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1. Your contribution to the publications 
This dissertation focuses on examining the properties of Beryllium Oxide (BeO) dosimeters as 
optically stimulated luminescence dosimeters (OSLDs).  

The first publication involves characterizing the dosimeter's luminescence properties through the 
utilization of the OSL technique for medical and external applications.  

In the second publication, the dosimeter's luminescence mechanism was investigated by analyz-
ing the bleaching properties of its thermoluminescence (TL) signal. 

In the appendix A, use of BeO OSL dosimeters in a clinical setting is described where organ 
doses were measured in total CT body scans and results compared with the commercially avail-
able and widely used LiF: Mg,Ti TL dosimeters. 

1.1 Contribution to Publication I 
As the first author of Publication I, Elif Kara contributed by conducting a literature search, devel-
oping method, designing the study, acquiring data, analyzing and interpreting the findings, as well 
as preparing figures, writing the manuscript, and overseeing editing and revision processes. 

1.2 Contribution to Publication II 
As the first author of Publication II, Elif Kara contributed by developing the idea for the publication, 
designing the study, planning and executing the data analysis, as well as drafting the manuscript, 
submitting it for publication, and overseeing the revision process. 

 

1.3 Contribution to Appendix A:  
Elif Kara conducted measurements with BeO dosimeters and analyzed data derived from BeO 
OSL dosimeters and from LiF: Mg; Ti TL dosimeters obtained during total CT body scans, and 
drafted a manuscript in which the BeO OSL results are compared with those obtained from LiF: 
Mg; Ti TL dosimeters.  

(Results shown in the Appendix A have not yet been published at the time of submission of the 
Ph.D. Thesis.) 
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2. Introduction 
Dosimeters play a crucial role in determining the absorbed dose received by materials or tissues 
after exposure to ionizing radiation, and they are generally classified into two groups. Active do-
simeters provide real-time direct readings of the dose, while passive dosimeters measure and 
record an individual's exposure to ionizing radiation over a specific period of time. However, the 
challenge obstructing the usage of active dosimeters such electronic and pen dosimeters, which 
are the type of dosimeters often used for medical applications, is not only their bigger size as 
compared to that of passive dosimeters, but also the appearance of electronic equipment such 
as cables (which may be a source of irritation, especially for pediatric pateints), making it some-
times difficult to use them on patients (Ahmed, 2007; Stabin, 2007). In contrast, passive dosime-
ters present some advantages in that they are smaller in size, more cost-effective, readily availa-
ble, and widely used (Dhanekar and Rangra, 2021). 

Passive solid-state dosimeters are extensively employed for dose monitoring, and they can be 
categorized into thermoluminescence dosimeters (TLDs) and optically stimulated luminescence 
dosimeters (OSLDs) based on the readout technique. Both of these techniques hold promise for 
dose monitoring in medical dosimetry. While TLDs are commonly utilized, optical readout offers 
distinct advantages over thermal readout. OSL readers allow for faster readout times, are more 
flexible and easier to be automated than TL readers (Akselrod et al., 2006; Olko, 2010; W. S. 
McKeever, 2002). However, the limited availability of suitable materials currently restricts the 
widespread adoption of the OSL technique (Akselrod et al., 2006; Mckeever, 2002; W. S. 
McKeever and Moscovitch, 2003). 

Carbon-doped Aluminum Oxide (Al2O3:C) and Beryllium Oxide (BeO) are commonly used types 
of OSL dosimeters (Kara and Woda, 2023a), due to their appropriate dosimetric characteristics. 
Although Al2O3:C is known for its comparatively high effective atomic number (Zeff ≈11.28) in re-
lation to soft tissue, extensive literature exists on its characterization and medical applications 
(Mrčela et al., 2011). On the other hand, the effective atomic number of BeO dosimeters (Zeff 

≈7.22) closely matches to soft tissue (Zeff ≈7.65) and is highly attractive for medical use (Kara and 
Woda, 2023a, Trindade et al., 2018; Bos, 2001; Malthez et al., 2014).  

Given the limited number of luminescence dosimeters that are tissue-equivalent with sensitivity 
to both direct and scattered ionizing radiation comparable to that of human tissue, together with 
the demonstrated promising luminescence properties of BeO OSL dosimeters, it is evident that 
these dosimeters may provide advantages in medical applications, particularly in clinical and ra-
diation therapy applications. However, further research is needed to investigate the suitability of 
BeO OSLDs especially in such medical settings, elucidate their potential advantages, and facili-
tate their routine dosimetric application. For this, current gaps in understanding their lumines-
cence mechanism must be closed and variations in reading protocols be reduced. 

This study has two primary objectives. Firstly, to characterize BeO dosimeters for their suitability 
in medical dosimetry applications, with a specific focus on a rapid OSL reading protocol (publica-
tion I). This characterization involves of annealing and preheating in terms of temperature and 
time, as well as their effects on fading, energy and angular dependence of the detected signals 
under controlled laboratory conditions. Moreover, a new measurement protocol for BeO OSL do-
simeters developed as part of this thesis, was tested. The testing involved measuring organ doses 
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in a Computed Tomography (CT) examination chosen as a typical medical setting, using an an-
thropomorphic phantom (In the Appendix). 

Secondly, to gain a more comprehensive understanding of the correlation of OSL and TL signals 
in BeO (publication II, (Kara and Woda, 2023b)). For this, intensity measurements of R-TL glow 
peaks were conducted over a range of bleaching durations, at doses up to 100 Gy. Fitting proce-
dures aimed at determining the bleaching decay rates of residual TL curves were then applied to 
the collected datasets along with their respective OSL decay curves. The applied fitting proce-
dures in (Kara and Woda, 2023b) were based on exponential decay functions, exploring two 
models — with and without optical attenuation. The decay rates obtained from the bleaching pro-
cess for each TL peak were then evaluated with the OSL components. The objective of this com-
parative analysis done by Kara and Woda (2023b) was to study potential correlations between 
OSL and TL traps. Besides, the discussion on bleaching models for TL signals was thoroughly 
investigated. Furthermore, the dose response of TL signals and OSL signals following various 
preheating was compared across a wide dose range by Kara and Woda (2023b). This comparison 
sought to provide additional support for potential correlations and determine the mechanism that 
likely accounts for the disparity observed in the step annealing tests. The obtained results were 
utilized to gain insights into the luminescence mechanism occurring in the BeO material. 
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2.1 Luminescence Dosimetry 
This section provides an overview of the background theory of luminescence, including funda-
mental definitions and concepts. The aim is to clarify how luminescence occurs in materials ex-
posed to radiation when they are stimulated by both heat and light. 

