL) and Optically Stimulated Luminescence
(OSL) are phenomena widely used in radiation dosimetry and applied in
different fields, such as personal and environmental dosimetry, medical
dosimetry, imaging of ionizing radiation dose, archeological and
geological dating and assessment of the severity of radiation accidents
(McKeever, 1985; McKeever et al., 1995; Chen and McKeever, 1997;
Bgtter-Jensen et al., 2003; Chen and Pagonis, 2011; Yukihara and
McKeever, 2011; Yukihara et al., 2022b). Besides dosimetry applica-
tions, TL materials have also been explored as particle temperature
sensors (Talghader et al., 2016; Yukihara et al., 2018), and OSL mate-
rials have been examined as rechargeable persistent phosphors for bio-
imaging applications (Xu et al., 2018). OSL materials are also used as
photostimulable phosphors in computed radiography (Leblans et al.,
2011).

In such TL/OSL applications a key role is played by the luminescent
material. Since the work on TL dosimetry materials by Daniels and
colleagues and on OSL dosimetry materials by Antonov-Romanovskii in
the 1950s (Daniels et al., 1953; Antonov-Romanovskii et al., 1955) there
has been a continuous and extensive search for the “ideal” luminescent
material that exhibits a linear dose-response relationship over the widest
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possible dose range, a high sensitivity, along with good neutron/gamma
discrimination, tissue equivalency, reproducibility, and stability of the
luminescent signal. With the expansion of TL/OSL to applications
beyond personal and environmental dosimetry, the concept of the
“ideal” material also has to be revised according to new applications.
The historical development, properties and uses of various TL materials
have been summarized in McKeever et al. (1995). Since then other re-
views can be found for TL (Bhatt and Kulkarni, 2014) and for OSL ma-
terials (Pradhan et al., 2008; Nanto, 2018; Yanagida et al., 2019; Yuan
et al., 2020).

Although many materials show promising TL/OSL properties, few
have been used routinely or commercially in dosimetry (see Table 1).
Available TL dosimetric materials are mostly limited to doped com-
pounds of fluorides (LiF, CaFs), simple oxides (Al,O3, BeO, MgO), bo-
rates (MgB407, and LizB407) and sulfates (CaSO4). In the case of OSL,
only two OSL materials are used in commercial dosimetry systems:
Al;03:C and BeO. Both are highly sensitive to ionizing radiation. For
computed radiography other OSL materials such as BaFBr:Eu and CsBr:
Eu are also available (Leblans et al., 2011; Nanto, 2018), but these were
designed not for dosimetry, but for X-ray imaging, and have high
effective atomic numbers (Zesr > 30-50). Several other materials have
been investigated for OSL dosimetry (Pradhan et al., 2008; Oliveira and
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Table 1

Summary of TL and OSL materials most used in dosimetry. Most of the data are
from McKeever et al. (1995) with a few updates, as indicated with the additional
references; for OSL properties, see (Bgtter-Jensen et al., 2003; Yukihara and
McKeever, 2011). The linearity ranges are those summarized in ISO/ASTM
51956 (ISO/ASTM, 2013b), also based on data from McKeever et al. (1995).

Material Technique  Zegs Comments
(host)

LiF:Mg,Ti TL 8.3 Widely used in individual and area
monitoring, and in medical dosimetry. TL
sensitivity and curve shape influenced by
aggregated defects that change with
annealing and time. Linear up to 1 Gy,
supralinear 1 Gy-10° Gy.

LiF:Mg,Cu, TL 8.3 High sensitivity, but cannot be heated above

P 240 °C without loss of sensitivity. Linear up
to 10 Gy, then sublinear. High-temperature
TL can be used >10°Gy.

LiF:Mg,Cu, TL 8.3 Kim et al. (2022)
Si

CaFy:Mn TL 16.9 Linear up to 10 Gy, supralinear up to 10° Gy.

CaF,:Dy TL 16.9 Linear up to 6 Gy, supralinear up to 500 Gy.

CaFy:Tm TL 16.9 Linear up to 1 Gy, supralinear up to 10* Gy.

Al,03:C TL/OSL 11.3 High TL and OSL sensitivity, broad, complex
single TL peak. Linear up to 1 Gy,
supralinear up to 30 Gy.

Al,03:C, TL/OSL 11.3 Higher concentration of shallow traps in

Mg comparison with Al,03:C and more
aggregated defects.

Al,03:Mg, 11.3 Linear up to 10* Gy.
Y
BeO TL/OSL 7.2 Low TL sensitivity; high OSL sensitivity.
Linear up to 1 Gy, supralinear up to 100 Gy.
MgO TL 10.8 Linear up to 10* Gy.
CaSO4:Dy TL 15.6 Linear up to 10 Gy, supralinear up to 10° Gy.
CaSO4:Tm TL 15.6 Linear up to 10 Gy, supralinear up to 10° Gy.
Li»B407: TL 7.3 Linear up to 100 Gy, supralinear up to 10*
Mn Gy.
LizB4O7: TL 7.3 Danilkin et al. (2006)
Mn,Si
LiyB407: TL 7.3 Linear up to 10° Gy.
Cu
MgB407: TL 8.5 Linear up to 50 Gy, supralinear up to 5 x
Dy 10° Gy.
MgB4O7: TL 8.5 Linear up to 50 Gy, supralinear up to 5 x
Tm 10° Gy.

Baffa, 2017; Souza et al., 2017; Sadel et al., 2020a), but have not yet
being routinely used in such applications.

With Table 1 in mind, is there a need for new luminescence materials
for TL/OSL dosimetry? If so, can these materials be designed and are
there strategies or rules that can be followed in doing so? What are the
common pitfalls to achieving optimum design and can they be avoided?

The objective of this review is to address the questions above. We
will first discuss the general requirements for dosimetry, how the
existing materials satisfy (or not) the requirements, and which new
demands on material properties are arising. We will then discuss
possible strategies to develop new materials and the limitations of these
approaches. Finally, we will discuss pitfalls that have been encountered
in the literature. By discussing these questions, we hope to contribute to
a more guided approach to the development of new luminescent mate-
rials for dosimetry applications. Given the large literature on the subject,
not all materials or cases can be discussed and the examples presented
here rely on the authors’ experience.

2. General requirements and the need for materials
2.1. General requirements

The desirable properties of a TL or OSL dosimeter depend on the
particular application, and some can be highlighted.
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2.1.1. High sensitivity

High sensitivity to ionizing radiation is particularly important in
fields in which low doses are involved, e.g. environmental, individual
and area monitoring, and for some radiodiagnostic techniques. It is also
important if the amount of material that can be used is limited, for
example if the goal is to produce films for 2D dosimetry in radiotherapy,
or where small dosimeters are needed in order to not disturb the radi-
ation field or to avoid volume averaging in regions of steep dose gra-
dients. For areas involving high doses, other factors may be more
relevant (e.g., reproducibility, dose- and energy-response relationship,
saturation level, stability).

There is no requirement specifically on the sensitivity of the lumi-
nescent materials, only on the performance of the entire dosimetry
system (IEC, 2020). This, in turn, depends on the choice of signal (TL or
OSL, peak intensity or area), intrinsic sensitivity of the material, amount
of material contained in the detector, number of detectors used for the
dose evaluation, readout approach and scheme, and detection efficiency
of the reader, including the signal reduction that can occur due to the use
of optical filters, signal processing and discrimination. The term “’de-
tector” is used to mean the sensitive part of the dosimeters, that is, a
specific quantity of TL or OSL material in a specific physical form (IEC,
2020; Yukihara et al., 2022b).

It is useful to compare the sensitivity of a material with well-known
TL/OSL materials used commercially in dosimetry systems, keeping in
mind that the factors mentioned above can influence the sensitivity
measurement (see also Section 4.1). The sensitivity of a specific mate-
rial, e.g. LiF:Mg,Ti, can of course vary with the manufacturer - there is no
“gold standard”. Nevertheless, such comparisons are useful to evaluate
the potential applications of new materials.

Fig. 1a shows a few examples of TL detectors (TLDs) and OSL de-
tectors (OSLDs) in typically available shapes, followed by a comparison
of the TL signals acquired at a constant heating rate (Fig. 1b and c), or
OSL signals acquired at constant stimulation intensity (Fig. 1d). These
figures compare the output of each detector, that is, the intensity is a
result of the type and amount of material in each detector. The data are
provided only as a qualitative comparison of the TL/OSL curve shapes
and as an order-of-magnitude comparison of the intensities from the
various detectors, since the actual intensities can vary due to the various
parameters used in the measurements (detection filters, batch, manu-
facturer, dopant concentration, material’s transparency, etc.).

2.1.2. Linear dose-response relationship

A linear dose-response relationship in the dose region of interest
simplifies the dosimetry by avoiding the need for non-linearity correc-
tion factors or multiple calibration points. Above a dose of a few grays
most TL/OSL materials exhibit either supralinear behavior (a response
higher than that expected by extrapolating from the low-dose region) or
sublinear behavior. Sublinearity can occur as the material approaches
saturation, or as desensitization effects dominate at high doses (Chen
and McKeever, 1994; Yukihara et al., 2003, 2004; McKeever, 2022).

Supralinearity not only influences the dose-response relationship; it
is inherently associated with a change in the material sensitivity, which
can be observed even at low doses, therefore influencing the repeat-
ability of the measurements. One of the explanations for such sensitivity
change is the filling of deep electron and hole traps that compete for
charge capture. Resetting the sensitivity may require annealing the
materials to a temperature sufficiently high to empty such deep traps
(Chen and McKeever, 1997; Yukihara et al., 2003). High precision
dosimetry without annealing can still be achieved in these conditions,
but a careful protocol that takes into account the material’s properties
must be developed (Yukihara et al., 2005; Wintle and Murray, 2006).

2.1.3. Flat relative photon energy-response relationship

For personal or medical dosimetry the measured signal must be
related to absorbed dose in the body of a person (ICRU, 1993; Andreo
et al.,, 2017). In that case, a desirable property is a TL/OSL response as
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function of the photon energy of the absorbed radiation (photon
energy-response relationship) which mimics that of the medium of in-
terest (e.g. human tissue). The photon energy-response relationship,
expressed as the ratio between the dose evaluated by the dosimeter and
the quantity of interest as a function of the photon energy, should be flat
and identical to one. Values higher than one mean that the dosimeter
over-responds to the photon field, whereas values lower than one mean
that the dosimeter under-responds to the photon field.

