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Resumo

FRANÇA, L. V. S. Desenvolvimento e caracterização de novos compostos à base de
boro para dosimetria luminescente usando raios-X, gama e nêutrons. 2022. 75 f.

Tese (Doutorado - Programa de Pós-Graduação em Física Aplicada à Medicina e Biolo-

gia) - Faculdade de Filosofia, Ciências e Letras de Ribeirão Preto, Universidade de São

Paulo, Ribeirão Preto - SP, 2022.

Dosimetria de radiações ionizantes é necessária em diversos contextos, tais como imagea-

mento por raios-X, medicina nuclear, centros de pesquisa expostos à radiação, síncrotrons

e o espaço sideral. Com base nisso, uma técnica baseada na luminescência opticamente

estimulada (OSL), que é a luz emitida por um material previamente irradiado quando es-

timulado oticamente, tem se estabelecido. Após mais de 20 anos de pesquisa, apenas

dois dosímetros OSL baseados nos compostos de Al2O3:C e BeO estão comercialmente

disponíveis.

O principal objetivo deste estudo é propor novos fósforos que emitam OSL basea-

dos em um borato de cálcio, i.e., CaB6O10 (Zeff=11.5) dopado com lantanídeos (Gd3+,

Tb3+ or Ce3+) e prata (Ag+). O composto dopado com Tb e Ag, por exemplo, apresentou

sensibilidade OSL comparável ao do Al2O3:C (usando os filtros Hoya U340), linearidade

em uma ampla faixa de doses (30 mGy até 20 Gy), desvanecimento de ∼30% depois de

24 h, seguido de estabilidade do sinal, sensibilidade a nêutrons, e mostrou ser reprodutível

e repetível. O composto dopado com Gd e Ag mostrou características dosímetricas simi-

lares. A OSL dos diferentes compostos apresentaram tempos de vida desde microsegun-

dos até nanosegundos, dependendo do tipo de dopante usado. Isso satisfaz os requisitos

da dosimetria 2D por varredura com laser e da OSL pulsada, usando o mesmo composto.
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Abstract

FRANÇA, L. V. S. Development and characterization of new borate-based compounds
for X-rays, gamma rays and neutron luminescence dosimetry. 2022. 75 f. The-

sis (Ph.D. - Postgraduate Program in Physics Applied to Medicine and Biology) - Faculty

of Philosophy, Sciences and Literature, University of São Paulo, Ribeirão Preto - SP, 2022.

Radiation dosimetry is required in several contexts, such as X-ray imaging, nuclear medicine,

radiotherapy, radiation-exposed research facilities, synchrotrons and space, to name a few.

In view of this, a technique based on the optically stimulated luminescence (OSL) phe-

nomenon, which is the light emission of a previous irradiated material when optically

stimulated, has emerged. After more than 20 years of research, there are only two com-

mercially available OSL dosimeters, which are based on Al2O3:C and BeO compounds.

The main objective of this work is to propose new OSL phosphors based on a cal-

cium borate compound, i.e., CaB6O10 (Zeff=11.5) doped with lanthanides (Gd3+, Tb3+ or

Ce3+) and silver (Ag+). Tb,Ag-doped compound, for instance, exhibited OSL sensitivity

comparable to that of Al2O3:C (using U340 Hoya filters), wide linear dose-range with no

signs of saturation (30 mGy up to 20 Gy), fading of ∼30% after 24 h following stability,

neutron sensitivity, and showed to be reproducible and repeatable. Gd,Ag-doped com-

pound exhibited similar dosimetric features. OSL from different compounds exhibited

luminescence lifetimes ranging from microsecond to nanosecond time-scale, depending

on the dopant used. This addresses both 2D laser scanning dosimetry and pulsed OSL

dosimetry requirements using the same host compound.

Key-words: 1. Optically Stimulated Luminescence. 2. Borates. 3. Lanthanides. 4. Silver.

5. Radiation Dosimetry.
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I. General Introduction

1 Radiation Dosimetry

X-ray imaging, computed tomography, nuclear medicine, radiotherapy, nuclear reactors,

synchrotrons, nuclear accidents, space, food irradiation. These are a few examples of

where radiation dosimetry takes place. Here the radiation is monitored to ensure the

safety of the radiation-exposed individuals and to fulfill the requirements of the radiation-

dependent procedures. Several types of detectors have been utilized to monitor or quan-

tify radiation: gas filled detectors (e.g. ionization chambers and Geiger counters), Fricke

dosimeters, solid state detectors, scintillators, luminescence dosimeters (radiophotolu-

minescent (RPL), thermoluminescent (TL) and optically stimulated luminescent (OSL)

dosimeters), to name a few. A short description of how these detectors operate is pre-

sented below.

An ionization chamber is an enclosed device containing a gas where an electric

field can be applied within (through an external voltage). By interacting with the gas,

the ionizing radiation generates ion pairs, which are then drifted by the applied electric

field. Then, the electric current, the output signal, is correlated with the exposure rate of

radiation; Geiger counters which are mostly used for surface contamination and ambient

exposure rates work in a similar way, but electric pulses are the output signal instead and

the energy of the radiation can not be discriminated; Fricke dosimeters are ferrous solu-

tions which change the iron oxidation state (from Fe2+ to Fe3+) after exposure to radiation.

That causes a change in their optical absorbance, hence their color, which is directly re-

lated to the absorbed dose; solid state detectors (or semiconductor diode detectors) release

electron-hole pairs after interacting with the incident radiation. Then, an applied electric

field promotes the motion of those charge carriers, leading to an electric signal; Scintilla-

tors emit prompt visible light under exposure to ionizing radiation. The visible light is then

1



2 I - General Introduction

collected by a photodiode or a photomultiplier coupled to the scintillator; RPL dosimeters

emit visible light under UV stimulation after exposure to radiation. Their luminescence

output then can be correlated with the absorbed dose and their signal are not erased during

readout; TL dosimeters also store the radiation similar to radiophotoluminescent dosime-

ters, but the dosimetric signal, i.e., luminescence usually in the UV-visible region, is read

during a controlled increase of temperature; OSL dosimeters are similar in nature to the

TL dosimeters. If previously irradiated, they emit an anti-stokes emission after optical

stimulation, i.e., emission wavelength shorter than stimulation wavelength, usually in the

UV region. RPL, TL and OSL dosimeters are called passive dosimeters, i.e., the operation

of the detectors do not need power supply and readout is performed apart from irradiation.

Also, their response is cummulative over exposure to radiation.

The principle of operation and specificities of all these radiation detection tech-

niques are described elsewhere [1–5]. Now a more in depth description of the optically

stimulated luminescence, in which this work is based on, is presented.

2 Optically Stimulated Luminescence

Semiconductors and insulators are the typical materials where OSL phenomenon takes

place. Some modifications in their structure, e.g. the presence of intrinsic defects or incor-

poration of (extrinsic) defects originate the called trapping centers, which are responsible

for the introduction of new energy levels within the forbidden energy gap of the material.

When the trapping centers lie near and below the bottom of the conduction band they act

as electron trapping centers, and if they lie near and above the top of the valence band

they work as hole trapping centers. Holes are positive charge carriers which appear in the

absence of electrons.

In addition to the trapping centers, defects in a material can also introduce recom-

bination centers. These centers are usually more energetic stable than the trapping centers

and they can capture an electron and eventually a hole or vice-versa. If this process is ra-

diative, the recombination center is also a luminescence center. For an in depth description

of the formation of defects in solids, as well as, the creation of trapping and luminescence

centers in different compounds, one can refer to the following references [6, 7].

Considering a material with both trapping and recombination (luminescence) cen-
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ters. If sufficient energy is provided to the material, e.g. by irradiating it with X-rays,

electrons can escape from the valence band to the conduction band, and then holes be-

come free in the valence band. These charges can eventually be captured by the trapping

and recombination centers via their intrinsic electric fields. If these centers are thermally

stable enough, the charges can remain trapped for long periods until be detrapped by a

stimulation source. If trapping centers release their charges during an optical stimulation

and these charges are retrapped by the active (charge-trapped) recombination centers, lead-

ing to emission of light, then the OSL have occurred (Figure 1). When the luminescence

takes place during thermal stimulation, then we have the thermoluminescence. Therefore,

trapping and recombination centers play special roles in both OSL and TL processes.

Regarding the luminescence readout, OSL is usually collected during continuous

stimulation of the material, and the luminescence intensity is recorded as a function of the

stimulation time. Then a typical exponential decay curve is obtained, which is how the

concentration of trapped charges (𝑛) changes with the stimulation time:

𝑛(𝑡) = 𝑛0 exp(−𝑝𝑡), (1)

for a model that neglects retrapping of charges. Here 𝑛0 represents the initial concentration

of trapped charges and 𝑝 represents the transition probability per unit time for the trapped

(3)

VB

CB

RC

(2)

TC

(2)

(1)

OSL

Figure 1: Schematic of how OSL takes place in semiconductors and insulators (the simplest
model). 1) represents the excitation of charges by ionizing radiation; 2) represents the capture of
charges by trapping centers (TC) and by recombination centers (RC) and 3) represents the radiative
recombination process after optical stimulation (OSL). The black and the white circles represent
the electrons and the holes, respectively.
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electron (hole) to escape to the conduction band (valence band) under stimulation. On

the other hand, the TL is collected during a controlled increase of temperature, i.e., at a

specific heating rate, and the TL intensity is collected as a function of the temperature. A

typical TL curve is composed of peaks centered at specific temperatures which are related

to the energy needed to release the electrons (or the holes) from their trapping centers.

That energy may be determined by using the several heating rates method, for instance. If

both TL and OSL have a common trapping center, then the TL can be used to probe the

OSL trapping center. Theoretical and experimental aspects of OSL and TL phenomena

are thoroughly described by Yukihara, McKeever and Bøtter-Jensen books [4, 5, 8]. For

a comparison of TL and OSL dosimetries and technical specificities, one can refer to the

works mentioned herein [9, 10].

There are two physical parameters of high relevance with respect to the nature of

OSL: the emission wavelength and the luminescence lifetime. The former is dependent

on the luminescence center and its intrinsic energy levels, which may be affected by the

surroundings (lattice, in a crystal) [11]. The latter is mostly dependent on the nature of

the transition responsible for the luminescent center emission [12]. Determining the OSL

emission wavelength is important for the optimization of the OSL response readout and

to fulfill emission wavelength designed applications. The luminescence lifetime can be a

limiting factor on dosimetric applications as reported in the “OSL dosimetry requirements”

section.

3 OSL instrumentation

Three are the main components for an OSL reader: stimulation sources, luminescence de-

tector and optical filters. Stimulation sources are usually LEDs or lasers of high power to

allow for an efficient and fast readout of the dosimetric response. The luminescence detec-

tion is usually performed using PMTs coupled to optical filters. Optical filters are needed

to allow for the detection of luminescence with wavelength shorter than the stimulation

wavelength. In addition to the optical filters in front of the PMT, other filters are usually

placed in front of the stimulation source to avoid detection of undesirable light compo-

nents i.e., short wavelength scattered light. Therefore, for a specific OSL emission, one

has to make an appropriate choice of stimulation sources, detection filters and stimulation
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Stimulation filter

Light source

PMT

Detection filter

Sample

OSL

Figure 2: Diagram showing the main components for detection of OSL.

filters. Figure 2 shows a simple schematic for OSL detection. It is worth mentioning that

the OSL can be composed of luminescence with wavelength longer than stimulation wave-

length, but blocking longer wavelength light is a convenient way to prevent overlap with

photoluminescence from the phosphors. For more details about the instrumental aspects

for OSL readout, the reader can refer to the classical books on OSL [5, 8].

Different readout modes can be used to collect the OSL: continuous-wave, pulsed

and linear modulated modes [5]. In the continuous-wave mode, the stimulation light power

is kept constant, while the OSL is continuously collected. It is the simplest mode regard-

ing both stimulation and light collection, but efficient regarding the measurement of the

dosimetric response. In the pulsed mode, a train of light pulses stimulates the sample,

while the luminescence is collected in between the pulses [13, 14]. That allows for a

higher signal-to-noise ratio of the luminescence response compared to the continuous-

wave mode, since it allows for the discrimination of the decay components and hence the

elimination of undesirable components. However, the acquisition setup needs additional

components for the high-frequency light pulses collection and synchronization of stimu-

lation and light detection. In addition, data acquisition and analyses are not as simple as in

the continuous-wave mode. At last, the linear modulated mode: here the stimulation light

power is linearly increased during stimulation and the OSL is continuously collected [15].

Instead of exponential curves, the OSL here exhibits peak-shape curves, which are asso-
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ciated to specific trapping centers. It has been suggested that the advantage of this mode

compared to the continuous-wave mode is the possibility of discriminating different trap-

ping center components contributing to the OSL curves [16–18]. However the need of

modulation of the stimulating light and its complications must be considered.

4 OSL dosimetry requirements

There are requirements that need to be fulfilled by passive dosimeters in general. Also,

there are other ones which are dependent on the type of application in which the OSL

dosimeter will be used. The main general requirements are: high sensitivity, dose linearity

response in a wide dose range, low or negligible fading, tissue-equivalent effective atomic

number, reproducibility and repeatability [19, 20].

Perhaps the first parameter to be evaluated in a potential radiation dosimeter is its

sensitivity, i.e., the amount of measurable radiative recombinations due to optical stimula-

tion after irradiation. This is crucial since personal dosimetry require monitoring of doses

as low as 1 μSv [20]. There are many reports showing new OSL phosphors with low sensi-

tivities or only tested at high dose irradiation conditions [21–24]. Although it is desirable

that an OSL dosimeter presents sensitivity adequate for personal and medical dosimetries,

other applications such as dose planning in radiotherapy and emergency dosimetry require

radiation detectors working at high-dose irradiation conditions [20, 25].

In radiation dosimetry, one needs to correlate the dosimeter response with the ab-

sorbed dose. The simplest correlation between two quantities proportional to each other is

a linear dependence, and therefore, a linear-responsive dosimeter facilitates the routines of

dose calculation in radiation facilities. Several new OSL phosphors have presented non-

linear dose-response dependence for a wide range analysed and therefore are not useful

for practical applications [26–28]. Furthermore, it is desirable that the linear response be

applicable to a wide range, covering low doses, e.g. for personal dose monitoring and also

high doses, e.g. for dose planning in radiotherapy.

In addition, passive dosimeters such as TLDs and OSL dosimeters need to store

the trapped charges for long periods, since the dosimetric response is usually measured

minutes, hours and even days after radiation exposure in practical applications. Therefore,

dosimeters whose response fades with time are not desirable. However, if a dosimeter
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presents a consistent percentage fading, followed by stability, that may be a minor issue in

applications such as emergency dosimetry.

In personal and medical dosimetries, there is a need of estimating doses absorbed

by radiation-exposed staff and patients. To perform an accurate estimation, one has to

consider that the absorbed dose is dependent on the properties of the absorbing medium,

specially on its effective atomic number. Here the medium of interest is the human tissue

and therefore the phosphors that compose the radiation dosimeters should have effective

atomic number similar to that of human tissue (Zeff = 7.6). Otherwise, one may get an over-

estimation (under-estimation) of the absorbed dose for X-ray irradiation at low energies,

if the dosimeter has an effective atomic number higher (lower) than that of tissue [19].

Al2O3:C, for instance, has a Zeff = 11.3, which causes a 4x over-response to low-energy

X-rays (mean energy: 20-30 keV) [29].

Regarding the manufacturing processes of the dosimeter, two requirements need to

be fulfilled: reproducibility and repeatability. The reproducibility is related to the ability

of manufacturing the dosimeters with consistency, i.e., different dosimeters synthesized

at the same conditions must present similar dosimetric features (e.g. dose-response, fad-

ing) to not compromise inter-comparisons among the dosimeters. On the other hand, the

repeatability is related to the ability of obtaining similar dosimetric responses using the

same dosimeter when evaluated at different times (under the same conditions). Both repro-

ducibility and repeatability are crucial requirements since they can estimate how reliable

the dosimeter synthesis processes and the dose readout protocols are.

If one consider the OSL lifetimes, two different OSL dosimetry modalities may be

explored: 2D laser scanning dosimetry and pulsed OSL dosimetry. In the case of 2D laser

scanning dosimetry, the OSL signal is fastly and sequentially read at different spots of the

dosimeter, so that one can reconstruct a 2D dose distribution. To accomplish that, the OSL

phosphor needs to have a fast luminescence center, typically of nanoseconds, to avoid the

called pixel bleeding [30]. On the other hand, the pulsed OSL dosimetry requires slow

luminescence centers. Since this method relies on the separation of the stimulation stage

and the luminescence readout stage, OSL lifetimes should be longer than the stimulating

light pulse widths, longer than the dead time, i.e., period in which the PMT is off and

longer than the luminescence acquisition time [31]. Typical lifetimes suggested for pulsed

OSL dosimetry are in the millisecond timescale, which allows for an easy discrimination
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from undesirable components.

From these requirements, it is not hard to see that fulfilling the requirements for all

different modalities of radiation dosimetry and different readout modes is unrealistic, since

an OSL phosphor is evaluated at specific conditions. One has to be aware of both poten-

tialities and limitations of an OSL phosphor, to not exclude non-envisioned applications

and to not overestimate their features.

5 Search and development of new OSL phosphors

As already said, OSL takes place due to an effective combination of trapping and recombi-

nation centers. Finding or developing this effective combination for practical applications

has shown to be a hard task, since more than 20 years of research has passed and there

is only two commercially available OSL detectors, which are based on Al2O3:C and BeO

phosphors [19].

Al2O3:C dosimeter is by far the most used OSL detector in personal dosimetry.

That is due to its excellent features, such as high sensitivity (minimum detectable dose in

the order of nGy), wide dose range (up to 50 Gy) and no fading []. When excited with

blue or green stimulation sources, it presents a main broad emission centered at 420 nm

reaching UV detection range, which allows for the light collection at the most sensitive

region of the majority of the PMTs. Its emission associated with a 35 ms lifetime is also

adequate for the pulsed OSL dosimetry [32]. Several applications have been demonstrated

by using Al2O3:C based detectors, such as space dosimetry [33], 2D dosimetry in magnetic

resonance guided radiotherapy [34], real time in vivo dosimetry [35].

However, Al2O3:C presents some limitations. It has a low sensitivity to neutrons,

i.e., neutron irradiation does not induce an efficient OSL response. Attempts to overcome

this have been made by mixing Al2O3:C with 6LiF and 6Li2CO3 neutron converters, pre-

senting sensitivity of 60% compared to that of 6LiF:Mg,Ti (TLD-600) [36]. However,

the neutron conversion process here is not effective, since the secondary particles have

short ranges and are produced outside the Al2O3:C grains [37]. In addition, Al2O3:C is

not tissue equivalent (Zeff=11.3). That compromises applications in medical dosimetry,

since corrections would be needed to a better estimation of the absorbed doses. Also, the

slow luminescence lifetime of Al2O3:C (∼35 ms) is not adequate for 2D laser scanning
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dosimetry applications.

BeO phosphors also present outstanding dosimetric features such as, sensitivity

comparable to that of Al2O3:C, negligible fading within 6 months, it is almost tissue equiv-

alent (Zeff=7.2), which facilitates its use in medical dosimetry and it is relatively cheap

since it is a ubiquitous material used by electronic industry [38–40]. However BeO is

toxic in powder form and similar to Al2O3:C and has low sensitivity to neutrons [40].