2.1.1  Theory of luminescence 

Following (McKeever and Chen, 1997), the luminescence can be described as:  

“Luminescence is the emission of light from a material upon absorbing energy from an exter-
nal source”.  

This phenomenon can be categorized according to different mechanisms of initial excitation, in-
cluding those due to ionizing radiation, chemical reactions or stress (McKeever, 1985; McKeever 
and Chen, 1997; Nasdala et al., n.d.; Sunta et al., 1997). Table 1 provides an overview of several 
luminescence phenomena. 

 

Table 1. Luminescence emission types.  

 

Luminescence, broadly categorized into two types, fluorescence and phosphorescence, is char-
acterized by the unique atomic processes that produce the light (Thomsen, 2004). Fluorescence 
occurs when light is emitted as a result of an electron returning form an excited state to the ground 
state (Zhang et al., 2006; Randall and Wilkins, 1945a, 1945b, Thomsen, 2004). The lifetime of 
the excited state is defined by the delay between the absorption of energy, which results in an 
excited state, and the subsequent emission of light. Phosphorescence is a light emission that 
occurs after a delay, caused by an electron transition from an excited state to a meta-stable state 
before returning to its initial ground state. In this meta-stable state, relaxation to the ground state 
is not allowed. External energy is required to release the trapped charges back to the excited 
state, from where they can return to the ground state (McKinlay, 1981, Thomsen, 2004). 

 

Types of luminescence Excited by the absorption of … 

Photoluminescence 

Cathodoluminescence 

Radioluminescence 

Electroluminescence 

Chemiluminescence 

Bioluminescence 

Triboluminescence 

Sonoluminescence 

Light 

Electrons 

Nuclear energy (α, β, γ or ꭓ-rays) 

 Electrical energy 

Chemical energy 

Biochemical energy 

Mechanical energy 

Sound waves 
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The distinction between fluorescence and phosphorescence is primarily based on the duration of 
the luminescence process. Unlike fluorescence, where the emission of light occurs predominantly 
during excitation, phosphorescence continues to emit light even after the excitation source has 
been removed. Both processes can occur during the excitation period. However, due to the tem-
perature dependence of phosphorescence emission, fluorescence and phosphorescence can be 
distinguished by utilizing temperature-dependent characteristics (Aitken, 1987; McKeever, 1985). 
Phosphorescence offers an additional advantage as it can be induced by external energy stimu-
lation in the form of heat or light. Thermoluminescence (TL) occurs when heat serves as the 
energy source (Kouroukla, 2015). Likewise, when a light source is employed for stimulation, it's 
termed optically stimulated luminescence (OSL) (Kouroukla, 2015). The present study specifically 
focused on TL and OSL of BeO material as types of luminescence of interest. 

2.1.2  The band model 

In a solid crystalline material, characterized by a periodic arrangement of atoms, electrons popu-
late allowed energy states like the discrete energy levels permitted for electrons within individual 
atoms (Geber-Bergstrand, 2017; Kittel, 2013; Lakshmanan, 2008). The region between these 
energy bands, known as the band gap, is energetically prohibited, preventing electrons from oc-
cupying this space in a perfect crystal.  

As depicted in Figure 1a, the valence band represents the lower band of allowed states with 𝐸! 
denoting the highest energy state within the valence band, while the conduction band is the upper 
band of allowed states with 𝐸" denoting the lowest possible energy state in the conduction band 
(Thomsen, 2004). An applied external energy of at least (𝐸# = 𝐸" − 𝐸!), may promote electrons 
into the conduction band, in this way producing electron-hole pairs. However, these excited elec-
trons in the conduction band remain stable only for a brief duration before losing their energy and 
undergoing de-excitation back to the valence band.  

Crystalline materials can be categorized into three classes: insulators, semiconductors, and con-
ductors, based on the width of their band gap. Insulators possess a relatively large band gap, 
typically exceeding 2.5 eV (𝐸! 	≪ 𝐸"), which impedes thermally induced electron transitions to the 
conduction band at room temperature. In contrast, conductors exhibit overlapping valence and 
conduction bands (𝐸! = 𝐸"), allowing electrons to move freely across the material. Semiconduc-
tors fall between insulators and conductors, with a band gap (𝐸! < 𝐸") representing the energy 
difference between the valence and conduction bands. Electrons can transition from the valence 
to the conduction band upon appropriate external energy application, if energy exceeds the band 
gap. The Fermi level (𝐸$) resides midway between 𝐸! and 𝐸", providing a reference point for 
electron energy levels within the material. Luminescent materials are classiffed as insulators. 

In the ideal crystal lattice of an insulator, the probability of an electron transitioning from the va-
lence to the conduction band without any external energy is negligible. In the case of the interac-
tion of ionizing radiation with matter, energy is transferred. This energy transfer can result in an 
electron acquiring enough energy (≥ 𝐸#) to move from the valence to the conduction band, gen-
erating charge carriers known as electron-hole pairs (Thomsen, 2004). After becoming excited, 
the electron remains within the conduction band for approximately 10 nanoseconds, which is its 
average lifetime, then recombines with a hole. Energy is emitted as a result of this process in the 
form of either light (known as radiative recombination) or heat (referred to as non-radiative re-
combination) (Thomsen, 2004). 
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However, the structure of crystalline materials is not perfect. Rather, they exhibit inherent defects 
that can be categorized as intrinsic or extrinsic. Intrinsic defects arise within the crystal lattice and 
can manifest themselves as vacancies (missing atoms), interstitials (extra atoms occupying inter-
stital positions between regular lattice sites), or other types of dislocations. Extrinsic defects, on 
the other hand, result from the presence of impurities, where foreign atoms replace original atoms 
in the crystal structure (A. M. Stoneham, 2001). For instance, in BeO, impurities such as Mg, Ca, 
B, Al, and Si may be present, which can act as electron traps during irradiation (Becker et al., 
1970; Watanabe et al., 2010). These defects and impurity atoms, capable of creating localized 
energy states within the forbidden band gap, can also capture a charge carrier (electron or hole) 
and re-emit it back to the band from where it originated (Thomsen, 2004). They can be classified 
as trap centers (T and H in Figure 1a). If such an energy state captures charges of opposite signs, 
resulting in electron-hole recombination, it is denoted as a recombination center (RC) (Bos, 2006; 
Horowitz, 2014). 