A flat relative photon energy-response relationship is mostly
important for low energy X-rays, the photon energy range in which the
photoelectric effect dominates. Since the photoelectric effect typically
has a dependence with Z* (Attix, 2004), where Z is the atomic number of
the material, differences in atomic number between the material of the
detector and of the medium result in different absorbed doses when both
are exposed to the same photon field. Even in high-energy photon fields,
in which the Compton effect dominates and the interaction cross-section
from the materials are similar, part of the energy deposited in the de-
tectors may come from low energy X-rays from scattering of the primary
beam.

The photon energy response is predominantly determined by the
host material and can be represented by the effective atomic number Zeg
(Bos, 2001a; Attix, 2004). The Zqg from LiF is 8.3, that from Al,Os3 is
11.3, and that of tissue is around 7.6 (Bos, 2001a). Materials that

MgB,0,:Dy,Co

< CaS0O,:Dy

—— LiF:Mg,Ti (23 mg)
——Li,B,0,:Mn,Si (26 mg)
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Fig. 1. (a) Examples of various TL and OSL materials;
(b) TL curves of Al;03:C and LiF:Mg,Cu,P; (c) TL
curves of the other TL materials; and (d) OSL curves
of Al,03:C and BeO. All TL curves were measured at
1°Cs ! using a wideband blue filter (Schott BG 39 +
Schott BG 25 + Schott KG 3), except for BeO, for
which a Hoya U340 + Delta BP 365/50 EX filter
combination was used. The OSL from Al,03:C was
measured using green stimulation (525 nm, 50 mW
cm~2) and a Schott BG 3 + Delta BP 365/50 EX filter
combination, whereas the OSL from BeO was
measured using blue stimulation (458 nm, 80 mW
cm?) and a Hoya U340 + Delta BP 365/50 EX filter
combination. All data were obtained using a Lex-
sygSmart reader (Freiberg Instruments GmbH, Frei-
berg, Germany). The detectors were irradiated with
an absorbed dose to water of approximately 50 mGy
using a beta °°Sr/?°Y source; the actual dose can vary
with the thickness and composition of the materials.

CaF,:Tm (29 mg)
CaS0,:Dy (28.6 mg)

———MgB,0;:Dy,Co (22 mg)
———BeO (32 mg)

300 400

temperature (°C)

approach the Z.g from tissue are called “tissue equivalent”. The higher
the discrepancy between the Zg¢ from the material and the medium of
interest, the higher the over- or under-response of the material with
respect to that medium.

Tissue equivalency is mostly important if the detectors are used
directly, for example by placing them on a patient or phantom for
investigation of doses in radiodiagnostics (Scarboro et al., 2019). In
general, the TL/OSL materials based on LiF, Li;B407, MgB4O7 and BeO
are more tissue equivalent than other materials noted in Table 1.

However, this is not to say that materials with higher effective
atomic numbers cannot be used in personal dosimetry, AlyO3 with Zeg =
11.3 being an example of a widely used dosimetric material that is not
perfectly tissue equivalent. If the detectors are to be used on a badge
containing filters that can change the detected radiation field, often
combined with other detectors or filters, then the overall requirements
are on the final dose estimates of the entire dosimetry system, not just
the material (IEC, 2020). Commercial systems are able to combine sig-
nals with different photon energy responses to estimate the mean energy
of the radiation field and obtain a “flat” energy-response relationship
(Yukihara et al., 2022b). Nevertheless, such approaches may increase
the size of the dosimeter badge and affect its angle dependence. The
issues involved in using high Z.¢ materials in dosimetry are discussed by
Chumak and colleagues (Chumak et al., 2017).
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2.1.4. High reproducibility

Reproducibility of a TL or OSL measurement can depend on both
material and experimental factors, such as the reproducibility of the
irradiation and of the readout system. Furthermore, as in the case of the
sensitivity, reproducibility requirements apply to the final dose esti-
mates of the whole dosimetry system. The requirement in individual
monitoring (IEC, 2020) is a standard deviation of ~5-15% and is
particularly less stringent when involving low doses. In radiation ther-
apy, however, the requirement is more strict, with a standard deviation
of <5% and a confidence interval of two standard deviations (with a
coverage factor of 2) for the entire dose estimate (IAEA, 2000).

A material for which the TL/OSL signal is independent of its thermal
or dosimetric history will contribute to a high reproducibility, simpli-
fying the entire dosimetry and quality assurance processes and ulti-
mately improving the measurement precision.

2.1.5. High stability

It is desirable to have a material with: (a) a sensitivity that is stable
over time - i.e. the signal does not depend on how long after preparation
the irradiation took place; and (b) a signal that is stable over time after
irradiation —i.e., one that does not depend on the time between irradi-
ation and readout. Variation in the sensitivity with time is called
“aging”, whereas the variation in the signal after irradiation is called
“fading”. As an example, such effects have been observed in LiF:Mg,Ti
(Ptaszkiewicz, 2007; Luo, 2008; Sorger et al., 2020).

The TL signal stability is typically associated with the temperature of
the respective TL peaks, the stability increasing with the temperature of
the peak in a first approximation. Therefore, unless so-called anomalous
fading takes place (Wintle, 1973), signals at temperatures higher than
150-200 °C should have thermal stability sufficient for personal
dosimetry, with fading of less than approximately 10%/month, as
required by international standards for passive dosimetry (IEC, 2020).

The OSL signal stability is more complicated. Because light can
stimulate the signal associated with different traps having different
thermal stabilities, the OSL signal stability will be a combination of the
stability of those signals. For example, the OSL signal may exhibit a
short-term decay due to the decay of shallow traps (traps that are un-
stable at room temperature), followed by a more stable or slow-decaying
signal due to the contribution from traps that are more stable at room
temperature. For this reason, OSL dosimeters often should not be read
out immediately after irradiation (Kry et al., 2020). Alternatively, a
thermal treatment (pre-heat) to a temperature sufficient to empty the
shallow traps without affecting the main dosimetric traps can be
applied.

Corrections for fading can be implemented (Kry et al., 2020), but any
correction will contribute to the uncertainty of the measurements. This
can be critical in high precision applications, such as dosimetry in
radiotherapy.

2.1.6. Reusability

Reusability of detectors was one of the advantages that, in the past,
led to replacing film dosimetry with TLDs. Although TL/OSL materials in
powder form may also be applied as disposable, one-time detectors, in
most applications they are expected to be fully reusable.

In the case of TLDs, the high temperature during readout or
annealing may be the factor limiting their reusability. This is, for
example, the situation with LiF:Mg,Cu,P, the TL properties of which
deteriorate when heated above 240 °C (Tang, 2000). Even if this limit is
kept, a gradual decrease of sensitivity with repeated use is sometimes
observed (Saez-Vergara and Romero, 1996). In the case of OSLDs, the
reusability may be limited if complete bleaching of a detector (emptying
the trapping sites by illumination) cannot be achieved within a
reasonable time, leading to an accumulation in the residual signal with
usage. In high-dose measurements, the possibility of radiation damage
should be considered (Bilski et al., 2008).

Even when the detectors are re-useable, sensitivity changes with
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dose history and annealing introduce additional uncertainties. In the
case of OSLDs, for example, special readout protocols have been
developed to achieve uncertainties of the order of 1.0% or less (Yukihara
et al., 2005). Such protocols require specialized research equipment
capable of reading the OSL, irradiating the detectors with a reference
dose, and reading them again.

2.1.7. High neutron sensitivity

For use in neutron dosimetry, TL/OSL materials with a high con-
centration of °Li or 1°B are desired, because of the high neutron capture
cross-section of these isotopes (Knoll, 2000). 155Gd and 157Gd have also
been used in neutron detectors, but for luminescence dosimetry they are
not so effective. This is because the products of the neutron capture
reaction are gammas, conversion electrons and X-rays, most of which
will escape the detector and deposit their energies elsewhere (Mittani
et al., 2007). In the case of the 6Li(n,oc) and the 10B(n,oc) neutron capture
reactions, on the other hand, the products are heavy particles (°H, “He or
7Li, depending on the reaction), which deposit the energy locally in the
detector (Knoll, 2000).

Since the TL/OSL materials are also sensitive to gamma radiation, it
is important to have a good discrimination between neutrons and
gammas. This can be done by using two detectors, one having a high
neutron sensitivity (e.g., prepared with 5Li) and one having a low
neutron sensitivity (e.g., prepared with ’Li). The difference between
their signal, taking into account individual sensitivities, is proportional
to the neutron dose, whereas the gamma dose is given by the neutron-
insensitive detector.

Because the energy deposited by the products of the neutron-capture
reactions and the gammas have different ionization densities, the TL/
OSL signals due to neutrons and gammas can be different: different ra-
tios between TL peaks or between OSL emission bands. These could in
principle be used to further improve the neutron/gamma discrimination
(Noll et al., 1996).

2.1.8. Other requirements

In addition to the typical requirements listed above, new de-
velopments particularly in radiotherapy pose an increasing challenge for
TL/OSL materials.

In ion beam therapy and space dosimetry, the effect of ionization
quenching, a reduction in the luminescence efficiency with particle LET,
has been a major disadvantage of TL/OSL detectors (Kalef-Ezra and
Horowitz, 1982; Olko, 2002; ICRP, 2013).

The response of luminescence detectors is known to decrease with
increasing particle LET, a phenomenon called ionization quenching,
because it is related to the high ionization densities created by the
passage of heavy charged particles through the detector. In short, the
energy deposited by the passage of the heavy charged particles saturate
the detector within the particle track and, therefore, a higher energy
deposition (higher LET particle) does not lead to an increase in the
luminescence signal. This results in an under-response (quenching) with
increasing LET. This LET-dependence of the luminescence efficiency
introduces a complexity for the precise dosimetry in ion beam therapy,
since the detector response will depend on the LET spectrum of the ra-
diation at the point of measurement, which can only be estimated with
the assistance of Monte Carlo simulations.

Although it is unlikely that TL/OSL materials can be developed with
constant efficiency for the wide range of linear LET values encountered
in space, as high as 10° keV/um, it has been demonstrated that materials
with reduced quenching can be developed for narrow LET ranges, such
as those encountered in proton therapy (Yukihara et al., 2022a).

The use of high dose rates (>10° Gy/pulse) in radiotherapy (FLASH
therapy) (Vozenin et al., 2019) creates a demand for detectors that are
dose rate independent. Some studies have demonstrated that TL/OSL
materials have the potential to fulfill this requirement (Karsch et al.,
2012; Christensen et al., 2021), but experiments are still needed for
confirmation (Horowitz et al., 2018).
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The combination of magnetic resonance imaging (MRI) and radio-
therapy in MRI-guided radiotherapy (Jaffray et al., 2010) also in-
troduces the requirement of measuring doses precisely in the presence of
strong magnetic fields. There is also evidence that TL/OSL materials
could perform well in these conditions (Spindeldreier et al., 2017;
Shrestha et al., 2020Db).