In order to fill this gap of alternative OSL phosphors, many research groups have

proposed new compounds with interesting luminescent and dosimetric features, but most

of them are either part of preliminary studies or present one or more undesirable features.

In this context, significant efforts have been made by exploring borate-based compounds.

5.1 Borate-based compounds

Several types of borate-based compounds have been proposed for OSL dosimetry appli-

cations. These include crystalline compounds, e.g. lithium borates, magnesium borates,

calcium borates, as well as, glass compounds and nanosize borate compounds. Features

and limitations of some of these OSL phosphors are presented below.

Lithium borate with the formula Li2B4O7 is almost tissue-equivalent (Zeff=7.4) and

have been explored with different dopants and codopants [41–44]. Cu-doped Li2B4O7 was

shown to have a linear dose-response up to 12 Gy but there is no record of its OSL fading

[43]. Kananen et al. showed that Ag-doped Li2B4O7 exhibits OSL but basic dosimetric

features such as dose-response and fading were not reported [42]. Li2B4O7 codoped with

Cu and Ag presented a minimum detectable dose of 10 mGy [44], which is too high for

personal dosimetry. When codoped with Ag and Gd, Li2B4O7 exhibited a fading of 27%

after 24h following irradiation, considering the initial OSL intensity [41].

Magnesium tetraborate (MgB4O7) has attracted too much attention for OSL dosime-

try applications as well [37,45–47]. It has a relatively low effective atomic number (Zeff=8.4)

and the use of Ce and Li as dopants has produced a potential OSL phosphor for 2D laser

scanning dosimetry applications [37]. Although it presents some interesting features such

as high sensitivity (50% compared to that of Al2O3:C), linear dose response up to almost 1

kGy and neutron sensitivity, the main issue of this compound is its fading: 10-15% after the

first 6 days following irradiation, considering the total OSL area [37]. Studies with other

combination of dopants such as Ce-Gd and Ce-Na did not present significant advances:
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Ce,Gd- codoped MgB4O7 showed dose linearity in a short dose range (0.1-10 Gy), as well

as anomalous irradiation storage properties, i.e., increase of 4.5% after 1 day from irra-

diation, following fading of almost 11% after 7 days from irradiation [45]; The Ce,Na-

codoped compound showed a relatively high minimum detectable dose (0.73 mGy) and

strong fading of almost 50% after 4 weeks [46]. Using other combination of dopants, i.e.,

Dy and Li, was not advantageous: MgB4O7 presented complete fading after 40 days [47].

Several borate glass compounds have been proposed as alternative OSL phosphors

for dosimetry applications. The majority of these works, if not all, however, is part of pre-

liminary investigations of new OSL phosphors. For instance, a new synthesis route for

production of MgB4O7: Ce,Li has been achieved by heat treatment of a magnesium borate

glass [48]. However this work is part of a preliminary study of the new compound, lack-

ing basic dosimetric investigations such as dose-response [48]. In addition, the compound

presented OSL fading of 13-40%, depending on the heat treatment temperatures [48]. Pre-

liminary studies using lead borate and lead-aluminum borate glasses have shown either a

sublinear or supralinear dose range behaviors for most part of the range analyzed (0.5-100

Gy) [28]. Studies with borate glasses with lithium and potassium carbonates did not show

fading investigations and the dose-response of the proposed compounds (0.1-7 Gy) did

not exhibit a clear linear dependence [49]. Li3PO4-B2O3 glass was shown to produce OSL

after X-ray irradiation, but no other feature related to OSL dosimetry applicability was

reported [50].

Nanostructured compounds have also been explored in view of luminescence (OSL)

dosimetry applications. For instance, nanophosphors of Li2B4O7:Al exhibited a linear

dose-response in the 1-200 Gy range but showed a fading of 20% after 30 days following

irradiation, with no signs of stability [21]. Nanoparticles of Li2B4O7 have also been inves-

tigated with other dopants: Cu- and Ag- singly doped and Cu,Ag- codoped compounds.

Although the compounds exhibited high sensitivity under beta irradiation, i.e., minimum

detectable dose of 15 μGy and linear dose response in the range of 20 mGy to 50 Gy, they

exhibited significant fading after 4 days following irradiation (>30% for the Ag-doped

compound and >50% for the Cu,Ag-codoped compound) [51]. Another report showed

that nanoparticles of CaB4O7:Tb exhibits OSL after X-ray irradiation. The compound ex-

hibited fading of ∼40% after 10 days following stability and the report lacks dose-response

studies [52]. At last, a novel nanocomposite material based on LiF:Cu was shown to be a
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potential candidate for 3D dosimetry applications [53]. The nanoparticles showed linear

dose response in a wide range (three orders of magnitude up to ∼20 Gy), but the report

lacks fading studies of the compound [53].

5.2 Lanthanide doping

As mentioned before, the OSL requires the presence of trapping and recombination cen-

ters. Since these centers are introduced by defects in a crystal, one possible route of man-

ufacturing efficient OSL phosphors is by a trial-and-error approach. This approach takes

into account previous materials proposed and their potentialities, but it lacks a rational

design on the choice of host and dopants used. It is worth mentioning that this approach

has been the most used one for proposing new OSL phosphors.

An alternative approach that has gained some attention in the last years is based

on the energy levels introduced by lanthanide-doping with respect to the valence and con-

duction bands of a compound. This approach is based on a model proposed by Dorenbos,

which predicts the energy levels of divalent and trivalent lanthanides for a compound, by

considering a few spectroscopic parameters [54–58]. As a result, one can determine if a

divalent/trivalent lanthanide acts as a hole trapping center or an electron trapping center

in a specific host. This approach has led to the design of several compounds to a variety of

applications, such as information storage, stress sensing, anticounterfeiting, X-ray imag-

ing, as well as, TL and OSL dosimetries [59–63]. Other model-guided approaches for the

development of new OSL phosphors are reported in a recent work authored by Yukihara

et al. [19].

In addition to the level location of energy levels within the band-gap of a com-

pound, the use of lanthanides is also advantageous due to their intrinsic luminescence

properties. It is well known that most of trivalent lanthanides present characteristic emis-

sions, which are associated with their 4f𝑛 configurations [11]. As a result, applications

that require specific wavelength emissions can be envisioned and emission tunability can

be achieved by appropriate choice of combination of lanthanides. Reports on the emis-

sion tunability by using combination of lanthanides can be found elsewhere [64–66]. The

characteristic emissions of most of trivalent lanthanides lie in the visible and IR regions.

Only Ce3+, Gd3+ and Pr3+ present energy levels that allows for UV emission. Regarding

UV emission, a transition metal that is worth to be mentioned: silver.
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5.3 Silver doping

Silver doping has shown to be effective regarding the introduction of UV luminescence

centers in different compounds [67–69]. That is due to the 4d95s→4d10 transitions of

isolated Ag+, as reported in a study with crystalline and glassy SrB4O7:Ag compounds

[67]. In this work, the compounds exhibited main emissions centered at 290 nm and 330

nm for the crystalline and glassy compounds, respectively, when excited at 235 nm [67].

Based on this, new OSL phosphors with broad UV emission have been proposed, e.g.

Ag-doped lithium borates [42, 70]. It is worth mentioning that Kananen et al. reported

that Li2B4O7:Ag presented an OSL emission centered at 270 nm [42], which is in a good

agreeement with the emission of isolated Ag+ in crystalline SrB4O7:Ag, as reported by

Meijerink et al. [67].

6 Motivation and thesis outline

The optically stimulated luminescence has demonstrated to be an effective and reliable

technique in passive dosimetry. This encompasses a variety of radiation-exposed environ-

ments that need to be routinely monitored, e.g. radiodiagnostics/radiotherapy facilities,

synchrotrons and other radiation-exposed research facilities, space, as well as, eventually

exposed environments, e.g. in nuclear incidents and accidents. Not restricted to the pas-

sive approach, OSL has also the potential to be used to assess real-time and in-vivo doses

in patients during radiotherapy, as demonstrated by using Al2O3:C detectors [35, 71, 72].

That is possible due to the high-sensitivity of the detectors, which can be manufactured as

small as required for the application. Although the potentiality of the OSL in radiotherapy

is clearly demonstrated, Al2O3:C is not a tissue-equivalent material.

As already mentioned, there are only two commercially available OSL dosimeters

currently, namely, Al2O3:C- and BeO- based detectors. It is the difficulty in developing

efficient OSL phosphors which fulfill the dosimetry requirements that accounts for the

scarcity of alternative OSL dosimeters. Furthermore, neither Al2O3:C- nor BeO- based

detectors is sensitive to neutrons. This is perhaps the main drawback of OSL dosimetry in

the current stage.

In view of this, new OSL compounds based on a calcium borate, i.e., CaB6O10

(CBO, hereinafter) doped with lanthanides (Gd3+, Tb3+ or Ce3+) and silver (Ag+) were
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developed. This host has a relatively low effective atomic number (Zeff=11.5), which is

similar to that of Al2O3:C (Zeff=11.3). Furthermore the similarity of the radius of the

seven-coordinated Ca2+ ions in CBO compared to that of trivalent lanthanides suggests

a possible introduction in the matrix by substitution. Borates usually present intrinsic

defects in their structure, e.g. oxygen vacancies and the called boron-oxygen-hole-centers

(BOHC), which is a defect created by an oxygen that bridges one BO3 and one BO4 groups

or two BO4 groups []. As a result, these defects may create the required trapping centers for

the OSL processes. The use of Gd3+ and Ag+ as dopants here is justified by their intrinsic

UV emission, which matches the most sensitive region of the majority of PMTs. On the

other hand, the use of Tb3+ and Ce3+ as dopants is desirable since these lanthanides usually

act as hole trapping centers in different compounds. This can facilitate the understanding

of the trapping and recombination processes and therefore can be useful to optimize the

luminescent properties of the phosphor.

In addition to the potentialities of the dopants to be used, the relatively high amount

of boron contents in the host structure suggests the use in neutron dosimetry, since the 10B

isotope has a high cross section for neutrons [73], and therefore its use can enhance the neu-

tron sensitivity of the phosphor. Some research groups have proposed new detectors, e.g.

a combination of a neutron sensitive material with Al2O3:C detectors to overcome their

limitation of not being sensitive to neutrons. For instance, some reports suggested the use

of Al2O3:C mixed with boron and lithium-based materials to be used in a mixed field (neu-

tron and gamma-rays) [36,74]. In the first work, the authors proposed a material (Al2O3:C

+ LiCO3, Luxel-N) with a response equivalent to 60% of that of the standard thermolu-

minescent dosimeter TLD-600 [36]. More recently, a novel material (MgB4O7:Ce,Li)

with neutron sensitivity approximately 2.5 times higher than that of Luxel-N was sug-

gested [37]. However, more detailed studies, i.e., energy dependence, dose-response and

other studies need to be carried out for validation of these materials.

Thesis outline

In this work, CBO doped with lanthanides (Gd, Tb or Ce) and silver were developed and

characterized in view of OSL dosimetry applications. The thesis is composed of three

main chapters, and each chapter corresponds to a paper already published or to be pub-

lished (Paper I, Paper II and Paper III). Paper I reports the synthesis and optimization,
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as well as, luminescent and dosimetric characterizations of CBO:Gd,Ag compounds us-

ing X-rays. Paper II reports structural, luminescent and dosimetric characterizations of

CBO:Tb,Ag compounds using X-rays, gamma-rays and neutrons. In parallel, Paper III re-

ports the main features of the luminescent centers responsible for the OSL of CBO:Ln,Ag

(Ln=Gd,Ce,Tb) compounds, i.e., their wavelength emissions and luminescence lifetimes.
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Abstract

The luminescent properties of X-ray phosphors based on optically stimulated lumines-

cence (OSL) are quite fortuitous, since it demands the existence of both trapping and re-

combination (luminescent) centers. Nevertheless, lanthanide-doped materials have changed

this paradigm by two main reasons: lanthanide doping provides the development of high

efficient phosphors and allows for a relatively easy prediction of the energy-levels of the

trapping centers involved in OSL phenomena. In view of that, this work reveals some lu-

minescent and dosimetric properties of a phosphor never reported before, i.e., gadolinium

and silver doped CaB6O10 polycrystalline samples. The phosphor synthesis followed a

solid state reaction method and was optimized regarding the concentration of dopants for

a better OSL response. Comparing to non-doped samples, the OSL showed an enhance-

ment of ∼140x when doped with gadolinium and silver. The phosphor exhibited a high

UV emission under blue stimulation (475 nm), with a linear dose-response for the range

25
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analyzed (1 mGy up to 2 Gy) and a minimum detectable dose of ∼40 μGy. The material

exhibited a fading of ∼30% within the first 24 h after irradiation, which is attributed to

shallow traps created by Ag+ incorporation. Wavelength-resolved thermoluminescence

(TL) and OSL spectra revealed a sharp 317 nm emission, which is ascribed to 6𝑃𝐽 →

8𝑆7∕2 transition of Gd3+ centers, indicating that the Gd3+ has a crucial role in the lumines-

cence mechanisms. In addition, the OSL spectrum exhibited also a broad emission at 350

nm attributed to 3D𝐽 , 1D2 →
1S0 transitions of Ag+ centers. Insights on the luminescent

processes are given, including the role of Gd3+ and Ag+ centers in the trapping and re-

combination processes responsible for the TL and OSL. New mechanisms of luminescent

enhancement by silver incorporation are suggested.

Introduction

Estimating the energy deposited in matter by ionizing radiations is essential in several

contexts, i.e., irradiation facilities for diagnosis and cancer therapy, synchrotron radiation

facilities, nuclear reactors, food industry and even in radiation accidents. One of the tech-

niques for dose estimation is based on optically stimulated luminescence (OSL). The OSL

is the anti-Stokes emission by a previously irradiated material when optically stimulated.

It takes place with the participation of two different centers in semiconductor or insulator

materials: trapping and recombination centers. When given enough energy, the electrons

are promoted to the conduction band and holes are freed to move in the valence band.

Eventually these charge carriers can be captured in the trapping and the recombination

centers. If the material is heated, the charge carriers may escape from the trapping centers

and eventually recombine with the opposite charge carriers radiatively, i.e., in the recom-

bination centers. This emission of light is the well known thermoluminescence (TL). The

OSL occurs when the stimulation is by light, rather than heat. In a quantitative approach,

as needed in dosimetry, the luminescence of the material is collected during a controlled

stimulation, i.e, with a heating temperature ramp or with a continuous (or pulsed) light

stimulation. TL dosimetry is a well established technique, being part of the daily routine

of many irradiation facilities worldwide.

On the other hand, OSL dosimetry has received growing attention in the last years.

Depending on the detector used, OSL can be a hypersensitive technique with wide dose
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ranges, allowing applications in several types of dosimetry, i.e., personal, medical, retro-

spective and space dosimetry [1,2]. It is not destructive as TL, allowing repeated measure-

ments and re-evaluation of the results, versatile regarding the choice of excitation sources

and filters, which implies a higher efficiency in light detection, among other advantages

over TL. [3–5]. However there is a high demand for alternative materials for OSL dosime-

try. Currently, for X and gamma-rays there are only two commercially available materials,

namely carbon doped aluminum oxide (Al2O3:C) and beryllium oxide (BeO), which have

demonstrated prominence over other materials [6–8].

A potential phosphor to be used in dosimetry needs to fulfill a set of requirements,

i.e., high sensitivity, synthesis-reproducibility, readout-repeatability, linear dose-response

and dose storage after irradiation, to name a few. However, attending all these require-

ments is the main challenge for the establishment of an OSL dosimeter. In view of that, sev-

eral works have presented dosimetric investigations of novel phosphors, including boron-

based materials.

For the last ten years, lithium tetraborate (Li2B4O7) crystals have been the most ex-

plored boron-based material, since it is tissue equivalent (Z𝑒𝑓𝑓=7.3), possesses chemical

stability and it is the host matrix of a thermoluminescent dosimeter (TLD-800, Li2B4O7:Mn),

with well known luminescent and dosimetric properties. However, there are only prelim-

inary studies using the OSL of the manganese doped material [9, 10]. OSL studies of

Li2B4O7 with other dopants, such as copper only, copper codoped with silver and gadolin-

ium codoped with silver have been reported as well. However, these phosphors exhibited

either low sensitivity (non-distinguishable OSL from background instrument for a 15 mGy

dose) [11], a relatively high minimum detectable dose (10 mGy) [12] or dose-range lin-

earity limited to high doses (> 6 Gy), with OSL fading of 27% within the first 24 h [13].

Besides the lithium tetraborate, other borate type materials have been investigated.

Yukihara et al. presented OSL studies using polycrystalline samples of cerium and lithium

doped magnesium tetraborate (MgB4O7) for gamma-neutron dosimetry. The phosphor ex-

hibited an OSL sensitivity of ∼50% of Al2O3:C using Hoya U-340 filters, with no satura-

tion up to almost 1 kGy [14]. Using the same chemical compounds, Souza et al. reported

that the samples presented a good signal stability, exhibiting a negligible fading (<1%)

within 40 days after irradiation with beta particles [15]. In addition to samples in crys-

talline form, there are also preliminary studies using borate glasses, which have shown an
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increasing OSL with dose, with restriction to low doses (<100 mGy) or limited to high

doses (>250 Gy) [16,17]. Moreover, even different nanosized borates have been explored,

i.e., lithium and calcium tetraborates nanoparticles were investigated using OSL. Silver

doped lithium borate exhibited a linear dose-response (20 mGy - 50 Gy) with a strong

fading of ∼30% in the first 24 h after irradiation and terbium activated calcium borate

presented a similar fading pattern within the first 24 h storage time [18, 19].

The phosphor in which this report is based on is a new compound, i.e., gadolinium

and silver doped calcium hexaborate (CaB6O10 - CBO as an acronym hereinafter). To the

best of our knowledge, this host matrix has been poorly explored. It has a relatively low

effective atomic number (Zeff=11.5) and there are only two reports on the luminescence

of lanthanide doped CBO samples [20, 21] and two preliminary dosimetric studies, i.e.,

one using lead as dopant and another one with cerium and lithium doped [22, 23]. The

use of lanthanides as dopants is desirable since the new energy levels and the role of the

lanthanides on luminescent processes (specially TL and OSL) are easily predicted [24,25].

Furthermore, the combination of dopants (including lanthanides) may improve lumines-

cent response of some materials [26–28]. In these cases, the co-doping ion in the host

matrix acts in a energy-transfer process, enhancing the luminescent efficiency of the phos-

phor.

Several works have presented the use of transition-metal ions doped materials for

luminescence dosimetry applications, covering all types of dosimetry. Depending on the

host matrix used, they may act as activators in TL and OSL phenomena. More specifically,

using silver as dopant in tetraborate lithium single crystals, some reports have shown that

they are sensitive to X-rays and neutrons under light stimulation [29, 30]. In addition to

single crystals form, polycrystalline samples exhibited OSL after exposure to beta par-

ticles, with enhancement of the OSL and the TL by increasing silver molar concentra-

tions [31, 32]. Not restricting to lithium tetraborate host matrix, silicon dioxide doped

with silver was found to have an OSL response comparable to that of commercial Al2O3:C

(Landauer), suggesting the application in real-time in vivo OSL dosimetry [33].