When ionizing radiation is applied, electrons can become trapped within electron traps with en-
ergy levels above the Fermi level, and an equal number of holes can be trapped in hole traps 
below the Fermi level (Figure 1b). These traps can be classified as shallow (ST), main dosimetric 
(MDT) and deep (DT) traps, depending on the energetic depth below the conduction band (Figure 
1c). External energy is necessary to release trapped electrons back into the conduction band. A 
trap is termed a shallow trap when lattice vibrations in the crystal at room temperature are suffi-
cient to release the trapped electrons into the conduction band, typically occurring within hours 
after irradiation. However, for dosimetry applications, traps need to be deep enough to store the 
dosimetric information until sufficient external energy, as heat or light, is provided for readout. 
Electrons trapped in the main dosimetric trap are released through either thermal or optical stim-
ulation. For electrons trapped in deep traps, achievable readout temperatures or modes of optical 
stimulation do not provide sufficient energy for detrapping, thus these charge carriers remain lo-
calized once captured. During stimulation of irradiated material either by heat or light, electrons 
can be liberated and undergo recombination with a hole at a recombination center (Figure 1c). 
Luminescence light is emitted when recombination occurs radiatively (McKeever and Chen, 
1997). This emitted light can be detected using a photomultiplier tube (PMT). The intensity of this 
detected light can be linked to the quantity of trapped charges within the crystal, which corre-
sponds to the absorbed dose in the material. This property allows the material to be utilized as a 
dosimeter (G Scarpa, 1970; Mandeville and Albrecht, 1954, Geber-Bergstrand, 2017). 

 

 

 

 

 

 

 

 

 



 

13 

 

 
Figure 1. Band model illustrating the TL/OSL process. Before the excitation (a), ionizing radiation 
excites charges to move to traps, then are trapped and stable (b). Possible charges transfers 
producing luminescence during stimulation (c).  
(e: electron, h: hole, H: hole trap, T: electron trap, ST: shallow trap, MDT: main dosimetric trap, 
DT: deep trap, and RC: recombination center) 

2.2 Thermoluminescence 
To stimulate the trapped electrons into the conduction band, a sample is subjected to linear heat-
ing from room temperature to a specific elevated temperature, such as 500 °C. During this pro-
cess, the emitted luminescence light is recorded as a function of temperature, which is referred 
to as thermoluminescence (TL) (Murthy, 2013). The TL signal is represented by a graph known 
as the TL glow curve, which can exhibit a single or a series of peaks at different temperatures 
depending on the material. These peaks correspond to traps at different trap depths present in 
the sample. 

The Boltzmann factor describes the probability (𝑝) of releasing an electron from a trap (Geber-
Bergstrand,2017):	

𝑝 = 𝑠 ∙ 𝑒%
∆"
#$                      (1) 

Where 𝑠 is the frequency factor (s-1), is the energy depth of the trap (eV), 𝑘 is the Boltzmann 
constant (eV/K), and 𝑇 is the absolute temperature (K) (Choi J.H. et al., 2006).  

Upon elevating the temperature, the intensity of luminescence exhibits an increment until reach-
ing a maximum, after which it begins to decline as the trapped charges are depleted. Due to the 
presence of various trap types in different energy levels within real crystals, the TL glow curve 
comprises multiple peaks, each corresponding to distinct trap types. Electrons trapped in deep 
traps have longer lifetimes compared to those trapped in shallow traps. It should be noted that 
shallow traps are typically regarded as unstable at ambient temperatures and therefore deemed 
unsuitable for dosimetry purposes. 
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Figure 2. Thermoluminescence (TL) glow curve of a BeO dosimeter irradiated with a beta dose 
of 40 mGy; heating rate: 5 ⁰C.s-1; a.u. – arbitrary units. 

BeO is defined with three TL peaks in its glow curve, with in the temperature range of 50-120 ⁰C 
for peak 1, 150-260 ⁰C for peak 2, and 260-400 ⁰C for peak 3; see Figure 2 (Jahn et al., 2013; 
Sommer et al., 2008, 2007; Sommer and Henniger, 2006; Yukihara et al., 2016; Kara and Woda, 
2023b; Kara and Woda, 2023a). Such TL measurements were performed as part of the studies 
described in Publications I and II. 
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2.3  Optically Stimulated Luminescence 
In Optically Stimulated Luminescence (OSL), trapped electrons are stimulated using light within 
the wavelength range from 400 nm to 700 nm. Optical stimulation offers greater flexibility com-
pared to TL stimulation. Various modes of optical stimulation can be utilized, including continuous 
wave (CW-OSL), linearly modulated (LM-OSL), and pulsed OSL (POSL) (Geber-Bergstrand, 
2017). Among these, CW-OSL is the most commonly employed mode in routine OSL dosimetry. 
In CW-OSL, the stimulation light maintains a constant intensity, and the emitted light is continu-
ously recorded during the entire stimulation process (Kouroukla 2015; Bøtter-Jensen, 1997; 
Bulur, 1996; Bulur and Saraç, 2013). 

The luminescence signal obtained during OSL stimulation follows an exponential decay pattern 
that is termed as a decay curve. In LM-OSL, the stimulation light intensity gradually rises to peak 
level, revealing different traps with distinct photoionization cross-sections at different time inter-
vals, like a TL glow curve (Kouroukla 2015; Bulur, 1996). In POSL, luminescence is measured 
between the stimulation pulses, enabling measurements without the need for optical filters 
(Bøtter-Jensen, 1997; Eduardo G Yukihara, 2011; McKeever and Akselrod, 1999). For Publica-
tions I and II, only CW-OSL was employed, thus LM-OSL and POSL will not be further elucidated 
in this context. Figure 3 depicts a typical CW-OSL curve obtained for BeO dosimeters. 