These are just a few examples of how the technical developments
place increasingly demanding dosimetry requirements. New applica-
tions may lead to new sets of requirements.

2.2. The need for new TL/OSL materials

In this Section we discuss the areas in which new TL/OSL materials
are needed.

2.21. TL

The range of host/dopant combinations found in Table 1 provides a
wide variety of properties, including different TL curve shapes, emission
spectra, dose-response curves, effective atomic number and fading.

LiF:Mg,Ti remains a “reference dosimeter” in individual monitoring
and medical applications because of its availability, balance between
tissue equivalency, sensitivity to ionizing radiation, insensitivity to
light, control of neutron sensitivity (6LiF:Mg,Ti versus 7LiF:Mg,Ti), and
well-defined TL peaks that facilitates the analysis and the isolation of
stable TL peaks. Moreover, due to its widespread use, it has also been the
subject of numerous studies over the decades. The TL curve consists of
several peaks, the main ones of interest for dosimetry being located at
~230 °C (the exact temperature varies with the heating rate) (McKeever
et al., 1995).

One of LiF:Mg,Ti disadvantages is the variation in the TL curve and
sensitivity as a function of the annealing regime (temperature, time,
cooling rates, etc.) and time since annealing (Ptaszkiewicz, 2007; Luo,
2008; Sorger et al., 2020). This is caused by the fact that the TL peaks of
interest for dosimetry are linked to impurity-vacancy pairs associated as
trimers, and aggregations/disaggregation processes are influenced by
time and temperature (McKeever et al., 1995; Horowitz and Moscovitch,
2013). Another disadvantage is the supralinear behavior in the 1-1000
Gy region, before sublinearity and/or saturation.

LiF:Mg,Cu,P has a sensitivity >20 times higher than LiF:Mg,Ti, but
the TL signal saturates at lower doses and the annealing cannot be at
temperatures higher than 240 °C. This temperature is not sufficient to
empty the TL peaks that appear at temperatures higher than that,
leading to an increased background with dose (McKeever et al., 1995).
Nevertheless, LiF:Mg,Cu,P has been widely used in dosimetry (Mosco-
vitch, 1999).

Aly03:C is a high sensitivity TL material, particularly for environ-
mental dosimetry applications, with dominant TL peak at ~180 °C, peak
emission at 420 nm and low fading (Akselrod et al., 1990). The main
disadvantage for TL dosimetry is the light sensitivity, which requires the
detectors to be protected from light during use and handling (Mosco-
vitch et al., 1993). The light sensitivity is actually what makes this
material an excellent OSL dosimeter (see Section 2.2.2).

BeO is also a material with known TL properties (Tochilin et al.,
1969), but which has a poor sensitivity in the TL mode due to thermal
quenching of the signal (Bulur and Yeltik, 2010; Yukihara, 2011). The
material has three main TL peaks, the most intense being at ~200 °C.
Higher sensitivities can be achieved in OSL mode, which finally made
the material commercially viable as a dosimeter (see Section 2.2.2).

As one can see, several TL materials are available covering most
applications in personal, environmental and medical dosimetry. Prob-
ably for this reason, few new materials have gained traction in the last
25 years, as seen by the fact that most of the materials in Table 1 are the
same as those listed in McKeever et al. (1995). From an economic point
of view, laboratories may have an interest in developing their own de-
tectors; this is why even natural materials are sometimes used in routine
dosimetry (Umisedo et al., 2020). Apart from that, the need for new TL
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materials is justified only in specific cases, some of which are discussed
below.

Higher sensitivity. Although the range of TL sensitivities from
commercial TLDs is sufficient for environmental and personal dosim-
etry, materials with higher sensitivity could allow a reduction of mate-
rial used in each detector, the development of readers using simpler light
detectors, or could enable new applications requiring micrometer-sized
particles, e.g. for particle temperature sensing (Armstrong et al., 2018).

Improved precision. The precision in TL dosimetry is often limited by
effects such as the dependence of the TL sensitivity and curve shape on
thermal history, the presence of supralinearity or saturation in the
response of the detector to absorbed dose, the photon-energy depen-
dence, etc., all of which are seen in most of the TL materials described so
far. Therefore, precision in TL dosimetry could be improved with a
material that has a wide range of linear response to dose and a TL
sensitivity and curve shape that are extremely reproducible regardless of
the annealing conditions or the time elapsed since annealing or irradi-
ation. Fig. 2a illustrates a typical dose-response curve and the response
of an ideal material with a wider range of linearity and saturation at
higher doses (since saturation is inevitable).

Higher saturation doses. TL dosimetry becomes increasingly
complicated and impractical once the doses are in the supralinear region
of the dose response, or impossible if saturation is reached. Materials
with higher saturation doses could make the dosimetry of high doses
more practical, for example for radiation processing, including irradia-
tion of blood products, production of sterile insects, sterilization of
medical products, food irradiation, modification of polymers and other
industrial processes, where doses up to 1 MGy can be used (ISO/ASTM,
2013a). As seen in Table 1, most of the TL materials show supralinearity
for doses >1 Gy-100 Gy, depending on the material, which complicates
the calibration procedure, and few materials are capable of measuring
above 10* Gy. Therefore, TL materials with extended linearity ranges
and saturation at doses up to 10° Gy are desired. Nevertheless, one must
demonstrate the advantage of a TL system over other currently used
dosimetry technologies, such as alanine and polymethylmethacrylate
(PMMA) dosimetry systems (ISO/ASTM, 2013a, b).

Reduced ionization quenching. As discussed in Section 2.1.8, most
TL and OSL materials exhibit ionization quenching. Although this
cannot be avoided, materials with higher saturation doses would in
principle exhibit reduced ionization quenching (Olko and Bilski, 2020;
McKeever, 2022), possibly reducing the need for LET-dependent
correction factors. This has been demonstrated in the case of OSL
(Yukihara et al., 2022a), indicating the potential of improving the pre-
cision in ion beam therapy dosimetry. Fig. 2b illustrates the typical
relative luminescence efficiency versus LET for TL/OSL materials; an
improved response would extend the LET range in which the lumines-
cence efficiency is closer to ideal; ultimately a reduction in efficiency is
inevitable due to saturation of the traps within the particle tracks.

Multiple TL peaks. TL materials with high sensitivity and multiple TL
peaks that are not light sensitive are of interest for particle temperature
sensing applications (Talghader et al., 2016; Yukihara et al., 2018). The
more TL peaks available, the wider the temperature range of application
of the TL materials. Fig. 2c represents an ideal material for temperature
sensing, whose TL curve consists of a superposition of well-defined
first-order TL peaks covering a wide temperature range. In dosimetry,
multiple TL peaks with different responses to photons or particles could
provide more information to improve the dosimetry. In the past, there
were several attempts to use TLDs for distinguishing different radiation
types. Some success was achieved for this purpose by exploiting the ratio
of TL peaks in CaFy:Tm (Hajek et al., 2008; Munoz et al., 2015) and LiF:
Mg, Ti (Schoner et al., 1999; Berger et al., 2002).

In the discussion above, there are two points to keep in mind: First,
the properties above are not the only ones to be considered; the com-
plete set of requirements for each specific application must be taken into
account. One may have a material with an extremely high sensitivity,
but which fades quickly or which has a strong photon energy response
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and, for that reason, may not be useable or practical for the intended
application. Second, other needs may arise from yet-to-be-envisioned TL
applications. For example, recently a composite TLD consisting of a thin
layer grown (usually with the liquid-phase-epitaxy) onto a thick crystal
substrate, following the example of a phoswich scintillator, was pro-
posed to achieve a more differentiated TL response for different types of
radiation, beta- or alpha-rays (Witkiewicz-Lukaszek et al., 2020). In this
case, thin films with dosimetric properties must be developed.

2.2.2. OSL

In the case of OSL, an argument can be made that there is a dearth of
OSL materials, which would justify at least a commercial interest in
developing new ones.

Aly03:C remains almost an ideal material for OSL dosimetry with
high sensitivity, single TL peak and low concentration of shallow traps.
The dosimetric properties of Al,03:C are well controlled during pro-
duction, but the material is currently available commercially only as
part of an entire dosimetry system. As in the case of TL, one disadvan-
tage is its effective atomic number (Z¢ = 11.3), which demands the use
of correction factors for dosimetry of low-energy X-rays (Yukihara et al.,
2009; Al-Senan and Hatab, 2011; Scarboro et al., 2015). Aly03:C,Mg,
although developed for three-dimensional memory storage and fluo-
rescent track detection (Akselrod and Kouwenberg, 2018), has also high
TL and OSL sensitivities. The disadvantage is a higher concentration of
shallow traps than Al;Os3:C.

BeO shows excellent performance in OSL dosimetry. Since BeO is a
commercial product used in the electronics industry, it is readily avail-
able and inexpensive; on the other hand, it not produced specifically for
dosimetry and, therefore, the dosimetric properties are not controlled at
the production process. BeO became more widely used in OSL dosimetry
after its “rediscovery” in the late 1990s (Bulur and Goksu, 1998) and its
implementation in a commercial dosimetry system sometime later
(Sommer et al., 2011) —see (Yukihara, 2020) and references therein. The
OSL signal seems to be associated with light-sensitive traps the TL signal
from which overlaps with the TL peak at ~310 °C, which is not strongly
affected by light exposure (Yukihara, 2020). BeO, with an effective
atomic number of 7.2, is more tissue equivalent than Al;0s3.

Higher sensitivity. As in the case of TL, the range of sensitivities from
commercial OSLDs is also sufficient for environmental and personal
dosimetry. Nevertheless, even greater sensitivity is required in dose
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Fig. 2. Examples of some areas in which new TL/OSL
materials are needed: (a) extended linear dose
response with higher sensitivity and higher saturation
doses; (b) no or smaller ionization quenching and no
over-response (efficiency >1) at intermediate LET
values; (c) ideal TL curve for temperature sensing
applications (blue), consisting of multiple TL peaks
uniformly distributed over a wide temperature range;
(d) intrinsic neutron sensitivity, instead of mixtures of
powder and neutron converters, (e) fast luminescence
for 2D OSL dosimetry using laser scanning.

NV
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2D dose map

mapping, because of the need to produce uniform dosimetric films
consisting of powder of small grain sizes (Li et al., 2014; Ahmed et al.,
2017; Sadel et al., 2020b). More sensitive dosimetric materials could
either lower the detection dose limits or open new options when it comes
to film and reader development. Materials with higher sensitivity would
also allow particles to be embedded in polymers for tissue-equivalent 2D
or even 3D dosimetry (Nyemann et al., 2020).