In this work, we present some luminescent and dosimetric properties of Gd- Ag-

doped CBO polycrystalline samples. As far as we know, there is no reports showing a clear

role of the trivalent Gd in trapping processes following radiative recombination (OSL). In

addition, mechanisms of the OSL enhancement in lanthanide- doped compounds by ionic
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silver incorporation have not been proposed yet. Regarding structural and morphological

aspects, samples were characterized using powder X-ray diffraction (XRD) and scanning

electron microscopy (SEM). The dopant concentrations were optimized for a better effi-

ciency on OSL response. TL glow curves were obtained to give information about the

nature of the trapping centers involved and correlate to OSL results. Dose-response and

fading studies were carried out for the optimized phosphor. Diffuse reflectance spectra

were collected for verifying the presence of the surface plasmonic band the silver nanopar-

ticles, formed or not during syntheses. Radioluminescence (RL or XEOL - X-ray Excited

Optical Luminescence) and wavelength-resolved TL/OSL were acquired for enlightening

about the luminescent centers that take part in TL and OSL processes. Insights on TL

and OSL mechanisms are given, including possible structural defects responsible for the

trapping processes. In addition, recombination mechanisms in which Gd3+ takes part are

proposed, which can push forward in the understanding of the trapping mechanisms in-

volving the trivalent Gd in other compounds. Lastly, a new mechanism of luminescent

enhancement by silver incorporation involving trapping and recombination processes is

suggested.

Materials and Methods

Materials syntheses

The syntheses of non-doped and doped CBO polycrystalline samples followed the solid

state reaction method. For the preparation of non-doped calcium hexaborate samples,

the precursors used, i.e., calcium carbonate (1.09 g of CaCO3, ACS, 99.0% min, Sigma-

Aldrich, Japan) and boric acid (3.71 g of H3BO3, BioReagent, 99.5% min, Sigma-Aldrich,

USA) were mixed in an agate mortar and pestle. After mixing, the mixture of the reagents

was placed in an alumina crucible and annealed in air, in a muffle furnace (EDG model

EDG10P-S) following the pattern: temperature ramp (3 ◦Cmin−1 rate) from room temper-

ature up to 400 ◦C, followed by a plateau over 1 h; the plateau at 400 ◦C follows another

temperature ramp up to 800 ◦C, ending with another plateau over 3 h. The thermal treat-

ment of the precursors was expected to produce the following reaction:

CaCO3(s) + 6H3BO3(s) → CaB6O10(s) + 9H2O + CO2(g).

Afterwards, the mixture was cooled down naturally inside the furnace and crushed with
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agate mortar and pestle.

For the syntheses of doped samples, solutions of gadolinium nitrate hexahydrate

(99.9% min, Sigma-Aldrich, USA) and silver nitrate (99.8% min, Cennabras, Brazil) were

prepared. The precursors were mixed with Milli-Q water, producing solutions of 0.04

and 0.002 M for gadolinium and silver, respectively. For doping the calcium hexaborate,

different amounts of the solutions prepared (gadolinium nitrate: from 0 to 3% and/or silver

nitrate: from 0 to 0.5% molar concentrations) were added to the initial mixture in a glass

beaker and placed in a magnetic stirrer hot plate (∼150 ◦C) with a stir bar. The mixture was

allowed to heat and agitate until the solute evaporates completely (≥ 20 min). Then, the

resultant powder followed the same annealing, cooling and crushing processes described

for the non-doped samples preparation.

Instrumentation - characterization techniques

Both non-doped and doped samples were investigated regarding crystalline structure, dosi-

metric response and luminescent properties. To verify the crystalline phases of the synthe-

sized powder samples, powder X-ray diffraction (XRD) measurements were carried out.

In view of that, an XRD system (model D2 PHASER, Bruker-AXS) with Cu K-𝛼 radiation

(X-ray tube operated at 30 kV and 10 mA) and scanning with a 0.02° step size was used.

The X-ray diffractograms were matched to powder pattern calculation performed with

PowderCell software (version 2.4) [34]. For that, crystallographic data for CBO were ex-

tracted from the original paper [35]. Furthermore, morphologic studies were performed

with a Scanning Electron Microscope (SEM, model EVO 50, Carl Zeiss) with a 20 kV

accelerating voltage and using the secondary electrons detector under high vacuum. Be-

fore scanning, samples were prepared by coating sputtering with gold during 120 s with a

Cressington 108 sputter coater.

Diffuse reflection spectra were acquired using a 500 W Hg-Xe light source (model

6295ns, Newport) with an optical fiber spectrometer (model USB4000, Ocean Optics) in

a 150 mm diameter integrating sphere with barium sulfate coating. For the dosimetric

characterization, continuous wave OSL measurements were performed. The home-made

system used consists of a photomultipler (model 9250B04, Thorn-EMI electron tube) cou-

pled to two UV band-pass filters (model U-340, 3 mm - Hoya) and two blue LEDs (475

nm) for stimulation of the samples. The signal from the photomultiplier is digitized by
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a photon counting unit (model C3866, Hamamatsu) and transmitted to a data acquisition

board. All OSL measurements were performed using a 200 ms sampling time. Due to

the phenomenological similarities between OSL and TL and to gain complementary in-

formations, TL measurements were carried out. The glow curves were acquired with a TL

reader (model 3500, Harshaw) using a 3 ◦C s−1 heating rate and in the presence of nitrogen

gas flow.

The luminescent properties of the samples were explored by analyses of radiolu-

minescence, OSL emission and TL emission spectra. Both RL and TL spectra acquisitions

were obtained using a low-cost TL-RL spectrometer. This system contains a compact X-

ray tube (operated at 50 kV and 0.2 mA) for RL measurements, delivering a dose rate of ∼

5.5 Gymin−1 and a heating system for the TL spectra measurements. Light from the sam-

ples is collected by an optical fiber spectrometer (model USB2000, Ocean Optics), which

presents a maximum responsivity at 500 nm and 10% of response at 300 and 730 nm.

For further details the reader is referred to the TL-RL spectrometer report [36]. For the

wavelength-resolved OSL acquisition, the same setup was used, but replacing the X-ray

tube for an LED (475 nm) for stimulation. In addition, a UV band-pass filter was coupled

to the optical fiber, allowing detection only between 280 and 390 nm. For all OSL and TL

measurements, powder samples of 50 mg were previously placed in capsules, irradiated

and immediately stored in black plastic bags for avoiding exposure to environmental light.

For all measurements, powder samples of 10 mg uniformly dispersed on rounded metal

cups were used, with exception for XRD analyses.

All irradiation of the samples were performed using two X-ray sources. The first

one, a compact X-ray tube (model Magnum, Moxtek) with tungsten target operated at 50

kV and 0.2 mA was used for studies of dependence of OSL response on gadolinium/silver

molar concentrations, comparison of OSL response for several samples, OSL fading and

TL glow curves. The second one, an Isovolt Titan source (model E-160M-2 GE with a

0.8 mm beryllium window and a 2 mm aluminum filter) maximum energy and current

of 160 kV and 10 mA, respectively, was used for studies of dose response (OSL) and

TL/OSL spectra. For dose-response measurements, the electric current of the X-ray source

(1 - 10 mA) and distance source-samples (0.3 - 1.5 m) were adjusted for allowing the

measurements in the specified dose range. Furthermore, for assuring the desired doses, an

ionizing chamber (34069 SFD mammo chamber, 6 cm3 sensitive volume, PTW) was used
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for measuring the air kerma before irradiation of the samples. From now on the reader

should interpret “dose” as air kerma unless otherwise specified.

Results

Structural and morphological analyses

Both non-doped and doped synthesized samples were expected to possess the crystallo-

graphic phase of the calcium hexaborate, as originally reported by Chen et al. [35]. To

verify that, the powder samples were analyzed by XRD and matched to a powder pattern

calculation based on data of the reference crystallographic phase (space group, lattice pa-

rameters and atomic coordinates). Figure 1 shows the results for the non-doped and CBO

doped samples with different molar concentrations of gadolinium and silver. By com-

parison with reference data, the synthesized samples confirmed the expected phase and

matches with XRD exhibited on the original paper [35]. Furthermore, the diffractograms

from non-doped and doped samples are in good agreement, suggesting that gadolinium

and silver contents did not change the crystallographic phase and thus they were success-

fully incorporated in the CBO lattice structure.

In addition, scanning electron microscopy images were obtained for the gadolin-

ium and silver doped samples. The samples were previously submitted to a gold sputter

coating for enhancing the signal to noise ratio. Since samples were not sieved after the

crushing process, they did not exhibit regular grain sizes, ranging from ∼1 up to 150 μm,

as depicted in Figure 2. Besides, the crystallites showed to be highly agglomerated, as

seen in Figure 2b. SEM images for higher magnifications were obtained for verifying

the presence of silver nanoparticles, possibly formed during annealing processes. Even

analyzed with different samples, the presence of Ag nanoparticles was not detected.

Enhancing the luminescent response

The sample of CBO doped with gadolinium showed to be sensitive to light, when previ-

ously irradiated with X-rays. To find the most efficient molar concentration of gadolinium

on OSL response, six different amounts of gadolinium nitrate (between 0 and 3% mo-

lar concentrations) were chosen and syntheses were made according to the experimental

protocol already described. As can be seen in Figure 3a (data points in black) the OSL
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emission increased ∼9x with 0.5% molar concentration of gadolinium nitrate with respect

to the non-doped sample. The 1.5% sample did not exhibit a significant OSL enhancement

but reached the maximum with 2.0% molar concentration. For the most concentrated sam-

ple (3%), OSL emission decreased almost 40% compared to the most efficient sample. This

effect is expected since the probability of energy migration to quenching sites increases as

the average distance between Gd ions is reduced [37].

Furthermore, for enhancing the OSL from CBO:Gd2%, new phosphors codoped

with silver were produced. Samples were synthesized using five different molar concen-

trations of silver nitrate (between 0 and 0.5%) and OSL measurements were carried out. As

depicted in Figure 3a (data points in red), the 0.05% sample increased the OSL lumines-

cence by 3x with respect to the sample with gadolinium only. Doubling the concentration,

no enhancement was noticed, but achieved a better response with the 0.2% molar concen-

tration sample. Moreover, when a 0.5% molar concentration was used, the OSL response

decreased by 50% compared to the most efficient sample. Therefore, the CBO doped with

Figure 1: X-ray diffractograms from non-doped CBO and doped with gadolinium and silver sam-
ples. The diffractograms from the samples were matched to a powder pattern calculation of the
CBO (Reference data on graph).
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2% of (nitrate) gadolinium and 0.2% of (nitrate) silver was found to be the most promising

material to be investigated.

Figure 3b shows the comparison of the OSL decay curves for different molar

concentrations of gadolinium and silver. The non-doped sample showed a weak OSL sig-

nal. However when doped with gadolinium, the initial OSL intensity enhanced by 27x.

(a)

(b)

Figure 2: SEM images of CBO:Gd2%, Ag0.2% polycrystalline samples obtained with 300 X (a) and
10,000 X (b) magnifications.
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(a)

(b)

Figure 3: (a) Dependence of molar concentration of gadolinium and silver nitrates on the OSL
emission (total emission during 60 s). Data points must be related to the coordinates with the
respective color. Each point with bars represents the average and standard deviation for three OSL
measurements. (b) Comparison of OSL for different combination of dopants. The OSL curves are
shown in a semi-log plot for a better comparison of the relative decaying curves. The inset shows
the normalized by initial OSL intensity curves for the first 20 s. Dose delivered = 200 mGy.
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In addition, the sample co-doped with silver (0.2% molar concentration) increased the

OSL intensity even more, exhibiting an enhancement of 5x compared to the sample with

gadolinium only. Furthermore, the sample doped only with silver presented an OSL much

less intense than sample with gadolinium only, which suggests that the silver may take

part in a sensitization process, transferring energy to gadolinum. Thus, the silver acts as a

booster in the luminescence response of the material. The inset shows the normalized OSL

curves for the first 20 s. Clearly, the Ag-doped sample exhibited the presence of an initial

increasing signal followed by the OSL decay, as well as, a delay in the detrapping process

compared to gadolinium co-doped samples. These features suggest the presence of shal-

low traps, as mentioned by Yukihara and McKeever [2], and hence the silver incorporation

is responsible for the creation of shallow traps in the CBO host matrix.

In addition, the synthesis of the most sensitive phosphor demonstrated to be repro-

ducible regarding the OSL response. Using samples from three different syntheses and

nine aliquots (three per different synthesis) with a 100 mGy dose, the relative standard

deviation was 4.3% using the initial OSL intensity and 6.6% using the total OSL over 90

s (results not shown here).

To verify the influence of the dopants on the thermoluminescence and to compare

with OSL results, TL glow curves of the samples were obtained. As we can see in Figure 4,

the silver codoped samples exhibited the most intense peaks, with distinction for the 0.2%

silver sample. This effect on the TL enhancement is in agreement with the OSL results.

Comparing the 0.2% silver codoped with the non-doped sample, the main peak (∼ 300
◦C) was ∼7x more intense. The other samples, i.e., non-doped, silver only and gadolinium

only doped samples showed a much less sensitivity compared to the silver codoped ones.

Furthermore, the gadolinium doped sample did not present the same sensitivity pattern as

that of OSL, i.e., more sensitive than non-doped and Ag doped CBO samples. This feature

will be explained in the discussion section.

In addition to the relative TL intensity aspects, the samples exhibited significant

differences in the shape of glow curves. The non-doped sample exhibited a very broad

peak ranging from 60 up to 420 ◦C, with maximum intensity at 280 ◦C and a small shoul-

der at 140 ◦C. These two peaks are in agreement with the results of non-doped samples

presented in a previous work on characterization of CBO: Ce, LiCl, considering the dif-

ferences in the heating rates used [23]. In addition, the sample doped only with silver



II - Paper I 37

Figure 4: Comparison of the glow-curves for different combination of dopants. The curves were
corrected by the response of non-irradiated samples. The inset depicts the curves in a larger scale
for better discrimination. Three measurements were carried out for each sample. Heating rate used:
3 ◦C s−1. Dose delivered: 500 mGy.

presented a more complex set of peaks, i.e., one at 140 ◦C and a partially overlapped

double peak centered at 260 and 330 ◦C. Although not discriminated, all silver doped

samples exhibited the presence of shallow traps indicated by the emission starting at ∼

60 ◦C. These results agree with the OSL results for the Ag-doped CBO sample. More-

over, the sample doped with gadolinium only presented a secondary peak at 160 ◦C and

a main peak at around 300 ◦C. The main peak is shifted only by 10 ◦C compared to the

main peak of cerium doped CBO [23], which suggests that the main peak is associated

with defects in the CBO structure. As indicated by the emission at temperatures above

400 ◦C, the gadolinium doped sample exhibited an atypical background, which may be

related to a non-optimized annealing. Besides the component generated by shallow traps,

the samples co-doped with silver exhibited the same peaks of the sample with gadolinium

only but with higher relative intensities, which suggests that silver incorporation did not

change the depth of traps responsible for the TL glow curves.
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Dosimetric properties

Using the material that showed to be the most sensitive among the synthesized samples,

dose-response studies were carried out. Samples were irradiated with doses ranging from

1 to 2000 mGy according to the protocol: two samples irradiated following an immediate

OSL readout each time until all samples were irradiated and analyzed. As can be seen in

Figure 5a, the dose-response is seen to be linear in the dose range analyzed, as indicated

by the fitting parameters and also the slope is seen to be in good agreement to what is

expected for a log-log plot, i.e., slope equal to 1. Moreover, the minimum detectable dose

was determined using the background (BG) from three non-irradiated samples and the

sensitivity (S) of the material for the OSL reader used (MDD = 3𝜎/S, where 𝜎 represents

the standard deviation from BG and S represents the OSL response divided by the dose).

The minimum detectable doses evaluated were ∼40.0 μGy using the initial OSL intensity

and ∼67.9 μGy using the total OSL (for 30 s integration). Measurements using higher

doses could not be performed due to the saturation limit of the photomultiplier response,

which was verified by the initial OSL intensity of the samples irradiated with high doses.

As part of the dosimetric characterization, the ability of storing the luminescent

response after irradiation was quantified. For that, the measurements were performed in

two stages, in a short period, i.e., within 48 h after irradiation and another one in a longer

period, i.e., up to 9 days after irradiation. To take into account the high number of irra-

diations and OSL measurements to be performed, the short and long fadings were carried

out separately and data were joined for analysis. For both studies, the irradiations were

carried out so that the OSL measurements could be performed sequentially, increasing the

time after irradiation. Figure 5b depicts the results obtained and as can be seen from the

curve fitting in red, the material exhibited a decrease of ∼30% of total OSL during the first

24 h after irradiation with stabilization of the signal up to 9 days after irradiation. This

reduction of the OSL signal can be attributed to the presence of shallow trapping centers,

which were indicated by the emission starting at ∼60 ◦C of the glow curves. These results

match with dosimetric studies of gadolinium and silver doped Li2B4O7 polycrystalline

powder. In this report, the material exhibited a fading of nearly 27% during the first 24 h

and was assigned to trap centers associated with a TL peak at ∼ 80 ◦C [13]. The strong

agreement of these results may be attributed to the similarity of the materials, which are

both gadolinium and silver doped borates.
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(a)

(b)

Figure 5: (a) Dose response using samples of CBO:Gd2%, Ag0.2%. Each point with bars repre-
sents the average of the initial OSL intensity and standard deviation for three measurements. (b)
OSL fading for the CBO:Gd2%, Ag0.2%. Each point with bars represents the average and standard
deviation for three measurements of total OSL over 90 s. Dose delivered = 100 mGy.
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Luminescent properties

The synthesized phosphors were investigated regarding the nature of the luminescence

and the role of the dopants on the enhancement of the dosimetric response. Firstly, diffuse

reflection spectra of the samples were obtained. As shown in Figure 6, the presence of

silver gave rise to a broad absorption band starting at ∼ 400 nm, with maximum at 470

nm and decreasing at higher wavelengths. On the other hand, the presence of gadolinium

did not show any significant changes in the absorption spectra. As reported by studies

with silver doped strontium borate crystalline samples, non-luminescent 𝐴𝑔0 centers are

responsible for an absorption band at 430 nm, which is indicated by the yellow colour of

the samples [38]. The short mismatch between the absorption bands may be assigned to the

different host matrixes used. Nevertheless, it is well known that silver nanoparticles exhibit

a surface plasmon absorption band at ∼410 nm, with variation depending on nanoparticles

size. As a result, a luminescence enhancement of radiative centers may take place [39–

41]. In spite of these two possible origins of the absorption band, the presence of silver

nanoparticles was not detected, as already reported. Therefore we attribute the blue optical

absorption to non-luminescent 𝐴𝑔0 centers formed during syntheses. Using the Tauc plot,

Figure 6: Diffuse reflectance spectra of the samples. The inset shows the tauc plot for the CBO.
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the band-gap for the CBO was estimated as 3.56 eV, as depicted in the inset of the figure.

Furthermore, to investigate about the nature of the luminescent centers formed,

radioluminescence emission spectra of the samples were acquired. As shown in Figure 7,

the non-doped sample is dominated by a broad emission between 260 and 630 nm centered

at 390 nm. The addition of silver to the host material did not show significant changes,

with exception of a smooth decreasing on the emission intensity. However, for the sample

Figure 7: Influence of the dopants on the radioluminescence emission of the samples. Each spec-
trum represents the average of three spectra. The spectra were not corrected by the responsivity of
the system.
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doped with gadolinium only, the radioluminescence exhibited a sharp emission at ∼317

nm, which can be ascribed to the transition 6P𝐽 → 8S7∕2 of Gd3+ [42], besides a signifi-

cant reduction of the overall spectrum intensity. Moreover, with the addition of silver to

gadolinium doped samples, there was a slight increase on the broad emission, besides the

enhancement of ∼75% on the sharp emission (0.2% silver sample).