 

Figure 3. Optically stimulated luminescence (OSL) decay curve of BeO dosimeter irradiated with 
beta dose of 40 mGy; a.u. – arbitrary units. 

The shape of the CW-OSL decay curve can be different depending on the material, stimulation 
light, and readout temperature. The simplest form of an OSL decay curve can be derived using a 
fundamental model, consisting of one trap and one radiative recombination center (McKeever, 
2001). 
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When stimulating in CW-mode, the de-trapping rate of electrons decreases with stimulation time. 
The probability (𝑝) of this process is defined by the product of stimulation intensity (photon fluence 
rate; Φ, m-2s-1) and photoionization crosssection (𝜎, m2) (Geber-Bergstrand, 2017): 

𝑝 = 𝛷 ∙ 𝜎                      (2) 

After the end of irradiation and before the start of optical stimulation, the number of trapped elec-
trons at the electron trap must be equal to the number of trapped holes at the hole trap (𝑛& = 𝑚&), 
due to conservation of charge. Therefore, charge flow during stimulation can be described by the 
following rate equations, 

'(%
')
= − '(

')
+ '*

')
                    (3) 

𝐼+,- = − '*
')
= − '(

')
= 𝑛𝑝                  (4) 

where, 𝐼+,- is the intensity of luminescence light and 𝑛" represents the number of electrons in the 
conduction band, 𝑛	is the number of trapped electrons, 𝑚	is the number of the trapped holes 
(Geber-Bergstrand, 2017). Assuming the quasi-equilibrium condition and charge neutrality, the 
solution of the rate equations (equations 3 and 4) is, 

𝐼+,- = 𝑛&𝑝 ∙ 𝑒%)/ = 𝐼& ∙ 𝑒%)/1                 (5) 

where, 𝐼& is the initial OSL intensity and 𝜏 = 2
/
 is the decay constant (s) (Geber-Bergstrand, 2017). 

When accounting for multiple active traps (denoted as 𝑖 = 1, … , 𝑤), the OSL intensity can be 
expressed as the cumulative sum of several exponential components. 

𝐼+,- = ∑ 𝐼3& ∙ 𝑒%)/1&4
352                   (6) 

The absorbed dose of a material can be correlated with the integral of its OSL curve. The selection 
of an optimal integration interval plays a crucial role in the analysis of the OSL signal. It should 
be noted that if the entire OSL signal is integrated, this intensity then remains independent of the 
stimulation power utilized.  
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2.4 Optically Stimulated Luminescence Dosimetry 
The observation of luminescence from a diamond upon heating was initially reported by Sir Robert 
Boyle in the 1660s and later termed thermoluminescence (TL). TL dosimetry is based on the 
thermal stimulation of a dosimeter to release luminescent light proportional to the absorbed dose 
from an external source (Bilski et al., 2014). Optical stimulation luminescence (OSL) is a similar 
process that utilizes optical energy to stimulate the dosimeter (Bøtter-Jensen, 1997). 

One significant advantage of optical readout, compared to thermal readouts, is the increased 
sensitivity of the OSL signal, particularly if the luminescence efficiency is temperature-dependent, 
a phenomenon known as "thermal quenching" (W. S. McKeever and Moscovitch, 2003). The OSL 
technique allows for partial and faster readouts of the absorbed dose using short light pulses, 
enabling multiple measurements. Additionally, using light sources (LEDs, laser, or lamp) for stim-
ulation offers the flexibility and ease of control of portable OSL readers. However, the limited 
availability of suitable OSL materials has restricted the widespread adoption of this technique 
(Yukihara et al., 2014, 2010; Yukihara and McKeever, 2008). 

Dosimeter materials intended for clinical applications must fulfill a comprehensive set of essential 
dosimetric properties to ensure accurate and reliable dose estimation (Yukihara and Kron, 2020). 
Dosimeters from such materials should have high sensitivity to radiation, efficient stimulation, 
tissue equivalence characterized by a low effective Z-number (Zeff), negligible fading of the ab-
sorbed dose until measurement, linear dose response across a wide range, and simple usability 
(Bos, 2001; Broadhead et al., 2022; Rivera, 2012; Rivera-Montalvo, 2016). 

Aluminum oxide (Al2O3:C) is the most popular OSL dosimeter because of its appropriate charac-
teristics. Initially introduced as a TL dosimeter (Akselrod et al., 1990), it was later proposed as an 
OSL dosimeter, to take advantage of its light sensitivity (Markey et al., 1995). Al2O3:C exhibits 
advantageous dosimetric properties, including low fading during dark storage (below 5% annu-
ally) (Reft, 2009; Akselrod et al., 1990), high reproducibility with reusability, and straightforward 
readout and bleaching of dose history (Azorin Nieto, 2016). Various commercially available 
Al2O3:C dosimeters, such as Luxel™ and InLight™ dosimeters for personnel dosimetry, and nan-
oDot™ for clinical dosimetry, are manufactured by Landauer Inc. (Glenwood, IL, USA) (Bøtter-
Jensen et al., 2003; Perks et al., 2006). 

Tissue-equivalent dosimeters are designed to mimic the radiation response of biological tissue. 
In general, absorption of energy by tissue depends on factors including effective atomic number, 
incident photon energy, and mass density of the tissue. Tissues absorb low-energy photons more 
effectively than high-energy photons. Selecting tissue equivalent dosimeters, particularly in fields 
like medical imaging and radiation therapy dosimetry applications, is important to ensure precise 
and reliable dose estimations (Bos, 2001; McKeever, S. W., Moscovitch, M., & Townsend, 1995). 