Improved precision. Although annealing can be avoided in OSL
dosimetry, precision is still limited to sensitivity changes caused by the
dose history of the detector, the presence of supralinearity or saturation,
the photon-energy dependence, and other influencing factors. Both
Al,03:C and BeO show sensitivity changes as a function or irradiation/
bleaching cycles (Yukihara et al., 2005, 2016). An OSL material with no
sensitivity change with re-use, if feasible, could greatly simplify the
calibration procedure and improve the precision and accuracy of the
technique. Since such sensitivity changes are typically related to the
elimination of competing processes during irradiation and/or readout,
which also results in supralinearity behavior (Chen and McKeever,
1997), an OSL material with linear behavior and saturation at very high
doses may show reduced sensitivity changes.

Higher saturation doses. OSL dosimetry using Al03:C and BeO is
limited to doses <100 Gy, since both materials are saturated for doses
above that. Therefore, the need for materials that saturate at higher
doses is also more urgent in the case of OSL, in addition to the already
discussed benefits related to improved precision.

Reduced ionization quenching. As in the case of TL, materials with
reduced ionization quenching have the potential to improve the accu-
racy in ion beam dosimetry due to the reduced need for LET-dependent
correction factors. It was recently demonstrated that MgB407:Ce,Li can
provide quenching-free dosimetry for proton beams due to reduced
ionization quenching (Yukihara et al., 2022a), but this material is not
yet commercially available. Even in the case of MgB407:Ce,Li a strong
quenching for carbon ions used in radiation therapy is still observed,
although to a lesser degree than AlpO3:C (Yukihara et al., 2022a).

Multiple OSL signals. As in the case of TL, multiple OSL signals have
been proposed for neutron-gamma discrimination (Mittani et al., 2007)
and for LET measurements in proton beams (Sawakuchi et al., 2010).
Nevertheless, so far this has been restricted to the UV and blue emission
bands or to the shape of the OSL curves in Aly03:C (Flint et al., 2016;
Christensen et al., 2022). Similar effects have not yet been observed in
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other OSL materials. The discovery of other dosimetric materials with
multiple OSL signals with different LET or photon energy responses
could help improve the dosimetry in complex fields.

Neutron sensitivity. None of the commercially used OSL materials
(Al,03:C and BeO) are sensitive to neutrons. A neutron-sensitive OSL
dosimeter was developed by coating AlyO3:C powder with 6Li2C03,
which works as a neutron converter (Yukihara et al., 2008). Neverthe-
less, the particles produced during the neutron capture reaction with °Li
need to reach the Al,O3:C grains to produce an OSL signal and, there-
fore, there is a loss in efficiency in this process (Mittani et al., 2007). A
material with intrinsic neutron sensitivity, for example containing Li or
B in its structure, such as Li;B407 or MgB40O7, which can be enriched
with ®Li or 1°B, can potentially provide better neutron/gamma
discrimination (Yukihara et al., 2017; Ozdemir et al., 2018). Fig. 2d il-
lustrates the situation in which the neutron converter is outside the
detector grain, and one in which it is intrinsic part of the host material;
in the first case, not all the energy from the products of the neutron
capture reaction will reach the detector. Although an OSL material with
intrinsic neutron sensitivity would provide a competitive advantage in
comparison with the existing solution of combining an OSL material
with an external neutron converter, the neutron capture reactions with
®Li and '°B are still dominated by thermal neutrons, decreasing with
increasing neutron energies. This means that such OSL material must be
used in albedo dosimeters, which rely on the detection of low energy
neutrons moderated by the person’s body and backscattered towards the
detector and, therefore, are strongly dependent on the neutron energy
and spectrum (ICRU, 2001).

Faster luminescence lifetimes. For applications in two dimensional
dosimetry (dose imaging) both Al;05:C and BeO show luminescence
centers that are too slow for laser scanning readout, which is the stan-
dard readout technology used in image plates (Leblans et al., 2011). This
leads to a phenomenon called pixel-bleeding, which occurs when the
laser scans the film faster than the characteristic decay lifetime of the
luminescence centers, requiring corrections which can introduce noise
to the 2D dose maps (Yukihara and Ahmed, 2015). Therefore, OSL
materials with faster luminescence centers are sought for 2D dosimetry
(Shrestha et al., 2020a). There is also an interest in OSL materials for
three-dimensional dosimetry (Nyemann et al., 2020). Fig. 2e illustrates
the concept of 2D dosimetry using OSL films (Ahmed et al., 2014).

As in the case of TL, one must keep in mind that the complete set of
requirements for any given application must be taken into account, and
that other needs for not-yet-envisioned applications may arise.

3. Strategies for new material development: design rules and
their limitations

3.1. The challenges in developing new materials

An overview of the literature reveals a wide variety of materials that
have been investigated for their TL/OSL properties and potential
application in dosimetry (see Table 2). Nevertheless, few of them
reached the status of a commercial material, being produced in large
quantities and used in a commercial system. Why is this? The answer lies
in the many challenges in producing a working TL/OSL material, as
reviewed here.

The challenge in developing new TL/OSL materials derives from the
fact that the luminescence and dosimetric properties result from an
interplay between host and defects introduced intentionally (and
sometimes unintentionally) by doping and by material synthesis, as well
as the complex interaction between defects, and the competition be-
tween trapping and recombination processes (Townsend et al., 2021).
Such complexity has led to the pessimistic statement that “there is no
obvious route to optimizing so many parameters, except by trial and
error” (Townsend et al., 2021). Although such a statement is true, we
believe the number of parameters to be investigated and optimized can
be reduced by careful consideration of the fundamentals of dosimetry
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Table 2

Examples of synthetic compounds with TL/OSL properties reported in the
literature, including effective atomic number, and dopants investigated. Neither
the list of hosts or of dopants is exhaustive and, in lieu of a full literature survey,
only one key or recent reference is provided for each compound. Recipes for
many of the hosts listed here can be found in Yen and Weber (2004).

Compound Compound Zegr (host) Examples of Ref.
family dopants/co-
dopants
investigated
Halides CaF, 16.9 Li, Mn, Al Ce, McKeever et al.
Tb, Gd, Dy, (1995)
Eu, Tm, Nd
KCl 18.1 Cu Bandyopadhyay
et al. (1999)
NaCl 15.3 Ca,Cu,P, Mg Gaikwadl et al.
(2016)
KBr 31.5 Eu Pedroza-Montero
et al. (2000)
LiF 8.3 Mg, Ti, Cu, P, McKeever et al.
Si (1995)
NaF 9.6 Mg, Cu, P Gaikwad et al.
(2016b)
NaMgF3 10.4 Ce, Mn Le Masson et al.
(2002)
KMgF3 14.7 Ce, Eu Le Masson et al.
(2002)
BaMgF3 48.2 Eu Quilty et al.
(2008)

LiKYFs 31.3 Pr Coeck et al. (2002)
KYF4 30.7 Ce, Tb, Dy, Kui et al. (2006)
Tm
KoYFs 28.8 Ce, Tb, Dy, Marcazzo et al.

Pr, Tm (2011)
LiCaAlF 14.1 EuY Dhabekar et al.
(2017)
RbMgF3 30.2 Eu Dotzler et al.
(2009)
RbBr 36.1 Tb Manimozhi et al.
(2007)
(NH4).BeF4 9.4 Tl Le Masson et al.
(2004)
Aluminates MgAl,04 11.2 C, Tb Pan et al. (2021)
Y3Al5012 32.3 Ce, Pr, Nd, Milliken et al.
Sm, Eu, Gd, (2012)
Tb, Dy, Ho,
Er, Tm, Yb
CaAly04 14.8 Eu, Nd, Dy, Zhang et al.
Tm (2014)
LaAlO, 49.4 Shivaramu et al.
(2018)
YAIO3 32.3 Ni, Dy, Mn, Dhadade et al.
Yb, Ce (2016)
ZnAl,04 22.4 Tb Menon et al.
(2008)
LiAlOy 10.7 Holston et al.
(2015a)
LisAl04 10.7 Tb Mittani et al.
(2008)
SrAl,04 29.3 R, Ln Chernov et al.
(R =Li, Na, (2019)
K)
(Ln = Eu, Dy,
Nd)
Borates CaB40; 13.2 Ce, Mn, Cu, Hemam et al.
Dy, Pb (2018)
CaBgO19 12.3 Ce, Li, Cl Oliveira and Baffa
(2017)
MgB4O; 8.5 Dy, Tm, Ce, Yukihara et al.
Co (2017)
Li2B407 7.3 Mn, Cu McKeever et al.
(1995)
LiB3O0s 7.3 Cu Kananen et al.
(2018)
SrB,0;, 27.8 Eu, Dy Palan et al.
(2016a)
Binary oxides  Al,O3 11.3

(continued on next page)
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Table 2 (continued)
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Table 2 (continued)