In addition to the RL measurements, OSL spectra of the samples were acquired.

As depicted in Figure 8, the gadolinium doped sample exhibited its UV characteristic

emission only (∼ 317 nm), whereas the silver doped sample presented a broad and weak

emission between 290 and 380 nm. Furthermore, the silver codoped samples exhibited

an intense broad band centered at 350 nm, which clearly shows an efficient interaction

between gadolinium and silver contents. We attribute this broad emission to 3D𝐽 , 1D2 →

1S0 transitions of Ag+ ions [43]. It is important to point out that the Ag+ centers were only

efficiently activated in the presence of Gd3+ centers. In terms of the relative intensities, all

the OSL spectra are in agreement with the OSL decay curves, including the OSL for the

non-doped sample.

Figure 8: Comparison of the OSL emission spectra of samples. The spectrum of the LED used
for excitation is shown as reference (475 nm). Dose delivered ∼250 Gy.
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Besides the RL and OSL spectra, a wavelength-resolved TL spectrum was obtained

for the CBO doped with gadolinium and silver. A high dose had to be deposited in the

sample for taking into account the low sensitivity of the detector used (CCD spectrometer).

As can be seen in Figure 9, the material exhibited a single emission primarily (∼ 317

nm), which is the same sharp emission verified by radioluminescence and OSL spectra.

However the intense emission at 350 nm presented in the OSL spectra was not detected.

Thus, that indicates that the emission due to the intrinsic gadolinium transition has an

important role in the thermoluminescence of the material. Furthermore, by fixing the

wavelength at the UV emission, one can see the reconstruction of a wavelength-fixed glow

curve, which presented a broad peak at 290 ◦C overlapped with another peak at lower

temperatures. Whereas the main peak confirms the results obtained by the glow curves,

the emission attributed to the shallow traps could not be detected. In addition, the second

Figure 9: Wavelength-resolved TL spectra for the CBO:Gd2%, Ag0.2% shown as a contour plot. The
upside graph represents a wavelength-fixed glow curve centered at 317 nm and the graph on right
part shows the overall emission at ∼300 ◦C. The spectra were not corrected by the responsivity of
the system. Heating rate: 3 ◦C/s. Dose delivered: ∼1 kGy.
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peak did not seem to be well defined and this may be due to the sensitivity limitation of

the system used. The emission above 400 ◦C is assigned to blackbody light emission from

the heating planchet.

Discussion

A model for the luminescent processes involving the phosphor proposed in this work must

take into account some aspects: several TL peaks between 60 and 400 ◦C; characteristic

emission of the Gd3+ as seen by RL and wavelength-resolved TL/OSL, including the 350

nm emission (OSL) of the silver co-doped samples; fast fading within the first 24 h and

the enhancement on the luminescent response by silver codoping. Considering the aspects

cited above, as well as the complexity of the TL and the OSL mechanisms and the limita-

tions of this work, we give some insights for the trapping and recombination mechanisms

involving the luminescence of the phosphors under study.

As reported by the XRD results, the dopants incorporation did not change the crys-

tallographic phase of the host matrix. Besides, the CBO presents a crystallographic struc-

ture with boron and oxygen ions mostly tied by strong covalent bonds, i.e., with BO3 and

BO4 groups and Ca2+ ions as the largest ions in the lattice [35]. The ionic radius for a

seven coordinated Ca2+ ion, as in the CBO structure, is around 1.06 Å, which is compa-

rable to ionic radii of Gd3+ and Ag+ ions, i.e., 1.00 and 1.22 Å, respectively for the same

coordination number [44]. Nevertheless the boron ions present in the host matrix have a

small ionic radius of 0.01 and 0.11 Å, for three and four coordination numbers, respec-

tively [44]. Therefore, we suggest the Gd3+ and Ag+ substitute for different Ca2+ sites,

with some distortion in the lattice for the case of the silver incorporation. In addition, we

speculate that the valence state mismatch between Gd3+ and Ca2+ ions can be partially

compensated by the substitution of Ag+ in other Ca2+ sites.

For allowing the trapping of electrons and holes freed through irradiation, we con-

sider some types of defects that may be present in the crystal. Whereas trivalent Nd,

Sm, Eu, Dy, Ho, Er, Tm usually act as electron trapping centers in wide band gap com-

pounds and trivalent Ce, Pr, Tb, as hole trapping centers [45,46], there is a lack of reports

showing the role of the trivalent Gd in trapping processes. Guo et al. reported that Gd3+

act as electron-trapping centers in the persistent luminescence of the Ca6BaP4O17:Eu2+,
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Gd3+ [47]. Regarding electron or hole trapping processes, no other reports have been

found for trivalent Gd3+ centers.

It turns out that according to Dorenbos’ models for the energy levels of divalent

and trivalent lanthanides in wide band-gap materials, the shape of the zigzag curves do not

change significantly for different hosts [48–50]. In addition, the energy levels for Gd3+ and

Gd2+ exhibit the lowest and the highest defect levels, respectively, among the lanthanides.

To the best of our knowledge, for the most of inorganic compounds these defect levels

lie on the valence and conduction bands, which means that they are not stable as charge

carrrier traps. However, since the defect level of the lanthanides are highly dependent on

the host compounds, we consider the possibility of Gd2+ in CBO to present a defect energy

level right below the conduction band, i.e., Gd3+ acting as an electron trapping center.

A typical defect found in boron-based materials is the generated by oxygen vacan-

cies (V𝑜). These defects act as electron trapping centers and there are several works re-

porting the presence of these defects in borates, including Li2B4O7 and MgB4O7 [51–53].

Furthermore, another electron trapping center that may be present in the CBO lattice is

that created by interstitial Ag+
𝐼 ions. These defects under irradiation at room temperature

capture electrons forming Ag0
𝐼 , as indicated by electron paramagnetic resonance studies on

Ag-doped Li2B4O7 crystals [29,54]. Therefore, it is expected for the CBO to present these

different electron trapping centers, since its chemical composition and structural features

are similar to those of the reported compounds. The Equation 1 sums up some possible

electron trapping processes that may take place following irradiation.

𝐺𝑑3+ + 𝑒− → 𝐺𝑑2+

𝐴𝑔+𝐼 + 𝑒− → 𝐴𝑔0𝐼
𝑉𝑜 + 𝑒− → 𝑉 −

𝑜

⎫⎪⎪⎬⎪⎪⎭
(electron trapping) (1)

Besides the electron trapping centers, we suggest two different hole trapping cen-

ters that may be present in the CBO lattice. The presence of these defects is supported

by the similarities between CBO and 𝐿𝑖2𝐵4𝑂7 host compounds. One is that originated by

substitution of Ag+ for Ca2+ ions. By replacing 𝐿𝑖+ ions, Ag+ ions can act as hole trapping

centers as presented by some reports on Ag-doped Li2B4O7 [29,54]. In addition, since the

host compound is characterized by BO3 and BO4 groups, another hole trapping center is
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likely to be generated. This center known as boron-oxygen hole center (BOHC) is created

by the oxygen ligand that bridges a BO3 and a BO4 or two BO4 groups [10,55–58]. Hence,

we suggest that substitutional Ag+
𝑆 and BOHC centers are responsible for the creation of

two different hole trapping centers, which take part in the latency period between the ir-

radiation and the excitation (heat or light) of the material. These hole trapping processes

are represented in Equation 2.

𝐴𝑔+𝑆 + ℎ+ → 𝐴𝑔2+𝑆
𝐵𝑂𝐻𝐶 + ℎ+ → 𝐵𝑂𝐻𝐶+

⎫⎪⎬⎪⎭ (hole trapping) (2)

As indicated by the glow curves, the Ag- doped material exhibited the presence of

shallow traps. In addition, the initial OSL increasing of the Ag-doped CBO samples sug-

gested that silver incorporation promoted the creation of shallow traps. These results are

confirmed by the fading results. As already mentioned, the same fading pattern, i.e., the

reduction of ∼ 30% in the OSL intensity within the first 24 h and the presence of shallow

traps were reported by studies with Gd- and Ag- doped Li2B4O7 samples [13]. Therefore,

the shallow traps can be associated with substitutional Ag+
𝑆 hole trapping centers or inter-

stitial Ag+ electron trapping centers. Regarding BOHC trapping centers, we suggest that

they can be responsible for the generation of the second and third peaks of the glow-curves.

However we do not exclude the possibility of charge retrapping.

For modelling possible mechanisms for the radiative recombinations in the OSL

and TL processes, we consider the presence of two different luminescent centers. As

shown by the wavelength resolved TL and OSL spectra, the material exhibited an emis-

sion at 317 nm which is assigned to an intrinsic transition of Gd3+ centers. Furthermore,

the broad emission at 350 nm in the OSL of the Ag- codoped samples is attributed to

Ag+ ions. Therefore we consider that Ag+ luminescent centers take part only in the OSL,

whereas Gd3+ luminescent centers play a role in both TL and OSL processes. Considering

that trivalent Gd does not have a clear role in trapping processes, we suggest two differ-

ent possibilities for the radiative processes to occur: one with Gd3+ acting as an electron

trapping-recombination center and another one without taking part in the trapping process,

just acting as a luminescent center.

In the first case, the trapped-electron Gd3+ center (Gd2+) captures a hole, leading
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to the radiative recombination, as represented by Equation 3. We suggest that this pro-

cess can be responsible for the sharp emission (317 nm) of the OSL. For the second case,

another electron trapping center should take part in an intermediate process, where inter-

stitial Ag+ or oxygen vacancies V𝑜 centers may take place. As a result, a non-radiative

recombination process occurs, as represented by Equation 4, following the excitation of

the Gd3+ center by an energy-transfer process, represented by Equation 5. We suggest that

the energy-transfer process between activated Ag+ and Gd3+ can be the cause of the TL

response of the material. This explains the similar TL sensitivity of the gadolinium doped

sample compared to that of the non-doped sample, since the silver substantially enhanced

the TL emission of the material. Moreover, it is known that Ag+ and Gd3+ satisfy the

resonance conditions for energy-transfer, making 𝑃𝐽 → 8𝑆7∕2 transition possible [43, 59].

For simplicity, we do not consider that oxygen vacancies take place in the trapping pro-

cesses leading to the radiative recombination. However, these defects may compete with

the other electron trapping centers reported.

ℎ+ + 𝐺𝑑2+ → (𝐺𝑑3+)∗ → 𝐺𝑑3+ + ℎ𝜈 (radiative recomb.) (3)

ℎ+ + 𝐴𝑔0𝐼 → (𝐴𝑔+𝐼 )
∗

ℎ+ + 𝑉 −
𝑜 → (𝑉𝑜)∗

⎫⎪⎬⎪⎭ (non-radiative recomb.) (4)

(𝐴𝑔+𝐼 )
∗ → (𝐺𝑑3+)∗ → 𝐺𝑑3+ + ℎ𝜈 (radiative energy-transfer) (5)

For the broad emission centered at 350 nm in the OSL of the material, another

mechanism is proposed. By the OSL spectra of samples, we can see that the Ag- doped

sample exhibited a weak emission. However, when codoped with gadolinium a broad

emission ascribed to Ag+ centers appeared, besides the intrinsic emission of Gd3+ centers.

Therefore, we suggest that a coupling between Gd3+ and Ag+ centers takes place, which

makes the Ag+ emission possible. This is represented by Equation 6.

(𝐺𝑑3+)∗ → (𝐴𝑔+𝐼 )
∗ → 𝐴𝑔+ + ℎ𝜈 (radiative coupling) (6)

It is noteworthy that there are three different mechanisms for luminescent en-

hancement by silver incorporation reported so far: the first one is that generated by the
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(a)

(b)

Figure 10: Diagram representation of possible TL (a) and OSL (b) mechanisms for CBO:Gd3+,
Ag+ samples. (1) represents the trapping of charges; (2) represents the optical or heat stimulation;
(3) represents the recombination processes and (4) represents an energy-transfer to a luminescent
center (in the TL) or a radiative coupling (in the OSL). E𝑓 stands for fermi level. Black and white
circles represent electrons and holes, respectively.

surface plasmon resonance of the silver nanoparticles [39, 40], including OSL enhance-

ment [60,61], a second one is that generated by an energy-transfer from Ag+ centers in con-

ventional down-conversion photoluminescence (high-energy photon absorption following

a lower-energy photon emission) [43,59] and the third one is that caused by molecule-like

non plasmonic silver particles [41]. The mechanisms suggested here are the first ones in-

volving ionic silver contents on the enhancement of an anti-Stokes emission, more specif-

ically TL and OSL.

Therefore, to summarize the TL and OSL processes that take place, when the ma-

terial is irradiated with sufficient energy, electron-hole pairs are formed. Eventually, the

electrons can be trapped at Gd3+, interstitial 𝐴𝑔+𝐼 centers or both. Similarly, the freed holes

can be trapped at substitutional 𝐴𝑔+𝑆 and BOHC centers. After stimulation with heat or
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light, the trapped holes can return to the valence band and eventually recombine with the

electrons trapped at the recombination centers, following a direct or an indirect emission

of light. Figure 10 sums up all trapping, detrapping and recombination mechanisms that

may take place in the material investigated.

We consider that additional spectroscopic analyses are necessary to lead us to a

more complete model, including the determination of the depth of traps, attribution of the

traps responsible for the second and third peaks of the glow-curves and if charge retrap-

ping takes place. Furthermore, other analyses are necessary for validating the proposed

mechanisms for the TL and OSL emissions.

Conclusions

The silver incorporation appeared to have an important role in the enhancement of the OSL

and the TL of the phosphor, which suggests the possibility of enhancement by addition of

the transition metal in other compounds. The material presented two different luminescent

centers, i.e., Gd3+ and Ag+ centers, where the former plays a central role in both TL and

OSL and the latter takes part only in the OSL processes. The wavelength resolved OSL

spectra indicate that the OSL enhancement takes place by means of a coupling between

Gd3+ and Ag+ centers. Furthermore, possible defects responsible for the charge trapping in

the latency period between irradiation and stimulation were proposed: substitutional Ag+
𝑆

centers and boron-oxygen- hole-center (BOHC), i.e, a defect created in an oxygen that

bridges a BO3 and a BO4 or two BO4 groups, both acting as hole-trapping centers. The

luminescence mechanisms suggest that Gd3+ centers act by two different means, i.e., as an

electron trap-recombination center and as a luminescent center only, activated through a

sensitization process from the excited recombination center, i.e., interstitial Ag+
𝐼 centers.

This second mechanism is suggested as the responsible for the enhancement of the TL

emission of the material. Both mechanisms for enhancement of the TL and the OSL are

the first reports involving the participation of ionic silver contents. The material proposed

in this work has shown very promising features, including ease to manufacture, synthesis

reproducibility, whole OSL response at the optimum window of the majority of the PMT

tubes and a good dose linearity response, with the possibility to surpass the limits of the

dose range analyzed. There is still potential for optimization and this material can be a
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useful phosphor in OSL dosimetry applications.
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Abstract

Space, radiotherapy, X-ray imaging/screening, nuclear reactors, large research facilities

(linear accelerators and synchrotron radiation facilities), nuclear accidents. All these ex-

amples are associated to the need of monitoring high-energy radiation. Herein, we report

the luminescent and dosimetric properties of a radiation detector based on CaB6O10: Tb3+,

Ag+ phosphors obtained through the solid-state reaction method. The operation principle

here is the optically stimulated luminescence (OSL), which is the luminescence of a pre-

vious irradiated material after optical stimulation. The phosphor, whose grains formed a

Swiss-cheese like structure, presented strong UV-OSL under blue stimulation (minimum

61
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detectable dose of 2.3 μGy), with dose linearity in the whole dose range analysed and no

signs of saturation (up to 20 Gy). The thermoluminescence (TL) of the phosphor fea-

tured mainly a peak at 275 °C, whose trapping center showed to be associated to the main

OSL component. Furthermore, TL and OSL processes exhibited different recombination

pathways, i.e., one that leads to TL (Tb3+ emission) and another one that leads to OSL

(Ag+-transferred energy emission). In addition, OSL was observed after neutron irradia-

tion, with neutron-gamma ratio 1.3 times superior than that of neutron-sensitive Luxel-N

detectors (Al2O3 mixed with 6Li2CO3). Also, the phosphor exhibited a fading of 10%

after 5.3 h and 32% after 10 days, reaching stability. Both OSL and TL showed to be re-

producible and repeatable, confirming the correlations between the luminescent processes

and validating the synthesis protocol used. Besides of reporting outstanding features of a

radiation detector with stimulation-dependent tunable emission, this work paves the way

for the development of new charge storage phosphors.

Introduction

High-energy radiation detection has revealed to be a ubiquitous necessity owing to ap-

plications, such as X-ray imaging, radiotherapy, medical, personal, space and acciden-

tal dosimetries and even food preservation [1–7]. Herein, the luminescence dosimetry,

i.e., the assessment of radiation dose by correlation with the luminescence intensity of

a phosphor, seizes the opportunity. Specifically the Optically Stimulated Luminescence

(OSL), also known as Photostimulated Luminescence, has emerged as a reliable and non-

destructive tool for dose evaluation [8, 9], which has also shown to be useful in anticoun-

terfeiting, optical data storage and bioimaging applications [10–15]. The OSL is the light

emission of a previous irradiated material when optically stimulated with wavelength-

specific light source. Here, the luminescence is usually of anti-stokes type, i.e., its wave-

length emission is shorter than excitation wavelength. It is the previous irradiation and the

forbidden energy levels within band-gap promoted by defects in the crystal structure that

allow for this anti-stokes emission.

Similar in nature to the well known persistent luminescence, the OSL requires

two types of defects in compounds, i.e., one that generates trapping centers and another

one that generates recombination (luminescence) centers, the latter being more energetic
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stable. In practice, the difference of OSL and persistent luminescence lies in the stim-

ulation source: whereas the ambient thermal energy releases the trapped charges in the

persistent luminescence, wavelength-specific light releases the trapped charges in OSL.

For both phenomena, thermoluminescence (TL) can be used to probe the energy depth of

the corresponding trapping center.

By exploiting the systematic energy levels of divalent and trivalent lanthanides

within the band-gap, predicted by Dorenbos [16–18], several inorganic compounds have

been engineered for charge-carrier storage dependent applications [19–21], including lu-

minescence dosimetry [22,23]. However, in the case of OSL dosimetry applications, most

of the new proposed phosphors have been obtained through a trial-and-error approach,

and they are either part of a preliminary study, lacking more in-depth considerations or

have presented one or more undesirable features. For instance, Mn2+-doped ZnGa2O4

phosphor showed full fading after two weeks, with no report of its dose-response [24]; β-

Na(Gd,Lu)F4:Tb3+ nanophosphors showed a dominating TL peak at 65 °C, which is very

unstable for dosimetric purposes [25]; Nanocrystalline BaLiF3:Sm3+ phosphors showed

a saturating exponential response for doses higher than 1 Gy [26]; Nanocubes of Cu-

doped LiF presented sensitivity adequate for high-doses (radiotherapeutic window), but

not suitable low-doses as needed in personal dosimetry [27]. Although there are many

other reports on the development of new OSL detectors showing other undesirable fea-

tures, to present a systematic review on these materials is out of scope of the present work.

To date, only two phosphors are commercially available for OSL dosimetry applications,

namely, Al2O3:C (Landauer) and BeO (Dosimetrics), which demonstrate the demand for

new phosphors with suitable properties.