The Al2O3:C OSL dosimeter’s energy dependence has been presented for different types of radi-
ation (Figure 4). However, they are considered non-tissue equivalent dosimeters, with a higher 
effective atomic number (Zeff ~11.28), which leads to an overresponse to low-energy X-rays in the 
kilovoltage spectrum as compared to tissue (Kara and Woda, 2023a). It is worth noting that the 
use of Al2O3:C dosimeters for a mixed radiation field, especially containing low-energy photons 
(< 120 keV), can ultimately results in an overestimation of the absorbed dose. This implies that 
radiation-quality-specific correction factors have to be introduced. Despite this limitation, Al2O3:C 



 

18 

 

dosimeters have been widely used in several dosimetry applications including medical, environ-
mental, space, and retrospective purposes (McKeever, 2004; Yukihara and McKeever, 2008). 

 

Figure 4. Relative photon energy responses of Al2O3:C (Gasparian et al., 2012) and BeO dosim-
eters (Publication I). Results are presented as the average of measurements and their standard 
deviation from three different samples for both BeO and Al2O3 dosimeters: a.u. – arbitrary units. 

BeO has found extensive application in the electronics industry, particularly in metallurgy and 
nuclear reactors, due to its high thermal conductivity and electrical resistance (G Scarpa, 1970). 
Its TL properties were initially investigated by Albrecht and Mandeville in 1956. Tochilin et al. 
(1969) observed the light sensitivity of TL peaks, suggesting the presence of OSL features. Then 
the first characterization study of the OSL properties of BeO was presented by Bulur and Göksu 
(1998). Following studies have shown that they have promising dosimetric characteristics (Bulur 
and Göksu, 1998; Sommer et al., 2007; Sommer and Henniger, 2006; Kara and Woda, 2023a), 
with a linear dose response of the OSL signal between 5 µGy and 10 Gy (Broadhead et al., 2022; 
Polymeris et al., 2021; Sommer et al., 2007). An initial signal loss in the OSL signal by 6% taken 
after 30 minutes, as opposed to the OSL measured post-irradiation (Sommer et al., 2008, 2007). 
After this time period, the further loss in signal was reported to be about 1% over a period of up 
to six months if stored at ambient temperature (25°C), which makes BeO attractive for dosimetry 
applications (Bulur and Göksu, 1998; Sommer et al., 2007). In addition, a good reproducibility in 
the OSL was showed (Jahn et al., 2013; Sommer et al., 2008, 2007; Sommer and Henniger, 2006; 
Yukihara et al., 2016).  

Following the widespread use of Al2O3:C, considerable attention has been shifted towards explor-
ing the potential applications of BeO dosimeters. Due to its effective atomic number (Zeff=7.22) 
being similar to human soft tissue (Zeff=7.65), BeO dosimeters are valuable in personal, space, 
environmental and especially in medical dosimetry (Aşlar et al., 2019; Bos, 2001; Mukherjee, 
2015, Eduardo G. Yukihara, 2011). In fact, BeO is currently being considered the most promising 
OSL material, it is superior to Al2O3:C in terms of tissue equivalence and competitive with cost 
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(Broadhead et al., 2022). BeO dosimeters for OSL applications are already commercially availa-
ble by manufacturers such as Brush Wellman, Materion Corporation, and Mirion, see Figure 5. 

Figure 5. (1) LiF:Mg,Ti TL dosimeter; Thermofisher (in the shape of rods), (2) Al2O3:C; Landauer 
Inc., and (3) BeO;Thermalox TM 995 Brush Wellman OSL dosimeters. 
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2.5  Challenges in BeO for OSL Dosimetry 
Due to its tissue equivalence, there is a growing interest in utilizing BeO as an OSL dosimeter, 
and its suitability has already been demonstrated in different medical applications. In the context 
of radiotherapy, BeO dosimeters have been successfully applied in electron beam breast radio-
therapy, as demonstrated by Şahin et al. (2020). For brachytherapy, Santos et al. (2015) utilized 
optical fibers coupled with BeO OSL dosimeters for real-time medical application. In the realm of 
diagnostic X-ray beams, Rodriguez et al. (2012) conducted organ dose measurements in a clini-
cal setting using BeO dosimeters. Yagui et al. (2020) reported the use of BeO dosimeters in 
pediatric gastrointestinal fluoroscopy applications. Moreover, Aşlar et al. (2020) presented the 
results of dose assessment in breast imaging. These investigations had the primary objective of 
demonstrating the utility of BeO as an OSL dosimeter in clinical environment. The outcomes pre-
sented that BeO OSL dosimeters exceeded expectations in performance (Kara and Woda, 
2023a). However, the adoption of BeO OSLDs in medical dosimetry and recent advancements 
are still limited compared to Al2O3:C OSL dosimeters. Kara and Woda (2023a) emphasized that 
the studies mentioned above varied in the employed readout protocols and exhibited discrepan-
cies in annealing temperature, stimulation duration, and preheating temperature. Reading param-
eters, especially annealing and preheating temperatures, are important for dose assessment: Se-
lecting incorrect values for these parameters can adversely affect dose evaluation, leading to 
inaccuracies. Additionally, any gaps in understanding the luminescence mechanisms in TL and 
OSL processes may result in missing any trapping centers, potentially reducing the efficiency of 
dosimeters. Therefore, a standardized reading protocol is indispensable to ensure accuracy, re-
peatability, and reliable dose assessment. Consequently, the use of BeO dosimeters in dosimetric 
applications requires further in-depth investigations into its characterization and a deeper under-
standing of its luminescence mechanisms (Bulur, 2007).  

To be more specific, the first challenge is the lack of a systematic characterization of dosimeters 
to minimize uncertainty in the measured absorbed dose (Kara and Woda, 2023a). Yukihara et al. 
(2016) demonstrated that the sensitivity of the BeO dosimeter changes when subjected to suc-
cessive usage of irradiation and readout. Therefore, suitable annealing in between measurements 
to restore the radiation response of the material is needed. Moreover, when using the available 
stimulation power in the Risø TL DA15 readers (approximately 30-36 mW.cm-2), measurement 
times ranging from 120 to 300 seconds are needed for full OSL readout of the dosimeter. How-
ever, this results in large time durations when reading many detectors in various applications as 
emphasized by Kara and Woda (2023a). Instead of utilizing the entire OSL signal, dose assess-
ment can be accomplished using only a small fraction of it, resulting in shorter reading times. In 
principle, it is possible if combined with appropriate subsequent thermal annealing. However, sys-
tematic investigations of characterization of dosimeters are yet to be conducted (Kara and Woda, 
2023a). 