Compound Compound Zegr (host) Examples of Ref. Compound Compound Zegt (host) Examples of Ref.
family dopants/co- family dopants/co-
dopants dopants
investigated investigated
C, Mg, Si, Ti, Akselrod et al. Missous et al.
Cu, P (1998) (1992)
Gd,03 60.9 Eu Yeh and Su (1996) Halosulfates KCaS0,4Cl 16.6 Ce, Dy, Mn, Thakre et al.
Lay03 54.0 Dy, Eu Orante-Barrén Pb (2012)
et al. (2010)
BeO 7.2 Na, Ce, Ln Bulur and Goksu
(1998) and luminescence, coupled with knowledge of the relevant literature.
Mgo 10.8 Li, In g:}‘g)m etal. In the quest for better OSL/TL materials it is crucial to have a good
; understanding of the various processes involved in the production of the
TiOy 18.9 Cernea et al. X o . K
(2011) luminescence. The energy of the radiation field is converted by the
Si0, 11.7 Ce, Cu, Ag Okada et al. material into TL or OSL in several, distinct steps (Bos, 2001b). The first
) (2016) step is the absorption of the ionizing radiation and the creation of
Y203 306 Bi '(I;;((;Z‘;Oh" etal. electron-hole pairs. The next step is the thermalization and trapping of
7n0 281 Eu. Er Rivera et al. the charge carriers. Only a small fraction of the charge carriers are
(2007) captured in the traps, which can then be stimulated by heat (TL) or light
ZrO, 26.6 Mg, Ca, Y, Ti, ~ Nakauchi et al. (OSL), or can act as recombination sites for the released charges. During
Is\lb’ ‘];V %‘d (2016) stimulation, a certain fraction of the captured charge carriers will be
, Eu, Gd, -
T? Dy, Er released and transported to a luminescence center. If the traps and
Gallates MgGa,04 26.7 Mn Luchechko et al. recombination sites are well separated, there is the inherent problem
(2018) that other mechanisms may interfere or compete with the desired
Phosphates NaLizPOy4 10.5 Ce Sahare et al. recombination process (known as competition). Finally the
. (2016) de-excitation of the luminescence center with the emission of a photon
LiMgPO4 11.4 B, Tb, Tm, Er Sas-Bieniarz et al. . .. . ..
(2020) occurs with an efficiency that can be reduced if non-radiative pathways
KMgPO, 14.4 Tb Palan et al. exist. Among these different steps, trapping appears to be the least
(2016d) efficient (Bos, 2001b). This means that from the viewpoint of efficiency,
KCaPO4 16.4 Ce Z‘g)"‘l‘;fc)t al. traps may deserve more attention than luminescence centers.
KStPO, 29.0 Eu Palan et al. From. this br.1ef overview, we see that the. TL and OSL processes
(2016¢) necessarily require two types of defects to exist: at least one type of
LiCaPO, 15.4 Ce Palan et al. trapping center and at least one type of recombination/luminescence
. (2016f) center. One must, therefore, optimize their concentrations in the crys-
LiStPO, 301 Eu F;(I)Té e)t al. tals, avoiding the high concentrations which can lead to tunneling, and
LisPO, 10.9 Cu. b Palan ot al. therefore to anomalous fading, or to concentration quenching and its
(2016b) associated reduction in luminescence efficiency, yet a high enough
Li,BaP40; 42.5 Eu, Cu Hatwar et al. concentration to ensure a high enough signal and a close enough spatial
(2014) association between the traps and the recombination/luminescence
Silicates Y,SiOs 63.8 Ce Twardak et al. . .
(2014a) centers to discourage competing processes.
Mg2SiO4 11.0 Tb Yoshimura and An illustration of the difficulty to discover the nature of the trapping
Yukihara (2006) center is seen in the research on the strontium aluminates. SrA1204:Eu2+,
Y,5i05 33.6 Ce Hazelton et al. Dy>* is a well-known storage phosphor with a very long afterglow
. (2010) (Matsuzawa et al., 1996). It is known that the trapping capacity signif-
GdSiOs 53.8 Ce Hazelton et al. . . 34 s o s . . .
(2010) icantly increases upon Dy”" addition. So it is tempting to identify the
LuSiOs 60.4 Ce Hazelton et al. trivalent co-dopant as a trap. Until recently, there was no hard evidence
(2010) to confirm or reject a valence state change for Dy>". By combining laser
CaSiOs 15.6 Ce f ;(1)";“6 e)‘ al. excitation and X-ray spectroscopy, Joos et al. (2020) showed that
S . . . . . . 2+ .
Luq. 60.4.63.8 Ce Jensen et al. ex%(isgre .to violet light induces charglng by ox1datlor.1 of Eu“" while
oYxSiOs (2022) Dy°" is 251mu1t2aneousl}3f reduced. Oppositely, detrapping of electrons
Fluorosilicate  Na,SiFs 10.7 Cu, P Barve et al. (2015) from Dy** (Dy*" — Dy>" + e7) occurs by infrared illumination yielding
(NH,),SiFs  10.4 Tl Le Masson et al. optically stimulated luminescence. This confirms the model where Dy>*
(2004) acts as the main electron trap.
Sulfates CaSO,4 15.6 Dy, Tm McKeever et al. . . R .
(1995) Complications arise when more than one trapping center or recom-
Baso, 47.0 Eu, P Patle et al. bination center exist, which is often the case in many materials. These
(2015a) defects can be introduced by contaminants in the starting reagents or
KsNa(804)  15.4 Cu, Mg Gaikwad et al. can be intrinsic defects introduced by the synthesis procedure or by the
(2016a) need to equilibrate charge imbalances due to doping. For example, the
K>Cay(SO4)3  15.8 Eu Kumar et al. . X . S X X : 7
(2015) introduction of a divalent ion in a trivalent site may favor the formation
MgSO,4 12.2 Ce Le Masson et al. of anion vacancies to compensate for the charge imbalance (Zhy-
(2001) dachevskii et al., 2007). These additional defects may compete for the
SrSO4 30.3 Eu Patle et al. : : . .
phosnid capture of charges or recombination in the crystal, potentially
Sulfide cas 185 Eu, Sm Liu et al. (2008b) decreasing the TL/OSL sensitivity.
SrS 34.6 Eu, Ce, Sm, B Liu et al. (2008a) It is also important to mention the role of thermal treatment
Mgs 14.6 Ce, Eu, Sm (annealing) in establishing or re-establishing the TL/OSL properties of

some materials. Annealing not only can promote the recombination of
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the trapped charges created by exposure to radiation, but can also help
establish an equilibrium between isolated and aggregated defects in the
material, thereby improving their properties (Horowitz et al., 2019). If
the temperature is too high, annealing can permanently destroy the
defects responsible for the TL signal (Tang, 2000).

Further, it should be realized that, in most TL/OSL dosimetry ma-
terials, trapping and recombination centers are not independent and
decoupled. In many cases, they form clusters of dopants and possible
intrinsic effects. These clusters may be difficult to engineer but never-
theless may be critical in the design of new, more efficient luminescence
dosimeters (Townsend et al., 2021).

3.2. Possible strategies and limitations

So there is a need for new materials with tailored properties for
specific applications. The question is whether there is a basic research
strategy that can be applied in the quest to new TL/OSL materials. Can
they be designed? Are there design rules? Is there a guide in what areas
to search or not to search?

3.2.1. Basic considerations

Although different strategies can be adopted, there are some com-
mon aspects that are worth considering beforehand.

Host. As discussed in Section 2.1.3, the host is primarily responsible
for the photon energy response (see Section 2.1.3). Although a wide
variety of hosts have been investigated (Table 2), most commercial
dosimetric materials do not exceed an effective atomic number of 16
(Table 1). The choice of host also determines the type of ions that are
more likely to be incorporated as dopants, based for example on ionic
radius and valences. Intrinsic defects typical of the host may also be
responsible for trapping or recombination centers.

Dopants as recombination/luminescence centers. It is important to
introduce dopants that can act as recombination/luminescence centers,
providing an efficient radiative recombination pathway for the charges.
It is also important that the emission wavelengths match the respon-
sivity of the detection systems and, in the case of OSL, that the emission
does not overlap the wavelength of the stimulation light. In fact, it is
preferable that the OSL emission occurs at wavelengths shorter than the
stimulation wavelength, because when measuring at wavelengths longer
than the stimulation light, a fluorescence background from the material
or other sources can obscure the OSL signal, particularly at low doses
(Yukihara et al., 2022b).

The luminescence centers are typically easier to identify and,
therefore, to control. This is because the light emitted can serve as a
signature of the corresponding defect. For example, the 4f-4f transitions
from some lanthanide (Ln) ions (e.g. Pr>*, Sm®*, Eu®*, Gd>*, Tb®*, Dy>*
and Tm®") are characterized by a series of narrow lines that are not
strongly affected by the crystalline field (Blasse and Grabmaier, 1994;
Yen et al., 2007), although broad 5d-4f transitions can also be observed
in some cases (e.g. Pr3+, Nd®), depending on the host matrix (Blasse
and Grabmaier, 1994). As a result, these particular lanthanides can be
easily identified. For other lanthanides characterized by broad 5d-4f
emission, the emission wavelengths depend strongly on the host mate-
rial (e.g., Ce>T, Eu®"); in such cases, the emission wavelength is well
known for various compounds (Dorenbos, 2000b, 2003), or can some-
times be inferred based on similar compounds and considering the dif-
ferences in the crystalline environment (Dorenbos, 2000a).
Photoluminescence emission and excitation data can help identify the
luminescence centers, if the photoluminescence and TL/OSL emission
bands are shown to be the same. For example, photoluminescence
spectra from transition metals (e.g. Mn, Cr, Ti, Ni) can be used in
conjunction with the Tanabe-Sugano diagrams to try to identify the
luminescence centers and crystal field effects surrounding the ions
(McKeever et al., 1986; Henderson and Imbusch, 1989; Blasse and
Grabmaier, 1994).

The incorporation of luminescence centers in the host can also be
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tested by measuring the radioluminescence spectrum. This does not
imply, however, that the same defects act as luminescence centers
during the TL/OSL processes. This must be confirmed by measuring the
TL/OSL emission spectra.

Fig. 3, for example, shows the TL emission spectra for CaSO4 sys-
tematically doped with various lanthanides. The emission lines from
prit, sm3*, Eu®t, Gd®*, Tb3T, Dy3Jr and Tm>* are clearly seen in the
respectively doped compounds. In addition, one can also see Eu®"
broad-band emission at 384 nm in the Eu-doped compound (Fig. 3e).
Such data are useful to confirm or reveal the dominant luminescence
centers involved in the recombination process.

Color centers as recombination/luminescence centers. TL or OSL emis-
sion from some materials can be identified as originating from color
centers, such as F” and F-centers in the TL and OSL of Al,03:C (Akselrod
etal., 1990; Markey et al., 1995), or a variety of F-center-related centers
in the TL of Mg,Cu,P-doped LiF, especially at high doses (McKeever
et al., 1995). Impurity-perturbed color-center emission in these mate-
rials can also be identified (McKeever et al., 1995; Sanyal and Akselrod,
2005).

Co-dopants as trapping centers. Compared to luminescence centers,
trapping centers (traps) are more difficult to identify and, therefore, to
control, because their involvement in TL and OSL is indirectly detected
through the luminescence. They can be identified, although not un-
equivocally, if a dopant clearly introduces a new TL peak. Unambiguous
identification, however, is only possible in some cases, and requires
time-consuming correlative studies in which the TL/OSL signals are
compared with electron paramagnetic resonance (EPR) signals after
various doses or treatments (thermal or optical). Moreover, it is also
often the case that a dopant changes not only one TL peak but several,
suggesting the unintentional introduction of other intrinsic defects,
contaminants, or multiple defect combinations that shape the TL curve
(Townsend et al., 2021). Models for TL/OSL trapping centers exist only
for a few materials, among them quartz (Martini and Fasoli, 2019) and
LiF:Mg,Ti (Horowitz et al., 2019; McKeever, 2022); even in those cases,
sometimes competing models exist.