In view of this, we have recently reported a borate-based compound, i.e., CaB6O10:

Gd3+, Ag+ (CaB6O10 = CBO hereinafter), which presented a resonant effect of Gd3+ and

Ag+ conjugated ions on boosting its OSL response under blue stimulation [28]. This phos-

phor exhibited high sensitivity to X-rays, with a minimum detectable dose of ∼40 μGy.

However, to the best of our knowledge, Gd3+ energy level is not predictable using the zig-

zag curves of the Dorenbos model, since the trivalent 4𝑓 ground state lies well below the

top of the valence band. That is undesirable since it hinders the trap depth design, and

therefore, the optimization potentialities of the phosphor. In addition, one of the advan-

tages of CBO compared to the gold-standard Al2O3:C is the high amount of boron contents
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in its structure, which would in principle improve its sensitivity to neutrons. However, the

OSL of that compound was not evaluated after neutron irradiation.

A trivalent lanthanide that has presented a systematic role as hole trapping center

in a variety of compounds is the Tb3+. That is due to the fact that Tb3+ ground state energy

level usually lies above the top of the valence band, which provides it the ability to work

as either a hole trapping center or a hole recombination center [29–31]. On the other

hand, Ag+ is known to act as either an electron trapping center or a hole trapping center,

depending on the type of the defect in the host (interstitial or substitutional) []. Considering

the introduction in CBO host, the similarities of the seven-coordinated ionic radii of both

Tb3+ and Ag+ (0.98 Å and 1.22 Å, respectively) compared to that of Ca2+ (1.06 Å) for

the same coordination number [32] suggest an aliovalent substitution in CBO. As a result,

Tb3+ introduction would lead to an inward crystal dislocation, whereas Ag+ substitution

would lead to an outward crystal dislocation. Although the interplanar distances in CBO

may accommodate interstitial Ag+, Tb3+ interstitial incorporation is not expected due to its

high charge. In addition to the extrinsic defects, the CBO host is likely to possess intrinsic

defects, as suggested by the TL and OSL of the compound with different single dopants,

such as Pb, Ce, Gd or Ag [28, 33, 34]. This is in line with typical defects in borates such

as oxygen vacancies [35, 36] and boron-oxygen-hole-center, i.e., a defect created by an

oxygen that bridges two borate groups (BO3 or BO4) [37, 38].

In this work we have reported structural, luminescent and dosimetric investigations

of the compound CaB6O10: Tb3+, Ag+ obtained through a facile and low-cost synthesis

method. This compound was recently reported in a systematic evaluation of OSL life-

times of lanthanides and silver codoped CBO [39]. Besides of the nature of luminescence

emission, i.e., lifetime and OSL emission spectrum, no other investigation was reported.

In addition, no clear explanation was given for the redshift of the OSL emission of the

Tb,Ag- codoped compound compared to that of Ag- doped compound. Neutron irradia-

tions were particularly performed to test the OSL sensitivity of the compound to neutrons,

which is one of the major drawbacks of OSL dosimeters based on Al2O3:C. This work re-

ports not only outstanding features of the phosphor, such as wide dose range with no signs

of saturation, minimum detectable dose of 2.3 μGy and sensitivity to neutrons, but also

paves the way for exploiting the luminescent properties and charge storage capabilities of

other lanthanide and silver codoped compounds.
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Results and Discussion

Analyses of both transmission electron microscopy (TEM) and scanning TEM (STEM)

images, as well as selected area electron difraction (SAED) and powder diffraction patterns

were carried out in order to evaluate the crystallinity and structural properties of CBO:

Tb3+, Ag+ phosphors. Figure 1a depicts an example of small-sized grains of CBO (∼75

nm grain size), which appear as composing a Swiss-cheese like structure and the holes

representing particles with regular arrangement in a low magnification. If the STEM mode

is considered, both annular dark field (ADF) and bright field (BF) images highlight the

contours of the grains (Figure S1, Supporting Information).

When a higher magnification is considered, as seen in the high-resolution TEM

(HRTEM) image (Figure 1b), the specimen exhibited a high ordered structure in all di-

rections, which makes evident the high cristallinity obtained through a facile synthesis

method. The white spots shown in the inset represent the Ca ions as illustrated in the

schematic of CBO phase (Figure 1c). Other regions of the specimen also presented regu-

larity in their structure, sometimes seen as crystallographic planes without atomic contrast

(Figure S2, Supporting Information). Identification of the other elements (boron and oxy-

gen) may be achieved by means of high-resolution STEM in ADF and BF modes, which

allows atomic discrimination via Z-dependent constrast. In ADF mode, high Z elements

are depicted as bright spots as shown in Figure 1d. These ∼2 nm size spots are likely to

be related to Ag nanoparticles hopping near crystal surface.

Figure 1e shows a typical SAED pattern of the especimen. The presence of dots

instead of rings in the SAED pattern of the sample suggest that the compound is comprised

mainly of single crystals. Some interplanar distances, whose miller indices are labelled in

the SAED pattern, are in a good agreement with expected values for the CBO. In addition,

the Rietveld refinement of powder diffration data (Figure 1f), represented by the difference

between experimental data and expected values, confirmed the pure monoclinic phase as

that of CBO (ICSD 161320) [42], with no clear influence of dopants.

The influence of dopants on the host was investigated by steady-state photolumi-

nescence emission (PL) and photoluminescence excitation (PLE) spectra (Figure 1g).

When excited at 240 nm, two main overlapped emission bands at 296 nm and 316 nm

take place, the former ascribed to 1𝐷2 →
1𝑆0 transitions of Ag+ ions and the latter related
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Figure 1: Structural and basic luminescent properties of CBO: Tb3+, Ag+. a) TEM image showing
a Swiss-cheese like structure of particles (25,000 x). b) HRTEM image of a particle as exemplified
in Fig. 1a (200,000 x). The zoomed in region in the inset shows the periodic arrangement as
expected for a crystal. c) Schematic of CBO structure. d) STEM image in ADF-mode showing the
presence of agglomerated nanoparticles on crystal surface (5,000,000 x). e) Example of a SAED
pattern of sample. f) Rietveld refinement of powder diffraction pattern against CBO single phase.
g) Steady-state PLE and PL spectra. h) RL under beta irradiation. The inset illustrates the excitation
and recombination pathways leading to the prompt emission during exposure to beta irradiation.

to a host-related transition. Other three emissions centered at 378 nm, 413 nm and 435

nm, which originate from 5𝐷3 →
7𝐹3−5 transitions of Tb3+ ions, are also present. Whereas

Ag+ emission and Tb3+ emissions were detected in Ag- single doped and Tb- single doped

compounds, respectively, the 316 nm emission was observed only in the Tb- doped com-

pound (Figure S3, Supporting Information). This suggests that that emission stems from

an interaction between the Tb3+ ions and the host. That is also suggested by an atypi-

cal excitation band at 278 nm of CBO: Tb3+ when probing the 316 nm emission (Figure

S3, Supporting Information). The typical Tb3+ emissions between 450 nm and 650 nm
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could not be observed since the window detection had to be set to avoid second harmonic

components, even though the characteristic excitation bands from the lower ground level
7𝐹6 of Tb3+ promoted its typical 541 nm emission (Figure S4, Supporting Information).

When the emission was set at 296 nm, an excitation band peaking towards <240 nm was

detected (Figure 1g). Although partially detected due to the lack of corrections for the

system responsivity in the region below 240 nm, that excitation band may be the same of

Ag+ ions in SrB4O7:Ag+, which ranged from 200 nm to 260 nm [43].

Under beta irradiation, CBO: Tb3+, Ag+ exhibited radioluminescence (RL), with

well defined emission lines due to 5𝐷4 → 7𝐹3−6 transitions of Tb3+ (Figure 1h). The

irradiation promotes the excitation of charges, which follows activation of luminescence

centers by charge trapping and then emission of light after charge recombination (refer to

the inset of Figure 1h). Hence, Tb3+ centers are potential candidates to act as recombi-

nation centers in the OSL and TL processes of CBO: Tb3+, Ag+ phosphors. The broad

emission band which covered the whole detection window used, i.e., from 300 nm to 720

nm, originated from the host [28] had a minor role. Therefore the host-related radiative

recombinations were not effective as those enabled by Tb- doping.

The OSL of CBO: Tb3+, Ag+ was evaluated using three different combinations of

stimulation wavelengths and detection windows, i.e., IR stimulation (850 nm) with detec-

tion in the visible (320 nm to 670 nm), IR stimulation with detection in the UV (260 nm to

390 nm) and blue stimulation (470 nm) with detection in the UV. Refer to Figure S5 (Sup-

porting Information) for a comparison of the detection windows used. As shown in Figure
2a, the compound showed a strong BSL with initial OSL intensity near the Risø cut-off

limit for the PMT (5x106 counts - units equivalent to the arbitrary units on y-axis). BSL

showed to be more efficient than IR stimulated luminescence (IRSL), which means that

IR does not provide resonant energy to stimulate the optically active UV-emitting centers.

Furthermore, IRSL was more efficient with detection in the visible than in the UV, possi-

bly with the visible-emitting Tb3+ luminescence centers taking part in the process (Figure

1h). The y-offset background in the first and last 10 s of the IRSL in the visible indicates

that the compound presented some persistent luminescence (spontaneous emission after

irradiation), even though not present in UV. This suggests that the compound possesses

some shallow trapping centers, which is confirmed by the TL curves further presented.

As recently reported, CBO: Tb3+, Ag+ phosphor presents a broad UV emission
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Figure 2: Typical OSL/TL curves and influence of blue stimulation on TL of CBO: Tb3+, Ag+. a)
OSL comparison at different stimulation and detection window combinations. b) BSL sensitivity
of CBO: Tb3+, Ag+ against that of a standard phosphor (Al2O3:C thin powder (grains size < 38
μm, Landauer Inc.). The inset highlights the comparison of the initial OSL intensities (dose =
37 mGy). c) Effect of increasing blue stimulation times on TL (heating rate = 5 °C s−1). The
inset depicts the TL curves normalized by the maximum TL intensity. d) TL comparison against
that of Al2O3:C (heating rate = 5 °C s−1; dose = 37 mGy). The signal from Al2O3:C sample was
reduced 10 x for better comparison. e) Blue-excited TL performed at increasing optical stimulation
times (no previous irradiation; heating rate = 5 °C s−1). The curve assigned as “BG” refers to the
background. Inset: TL area integrated from 50 °C to 400 °C.

from 270 nm to 400 nm peaking at 330 nm under 430 nm stimulation, with a lumines-

cence lifetime of 43 μs, owing to Ag+ luminescence centers [39]. That emission is an

excellent match for the Hoya U340 filter, since it presents maximum transmission at 330

nm (Figure S5, Supporting Information). Comparing the phosphor BSL with that of a

standard phosphor used in luminescence dosimetry, i.e., Al2O3:C, Figure 2b shows that

they presented comparable sensitivities, although the standard phosphor features a more

stable component. If blue stimulation is replaced with green stimulation and detection

window enlarged towards blue, OSL of CBO: Tb3+, Ag+ can be further optimized (en-

hancement of ∼1.4 times comparing the OSL area - Figure S6, Supporting Information).

It is worth mentioning that the Al2O3:C detectors can be found in different forms (disc

pellets, thin films and powder, for instance), but the used here for comparison (powder) is
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the most sensitive detector form and then allows for a more reliable comparison.

As shown in Figure 2c, TL of CBO: Tb3+, Ag+ is composed of a main broad peak

at 275 °C and minor components extending from 40 °C to 180 °C and peaks above 300 °C.

In addition, the TL main peak and the lower temperature peaks showed to be strongly af-

fected by blue light stimulation, although the higher temperature TL peaks showed harder

depletion, as represented by the shift of the TL higher peaks (inset). Also, the TL curves

normalized by the main TL peak intensity showed a relative increase of the lower tem-

perature TL peaks (inset). One may claim that that is likely due to a phototransfer from

deeper traps, but another possible cause is further presented. Conversely, it was observed

that IR stimulation did not present significant influence on TL main peak or higher temper-

ature peaks (Figure S7, Supporting Information), in compliance with the relatively weak

IRSL (Figure 2a). These results suggest that the optical cross section of both TL and OSL

recombination centers is relatively high for blue stimulation and relatively weak for IR

stimulation. Regarding the TL emission, all TL curves reported here was collected in the

visible window and the TL in the UV was at least 70 times less sensitive (Figure S8, Sup-

porting Information). Therefore, the OSL and TL of CBO: Tb3+, Ag+ phosphor present

different recombination pathways, one that leads to UV emission (BSL) and another one

that promotes the visible emission (TL). Blue stimulation may also lead to typical green

emission of Tb3+ but that can not be verified since the anti-stokes arrangement of the OSL

acquisition system restricts detection to higher energy photons.

Contrarily to OSL, the TL of the phosphor showed to be at least 50 times less

sensitive than that of Al2O3:C (Figure 2d). At least three may be the possible causes for

the discrepancy, i.e., OSL recombination more efficient than TL recombination, OSL en-

hancement by some intermediate process and thermal quenching. It was already pointed

out that the BSL of CBO: Tb3+, Ag+ stems from radiative recombination of UV-emitting

Ag+ centers and its TL as related to some visible emission not yet identified. Since they

correspond to different recombination pathways, there is no reason to assume that they

would present comparable efficiencies (ratio of radiative recombination processes and non-

radiative recombination processes). Furthermore, it is not clear if an intermediate process

such as energy transfer triggered by optical stimulation takes place, which would enhance

the OSL of the phosphor. At last, thermal quenching at temperatures corresponding to

the TL peaks can significantly compromise the TL sensitivity. Other analyses and fur-
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ther discussions will be provided to shed some light on this, even though the verification

of the first aforementioned cause is out of scope of this work. It is also noteworthy that

both reproducibility and repeatability tests for OSL/TL responses were performed: neither

significant variations on the sensitivity of grains (different aliquots used) nor systematic

changes under the same experimental conditions (same aliquot used) were observed (Fig-

ure S9, Supporting Information). Therefore, both OSL/TL shape and sensitivity features

can be considered as consistently intrinsic to the phosphor under investigation.

The TL of CBO: Tb3+, Ag+ was also measured after different optical stimulation

times without prior irradiation. In this experiment the TL was performed after blue stim-

ulation, cyclic repeated with increasing optical stimulation times. As depicted in Figure
2e, there is a clear increase in TL intensity with optical stimulation times, referred to here

as blue-excited TL. Whereas the TL peak at 95-125 °C saturated after 100 s of blue stim-

ulation, the TL peaks above 300 °C did not reach saturation. Considering the TL area

from 50 °C to 400 °C as function of the optical stimulation times (inset), there is a linear

dependence from 2 s to 100 s, which suggests that the trapping centers are increasingly

filled during optical stimulation and then released after thermal stimulation. Provided that

the band-gap energy of CBO is on the order of 7.8 eV by comparison to similar com-

pounds [44], the blue-excited TL can be originated from an exciton recombination, where

excitation here would require less energy than excitation across the band-gap. That may

account for the relative increase of the TL peaks between 50 °C and 250 °C in the blue-

stimulated sample after beta irradiation, as shown in Figure 2c. By exploiting blue exci-

tation, an optical dosimeter based on a SrAl2O4:Eu2+,Sm3+ phosphor has been recently

proposed, where optical dose, i.e., energy delivered by blue excitation, can be correlated

with its OSL [45].

In order to verify if there is a correlation of OSL trapping centers with TL trapping

centers of the phosphor under investigation, thermal stability of the BSL of CBO: Tb3+,

Ag+ was analysed. This experiment was carried out by repeating pre-annealed OSL over

increasing annealing temperatures from 50 °C to 400 °C in 10 °C steps (step-annealing).

Figure 3a shows a comparison of the step-annealed OSL against a typical TL curve of the

phosphor. As can be seen, the OSL decrease rate followed the TL increase with tempera-

ture and the match of the inflection points of both curves suggests that the main trapping

center of CBO is associated to both BSL and TL main components. Furthermore, the
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Figure 3: Mechanisms involving OSL and TL processes of CBO: Tb3+, Ag+. a) Step-annealed
OSL against a typical TL curve (OSL area integrated over 120 s and dose = 37 mGy; TL heat-
ing rate = 1 °C s−1). b) TL emission spectra depicted as a contour plot (heating rate = 0.5 °C
s−1; dose = 18.5 Gy). The insets show single plots of a TL curve with emission at 541 nm (top)
and a TL emission with temperature at 255 °C (bottom). c) TL curves at increasing heating rates.
The intensities were normalized by the corresponding heating rates. The inset shows the plot of
ln(𝑇𝑚2∕𝛽) against 1∕(𝑘𝐵𝑇 ) for determination of the trap depth corresponding to the main TL peak.
d) Schematic diagrams of trapping and recombination mechanisms behind the TL and OSL pro-
cesses: (1) represents the release of charges by a high-energy source, e.g., X-rays; (2) represents
the trapping of charges; (3) represents the radiative recombination (Tb3+ emission) as a result of
heating stimulation; (4) represents recombination as a result of blue stimulation and (5) represents
an energy-transfer process leading to UV emission. Black and white circles represent electrons and
holes, respectively.

systematic reduction of sensitivity as temperature is raised suggests that the TL suffers of

thermal quenching. As a result, the TL sensitivity is compromised and thereby leads to a

mismatch between OSL and TL sensitivities of the phosphor.

Although it is known that the TL main emission of CBO: Tb3+, Ag+ lies in the

visible region, it was not identified yet. Figure 3b shows the TL emission spectrum of the
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phosphor plotted as a contour plot. The TL is characterized by the same emissions lines

as seen through RL, i.e., Tb3+ emission associated to 5𝐷4 →
7𝐹3−6 transitions, which are

associated mainly to the TL peak centered at 255 °C. The shift of the main TL peak tem-

perature compared to that shown in Figure 2c is due to the different heating rates used. In

addition to Tb3+ emission lines, no other emission was observed, even though it is known

that the phosphor exhibits a minor UV emission (Figure S8, Supporting Information) com-

pared to the visible one. That emission may be too weak to be observed by the detection

system used. The apparent emission from 300 nm to 500 nm at temperatures higher than

350 °C is due to the increased background of the EMCCD detector.

In order to evaluate the trap depth of the main TL peak with respect to the CBO

band-gap energy, the heating-rate method was used, assuming that the TL of the phosphor

is of first-order kinetics [46,47]. Figure 3c shows the TL curves normalized by the heating

rate used. The TL temperature peaks ranged from 232 °C to 280 °C, as the heating rate

increased from 0.2 °C s−1 to 5 °C s−1. Considering the maximum TL intensities (𝑇𝑚) and

the heating rates (𝛽) used, the plot of ln(𝑇𝑚
2∕𝛽) against 1∕(𝑘𝐵𝑇 ) was performed (see inset)

for determination of the trap depth (𝐸). That can be estimated using the slope 𝐸∕𝑘𝐵 of the

linear fitting, where 𝑘𝐵 is the Boltzmann constant (refer to the Experimental Section). The

estimation of the trap depth and its escape frequency (𝑠) were 1.53 eV and 3.1x1013 s−1,

respectively. This trap depth value is similar to that of Tb- singly doped CBO (1.51 eV,

with 𝑠 = 7.0x1012 s−1), suggesting that both compounds share a common trapping center

(Figure S10, Supporting Information). Whereas Tb- singly doped CBO showed a decrease

of the TL intensities with the heating rate (Figure S10), likely to be thermal-quenching-

related, the Tb,Ag- codoped compound showed an increase (Figure 3c), which is possibly

due to an anomalous inverse heating-rate effect as described by some reports [48–50].