The literature presents varying recommendations on preheat treatment, which was also ad-
dressed by (Kara and Woda, 2023a). Sommer and Henninger (2006) demonstrated that the OSL 
signal fades by approximately 5% during the initial hours following irradiation, and no additional 
fading was observed during storage periods exceeding 200 days. On the other hand, Yukihara et 
al. (2016) observed a rapid OSL component that thermally decayed in just 10 minutes. Bulur and 
Göksu (1998) recommended a preheating at 125°C for 125 seconds to eliminate the unstable 
component of the OSL when employing green light for stimulation. In their later work, Bulur and 
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Yeltik (2010) utilized a preheating at 160°C for 10 seconds for LM-OSL measurements with blue 
light stimulation, although they did not provide further details as stated by (Kara and Woda, 
2023a).  

In the studies by Sommer and Henninger (2006) as well as by Sommer et al. (2007), measured 
energy response of BeO was found to agree with the calculated one, based on mass-energy 
absorption coefficients. However, Jahn et al. (2014) discovered that for BeO within packaging, 
measured energy response was considerably lower than what was expected from Monte Carlo 
simulations. The angular dependence of BeO dosimeters at varying energy levels has not been 
reported in the literature. 

Furthermore, the occurrence of a TL signal induced by room light has been reported in BeO do-
simeters, emphasizing the need to protect the dosimeters from light exposure even after thermal 
cleaning of residual dose, especially for environmental applications at low doses (Crase and Gam-
mage, 1975; Henaish et al., 1979; Yukihara et al., 2016; Kara and Woda, 2023a). Moreover, 
Yukihara et al. (2016) documented the presence of an OSL signal induced by room light. How-
ever, the mechanism behind these phenomena has not been explained. Therefore, the establish-
ment of measurement protocols for applications becomes highly challenging. 

The second challenge is that a controversy exists regarding the possible association of TL peaks 
with the OSL signal of BeO dosimeters (Aşlar et al., 2019; Bulur and Göksu, 1998; Bulur and 
Saraç, 2013; Bulur and Yeltik, 2010; Yukihara et al., 2016). The correlations between TL and OSL 
properties of BeO was investigated by using bleaching and step annealing experiments. The re-
sults of the bleaching experiments revealed that TL peak 1 and 2 of BeO were strongly influenced 
by light, while the peak 3 remained relatively unchanged (Altunal et al., 2022). This observation 
suggested that the traps responsible for TL peaks 1 and 2 may also be responsible for the OSL. 
In contrast, step annealing experiments presented that the OSL signal is unaffected by preheating 
up to 250 °C. Consequently, it has been proposed that the source of the OSL signal may originate 
solely from traps responsible for TL peak 3 (located around 340 °C) (Bulur and Göksu, 1998; 
Bulur and Yeltik, 2010; Yukihara, 2011). Furthermore, Bulur and Saraç (2013) and Aşlar et al. 
(2019) observed an OSL signal that potentially correlates with TL peak 2 at higher doses using 
step-annealing experiments.  

Another issue is understanding the differences and similarities between TL and OSL emission 
spectra of BeO. In previous studies, it was reported that the TL emission spectrum of BeO peaks 
around 335 nm with a shoulder between 400 to 450 nm (McKeever, S. W., Moscovitch, M., & 
Townsend, 1995). While it was initially assumed that TL and OSL emissions occur in the same 
region due to the high efficiency of OSL measurements in the UV region below 370 nm (Sommer 
et al., 2008; Tochilin et al., 1969), recent studies have suggested that OSL emission spectra 
exhibit two peaks at 370 nm (‘brighter’) and 310 nm (‘weaker’) (Bulur and Saraç, 2013; Yukihara, 
2011). These results indicate that the luminescence mechanism possibly involves different TL 
and OSL emission processes. Still, more studies are needed to clarify the details of the BeO 
luminescence mechanism and to determine whether these processes are correlated.  

The dosimetric characterization of BeO dosimeters and mechanism behind the room-light-in-
duced OSL signal were extensively investigated in Publication I (Kara and Woda, 2023a), and a 
measurement protocol was established. In Publication II (Kara and Woda, 2023b), the correlation 
between TL and OSL over the entire dose range is discussed in detail, and optical attenuation is 
considered in describing the bleaching curves for the two stimulation modes. Besides, the 
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mechanism behind the luminescence phenomenon in BeO was evaluated according to models 
defined by (McKeever, 1994). In the Appendix, the developed protocol was tested in a CT exam-
ination using an anthropomorphic phantom. 
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3. Materials and Methods 

3.1  BeO Dosimeters 
For publication I (Kara and Woda, 2023a), BeO dosimeters (Thermalox TM 995) accessible on 
the market, which had a 4 mm in diameter and with a thickness about ~0.5 mm were used. 

In publication II (Kara and Woda, 2023b), square-shaped BeO dosimeters, supplied by Dosimet-
rics GmbH (Mirion Technologies GmbH), were employed, with dimensions ~4.7 mm x ~4.7 mm 
with a thickness arond ~0.5 mm. 

3.2 The Risø Reader 
The Risø TL and OSL reader (Technical University of Denmark, Risø Campus, Roskilde, Den-
mark) is one of several available OSL reader options (Geber-Bergstrand, 2017) and was em-
ployed in this thesis.  

All TL and OSL measurements were conducted at the Luminescence Laboratory of the Institute 
of Radiation Medicine of Helmholtz Munich, utilizing the Risø TL/OSL Luminescence reader 
(model DA-15) developed at Risø DTU National Laboratory, Denmark, as shown in Figure 6. 

 

Figure 6. Risø TL and OSL luminescence reader (model TL/DA-15), www.nutech.dtu.dk, (Kou-
roukla, 2015; Guide to the “Risø TL/OSL reader”, 2013). 

The Risø reader includes different components, including a stimulation unit for thermal and/or 
optical stimulation, a light detection system (e.g., a photomultiplier tube), and a radioactive source 
(Kouroukla, 2015; Bøtter-Jensen, 1997; Bøtter-Jensen et al., 2003, 2000; Guide to the ´´Risø 
TL/OSL reader´´, 2013). Figure 7 provides a schematic representation of the reader configuration. 