The introduction of efficient trapping centers is likely the most
serendipitous aspect here, varying significantly with conditions such as
synthesis method, annealing, other co-dopants, etc. As we will see in
Section 3.2.4, the Dorenbos model (Dorenbos, 2020) provides some
guidance on the choice of lanthanides as co-dopants; the location of the
lanthanide energy levels within the bandgap can indicate the lantha-
nides that are most likely to act as electron or hole traps. Besides that,
one must often rely on the literature or attempt new dopant combina-
tions serendipitously.

Other co-dopants. Other co-dopants have been shown to increase
considerably the RL, TL or OSL in some compounds. As an example, Li-
co-doping is known to improve the luminescence in lanthanide-doped
MgO (Orante-Barron et al., 2011), MgB4O7 (Yukihara et al., 2014b)
and Y3Als012 (Milliken et al., 2012). In the case of the Mg-based com-
pounds, it is speculated that Li T substituting for Mg?" serves as charge
compensation for the Ln>" substituting for Mg?" (Orante-Barrén et al.,
2011). Na and K may have similar roles in other hosts. In some samples
co-doped with two different lanthanides, it has also been observed that
the compounds with two dopants have higher signal than singly-doped
compounds (Bastani et al., 2019), but more in-depth studies are required
to elucidate the mechanism responsible.

Synthesis reagents and methods. The synthesis reagents and methods
affect the resultant TL/OSL due to various factors, including trace
contamination from the reagents or preparation procedure, the degree
of disorder, intrinsic defects introduced by the synthesis or post-
synthesis annealing, the distribution of dopants in the matrix, and so
on. In MgB407:Ce,Li, for example, it has been shown that one can
eliminate a recombination route competing with the Ce-ions and
improve the sensitivity of the material by reducing Mn contamination
during synthesis (Gustafson et al., 2019).

Although not always the case, the knowledge gained with one
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Fig. 3. Example of TL emission spectra of CaSO, doped with various lanthanides, showing some of the characteristic emissions of Ln?>* (e.g. Eu) and Ln>* (e.g. Pr,

Sm, Eu, Gd, Tb, Du, and Tm) (Bastani et al., 2019).

synthesis method may be translated to another method. Using MgB4O7:
Ce,Li as an example, it has been shown that MgB407:Ce,Li glass-ceramics
could be produced with properties very similar to those prepared by
solution combustion synthesis (Kitagawa et al., 2021).

3.2.2. Modification of existing luminescent materials

Based on existing materials, researchers have attempted to improve
the luminescence and dosimetry properties by different approaches. One
possibility is to start with materials found in the environment. These
natural materials can be low-cost and available in reasonably large
quantities. Examples are CaF; (Guimaraes and Okuno, 2003), Brazilian
topaz (Sardar et al., 2013) and Alexandrite (Nunes et al., 2020); natural
CaF; has been used routinely for dosimetry for decades at the University
of Sao Paulo (Guimaraes and Okuno, 2003; Umisedo et al., 2020). The
disadvantage is that the material composition is not exactly known and
not controllable. Nevertheless, it is possible that the study of natural
materials can be a starting point for the development of synthetic ver-
sions with more controlled properties.

In the same way that the development of LiF:Mg,Cu,P, LiF:Mg,Cu,Na,
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Si and LiF:Mg,Cu,Si was motivated by the need to improve the sensi-
tivity of LiF:Mg,Ti, studies involving new synthesis procedures, new
dopants or dopant combinations, or new thermal treatments may lead to
improvements over the materials already reported in the literature.

For example, LiF:Mg,Cu,P was introduced as a phosphor with
sensitivity higher than that of LiF:Mg,Ti, and with a different TL curve
(Nakajima et al., 1978). The disadvantage is the loss in sensitivity if
heated above 240 °C and, without that, an increase in the residual signal
with dose due to incomplete erasure of the so-called peak 5 (McKeever
et al., 1995). By replacing P with Si and changing the preparation and
annealing procedures, it has been shown that LiF:Mg,Cu,Si can be
heated to 300 °C and the sensitivity of peaks 1-4 can be recovered by
annealing to 240 °C (Lee et al., 2006). This approach increased the
sensitivity while maintaining advantages such as the Zgg (Lee et al.,
2008).

Improving the dosimetric properties does not necessarily require the
introduction of new dopant species. In some cases, it may be possible to
obtain a material with very different properties only by changing the
amounts of the existing dopants and preparation conditions. LiF can be
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used again as an example. Through systematic investigations of the in-
fluence of Mg and Ti contents on the relative efficiency to heavy charged
particles, it was possible to obtain detectors with the increased high-LET
response (Bilski et al., 1999, 2004).

Dopants can be used as luminescence centers having emission that is
a better match to the detection system’s sensitivity or the intended
technique. For example, MgB4O7:Dy is a well-known TL dosimeter
(McKeever et al., 1995) also developed for particle temperature sensing
(Doull et al., 2014). For OSL applications, however, an emission with
wavelength shorter than green/blue stimulation is desired, which led to
MgB,407:Ce>", since Ce>* has an emission in the UV in the MgB40; host
(Gustafson et al., 2019). Co-dopants can favor the introduction of spe-
cific defects and aggregations, as discussed in Section 3.2.1.

Attempts have been made to improve specific properties by con-
trolling the size of the particles. For example, phosphors in nano-
crystalline form with average grain size of ~30 nm (nanophosphors)
were shown to exhibit high radiation resistance and an increased satu-
ration dose, raising the upper limit of the useful dose range, but with
lower overall sensitivity (Kortov, 2010; Salah et al., 2011). It has also
been suggested that core-shell nanoparticles containing a metal nano-
particle core can enhance the OSL stimulation rate in the shell material
(Guidelli et al., 2015).

It is well-known that the synthesis method has a great impact on the
TL and OSL properties. It is therefore not surprising that research into
the synthesis itself has been used to improve the properties. Yukihara
et al. (2013) explored the Solution Combustion Synthesis (SCS) method.
ZnO samples synthesized by co-precipitation and sol-gel methods and
subject to different heat treatments were studied (Soares et al., 2017;
Guckan et al., 2020). The effect of annealing and fuel type on the TL
properties of LisB4O7 synthesized by Solution Combustion Synthesis
were also reported (Doull et al., 2013; Wang et al., 2013).

Another approach has been to investigate compounds known for
their scintillation or radioluminescence properties. In this way, we start
with already pre-selected materials, which are known to exhibit a high
luminescence yield. What remains to be done is to generate appropriate
trapping sites in the host material. Normally, the trapping of charge
carriers is an unwanted effect in scintillators. Nevertheless, through
changing dopant concentrations, co-doping, or changing material
preparation conditions, this may be achieved. Examples of potential
dosimetric materials developed using well-known scintillators as a host
include: TL and OSL detectors based on Mn-doped yttrium perovskites
(Zhydachevskii et al., 2010, 2016), OSL of Ce-doped orthosilicates
(Hazelton et al., 2010; Twardak et al., 2014b; Jensen et al., 2022), and
IR-induced OSL of Ce-doped mixed Gd/Ga garnets (Bilski et al., 2021). A
shortcoming of this approach is that typical scintillating materials, such
as those mentioned, possess high effective atomic numbers (see Section
2.1.2).

3.2.3. Systematic search for host/dopant combinations

There have been a few attempts to systematically survey a broad
range of host/dopant combinations with the goal of developing new TL/
OSL materials or to elucidate their luminescence properties. Examples
are work on CaF, (Merz and Pershan, 1967b, a; Awata et al., 1999),
CaS04 (Nambi et al., 1974; Bastani et al., 2019), MgsSiO4 (Zhao et al.,
2019), and BeO (Altunal et al., 2021). Such investigations are
time-consuming and laborious.

The advantage of using a systematic approach, however, is that it
provides a better comparison between the samples by allowing more
control of the synthesis method, reagents and steps, as well as of the
measurement equipment and procedures. In such studies the probability
of identifying the effect of a particular dopant is higher.

CaSO4 has been extensively studied for its TL/OSL properties for
decades. An example of a systematic study, Medlin (1961) investigated
the TL for CaSO4 precipitated with several dopants chosen based on the
analysis of natural calcite (Mn2+, Zn2+, Sb2*, Pb%* and Cd>") at different
concentrations. The determination of the concentration curve, as
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exemplified in this study, is particularly important, because at high
dopant concentrations the sensitivity typically falls due to concentration
quenching.

A systematic investigation on the TL of CaSO4 doped with various
lanthanides was also reported (Nambi et al., 1974). In addition to
providing typical emission spectra for the various combinations and
identifying the most efficient activators of the TL (Dy and Tm), the study
also indicated that the TL curves were similar, regardless of the dopants.
This suggests that intrinsic defects are responsible for the trapping
centers, whereas the lanthanides act as luminescence centers.

Although the study above represents a step in the right direction,
there is a loss of information when the TL emission spectra and the TL
curves are presented separately as in Nambi et al. (1974). New insights
can be obtained if the information is combined and presented together in
contour plots or 3D graphs of intensity versus wavelength and
temperature.

As an example, Fig. 3 shows the results from a study similar to Nambi
et al. (1974) on the TL emission spectra of various lanthanide-doped
CaSO4 samples, but with the data presented in the form of 3D graphs
(Bastani et al., 2019). In most cases, the data confirm the observations
from Nambi et al., i.e. the TL emission is characteristic of the trivalent
lanthanide (Ln3") introduced during the synthesis. In the case of Eu,
however, the TL emission spectrum shows both Eu?* and Eu®* emis-
sions, but the TL peaks associated with each of these emissions are
different (Fig. 3e): for the FEu®" emission at 384 nm, the TL peak occurs
at ~150 °C, whereas for the Eu®* emission lines at 591 nm, 619 nm, 658
nm, the TL peak occurs at ~225 °C. These results indicate the possible
presence of both electrons and hole traps, which leads to the recombi-
nation of the released electrons and holes through Eu®t + e = (Eu?H*
and Eu®>" + h™ — (Eu®")*, where Eu?* or Eu®" luminescence is observed
upon relaxation of the excited (Eu”)* and (Eu3+)* defects. Based on
that, Bastani et al. (2019) proposed a tentative model for the recombi-
nation processes in other lanthanide-doped CaSO4 samples.