Now it is important to draw a picture of how TL and OSL processes of CBO: Tb3+,

Ag+ correlate with each other. Depending on the type of stimulation, radiative recombi-

nations involving either Tb3+ emission centers (Figure 3b) or Ag+ centers take place [39].

In the recent published work, we reported that Ag+ is responsible for an asymmetric UV

emission centered at 295 nm, associated to a 39 μs lifetime [39]. Although no clear ex-

planation was given, that emission shifted to 332 nm and significantly broadened when

Tb- codoping was present, in addition to a lifetime increase of 3.9 μs [39]. Furthermore,

Tb- singly doped CBO exhibited a main component with a 4 μs lifetime. These results
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suggest that an energy transfer process from Ag+ centers to those responsible for the Tb-

doped compound emission takes place. It was also shown that the nature of this broad

emission is likely to be associated to intrinsic defects in the host (H), since the UV emis-

sion associated to 5𝐷3 →
7𝐹6 transitions of Tb3+ was not verified neither by their emission

lines nor by their typical lifetimes (415-970 μs) [51, 52]. The match of the host-related

excitation band of the Tb- singly doped compound with Ag+ emission also supports that

interpretation (Figure S3, Supporting Information).

Prior to the radiative recombinations, both OSL and TL processes require trapping

of charges. As already mentioned, both Tb- singly doped and Tb,Ag- codoped CBO ex-

hibited a trapping center with a trap depth of 1.55 eV. In addition, Ag- singly doped CBO

does not show significant radiative recombinations after heating stimulation [28]. Since

Tb3+ acts as recombination (luminescence) centers (Figure 3b), it is likely that host-related

unindentified centers act as trapping centers. Furthermore, trivalent Tb usually acts as hole

trapping centers [30,53], which implies that their charge trapping counterparts in CBO act

as electron trapping centers. It is known that a typical electron trapping center in borate

compounds is the one originated from oxygen vacancies [54, 55] and likely to be present

in CBO (ten oxygen atoms for each calcium atom). Therefore, we assume that unindenti-

fied centers (U), possibly oxygen vacancies in CBO act as electron trapping centers, which

are responsible for the TL peak at 270 °C (Figure 2c). Figure 3d sums up the possible

trapping and recombination pathways involving the OSL/TL of CBO: Tb3+, Ag+.

The dosimetric features in terms of the BSL of CBO: Tb3+, Ag+ phosphor were

evaluated. Figure 4a shows the dose-response for two filter combinations, i.e., one that

maximizes the range for high doses (neutral density - ND filter used) and another one

restricted to lower doses. For both experiments, the maximum dose was set according to

the detection limits of the system used. In the wider dose range, the phosphor showed a

linear dose-response between 30 mGy and 20 Gy and did not reach saturation. Considering

the lower dose range experiment, the dose-response was also linear and the estimated

minimum detectable dose was 2.3 μGy. That is at least 170 times more sensitivity than

that of a proposed neutron OSL dosimeter, i.e., MgB4O7:Ce,Li (minimum detectable dose

= 0.4 mGy) [56].

In addition, the stability of OSL over storage time was measured for a period of

28 days. As depicted in Figure 4b, the OSL faded ∼22% after the first day and ∼32%
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Figure 4: Dosimetric features in terms of the OSL of CBO: Tb3+, Ag+. a) Dependence of the
OSL response on increasing doses optimized for high doses. The inset shows the dose response
obtained with the detection system for lower doses (x- and y- units are the same as for higher doses).
b) Stability of OSL signal over storage times (OSL area integrated over 120 s; dose = 37 mGy).
The inset depicts typical OSL curves within the first 20 s of stimulation. c) Neutron induced OSL
of CBO: Tb3+, Ag+ for different isotopic boron compositions. The OSL response was normalized
by a reference dose measurement - 37 mGy under beta irradiation. d) Dependence of OSL/TL
response on photon energy (OSL area integrated over 120 s; TL area integrated from RT to 370
°C).

after ten days, following stability. It is worth mentioning that a pre-heating at 100 °C was

applied between irradiation and OSL detection to ensure depletion of shallow trappping

centers. That means that the shallow trapping centers associated to the TL peaks below

100 °C are not responsible for the fading. This thermal instability may be due to tunnelling

recombination between an electron trapping center and Tb3+ excited state, as reported by

Bos and Dobrowolska [48,57]. Considering a shorter range, the sample exhibited a fading

of ∼10% after 5.3 h (Figure S11, Supporting Information). OSL fading of CBO: Tb3+,
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Ag+ needs to be taken into account for applications that require readout in a short storage

time after irradiation.

Sensitivities of CBO: Tb3+, Ag+ phosphor to neutron irradiation were evaluated.

To accomplish this, an 241AmBe neutron source was used, and samples with natural boron

composition as well as isotopically enriched 10B and 11B samples were used for compar-

ison. Figure 4c shows that the samples exhibited OSL under neutron irradiation, which

is more evident for the enriched 10B sample, as expected. However, the signal of 11B

enriched sample is mostly originated from gamma radiation, as it is leaked from neu-

tron source (neutron-gamma mixed field) and the sample with natural boron composition

had an intermediate sensitivity. By taking the ratio of the neutron response of 10B en-

riched sample to that of 11B enriched sample and considering their gamma sensitivities,

the neutron-gamma ratio of CBO sample was estimated as ∼5.2, which is superior to that

of neutron sensitive Luxel-N detectors (Al2O3:C mixed with 6Li2CO3 - neutron-gamma

ratio ∼4) [56]. The neutron induced TL of the samples followed a similar dependence on

relative amounts of 10B (Figure S12, Supporting Information).

Estimating the dependence of a phosphor response on different photon energies

is of high importance in dosimetry, since the phosphor-based dosimeter must not com-

promise the energy estimation in the required applications. In view of this, the TL/OSL

responses of CBO: Tb3+, Ag+ over a wide range of photon energies was evaluated. Also the

ratio between mass-energy absorption coefficients of the phosphor and soft tissue (ICRU-

44) was determined for comparison (See the Experimental Section for more details). Fig-
ure 4d depicts the OSL and TL responses normalized by dose and 60Co reference mea-

surement. Both OSL and TL showed a similar overresponse for photon energies below 300

keV, which stems from the high effective atomic number of CBO (Zeff=11.5) compared to

that of water (Zeff=7.4, similar to that of tissue). This overresponse is in agreement with

the mass-energy absorption coefficient of CBO: Tb3+, Ag+, which accounts for the high

cross-section for photoelectric effect compared to that of water. As for the case of Al2O3:C

(Zeff=11.3) in personal and medical dosimetry, corrections need to be performed to bypass

the overresponse of the phosphor to low energies in the applications on demand.

The reproducibility and Repeatability tests should be mentioned again here!
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Conclusion

The dosimetric properties of CBO: Tb3+, Ag+ phosphors, namely, high sensitivity to X-

ray and gamma-rays, which is comparable to that of the gold-standard in OSL dosimetry

(Al2O3:C), dose range window adequate for personal dosimetry and high-doses needed

applications (< 20 Gy, no signs of saturation), neutron sensitivity, good reproducibility and

repeatality have demonstrated the potentialities of a new OSL dosimeter. Furthermore,

the emission tunability of the phosphor, i.e., either UV broad band centered at 330 nm

(the highest trasmission wavelength of conventional U340 Hoya filters) or visible (Tb3+

characteristic lines, main emission at 541 nm), depending on the stimulation source (blue

light or heating), demonstrates its versatility. However, optimizations are needed in order

to reduce the fading features of the compound and the effective atomic number of the host

(Zeff=11.5), similar to that of Al2O3:C (Zeff=11.3), should be taken into account in the

envisioned applications. Regarding the nature of the luminescent processes, both TL and

OSL were shown to share the same trapping centers, even though different recombination

pathways take place during thermal and optical stimulations. This work is not only a report

on the dosimetric features of a high sensitive radiation detector, but also provides a better

grasp on the charge storage pathways in borate-based compounds.

Experimental Section

Synthesis: Pollycrystalline samples of CBO: Tb3+, Ag+ were synthesized via solid state re-

action method. CaCO3 (99.0%, Sigma-Aldrich) and H3BO3 (99.5%, Sigma-Aldrich) were

the starting precursors used. For doping, aqueous solutions of (TbNO3)3 (99.9%, Sigma-

Aldrich) and AgNO3 (99.9999%, Sigma-Aldrich) were prepared (0.04 M and 0.002 M,

respectively - Milli-Q water used) and then 0.5% of the dopant nitrates relative to CaCO3

were added to the starting precursors in a glass beaker. The mixture was then pre-heated

(∼150 °C) and agitated in a magnetic stirrer hot plate until evaporation of the solvent (∼20

min). Then, the resultant white powder was annealed at 800 °C over 3 h, cooled in air and

crushed using agate mortar and pestle. Specifically for the neutron irradiation measure-

ments, enriched 10B and 11B samples were synthesized by replacing H3BO3 (natural boron

composition) with H3
10BO3 (99%, Cambridge Isotope Laboratories) and H3

11BO3 (99%,

Sigma-Aldrich).
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Structural characterization: X-ray powder diffraction pattern was collected in a

diffractometer (D2 PHASER, Bruker-AXS) at RT with Cu K-α radiation (λ=1.54184 Å),

X-ray tube operated at 30 kV and 10 mA) and a 0.02° step size scan. The XRD pattern

of the codoped compound was matched to the CaB6O10 phase (ICSD 161320) [42] and

Rietveld refinement was applied using GSAS-II software [58]. High resolution TEM im-

ages and selected area electron diffraction (SAED) patterns were both collected with an

aberration-corrected scanning transmission electron microscopy (NEOARM/JEM-ARM200F,

JEOL) operated at 200 kV. Prior to analysis, the sample was mixed with ethanol to ensure

imaging of a thin specimen.

Basic luminescent properties: Steady-state PL emission and excitation spectra

were recorded with a Fluorolog 3 spectrofluorometer (FL3-22, Horiba Scientific) equipped

with a 450 W Xe lamp and a photomultiplier tube (R928, Hamamatsu). Both PL and PLE

spectra were corrected for the detection system responsivity. RL spectrum was collected

by an iXon Ultra 888 EMCCD camera (Andor/Oxford Instruments) coupled to a Kymera

193i-A spectrograph (Andor/Oxford Instruments) with a 150 l/mm grating (blaze wave-

length = 500 nm). For the sample excitation, the sample was irradiated with a 90Sr/90Y

beta source (∼37 mGy/s, calibrated in 60Co air kerma using Al2O3:C thin detectors) at-

tached to a Risø reader (TL/OSL-DA-20, DTU Nutech). The RL spectrum was corrected

for the detection system responsivity.

OSL and TL measurements: OSL and TL measurements were carried out using

the Risø reader. LEDs with peak wavelengths at 470 nm (72 mW/cm2) or 850 nm (270

mW/cm2) were used as the stimulation sources during BSL and IRSL acquisitions, respec-

tively. Luminescence was detected by a photomultiplier tube (9107QB, ET Enterprises)

coupled to either U-340 filters (7.5 mm thickness, Hoya) for BSL or BG39 filters (5 mm,

Schott) for IRSL and TL. For both TL and OSL, previous irradiation was performed using

the beta source attached to the Risø reader (dose = 185 mGy, unless otherwise specified).

Prior to all irradiations, a pre-heating (400 °C or 500 °C) was applied to ensure depletion of

previous induced charges. Specifically the dose-response and fading studies were carried

out with irradiation followed by a pre-heating at 100 °C, i.e., to prevent the contribution

of shallow trapping centers on the luminescent response. The minimum detectable dose

(MDD) was estimated by using MDD = 3𝜎/𝑆, where 𝜎 represents the standard deviation

of the background for the five OSL curves (average of the signal before and after stim-
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ulation) and 𝑆 represents the sensitivity of the system (slope of the linear fitting of the

dose response). All TL curves were background subtracted. TL emission spectra were

collected using the same detection setup used for RL spectrum acquisition and were also

corrected for the dectection system responsivity. In the step-annealing experiment, the

sample followed a cyclic routine: irradiation, pre-heat at 𝑇𝑖 for 10 s, pause of 60 s, OSL

readout over 120 s, annealing at 400 °C for depletion of remaining charges and then pause

of 120s. The routine repeated by steadily increasing the pre-heat temperature 𝑇𝑖, i.e., from

50 °C to 400 °C, in 10 °C steps (𝑇𝑖 reached at 5 °C s−1 from RT). The calculation of the trap

depth by using the heating-rate method considered a first-order kinetics, which implies in

𝛽𝐸∕𝑘𝐵𝑇 2
𝑚 = 𝑠 exp(−𝐸∕𝑘𝐵𝑇𝑚) [46], where 𝛽, 𝐸, 𝑘𝐵, 𝑇𝑚 and 𝑠 are respectively the heating

rate, the trap depth, the Boltzmann constant, the TL peak temperature and the escape fre-

quency. By linearizing the equation and using the heating rates and TL peak temperatures

of the TL curves one may find a linear relation between ln(𝑇 2
𝑚∕𝛽) and 1∕𝑘𝐵𝑇 . If that fits,

the trap depth (𝐸) and the escape frequency (𝑠) can be determined.

Photon energy response and neutron irradiations: For the photon energy response

studies, free-in-air irradiation of samples using X-rays and gamma-rays were undertaken.

Nine different radiation qualities were used, i.e., N-15, N-25, N-40, N-80, N-120, N-200,

N-300, S-Cs and S-Co, with mean photon energies ranging from 12.4 keV to 1250 keV, as

specified by the International Organization for Standardization (ISO 4037-1:2019) [59].

The kerma in air for the different radiation qualities were 81.16, 8.86, 4.16, 2.59, 2.70,

3.11, 3.45, ?? and ?? mGy, for increasing energies (from N-15 to S-Co). Kerma in air

calibrations were performed by a secondary calibration ionization chamber, which was cal-

ibrated against to the standard at the Physikalisch-Technische Bundesanstalt (PTB). The

mass-energy absorption coefficient of CBO: Tb3+, Ag+ was calculated using the weighted

fraction of each element (see the calculation for Al2O3:C, for example [60]), consider-

ing the coefficients extracted from NIST database [61]. The neutron irradiations were

performed with an Am/Be source at a distance of 40 cm from samples (dose equivalent

Hp(10) = 5.36 mSv, ∼ 7.5 h irradiation), also traceable to PTB standards.
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Supporting Information

a b

Figure S1: STEM images of Swiss-cheese like structure of grains obtained through a) annular
dark field (ADF) and b) bright field (BF) modes.

a b

Figure S2: TEM images showing the regularities of the crystallographic planes. a) Lower magni-
fication and b) Higher magnification images.
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Figure S3: Steady-state PL and PLE spectra of singly-doped CBO: a) CBO: Tb3+ and b) CBO:
Ag+.
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Figure S4: PLE spectra of CBO: Tb3+, Ag+ by probing typical 541 nm emission of Tb3+.
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Figure S5: Comparison of the typical transmittance curves of the filters used for acquisition of the
OSL and TL curves.
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Figure S6: a) Comparison of OSL curves obtained using a Lexsyg reader using blue (458 nm) and
green (525 nm) stimulations with detection at UV or UV-blue extended (m = 2.0 mg and dose = 1
s irradiation = ?? mGy). b) Comparison of the filters used: UV = U340 + BP365 filters; UV-Blue
extended = BG3 + BP365 filters.
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Figure S7: Comparison of TL curve right after irradiation (Immediate TL) with TL obtained
after different conditions: after blue or IR stimulations (20 s without stimulation and 120 s of
stimulation) and after pause (140 s). Dose = 185 mGy.
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Figure S9: Reproducibility tests for five different aliquots for a) OSL and b) TL. Repeatability
tests of the same aliquot (five times) for c) OSL and d) TL. OSL and TL areas were calculated
during 60 s of stimulation and from 100 °C and 400 °C, respectively. Dose = 37 mGy.
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Figure S10: TL curves at increasing heating rates for the CBO: Tb3+ compound. The intensities
were normalized by the corresponding heating rates. The inset shows the plot of ln(𝑇𝑚2∕𝛽) against
1∕(𝑘𝐵𝑇 ) for determination of the trap depth corresponding to the main TL peak. The estimated
values for the energy trap depth and frequency factor were: 𝐸 = 1.51 eV and 𝑠 = 7.0x1012s−1.
Dose = 185 mGy.
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Abstract

The objective of this work is to evaluate the optically stimulated luminescence (OSL) life-

times of different polycrystalline CaB6O10:Ln, Ag𝑥 (Ln = Gd, Tb and Ce; x: % molar

concentration) compounds. For the determination of the luminescence lifetimes, time-

tagged time-resolved (TTTR) data of the OSL under pulsed stimulation were analyzed.

In addition, OSL emission spectra of the samples were recorded to correlate the emission
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bands with the estimated lifetimes. Whereas single Ce-doped compound presented a fast

dominant component (𝜏 < 0.41 μs, ∼63% of the signal), single Gd-doped compound ex-

hibited a slow dominant component (𝜏 = 2.3 ms, ∼67% of the signal). All Ag-codoped

compounds (except for the Ce-Ag-codoped compound) presented a common dominant

component with a ∼43 μs lifetime, which is ascribed to a broad emission centered at ∼330

nm. Both lifetimes and OSL emission spectra for the Gd-Ag-codoped compounds sug-

gest that two luminescent centers compete for the radiative recombinations, confirming

previous reported results. The relative Gd and Ag molar concentrations also had a strong

influence in the estimated luminescence lifetimes of the slow component, probably due to

the introduction of shallow trapping centers by silver doping. Furthermore, the tempera-

ture dependence of the common luminescence from Ag-codoped compounds appeared to

be in agreement with the Mott-Seitz model for the luminescence quenching. This work

provides a better understanding of the physical processes and dynamics behind the radia-

tive recombinations linked to OSL in borate compounds.

Introduction

Within the recombination processes responsible for the luminescence phenomenon, one of

the physical parameters of main interest is the luminescence lifetime, which informs how

fast the luminescence emission takes place after stimulation. The main factor governing

the magnitude of the lifetime is the selection rules associated with the relaxation transition

responsible for the emission of the luminescent center. Other factors such as the emission

wavelength (for a given transition), temperature, luminescent center concentration and

presence of shallow trapping centers may also influence the luminescence lifetimes [1–3].

In regard to the optically stimulated luminescence (OSL), which is the light emission of

a prior irradiated material after light stimulation, two other factors may also influence the

magnitude of the luminescence lifetime: the time needed to evict an electron from a trap

and the time the electron takes to transition from the trap to the recombination center [4,5].

For a more in deep treatment on the principles of OSL lifetimes, one may consider the

references hereinafter [4, 6–10].

One of the methods to determine the OSL lifetimes is based on time-tagged time-

resolved (TTTR, or time-tagging) data of OSL under pulsed stimulation (POSL). POSL
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in general is a useful technique, since it allows for time-resolved discrimination of the de-

cay components and the elimination of undesirable components. Consequently, a higher

signal-to-noise ratio can be achieved compared to continuous wave OSL [7]. In a TTTR-

POSL experiment, the samples are stimulated with light pulses and the detected photons

are time-stamped with respect to the light pulses [7,11–14]. The data allows for the calcu-

lation of the so-called photon arrival time distributions (PATDs), which is the distribution

of detected photons as a function of arrival time since the beginning of the stimulation

pulse [15]. From the PATDs, the lifetime components of the OSL signal following a stim-

ulation pulse can be determined. More details about this approach and similar techniques

can be found in previous reports [7, 13, 15, 16].