 
 
 
 

http://www.nutech.dtu.dk/
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Figure 7. Schematic representation of the Risoe TL and OSL reader. (Picture adapted from the 
“Risø TL/OSL reader”, 2013, www.nutech.dtu.dk). 

 

The Risø reader incorporates a motor-driven rotating carousel capable of holding up to 24 sam-
ples, which can be placed in stainless steel or nickel discs with a diameter of 11.65 mm. Once 
the samples are positioned in the sample chamber, reading parameters can be configured using 
the sequence program. When performing the read-out process, the samples can be stimulated 
using either light or heat, within a nitrogen atmosphere. This versatility allows the equipment to 
function as both an OSL and TL reader. 

3.2.1 Stimulation and detection 

The Risø reader provides stimulation capabilities through both a heating unit for thermolumi-
necence measurements and an optical setup including LEDs and filters for optically stimulated 
luminescence measurements (Geber-Bergstrand, 2017). These functionalities can be employed 
separately or in conjunction. The heating unit allows samples to be heated up to 700 °C, heating 
rates are adaptable starting at 0.01 to 10 K.s-1 (Kouroukla, 2015). For OSL stimulation, the reader 
utilizes blue light emitting diodes (LEDs) emitting light at around 470 nm. 

To detect the emitted luminescence light, a 9235QB bialkali photomultiplier tube (PMT) from ET 
Enterprises is employed along with appropriate optical filters. The PMT has a maximum detection 
efficiency in the ultraviolet region (200-400 nm). The optical filters function as shields, to block 
scattered light from reaching the PMT (Geber-Bergstrand, 2017). Different combinations of filters 
can be used depending on the wavelength of the stimulating light. In this study, a Hoya U-340 
(7.5 mm) filter was utilized in luminescence redings. This filter has a transmission range of ap-
proximately 250-390 nm. The transmission characteristics of the filter are illustrated in Figure 8. 

http://www.nutech.dtu.dk/


 

25 

 

 

Figure 8. Transmission curve of the Hoya U-340 (7.5 mm) filter accompanying the Risø TL/OSL 
reader (www.hoyaoptics.com). 

3.2.2  Irradiation source 

The Risø TL/OSL reader used in this study is equipped with a beta source. A 90Sr/90Y source is 
located ~5 mm above the sample emits beta particles, with an activity of 465 MBq (Reference 
date: 01.06.2023), (Kouroukla, 2015). A beryllium window (0.125 mm) is used as protective bar-
rier to separate the sample chamber from the source (Kouroukla, 2015; Bøtter-Jensen et al., 
2003; Guide to the Risø TL/OSL reader, 2013). 

The BeO OSL dosimeters used in publications I and II, and in the Appendix, were calibrated in 
terms of 137Cs at the radiation facilities at Helmholtz Zentrum München (HMGU) in München, 
Germany. 
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3.3  External Irradiation Sources 
For the dosimetric measurements, various radiation sources including X-rays and gamma rays 
available at the HMGU radiation facilities were used to irradiate the BeO dosimeters. In Publica-
tion I, the energy and angular dependence of the dosimeters were assessed using different X-ray 
qualities ranging from N30 to N250 (Yxlon MG420 with PTW calibration bench; Figure 9) as well 
as 137Cs (Buchler Gammakalibrator OB20; Figure 10). For the gamma source, available calibra-
tion values for the air kerma rate at a given distance could be used. During calibration process, a 
polymethyl methacrylate platter (thickness of 3 millimeters) was used as the buildup material. The 
X-ray source was calibrated individually for each radiation quality at the same irradiation distance 
using the combination of an ionization chamber and a high precision electrometer, both traceable 
to the primary standard at the Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig, 
Germany. The accumulated charge over one-minute intervals was measured in Helmholtz 
Zentrum München, from which the air kerma rate could be calculated after applying correction 
factors for radiation quality, ambient air pressure and temperature in Helmholtz Zentrum München 
(Greiter, Denk, & Hoedlmoser, 2016). 
 

 

Figure 9. X-ray source MG320 at the Helmholtz Zentrum München (back), with calibration bench. 
An ionization chamber is mounted for calibration (front), at the same position where the BeO 
dosimeters were later irradiated. Below the chamber is a precision temperature, humidity and 
pressure logger (OPUS 20, OTT HydroMet Fellbach GmbH). The laser crosshairs locate the cen-
ter of the irradiation field.  
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Figure 10. 137Cs gamma source at the Helmholtz Zentrum München. The BeO dosimeter, 
wrapped in lighttight aluminum foil, can be affixed to the sample harp with adhesive tape.  
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4. Major results of this thesis 
Considering the increasing interest in OSL dosimetry and the promising prospects of BeO dosim-
eters in medical applications, this thesis aimed to elucidate the dosimetric and luminescence 
properties of these types of dosimeters and to assess their capability to accurately measure ab-
sorbed doses in medical scenarios. 

4.1 Publication I 
The first publication analyzes the dosimetric characterization of BeO dosimeters by evaluating 
their performance and reliability when used in the clinical environments, with a particular focus on 
implementing a fast OSL readout protocol. The dosimetric characterization includes annealing 
characteristics (temperature and time duration), short-term fading and preheat temperature, stim-
ulation time, energy, and angular dependence to assess the useability of the dosimeters in med-
ical applications. Determining these parameters is important for reliable dose estimation, to en-
sure accuracy. 

To achieve reliable and repeatable dose measurements using luminescence dosimeters multiple 
times, it is necessary to anneal those dosimeters and, in this way, to delete the dose history from 
previous exposures. This involves heating the dosimeter to a specific temperature for a set dura-
tion, followed by cooling it down to room temperature. The annealing temperature can affect the 
characteristics of the dosimeter material by influencing crystal defects, while the duration of an-
nealing may be (too) time-consuming during clinical routines, particularly when handling numer-
ous dosimeters. Using annealing temperatures that do not delete the dose history completely can 
lead to inaccurate results. Hence these parameters (annealing temperature and annealing dura-
tion) were investigated. 