A systematic investigation of various host/dopant combinations was
also recently carried out (Yukihara et al., 2013). This search was focused
on materials that could be produced by solution combustion synthesis,
which facilitated the rapid synthesis of various host-dopant combina-
tions. Materials synthesized include ZrOj;, Y203, MgAl04, Y3Als012,
LaMngolo, CaO, MgB4O7, A1203, CaA112019, Li2B4O7, CaA1204, MgO,
and LiAlO,, with a wide variety of dopants and co-dopants. This study
led to the identification of a few compounds with high TL intensity and
low light sensitivity for applications in temperature sensing, including
LisB407:Cu,Ag, MgB4O7:Dy,Li and CaSO4:Ce,Tb (Doull et al., 2014;
Yukihara et al., 2014a, 2015). Furthermore, it also led to the identifi-
cation of MgB407:Ce,Li as a high-sensitivity OSL material with fast
luminescence (31.5 ns lifetime), due to ce3t emission, for applications
in 2D OSL dosimetry by laser-scanning readout (Yukihara et al., 2017;
Shrestha et al., 2020a), and with lower ionization quenching for appli-
cations in proton therapy (Yukihara et al., 2022a). For Li»B407 the in-
fluence of the fuel (urea, glycine, ammonium nitrate) used in the
solution combustion on the TL properties was investigated (Doull et al.,
2013).

The TL and OSL of BeO was also systematically investigated as a
function of lanthanide doping (Altunal et al., 2021). Properties such as
the radioluminescence spectra, OSL emission spectra, TL curves and OSL
curves were investigated as a function of dopant, co-dopant, and dopant
concentration. The study demonstrated changes in both radio-
luminescence emission spectra and TL curve shapes as a function of the
dopants. The authors identified suitable dopant combinations for further
development.

The TL emission spectra of Mg,SiO4 doped with various lanthanides
was investigated (Zhao et al., 2019), which provided a possible inter-
pretation for the shifts in TL peak as a function of the lanthanide ionic
radius. These studies should now be followed by more in-depth in-
vestigations to take advantage of the knowledge gained to develop
materials of practical use.
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3.2.4. Model-guided approaches

A fundamentally new research strategy is based on defect and
bandgap engineering based on a model as a guide for the development of
new materials. Dorenbos — see (Dorenbos, 2019, 2020) and references
therein — developed a phenomenological model predicting the absolute
location of 4f and 5d states of lanthanides in different compounds. The
model predicts all 4f and 5d ground state levels of both the divalent and
trivalent lanthanides in a compound with only three parameters which
can be derived from spectroscopic data. Fig. 4 shows the energy levels
calculated, for example, in Y3Al5015 (YAG) (Milliken et al., 2012). With
those level positions, one can predict the character of the defects. For
example: when the divalent lanthanide 4f ground state levels are below
the conduction band, the corresponding trivalent ions may act as elec-
tron traps. On the other hand, trivalent lanthanides may act as recom-
bination centers when they show a large energy gap between the ground
state and the top of the valence band. This model provides a guide to
potentially useful combinations of host and dopant to be investigated
and, even more importantly, indicates combinations that are not likely
to work. This knowledge was used to design new dosimetric materials by
systematic investigation (Yukihara et al., 2013; Oliveira et al., 2019).
Nevertheless, it should be noted that, despite the fact the model is useful
in predicting the TL peak temperature and emission wavelengths, it does
not predict the emission intensity and, therefore, the sensitivity.

Band gap engineering is a similar technique. Instead of doping the
host to introduce energy levels in the band gap (defect engineering), the
composition is altered to change the band structure of the host (band gap
engineering) (Fasoli et al., 2011). For example in Y3Al5,GayO12:
ce3Crdt (YAGG:Ce®t,Cr®h), a persistent phosphor which emits bright
green light due to Ce>" 5d —4f transition, the energy gap between the
lowest 5d state of Ce>* and the bottom of the conduction band can be
decreased by increasing Ga>" substitution (Ueda et al., 2015; Katayama
et al., 2017), since the substitution alters the position of the bottom of
the conduction band. In a similar way, the top of the valence band can be
engineered to control the energy levels of potential hole trapping centers
(Luo et al., 2016).

Detailed material-specific models of the TL/OSL processes, such as
those proposed for quartz (Martini and Fasoli, 2019) and LiF:Mg,Ti
(Horowitz et al., 2019), in which the defects and/or trapping/-
recombination pathways are described, may also guide sensitivity
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Fig. 4. Energy level scheme of the divalent and trivalent lanthanides in
Y3Al5012 (YAG), calculated by Milliken et al. (2012). From this energy level
scheme it can be predicted that Ce>* and Tb®* can act as deep hole traps and
Sm?*, Tm?" and Yb?" as deep electron traps. For more details on how to
interpret such a scheme and its relation to the thermoluminescence processes,
see Dorenbos and Bos (2008).

12

Radiation Measurements 158 (2022) 106846

improvements in existing materials by identifying opportunities for
reducing competing processes. One possibility already discussed in
Section 3.2.2 is to eliminate contaminants responsible for alternative
recombination pathways, such as Mn in MgB407:Ce,Li (Gustafson et al.,
2019). Annealing may also help eliminate intrinsic defects that act as
competitors. Such potential improvements, however, can more easily be
identified if a model exists describing the defects and their roles in the
TL/OSL processes.

If the trapping and recombination centers are known and their
spatial proximity can be inferred, another possibility to reduce compe-
tition is by increasing the probability for localized recombination. That
may be achieved by producing phosphors in which the trap and the
luminescence site are close enough for localized recombination to occur.
Fig. 5 illustrates several possibilities for recombination between a
trapping center and a recombination center that are closely located, such
as tunneling from the ground state or excited state of the trapping center
to excited states of the recombination center, in addition to recombi-
nation involving the delocalized band.

Localized recombination was shown to be fundamental for the
description of the infrared stimulated luminescence in feldspars (Jain
et al., 2015) and of the TL in YPO4:Ce,Ln (Ln = Er, Ho, Nd, Dy)
(Dobrowolska et al., 2014). The idea is to engineer a TLD or OSLD
material with trapping and recombination centers close enough so that
they do not have to undergo delocalized recombination and suffer from
competition effects, but instead recombine via excited-state tunneling,
resulting in TL or OSL.

Nevertheless, it is important for the trap and the recombination
center not to be too close, to avoid ground-state tunneling that can lead
to anomalous fading. The wavefunction in the excited state is more
extended, so excited state tunneling occurs over greater lattice distances
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Fig. 5. A schematic potential energy diagram in the vicinity of a trap and a
recombination center showing several possible recombination pathways,
depending upon the proximity of the trap and center (rp). If close enough,
tunneling directly from a trapped electron in the ground state (E,) to the
recombination center can occur (transition A), leading to anomalous fading. If
the electron is excited into an excited state E,;, excited state tunneling can also
occur, through a narrower potential barrier and, since the wavefunction is more
diffuse, this can occur over greater trap-center (donor-acceptor) distances
(transition B). If excited to level shared excited state E,, (transition C) direct,
recombination can occur without tunneling. Finally, if enough energy is
absorbed, transition D can occur and recombination via the conduction band
can take place. Transitions A, B and C are examples of localized recombination
and avoid the problem of competition. Transition A, however, leads to anom-
alous fading.
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than ground state tunneling. While fine tuning the defect concentrations
may be difficult, a post-irradiation pre-heat to eliminate the nearest-
neighbor pairs, and thereby reduce the probability of ground-state
tunneling may be feasible, as proposed by Jain and Ankjergaard
(2011) for IR-induced OSL from feldspar.

Close association between trapping and luminescence centers can be
inferred from TL/OSL emission spectra. For example, high-resolution 3-
D TL emission spectra show that the TL peaks of some phosphors doped
with lanthanides shift slightly as the dopant concentration increases.
These are indications that the same rare earth affects not just the
luminescent site but also the trapping site. Also, small frequency factors
are indications of localized recombination. Some examples of both of
these were given in Townsend et al. (2021).

The main concept here is that, by forcing localized recombination
rather than delocalized recombination, and thereby removing compe-
tition, one may be able to increase the material sensitivity and remove
the supralinearity in the dose response. Since the dose response to low-
LET radiation is connected to the LET-dependence of TL/OSL signal —
the final TL/OSL signal after a heavy charged particle irradiation being
the convolution of the radial dose distribution and the luminescence
response (Horowitz, 1981; Yukihara and McKeever, 2011) — one may
also end up improving the LET response, i.e. increasing the LET before
ionization quenching sets in (which has to occur eventually because
saturation cannot be avoided).

Bos examined two high-sensitivity materials, CaF5:Cu,Ho and
KMgFs3:Ce®t and concluded that their high sensitivity is likely related to
the existence of localized recombination (Bos, 2001b). It would be useful
to examine the myriad of new phosphors mentioned in Table 2 that show
promising TL and OSL dosimetry properties, to search for evidence of
localized transitions and investigate its influence on the dose- and
LET-response characteristics.

4. Common pitfalls

Having discussed the potential strategies to develop useful TL/OSL
materials, we turn our attention to some issues that often hinder prog-
ress in the field.

4.1. Lack of sensitivity comparisons

As discussed in Section 2.1.1, a sensitivity comparison of a new
material against known TL/OSL materials is essential, at least as an
approximate estimate to decide if further development for a particular
application is worth pursuing.

This comparison is not always straightforward, because it should be
performed in optimized conditions for each material in order to allow a
proper comparison, e.g. by optimizing the optical filters and detection
systems for the emission spectra of each particular material. If this is not
possible, then the influence of the experimental conditions on the results
must be considered.

For comparison of the sensitivity of a new material, powder form is
preferable, since the transparency of pellets and ceramics can influence
the results. Even in the case of powder, the signal may not be propor-
tional to the powder weight, depending on the packing of the material
during readout. Reducing the amount of powder should decrease this
effect, but with an increase in the mass uncertainty.

The materials can also be compared in terms of the minimum
detectable dose (MDD). This may be estimated, for given experimental
conditions and amount of material, as that dose corresponding to a
signal equal to three times the standard deviation of the zero-dose
reading (i.e. the response without previous irradiation) (Currie, 1968;
Yukihara and McKeever, 2011). Although this quantity depends on the
reader and experimental conditions, it gives an idea of the achievable
detection limits.

For general dosimetry applications, the comparison should also be
performed whenever possible using high energy sources (e.g., ’Cs,
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60Co, 2°Sr/°%Y) because differences in Z.g between the materials may
distort the comparison, particularly when using X-rays with energy
<100 keV. Therefore, one should also keep in mind the photon energy
response when using X-ray sources and comparing samples of different
effective atomic numbers.

4.2. Incorrect or aimless analysis of TL/OSL curves

Various analysis methods have been proposed to obtain the kinetic
parameters (activation energy, frequency factor, kinetic order) of the TL
peaks. The most popular are peak fitting, peak shape method, initial rise
method, and the various heating rate methods (McKeever, 1985, 2022;
Horowitz and Yossian, 1995; Chen and McKeever, 1997; Sunta, 2015).
Various models have been considered for such analyzes, including the
first-order and non-first-order models characterized by a kinetic order b
(Kitis et al., 1998).