Lifetime measurements not only can help in the identification of the luminescent

centers present in a material, but can also reveal the presence of shallow trapping centers

associated with thermoluminescence (TL) peaks below room temperature, having life-

times in the order of microseconds to seconds at room temperature [7]. These shallow

trapping centers may temporarily capture the released charges under optical stimulation,

releasing them with a delay, which is characteristic of the trapping center lifetimes at room

temperature. This effect may introduce additional lifetime components in the PATDs.

When analyzed at different temperatures, lifetime measurements can also be used

to evaluate the thermal quenching of the luminescence, which is a decrease in lumines-

cence efficiency with temperature. Considering the Mott-Seitz model of thermal quench-

ing, in which the reduction in luminescence efficiency is caused by competing non-radiative

relaxation routes whose probability increases with temperature [3], the temperature de-

pendence of lifetime can be expressed as 𝜏 = 𝜏0∕(1 + 𝜏0𝜈 exp(−𝐸∕𝑘𝑇 )), where 𝜈 and

E represent the frequency factor and activation energy (energy-gap between ground and

excited states to have non-radiative processes preferable) of the luminescent center, re-

spectively. Additional information about thermal quenching of luminescence can be found

elsewhere [6, 17, 18].

Lanthanide-doping has proven to be useful for the development of luminescent

materials for a wide-range of applications, including LEDs, lasers, scintillators, storage

and X-ray phosphors applications [1, 19–23]. This is due to the possibility of selecting

wavelength emission and luminescence lifetimes, along with a relatively easy prediction

of energy levels of the host. OSL dosimetry has benefited from lanthanide doping as
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well. Several lanthanide-doped materials for OSL dosimetry applications can be found

in the literature, including oxides, borates, aluminates, halides and sulphates [24–27]. In

the case of OSL materials, it is important to determine whether the lanthanides act as

recombination or as trapping centers, particularly in the presence of co-dopants [28].

Borate compounds typically present a defect created by oxygen vacancies, which

act as electron trapping centers [29–31], as well as, a boron-oxygen hole center (BOHC),

which is created by an oxygen that bridges a BO3 and a BO4 or two BO4 groups [32–34].

These defects may have a special role on TL/OSL mechanisms of borate-based com-

pounds.

In this context, a boron-based material, i.e., CaB6O10 (hereinafter referred to as

CBO), has revealed some interesting properties. For instance, Ce, Li-codoped CBO was

shown to have a wide linear dynamic range (2 mGy - 300 Gy) and two luminescence

lifetimes of 70 ns and 143 ns, which are suitable for 2D dose mapping applications [35].

Lanthanide-doping in CBO structure is suitable since the ionic radius of the seven coordi-

nated calcium ions (1.06 Å) is comparable to that one of most Ln3+ ions [36], which then

facilitates incorporation by ion substitution in the lattice. In addition, the combination of

Gd and Ag as dopants led to the development of a high sensitive OSL phosphor (mini-

mum detectable dose = 40 μGy), with silver showing a special role on the luminescence

enhancement of the phosphor [37]. Nevertheless, the role of lanthanide dopants in the

TL/OSL of this material has not been systematically investigated. In particular, for fur-

ther material development it would be helpful to understand the recombination processes

in lanthanide-doped CBO and the influence of co-dopants.

The main objective of the present study is to evaluate the OSL lifetime depen-

dence on lanthanide (Gd, Ce or Tb) and silver-doped CBO compounds. Other Ln-doped

CBO (Pr, Nd, Sm, Eu, Dy, Ho, Er, Tm and Yb) were previously investigated, but these

compounds did not show significant OSL. Silver as dopant has demonstrated to enhance

the luminescent response (intensity) of several phosphors, including that of Gd-doped

CBO [37–39]. The use of different combination of dopants is desirable since they may

introduce new energy levels in the band gap of the host, including trapping and recom-

bination centers, as well as incorporation of charge compensators in the crystal. A cor-

relation of the luminescence lifetimes with the OSL emission bands is presented. Also

this work provides insights on the role of silver on the luminescence of the phosphors in-
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volved. At last, the thermal quenching of the decay components associated with the main

luminescence emission bands is presented, providing insights about the coupling between

the luminescent centers and the surroundings in the lattice.

Materials and Methods

Material synthesis

All polycrystalline compounds used in this work were synthesized by solid state reaction.

This method consists of mixing proper amounts of starting precursors and then exposing

the mixture to high temperatures. Calcium carbonate (CaCO3) and boric acid (H3BO3)

were the precursors used for the growth of the host compound. For the lanthanides and

silver doping, suitable amounts of lanthanide and silver nitrates were added to the starting

mixture. Then, the resultant compound was placed in a muffle furnace and the temperature

was increased up to 800 °C, followed by a plateau for 3 h. Table 1 presents all chemicals

used for the syntheses of doped CBO as well as the molar concentrations of the dopants

used. Specifically for the Gd-Ag-codoped compounds, three different combinations of mo-

lar concentrations were used, i.e., Gd0.1%-Ag2%, Gd1%-Ag1% and Gd2%-Ag0.2%, represented

in the text by Gd-Ag(1), Gd-Ag(2), Gd-Ag(3), respectively. It is worth mentioning that the

percentages used for the dopants correspond to the relative amount of nitrate dopant used

per amount of CaCO3. A more detailed description of the synthesis procedure, including

the amounts of the starting precursors used can be found in a previous work [37]. X-ray

diffractograms for samples produced using the same method were also presented in this

previous work. For the different combination of dopants used, with similar amounts of

those reported here, the presented data showed that the expected phase for the CBO host

was achieved.

OSL emission spectra acquisition

The OSL emission spectra were recorded with a Fluorolog 3 spectrofluorometer (FL3-22,

Horiba Scientific) equipped with a double-grating monochromator at both excitation and

emission positions. For excitation and light detection, a 450 W Xe lamp and a photomul-

tiplier tube (R928, Hamamatsu) were used. For recording the spectra, the excitation was

fixed at 430 nm and the detection range set between 270 to 400 nm. All entrance and exit
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Table 1: Chemicals used in the syntheses of the samples. The codoped compounds are presented
with a hyphen in between the dopants used. The Gd-Ag∗ represents the compounds with three
different combinations of Gd and Ag molar concentrations: Gd0.1%-Ag2%, Gd1%-Ag1% and Gd2%-
Ag0.2%. The percentages used for the dopants correspond to the relative amount of dopant nitrate
used per amount of CaCO3.

Precursors Compounds
Calcium carbonate (CaCO3, ACS, 99.0% min., Sigma-Aldrich) All compounds

Boric acid (H3BO3,

BioReagent, 99.5%,
Sigma-Aldrich) Gd1%, Tb1%, Ag0.1%, Gd-Ag∗

ACS, 99.5%, Sigma-Aldrich) Ce0.5%, Ce0.5%-Ag0.5%,
Tb0.5%-Ag0.5%

Gadolinium nitrate (Gd(NO3)3⋅6H2O, 99.9%, Sigma-Aldrich) Gd1%, Gd-Ag∗

Terbium nitrate (Tb(NO3)3
⋅xH2O, 99.9%, Alfa-Aesar) Tb1%

⋅5H2O, 99.9%, Sigma-Aldrich) Tb0.5%-Ag0.5%
Cerium nitrate (CeNO3)3⋅6H2O, 99.9%, Alfa-Aesar) Ce0.5%, Ce0.5%-Ag0.5%

Silver nitrate (AgNO3, 99.8%, Cennabras) Ag0.1%, Gd-Ag∗
99.9999%, Sigma-Aldrich) Ce0.5%-Ag0.5%, Tb0.5%-Ag0.5%

slits of both excitation and detection was set as 5 nm. A longpass GG400 filter (Schott

AG) was used on the excitation to avoid stimulation and detection of second-harmonic

components. All spectra acquisitions were recorded using an increment of 1 nm per 0.1

s. Several sweeps had been carried out until the irradiation-induced signal was depleted

significantly. All spectra were corrected by the detector system responsivity.

Prior to OSL measurements, the samples were irradiated using an Isovolt titan

source model E-160 M2 (maximum energy and current of 160 kV and 10 mA, respectively)

with a 0.8 mm beryllium window and a 2 mm aluminum filter. A dose of ∼100 Gy was

used to ensure a reasonable signal-to-noise ratio in the spectra. The dose reported here is

air kerma measured using a calibrated ionization chamber.

TTTR-POSL readout

TTTR-POSL measurements were carried out using a Risø TL/OSL reader (TL/OSL-DA-

20, DTU Nutech) equipped with a time counter board (TimeHarp 260 NANO, PicoQuant).

The TimeHarp board with a 0.25 ns base resolution and a deadtime < 2 ns enables record-

ing individual photon events on its 32,768 channels. Details about the integration of a

photon counting system with the Risø reader and signal data acquisition can be found in a

previous report [15].

For each compound, 5 mg powder uniformly dispersed on steel cups was used.

For stimulation of the samples, LEDs with peak wavelength at 470 nm and 72 mW/cm2
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irradiance (SMBB series, Ushio Europe B.V.) were used. As reported in a previous work,

these LEDs present nominal rise and fall times of 133 ns and 474 ns, respectively, which

restricts data acquisition to the microsecond timescale [16]. The luminescence was de-

tected using a photomultiplier tube (9107QB, ET Enterprises) with two U-340 filters (2.5

and 5 mm thickness, Hoya) in front of it. In addition, a combination of the 5 mm thick

U-340 with a 313 nm or a 330 nm narrow-band filters (both hard coated, OD 4.0, 10 nm

FWHM, Edmund Optics) was used for some studies with a Gd-Ag-codoped compound.

Prior to TTTR-POSL measurements, the samples were irradiated with a 90Sr/90Y

beta source (∼37 mGy/s, calibrated in 60Co air kerma using Al2O3:C thin detectors) at-

tached to the Risø reader. Unless otherwise specified, a dose of ∼37 mGy was used.

During the sequence of measurements, all samples were heated up to 500 °C before irra-

diation to ensure depletion of previous trapped charges. For the study of the temperature

dependence of the lifetimes, TTTR-POSL measurements were carried out at different tem-

peratures (room temperature and 50 °C up to 150 °C, 25 °C step). An additional preheating

at 200 °C in the Risø reader was carried out in between the irradiation and the TTTR-POSL

measurements to empty the shallow traps and prevent overlapping of the OSL with TL.

For all compounds, three pulse periods in the TTTR-POSL measurements were

used, i.e., 100 μs, 1000 μs and 10000 μs, with a pulse width of 10% relative to the pulse

period used and bin widths of 0.512 μs, 4.096 μs and 32.768 μs, respectively. For the

Ce-doped compounds, which presented a very fast decay component, the bin widths used

were 0.128 μs, 1.024 μs and 16.384 μs, respectively. All TTTR-POSL measurements were

carried out over 120 s and the PATDs were reconstructed by integrating the photon arrival

times over the aforementioned period. For the study of the dependence of lifetimes with

temperature, specific acquisition parameters were chosen, as reported on the captions of

the corresponding figures.

PATDs analysis

PATDs were analyzed either individually or using a global fitting of the data for different

pulse widths, with the lifetimes shared among different datasets. For the lifetime esti-

mations, both rise and decay parts of the PATDs were taken into consideration, i.e., the

recombination rates during the stimulation period (saturating exponential) and the recom-

bination rates after the stimulation (exponential decay). The fitting was performed based
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on the equations described in a previous report [16], which allow for the presence of mul-

tiple non-interacting recombination centers; see also Chithambo [7]. The integral of both

rise and decay parts corresponds to the total luminescence during the pulse period. For

practical purposes, the two main parameters taken into account were the estimated life-

times and the pre-exponential factors (S𝑖), which are proportional to the intensity of the

PATD individual components [16].

The instrumental background (including LED related effects) was measured for all

samples and different pulse widths. The most significant backgrounds were for the Gd-

and Tb-doped compounds, which corresponded to 2.5% (1000 μs pulse width) and 3.9%

(100 μs pulse width) of the overall signal, respectively. For the other compounds, that

showed to be lower than 1%. Therefore, the instrumental background was neglected in

all analyses performed. As a result, the constant luminescence which appears as an offset

in some of the PATDs is mostly associated with luminescence components with lifetimes

much longer than the timescales in consideration.

In the reported results, the number in parentheses following the lifetimes is the

numerical value of standard uncertainty referred to the corresponding last digits of the

quoted result [40]. The different lifetime components for each compound are assigned

as 𝜏1, 𝜏2 and 𝜏3, with the condition 𝜏1 < 𝜏2 < 𝜏3. Only the most representative results

are shown in the main text. The complementary data are presented in the Supplementary

Materials.

Results

OSL emission spectra

In order to make a correlation with the luminescence lifetimes, the OSL emission spectra

for the different compounds were previously collected. For singly-doped compounds, the

OSL emission spectra provided clear results only for Gd- and Ag-doped samples. The

Gd-doped compound exhibited a sharp emission centered at 311 nm (Figure 1a), which is

attributed to the 6P𝐽 → 8S7∕2 transitions of Gd3+ centers [41]. The Ag-doped compound

showed a broad emission at 295 nm (Figure 1b), probably associated to 4d95s → 4d10

transitions of Ag+ luminescent centers. This emission is similar to that of isolated Ag+

ions in Ag-doped SrB4O7 [42].
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Figure 1: OSL emission spectra of a) Gd- and b) Ag-doped compounds. Several spectra in a
row were collected to show the depletion of the OSL, with the order indicated by the graph leg-
ends. Only the first spectra and the last one are shown. The spectra were background subtracted,
considering the last acquisition as the background.

For the other singly-doped compounds, the results were less conclusive. Ce-doped

compound showed a strong phosphorescence after irradiation (room temperature emission

followed by X-rays excitation, which takes place without light stimulation), with peaks at

∼330 nm and ∼360 nm likely due to 5d → 4f transitions of Ce3+ centers (see Figure S1).

However, this emission could not be distinguished from the OSL emission. In addition,

the OSL emission from Tb-doped compound could not be observed even using a higher

prior dose (∼500 Gy).

For the Gd-Ag-coped samples, the OSL emission spectra showed two distinct emis-

sions: the sharp Gd3+ emission and a broad emission centered at ∼330 nm (Figure 2). The

∼330 nm-band intensity relative to the Gd3+ emission decreased with the relative Gd/Ag
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Figure 2: OSL emission spectra for the Gd-Ag-codoped compounds. a) Gd-Ag(1); b) Gd-Ag(2)
and c) Gd-Ag(3). The same acquisition parameters and corrections of the OSL emission spectra
for the single-doped compounds apply.

increase in the molar concentration, i.e. from sample Gd-Ag(1) to sample Gd-Ag(3) (Fig-

ure 2a to c). The Tb-Ag-codoped compound also exhibited a broad and intense emission

band centered at 330 nm (Figure 3), similar to that one seen in the Gd-Ag-codoped com-

pounds. These results suggest that the 330 nm emission is associated with Ag-doping,

even though this emission is shifted compared to that observed in the single Ag-doped

compound (295 nm). Although the reason for this shift is not clear, the luminescence life-



IV - Paper III 107

Figure 3: OSL emission spectra for the Tb-Ag-codoped compound. The same acquisition param-
eters and corrections of the OSL emission spectra for the single-doped compounds apply.

times of these compounds suggest that the different emission bands are associated with

the same luminescent center, as later presented in this report.

The OSL emission spectra of single Gd- and Ag-doped as well as of the Gd-Ag(3)-

codoped compounds were previously reported [37]. In that work, however, the spectra

were recorded with a different detection system at different conditions and were not cor-

rected for the detector system responsivity, which may account for the differences in com-

parison with the present work results.

The OSL emission spectra for the Ce-Ag-codoped compound were recorded as

well. However, as for the Ce-doped compound, the sample exhibited a strong phospho-

rescence (see Figure S1), which could not be discriminated from the OSL. These results

suggest that Ce-doping is responsible for the introduction of shallow trapping centers in

the CBO host compound.

Luminescence lifetimes of singly-doped compounds

The PATDs from Gd-doped compound revealed two main components, with estimated

lifetimes 𝜏1 = 4.3(2) μs (Figure 4a) and 𝜏2 = 2.263(20) ms (Figure 4b). The latter ac-
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Figure 4: PATDs fitting for the Gd-doped compound using two pulse widths: a) 10 μs and b)
1000 μs. When the 1000 μs pulse width was used, the fast component was forced to be that one
found with the 10 μs pulse width. The insets show the residuals from the exponential fitting and
the blue star indicates that the y-axis was adjusted for better visualization of the overall residuals.
Both individual components are y- shifted for better comparison with the fitted curves (solid black
lines).

counts for almost 67% of the total signal (Figure 4b). The ∼2.3 ms lifetime is in agreement

with the expected lifetimes for the forbidden transition 6P𝐽 → 8S7∕2 of Gd3+, as reported

for Gd-doped borate glasses [43,44] and, therefore, we attribute it to the presence of Gd3+

centers. The analysis with the intermediate pulse width (100 μs) did not present additional

components, but only showed the two components with either a poor resolution (fast com-

ponent) or in a limited timescale (slow component) (see Figure S2). The source of the fast
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Figure 5: PATDs fitting for the Tb-doped compound using two pulse widths: a) 10 μs and b) 100
μs. A biphasic exponential fitting was carried out with the lifetimes shared among the two pulse
period datasets. For details about the insets and representation of the individual components, refer
to the caption of Figure 4. Dose used ∼185 mGy.

component is unclear.

The Tb-doped compound exhibited two closely overlapped components with life-

times of 4.1(1) μs and 40.1(30) μs (Figure 5). Most of the signal, however, is due to a

slow component, which appears as a constant component. Its lifetime could not be esti-

mated even using a 1000 μs pulse width (Figure S2). Given that the minor UV emission

associated with Tb3+ centers is typically associated with lifetimes of the order of 415-970

μs (for Tb molar concentration of 1%) [45, 46], we attribute the lifetime components in
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Figure 6: PATD fitting for the Ce-doped compound when a 10 μs pulse width was used. For details
about the insets and representation of the individual components, refer to the caption of Figure 4.
Dose used ∼185 mGy.

the Tb-doped compound to unidentified luminescence centers. Tb3+ emissions in the blue

and green regions (main emission at 545 nm) of typical Tb3+ centers are not considered

here, since the detection window used in the measurements is restricted to the UV.

Ce-doped compound exhibited two components, with estimated lifetimes of 𝜏1 =

0.41(1) and 𝜏2 = 23(7) μs (Figure 6), with the faster component contributing to 63.4% of

the OSL signal. Typical lifetimes associated with 5d → 4f transitions of Ce3+ are in the

tens of nanosecond timescale, as reported for different compounds [47, 48]. Considering

that the lifetime of the Ce3+ emission cannot be determined with the present equipment,

the observed main lifetime is likely associated with the LED rise and fall times. Minor

components with lifetimes ranging from 98 μs and 2.2 ms could also be observed (Fig-

ure S2). These secondary components including the 23 μs lifetime component may be

associated with shallow trapping centers, as suggested by the phosphorescence measure-

ments. Nevertheless, the dominance of the Ce3+ emission (faster component) is clearly

demonstrated as seen in Figure 6. Although the fast component lifetime could not be ac-

curately estimated, this compound can be further investigated in view of 2D OSL dosime-

try applications, since these require fast luminescent centers as Ce3+ emission. Currently

there is no commercial available OSL system for 2D dosimetry and recent attempts us-
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Figure 7: PATDs fitting for the Ag-doped compound using three pulse widths: a) 10 μs; b) 100
μs and c) 1000 μs. A biphasic exponential fitting was carried out with the lifetimes shared among
100 μs and 1000 μs pulse period datasets. For the 10000 μs pulse period, a fitting was carried out
individually and only the slower component is discriminated in the graph. For details about the
insets and representation of the individual components, refer to the caption of Figure 4. Dose used
∼185 mGy.

ing MgB4O7-based films have shown some limitations, i.e., significant fading and OSL

sensitivity changes [49].