If used correctly and within their limitations, the results of such
analyses can be helpful to estimate fading rates of specific TL peaks and
compare them to actual fading rates, e.g. to identify anomalous fading.
They can also assist in the location of the energy levels within the
bandgap (Dorenbos and Bos, 2008) or identify the occurrence of
tunneling between defects (Vedda and Fasoli, 2018). Examples where
the obtained kinetic parameters correctly predict the fading rate are,
nevertheless, rare. In general, the glow peak temperature at the
measured heating rate gives more information on the fading then the
derived trapping parameters.

Further, it should be said that the results obtained when applying
such methods to single TL curves, without validation of the underlying
models used in the analyses, are of little value in improving our un-
derstanding of the TL process.

Concerning curve fitting, there are three main criticisms that apply
when using non-first-order kinetic models:

(a) Non-first-order TL peaks arise in specific conditions, for example
when retrapping dominates over other processes (recombination,
capture by deep traps). Nevertheless, the rates of retrapping and
recombination change with the trap occupancy and during the
readout of the TL peaks, which means that the kinetic order,
understood as representing a relationship between the retrapping
and recombination rates, is not constant with the dose or even
within one TL peak (Opanowicz, 1989; Chen and McKeever,
1997). The TL curves in this case can only be described by the
solution of rate-equations for the process, and a general-order
model with constant b is simply an approximation for the
actual process taking place.

(b) Non-first-order behavior also implies interaction between traps
during readout (during TL or OSL) and, therefore, the simple
superposition principle is not valid. This means that fitting a TL
curve with a superposition of non-first-order TL peaks is not
physically meaningful (Chen and McKeever, 1997; Chen and
Pagonis, 2011).

(c) Broad peaks resembling those predicted by non-first-order ki-
netics can be observed due to a superposition of first-order TL
peaks from closely distributed energy states — see Van den
Eeckhout et al. (2013) and McKeever (2022) for recent discus-
sions on this. To distinguish between non-first-order behavior
and peaks due to an energy distribution, one must look into the
dose dependence of the TL curves. Non-first-order TL peaks
should shift to lower temperatures with increasing trap occu-
pancies (McKeever, 1985; Chen and McKeever, 1997; Sunta,
2015).

Fig. 6 illustrates some of the points mentioned above. Fig. 6a shows
the behavior of a TL peak for various trap occupancies according to the
second-order model, indicating that the TL peak should shift to higher
temperatures if the trapping population decreases (e.g. due to pre-
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Fig. 6. Comparison between (a) a second-order TL peak (E = 0.95 eV, s = 102
s~1) and (b) a first-order TL peak associated with a Gaussian energy distribution
(Emean = 1.2 €V, FWHM = 0.05 eV, s = 10'? s7!). In (a), the TL peaks as a
function of the dose or pre-heat are the same, since the traps are characterized
by a single activation energy and the TL curve intensity and shape are deter-
mined by the factor ny/N, the relative occupancy of the trapping centers (Chen
and McKeever, 1997). In (b), the peak position stays constant as the dose in-
creases, but the effect of pre-heating is greater in the low-temperature part of
the activation-energy distribution, causing a shift to higher temperatures with
increasing pre-heating temperatures. The curves are for a heating rate of
1°Cs™

heating) and to lower temperatures if the trapping population increases
(by increasing the dose). Fig. 6b, on the other hand, shows the behavior
of a TL peak due to a Gaussian distribution of energy in the first-order
model. In this case, the peak shifts to higher temperatures with pre-
heating, since the traps with lower thermal stability are emptied more
by the pre-heating, but remain in the same position if the dose is varied.
Such behavior is typically observed in real materials, which points to a
distribution of activation energies (or frequency factors) instead of non-
first-order behavior.

Furthermore, real TL materials predominantly exhibit first-order
behavior, i.e. constant TL peak temperature with dose. This can be
related to the presence of many competitive processes, e.g. many
recombination pathways or capture by deep traps (Pagonis and Kitis,
2012), or to the possible prevalence of localized recombination (Bos,
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2001b). Therefore, there must be evidence supporting the use of
non-first-order models for TL analysis. This evidently requires the
measurement of TL curves at different doses up to saturation and the
study of the TL peak temperatures as a function of dose, and cannot
simply be based on the broadness of TL peaks from single TL curves.

Energy distributions can be recovered using methods such as those
proposed by Gobrecht and Hofmann (1966) and by Van den Eeckhout
et al. (2013), but there are limitations (Coleman and Yukihara, 2018);
see also McKeever (2022).

Another issue is related to the influence of thermal quenching.
Thermal quenching refers to the reduction in luminescence efficiency as
a function of temperature, due, for example, to the increased probability
of non-radiative relaxation of the luminescence centers at higher tem-
peratures (McKeever, 1985; Chen and McKeever, 1997). Thermal
quenching can distort TL curves and influence other analysis methods.
Therefore, before analyzing a TL curve, the curve should be corrected for
thermal quenching.

Analyzing OSL curves is perhaps even more difficult, since stimula-
tion at a given wavelength can empty multiple traps simultaneously, and
unraveling the individual processes is nontrivial. Fitting the OSL decay
curves with a summation of exponentials is rarely helpful, unless it is
demonstrated that the components correspond to distinct physical pro-
cesses (e.g. by identifying components with different thermal stabilities
using step-annealing experiments).

4.3. Haphazard investigation

Although haphazard investigation has played a major role in the
development of TL materials in the past (McKeever et al., 1995) and it
may still lead to the identification of an important TL/OSL material,
such studies can rarely be generalized to gain a better understanding of
the TL/OSL processes in a class of materials or host. A systematic
investigation is, on the other hand, extremely time-consuming and
expensive, requiring the synthesis of a large number of samples.

Nevertheless, knowledge of the principles in Section 3.2 can provide
a more guided approach to this research, for example, limiting the range
of dopants to be investigated. The goal of the research should be to gain
general insights on the luminescence processes, through which possibly
one or two candidates can be identified for a more-in-depth study and
optimization. This systematic approach can possibly be made easier by
the adoption of facile synthesis techniques, by which many samples with
different dopant combinations can be synthesized for screening and
initial characterization. Parallel solution combustion synthesis for
combinatorial material studies has been proposed (Luo et al., 2005), but
to the best of our knowledge not been used for investigations in TL or
OSL. At a later stage, different synthesis processes can be investigated
and optimized.

4.4. Lack of correlation with other techniques

Although the TL and OSL emission spectra can assist in the identi-
fication of luminescence centers and, therefore, indicate a direction on
how to improve the materials, identification of defects responsible for
the trapping centers is typically more difficult because the evidence is
indirect. The study of TL and OSL curves alone can rarely illuminate the
underlying physical processes, unless coupled with systematic in-
vestigations with various dopants, as discussed in Section 3.2.3.

To identify the trapping centers, correlative studies between TL/OSL
and more defect-specific techniques such as optical absorption, photo-
luminescence and electron paramagnetic resonance (EPR) are needed. A
highly sophisticated technique like X-ray absorption near-edge structure
(XANES) can help to identify the change in valence state of the dopant.
In a material doped with Eu?* and co-doped with Dy>* one may expect
oxidation of Eu®* to Eu®* along with reduction of Dy>* to Dy**. Such
changes in valence change can be observed by measuring XANES spectra
(Lastusaari et al., 2015; Joos et al., 2020).



E.G. Yukihara et al.

The value of EPR in the identification of radiation-induced defects is
well known and its application to TL and OSL processes, although spo-
radic, can be revealing. Such correlations have helped in the identifi-
cation of defects involved in the TL process of natural materials such as
quartz (McKeever et al., 1985) and topaz (Yukihara et al., 2002). More
recently, correlations between EPR and TL have helped to identify the
defects involved in the TL peaks in KoYFs:Tb®" (Zverev et al., 2011), in
LisB407:Ag (Brant et al., 2011; Buchanan et al., 2014) and LisB407:Cu
(Brant et al., 2013). The defects involved in the OSL of Li;B407:Ag were
later identified: EPR/OSL correlative studies indicate that electrons are
optically stimulated from AgP® center and recombine with holes trapped
at Ag2+ centers, resulting in UV emission (Kananen et al., 2016). EPR has
also been used to identify the defects related to the TL (Holston et al.,
2015b) and the OSL (Holston et al., 2015a) in LiAlO,, and to the TL in
LiB3Os5 (Kananen et al., 2018).

5. Conclusions and outlook

In the first part of this review we showed that the need for new TL
and OSL materials exists, but is limited to specific applications; any new
material must satisfy the requirements for those applications. TL and
OSL are already mature dosimetry techniques, being used by various
commercial dosimetry systems and employed for individual and area
monitoring, as well as medical, research and industrial applications by
various laboratories throughout the world. As a result, it is important to
identify clearly the problem or application being addressed, while
justifying the choices of host and dopants, and comparing the dosimetric
properties of the newly proposed materials to well-known and widely
available TL/OSL materials.

The second part of this review illustrated several strategies that can
be used in these studies, as well as their limitations. Research on new
materials for dosimetry applications should: (a) substantially advance
the understanding of a physical phenomenon or process, or (b)
demonstrate that the material may have advantages compared to
existing materials or technologies. These objectives will likely be more
efficiently achieved through systematic studies that can be either broad
(various hosts and dopant combinations, or one host and various dopant
combinations), or specific (one host/dopant investigated under various
conditions of annealing, synthesis, dopant concentration). In either case,
they should also preferably involve techniques that can help elucidate
the underlying mechanisms (TL/OSL with high spectroscopic resolution,
optical absorption, photoluminescence, EPR, and others).

Finally, the third part of this review warns against common pitfalls
encountered in the literature and suggests alternative approaches. We
emphasized in particular the need for: (a) comparing the sensitivity with
well-known materials, (b) a more critical use of TL models and curve
fitting, for example, by experimentally confirming non-first-order
behavior or the existence of a distribution of activation energies, (c) a
more guided study that can lead to fundamental and generalizable un-
derstanding of the processes, and (d) correlative studies between TL/
OSL and other techniques that can provide defect-specific information.
In particular, we believe there should be a shift away from phenome-
nological models (particularly non-first-order models) in favor of models
that provide a deeper understanding of the defects involved and the role
played by them. Investigating and elucidating the roles and predomi-
nance of defect clustering and localized transitions in high-sensitivity
TL/OSL materials may also play a key role towards a more guided
“defect engineering” of new material.

Our intent has been to support a more efficient and systematic
development of new TL/OSL materials, potentially offering properties
currently not available in existing ones. Some of these properties may
not only satisfy the needs identified in this article, but perhaps open the
possibility of new, not-yet-envisioned applications of TL/OSL materials.
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