The PATDs for the Ag-doped compound (Figure 7) revealed components with life-

times 𝜏1 = 5.0(2) μs and 𝜏2 = 38.9(9) μs, but these contributed only 6.5% (𝜏1) and 14.7%

(𝜏2) to the overall signal (based on the 1000 μs pulse period, Figure 7b), respectively. Most

of the OSL is associated with a long luminescence lifetime component (78.8%) which ap-

pears as a constant in the PATDs. A component with a lifetime of 𝜏3 = 2.9(5) ms was also

observed (Figure 7c). This slow component as well as the dominant constant component

are probably associated with shallow trapping centers introduced by Ag- doping. The TL

curves (emission starting at 60 °C) of Ag-doped CBO reported in a previous work support

this interpretation [37].

The ∼39 μs component in Ag-doped compound is likely due to the presence of

Ag+ luminescent ions. Ag+ luminescent centers in Ag-doped SrB4O7 crystals, which are

responsible for a 290 nm emission, were found to be associated with an 11 μs lifetime

[42]. Furthermore, Ag+ ions in Ag-doped alkali halides were shown to be responsible

for an emission with lifetime in the microsecond range, with a 34 μs lifetime at room

temperature [50,51]. In Ag-doped aluminophosphate glasses, Ag+ ions were also shown to

be associated with decay components within the same timescale (1.3 and 11.7 μs lifetimes)

[52]. The minor component with 𝜏1 = 5.0 μs reported in the present work could not be
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Figure 8: PATDs fitting of the Gd-Ag-codoped compounds using two pulse widths (100 μs and
1000 μs). a) and d) Gd-Ag(1); b) and e) Gd-Ag(2); c) and f) Gd-Ag(3). For a better estimation of
the lifetimes, a biphasic exponential fitting was carried out individually for each PATD. For details
about the insets and representation of the individual components, refer to the caption of Figure
4. For the 10000 μs pulse period, the y-axis was scaled up for better discrimination of the slower
individual components.

identified.

Luminescence lifetimes of codoped compounds

Figure 9: PATDs fitting of two different samples: a) Tb-Ag-codoped compound using a 100 μs
pulse width; b) and c) Ce-Ag-codoped compound using two different pulse widths (10 μs and 100
μs). The fitting for the Ce-doped compound was performed individually for each timescale. For
details about the insets and representation of the individual components, refer to the caption of
Figure 4.



IV - Paper III 113

The Gd-Ag-codoped compounds exhibited two main lifetime components, with 𝜏2
varying between 41.0(3) μs and 44.6(2) μs and 𝜏3 varying between 2.79(4) ms and 5.1(2)

ms, depending on the relative Gd/Ag dopant concentration (Gd/Ag ratio increases from left

to right, Figure 8). 𝜏2 values are similar to that of Ag-doped compound (39 μs), attributed

to Ag+ ions. Although 𝜏3 of the Gd-Ag(3)-codoped compound (2.8 ms) is similar to the

2.3 ms component of the Gd-doped compound, 𝜏3 of Gd-Ag(1)-codoped compound was

considerably higher (5.1 ms, with substantial constant luminescence). This seems to be

related to additional slower components as Ag amount increases, which can be caused by

an introduction of shallow trapping centers. Energy transfer between the Gd and Ag ions

is excluded, because 𝜏3 decreases with the increase in the Gd/Ag concentration, when the

opposite would be expected [43]. A faster component (𝜏1 ∼1.8 - 6.1 μs lifetimes) was also

observed, but its contribution to the PATDs compared to 𝜏2 was negligible (Figure S3).

A test was carried out to evaluate the reproducibility of the measured PATDs using

different aliquots of the Gd-Ag(3)-codoped compound. The results from the three different

aliquots did not present significant changes in the luminescence lifetimes or in their relative

contributions to the PATDs. Excluding the constant component, the relative contribution

Table 2: OSL emissions and the estimated lifetimes for each combination of dopants. Unless spec-
ified by the footnotes, each lifetime was estimated considering a biphasic exponential fitting and
based on different pulse widths: 𝜏1 (10 μs), 𝜏2 (100 μs) and 𝜏3 (1000 μs). The relative contribu-
tions (𝑅𝑖) to the PATDs were calculated by using the estimated lifetimes and the pre-exponential
factors (𝑆𝑖) for a specific pulse width (for italic and bold 𝑅𝑖, the pulse widths used were 10 and 100
μs, respectively. For the others, a 1000 μs pulse width was used). R𝑦0 corresponds to the relative
contribution from the constant component (y0). For the Gd-Ag- and Tb-Ag-codoped compounds,
the minor contribution from the fast components (see Supplementary Materials) was not taken into
account.

Dopants OSL emissions (nm)
Lifetimes (𝛍𝒔)

𝝉𝟏 𝑹𝟏 𝝉𝟐 𝑹𝟐 𝝉𝟑(𝒙𝟏𝟎𝟑) 𝑹𝟑 𝑹𝒚𝟎
Gd 310 4.3(2)a 6.7% 2263(20)b 66.9% – – 26.4%
Tb – 4.1(1)c 28.8% 40.1(30)c 10.2% – – 61.1%
Ce – <0.41(1) 63.4% 23.5(69) 3.5% 2.2(2)d – 33.1%
Ag 295 5.0(2)c 6.5% 38.9(9)c 14.7% 2.9(5) – 78.8%

Gd-Ag(1) 311, 325 1.8(1) – 44.6(2) 65.9% 5.1(2) 12.1% 22.0%
Gd-Ag(2) 311, 330 4(1) – 42.5(2) 67.7% 3.6(2) 20.4% 11.9%
Gd-Ag(3) 311, 340 6.1(8) – 41.0(3) 48.5% 2.79(4) 39.4% 12.1%

Tb-Ag 332 4.0(7) – 42.8(2)a 83.7% 30(9) 16.3% –
Ce-Ag – <0.59(1) 60.8% 38.2(5) 35.1% 1.27(8) – 4.1%

a Lifetime estimation using a single component;
b Lifetime estimation using a 1000 μs pulse width;
c Lifetime estimation using a global fitting among two datasets (10 and 100 μs pulse widths);
d Lifetime estimation of the slower component in a three-component exponential fitting.
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to the PATDs for the fast and slow components were 56.1, 56.3, 57.4% and 43.9, 43.7,

42.6%, respectively (see Figure S4).

For the Tb-Ag-doped compound, the PATDs showed a well defined component

with a 42.8(7) μs lifetime (Figure 9a), similar to the component in the Ag-doped and Gd-

Ag-codoped compounds. This result supports the association of the ∼43 μs component

with the Ag+ emission. Secondary components were also observed, but these components

played a minor role compared to the 43 μs component (Figure S5).

The Ce-Ag-codoped compound exhibited two main components, one with 𝜏1 =

0.59(1) μs and another one with 𝜏2 = 38.2(5) μs (Figures 9b and 9c). By similarities with

the singly doped compounds, the faster component 𝜏1 is probably due to Ce3+ emission,

whereas 𝜏2 with the Ag+ emission. As discussed for the Ce-doped sample, however, the

estimated value of 𝜏1 is likely associated with the LED rise and fall times. A component

with a 𝜏3 = 1.27(8) ms lifetime was also observed, but that was negligible compared to the

other two (see Figure S5).

Table 2 summarizes all the OSL emission band peaks as well as the estimated

lifetimes along with their relative contribution (main components) to the PATDs for the

compounds investigated. The table also shows the relative contribution of the constant

components, which are probably associated with slower components.

Wavelength discrimination of the decay components for the Gd-Ag-
codoped compound

The previous results suggest that, in CBO, the Gd3+ emission (311 nm) is associated with

a lifetime of ∼2.8 ms, whereas the Ag+ emission (∼330 nm) is associated with a lifetime

of ∼43 μs. In order to confirm these identifications, PATDs for the Gd-Ag(3)-codoped

compound were obtained using interference optical filters that transmit or block the Gd3+

emission at 311 nm (IF313 or IF330, respectively). The broad emission band centered at

∼330 nm, associated with Ag+ centers, should be detected with both filters. The Gd-Ag(3)

compound was selected among the other Gd-Ag-codoped compounds since it showed to

have less influence of additional slower components (lifetime closer to that of Gd-doped

compound - 2.3 ms).

As expected, using the IF330 filter (which blocks the Gd3+ emission) the com-

ponent with a millisecond lifetime is completely eliminated from the PATD (Figure 10)
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Figure 10: PATDs for the Gd-Ag(3)-codoped compound collected with the narrow-band filters
(IF313 and IF330) with two different pulse widths: a) 100 μs and b) 1000 μs. The insets correspond
to the fitting residuals of the PATDs obtained with the different filters.

and only a 43.1(4) μs lifetime component is observed. Conversely, using the IF313 filter

(which transmits the Gd3+ emission and blocks part of the Ag+ emission) the main PATD

main component presented a lifetime of 2.651(28) ms. Therefore, these results confirm

the original identifications.
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Figure 11: Lifetimes and PATDs as a function of temperature for the Gd-doped compound. The
lifetimes were obtained using a single-component exponential fitting for each temperature and the
error bars represent their uncertainties. The PATDs are expressed as the integral under the fitted
curves. The data was recorded using a 10000 μs pulse period (pulse width: 1000 μs). To export
the data, a 32.768 μs bin width was used.

Luminescence lifetimes as a function of temperature

The luminescence thermal quenching of the compounds was investigated for Gd- and Tb-

doped, as well as for Gd-Ag- and Tb-Ag-codoped compounds considering both lifetimes

and integrals under the PATDs. For the Ce-doped compounds, these measurements were

not performed since the main component lifetime could not be estimated at room temper-

ature.

For the Gd-doped compound, the 2.3 ms component corresponds to 6P𝐽 → 8S7∕2

forbidden transitions of Gd3+ and, therefore, thermal quenching is expected to be negligi-

ble (weak coupling between ground and excited states). Indeed, the experimental lifetimes

at room temperature and 150 °C were the same, but an anomalous increase was observed

at intermediate temperatures (Figure 11). This effect is probably caused by the influence

of shallow trapping centers, as observed with an Al2O3:C samples [3]. The overall lumi-

nescence (PATD area) decreased less than 10 % over the same temperature range. For the

Tb-doped compound, thermal quenching of the main decay component was analyzed as

well. Although the origin of this component could not be elucidated, the results exhibited
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a strong thermal quenching over the temperature range analyzed (Figure S6).

Thermal quenching for the luminescence of Ag-codoped compounds was also in-

vestigated. That was performed focusing on the common ∼43 μs lifetime component of

Gd-Ag- and Tb-Ag-codoped compounds. All samples presented similar behavior with sig-

nificant thermal quenching in the temperature range analyzed (Figure 12). That suggests

that the common luminescent center characterized by a 43 μs lifetime is strongly affected

by the lattice. The different combinations of dopants do not seem to have a significant

influence on the thermal quenching of the common luminescence, which followed the

equation for the Mott-Seitz model with similar fitting parameters. In addition, Figure S7

shows the thermal quenching considering the overall luminescence, which showed to be

in a good agreement with the temperature dependence of the lifetimes for the Ag-codoped

compounds. Ag+ emission is known to have strong thermal quenching up to room tem-

perature [42, 50]. Even though the temperature range used in the present study is higher

compared to that of the reported works, the significant thermal quenching of Ag+ emission

is supported.

Conclusions

The results support the association of the 311 nm emission characteristic of Gd3+ cen-

ters and the ∼2.3 ms luminescence lifetime in the Gd-doped compounds. The negligible

thermal quenching confirms the weak coupling between ground and excited states. The

narrow emission and long luminescence lifetimes make Gd-doped compounds of interest

for dosimetry applications, because the Gd3+ emission can be easily isolated either using

optical filters or time-resolved measurements (e.g. POSL).

Ce-doping successfully introduced a fast component with lifetime faster than the

LED rise and fall times (< 500 ns), but the simultaneous introduction of shallow trap-

ping centers and a resultant strong phosphorescence did not allow for the OSL emission

spectra to be collected. Nevertheless the OSL lifetime is consistent with Ce3+ emission.

Materials with fast luminescence lifetimes such as Ce-doped CBO can be useful in laser-

scanning imaging for 2D OSL dosimetry. Nevertheless, one must investigate a new syn-

thesis method or introduce a codopant that could lead to a more stable trapping center

while minimizing the role of shallow trapping centers.
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Figure 12: Dependence of lifetimes on temperature for Gd-Ag- and Tb-Ag-codoped compounds
in a single graph. The lifetimes correspond to that one of the dominant component of a biphasic
exponential fitting. The error bars are the uncertainties related to the estimated lifetimes. The solid
lines represent the fitted curves according to the equation 𝜏 = 𝜏0∕(1 + 𝜏0𝜈 exp(−𝐸∕𝑘𝑇 )), where 𝜈
and E represent the frequency factor and activation energy, respectively. The dashed lines are the
extrapolation for higher temperatures. The parameters in the table from left to right correspond to
the legends in the same order. All data were recorded using a 400 μs pulse period (pulse width:
100 μs). To export the data, a 4.096 μs bin width was used.

For the Ag-doped compounds, a broad emission centered at 295 nm in singly-

doped and at ∼330 nm in co-doped compounds, associated with a lifetime in the 39-45 μs

range, was observed, which is probably associated with Ag+ ions. The variations in the

band emissions may be related to the influence of the host or other defects introduced by

co-doping on the Ag+ emission. The thermal quenching of the 43 μs lifetime component

in the Ag-codoped compounds supports this interpretation, showing a strong influence of

the lattice in the luminescent emission. The lifetime of the Ag-doped samples is inter-

mediate between that of Ce- and Gd-doped samples, being of potential interest for both

laser-scanning imaging and applications using POSL. In addition, Ag+ seems to compete

with other recombination centers (e.g. Gd3+ or Ce3+). Therefore, Ag-codoping seems to

improve the luminescence in CBO by providing an additional recombination route.

Although the exact lifetime estimations can be influenced by factors such as the

relative intensity of the emission bands and the presence of shallow trapping centers, the
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results demonstrate the value of TTTR-POSL measurements combined with a systematic

study of doped and co-doped compounds, which gives insights about the recombination

mechanisms in OSL materials. The information on CBO presented here should be useful

for future developments of this material.
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Supplementary Materials

Figure S1: Phosphorescence of the Ce-doped compounds. a) Ce-doped and b) Ce-Ag-codoped
compounds. The phosphorescence of these samples were detected using the same system and
conditions described for the OSL emission spectra acquisitions, with the excitation slits closed
instead (after X-rays irradiation). Several spectra were collected in a row and were subtracted by
the last acquisition. The graph legends indicate the order of the spectra acquisition. Dose used:
∼500 Gy.
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Figure S2: PATDs fitting for the single-doped compounds with other pulse widths. a) Gd; b) Tb;
c) and d) Ce. The faster components are not discriminated here since they are reported in the main
text. For some PATDs, the y-axis was scaled up for better discrimination of the slower individual
components. The insets show the residuals from the exponential fitting and the blue star indicates
that the y-axis was adjusted for better visualization of the overall residuals.

Figure S3: PATDs fitting of the Gd-Ag-codoped compounds with a 100 μs pulse interval. a) Gd-
Ag(1); b) Gd-Ag(2) and c) Gd-Ag(3). The second component is the same dominant component as
seen with a 100 μs pulse width (main text). For the insets, refer to the caption of Figure S2.
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Figure S4: PATDs fitting for three different aliquots of Gd-Ag(3) when a 1000 μs pulse width was
used. For the insets, refer to the caption of Figure S2.

Figure S5: PATDs fitting of the Tb-Ag- and Ce-Ag-codoped compounds with other pulse widths:
a) 10 μs and b) 1000 μs pulse widths for the Tb-Ag-codoped compound and c) 1000 μs for the
Ce-Ag-codoped compound. The faster components for b) and c) are not discriminated here since
they are reported in the main text. For the 1000 μs pulse widths, the y-axis was scaled up for better
visualization of the slower individual components. For the insets, refer to the caption of Figure S2.
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Figure S6: Lifetimes and PATDs as a function of temperature for the Tb-doped compound. Only
the main component of a biphasic exponential fitting was considered. The PATDs are expressed
as the integral under the curves of the main components only. The error bars are the uncertainties
related to the estimated lifetimes. It is worth mentioning that the mismatch between the lifetime
estimation at room temperature and the value already presented (refer to the Table 2 in the main
text) is due to the different approaches used for the estimations. The data was recorded using a 50
μs pulse period (pulse width: 10 μs). To export the data, a 0.512 μs bin width was used. Dose used
∼ 7.4 Gy.
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Figure S7: Comparison of lifetimes and PATDs as a function of temperature for Gd-Ag- and Tb-
Ag-codoped compounds at different graphs. a) Gd-Ag(1); b) Gd-Ag(2); c) Gd-Ag(3) and d) Tb-Ag.
The lifetimes correspond to the dominant component of a biphasic exponential fitting. The PATDs
are expressed as the integral under the curves of the dominant components only. The error bars
are the uncertainties related to the estimated lifetimes. All data were recorded using a 400 μs pulse
period (pulse width: 100 μs). To export the data, a 4.096 μs bin width was used.



V. General Conclusions

The effectiveness of using lanthanide and silver doping in the CaB6O10 host for its use as an

OSL phosphor was demonstrated. The ability of activating the phosphor using different

dopants, i.e., Ce3+, Ag+ or Gd3+ allows for the luminescence lifetime tuning in a wide

time-range: from nanoseconds to milliseconds. This addresses both 2D laser scanning

dosimetry, as well as pulsed OSL dosimetry requirements using the same basic compound.

It is recommended that new investigations using the Ag-doped CBO be carried out to

verify the feasibility of a mid-range lifetime OSL phosphor (40 μs) in 2D laser scanning

dosimetry applications.

Furthermore, the phosphors exhibited high-sensitivity, even comparable to the

commercial OSL detectors based on Al2O3:C (using U340 Hoya filters) and wide linear

dose-range with no signs of saturation. It is noteworthy that, the basic chemical precursors,

e.g. acid boric and calcium carbonate, used for producing the CBO phosphors provides

a low-cost procedure, combined with a relatively simple synthesis method. It was also

demonstrated that the synthesis method is reliable, as suggested by the reproducibility

tests.

In addition, the isotopically boron enriched phosphors demonstrated their feasi-

bility after neutron irradiations. However, it is recommmended to evaluate how neutron-

sensitive are the new OSL phosphors compared with TLD-600 and MgB4O7:Ce,Li phos-

phors.

One should keep in mind that the fading after irradiation of both Gd,Ag- and

Tb,Ag- codoped compounds, i.e., ∼30% after 24 h following stability must be considered

for practical applications. To address that, new synthesis routes, i.e., change of thermal

treatment profiles, should be explored.

At last, the energy-response dependence of the new OSL phosphors should be

taken into account for personal and medical dosimetry applications.
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