Fading, characterized by the decrease in luminescence output with time after irradiation, is also 
crucial for a dosimeter's suitability in clinical dosimetry. The main reason for fading is the presence 
of electrons within traps of varying depths: Shallow traps, i.e. those with lower energy levels, will 
fade more rapidly at room temperature compared to deeper traps, owing to the increased likeli-
hood of transition. To prevent significant errors in the dose assessment, it is crucial to account for 
the influence of fading. The dosimeter can be heated to a specific temperature to remove shallow 
traps (preheating process) or implementing an appropriate time delay between irradiation and 
reading can help to overcome the effect of fading. Since insufficient preheating protocols were 
applied to the dosimeter in previous studies, the fading of OSL signal in short term and an appro-
priate preheating temperature were evaluated for BeO OSL dosimeters, in the present study. 

In previous studies optimization of the optimal optical stimulation time to speed up the measure-
ments has often been overlooked. In principle, this optimization can be established by assessing 
the gain obtained from dosimetric traps at different reading time intervals, which depends not only 
on the dosimeter material but also on the light sources employed in the OSL reader. 

BeO demonstrates tissue-equivalent properties, a characteristic that is desired for an ideal do-
simeter, and especially important when measurements are taken under radiation conditions 
where the photon energy is difficult to be determined. The photon energy depence of OSLDs may 
be influenced by the selection of reading parameters (e.g. initial or total OSL intensity), due to the 
number of defects in the investigated material. This has not yet been investigated for BeO OSLDs. 
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Moreover, in many applications, the angular dependence of dosimeters is crucial because it de-
termines how accurately the dosimeter measures radiation exposure across various angles of 
incidence. Testing of the angular dependence for the investigated BeO OSLDs was also neces-
sary, as this aspect has also not yet been studied in the literature. 

Exposure of dosimeters to room light, especially for long durations or high light intensities, can 
generate an OSL signal resembling ionizing radiation, if those dosimeters are sensitive to non-
ionizing radiation like visible and UV light. This can lead to inaccurate dosimeter readings. It is 
noted that while the presence of TL and OSL signals induced by room light have been reported 
for BeO dosimeters in previous studies, the mechanism behind has not yet been investigated. 
Consequently, this phenomenon was explained in publication I. 

In conclusion, the dosimetric characterization of BeO dosimeters, particularly focusing on a fast 
readout protocol for medical applications, has been thoroughly investigated in this study. Specif-
ically, the annealing characteristics, fading, preheating temperature, stimulation time, energy and 
angular dependence have been examined to ensure accurate dose estimation. Overall, this com-
prehensive investigation provided valuable insights that allowed for optimizing the use of BeO 
dosimeters in clinical dosimetry, with enhanced accuracy and reliability in radiation measure-
ments. 

 

Key finding I:  The phototransferred OSL signal are related with traps beyond 700°C may 
cause a light-induced signal after annealing. 

Key finding II:  The degree of fading of the initial OSL signals of BeO dosimeters depends 
on both the applied dose and the integration interval. To avoid dose underestimation, dosimeters 
should undergo preheat treatment. 

Key finding III:  In order to ensure accurate and precise dose measurements in clinical appli-
cations, special attention should be given to angular response of lower photon energies (< 60 
keV) which exhibit substantial variations in dosimeter response. This could significantly impact 
accurate dose measurements, particularly in medical diagnostics. 

Key finding IV:  The relative detector response is nearly independent of the photon energy 
and has a uniform angular dependence for energies above 60 keV.  

Key finding V:  When properly annealed and preheated, BeO dosimeters exhibit high repro-
ducibility in the laboratory and results hold promise for medical dosimetry applications.  
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4.2 Publication II 
The second publication focuses on investigating the TL and OSL luminescence mechanisms by 
conducting step annealing test on the OSL signal and bleaching test of the TL signal in BeO 
dosimeters. This exploration aims to uncover the correlation between these signals. Additionally, 
the publication reported dose response of each TL peak with corresponding OSL signals and 
discusses the existing bleaching models for BeO. 

The study involved measuring the residual TL (R-TL) glow peak intensities at various bleaching 
times and fitting of exponential decay functions to investigate possible correlations of OSL signals 
with bleaching time. Additionally, the publication discusses the bleaching luminescence models 
for BeO. These correlation studies allowed understanding the BeO luminescence mechanism, 
and thereby enhancing dosimetry techniques and opening a variety of practical applications. In 
particular, correlation between OSL and TL signals allowed identification of common traps under 
optical and thermal stimulations. These traps facilitated development of reading protocols for 
measuring radiation doses absorbed by the investigated materials. Furthermore, by defining the 
characteristics of luminescent light, luminescence readers can be designed in the future more 
effectively with suitable LEDs and optical filters to enhance their performance. The bleaching of 
TL signals with optical stimulation (using the same light source as for OSL) and conducting step 
annealing tests of OSL signals were used for the above-mentioned correlation studies. 

Optical bleaching of TL involves application of stimulation light before TL measurement. In this 
manner, the trapped charges that contribute to the OSL signal are evicted. As a result, the sub-
sequently measured TL signal intensity will decrease. Exponential decay functions can be fitted 
to the measured residual TL (R-TL) glow peak intensities at various bleaching times and to the 
OSL decay curve, to investigate possible correlations between them. 

The step annealing test is a method used to evaluate the thermal stability of the OSL signal in 
dosimeters. After irradiation, dosimeters undergo thermal readings at specific temperatures to 
erase a part of luminescence signals before performing the OSL reading. In the test, the annealing 
temperature is raised in discrete steps. The intensity of the OSL signal measured after each tem-
perature step indicates the thermal stability of the dosimeters and provides insights into common 
trap parameters with its thermoluminescence signal. 

Determining the dose response of OSL and TL signals is important in terms of dosimetry and is 
essential for both quality assurance and calibration purposes. Along with this, the dose response 
of each peak of the thermoluminescence signal and its relationship with the OSL signal estab-
lishes how the luminescence signals are correlated in response to varying doses of radiation. 

As reported by Kara and Woda (2023b), various studies (Aşlar et al., 2019; Bulur and Saraç, 
2013; Yukihara, 2011) have explored the luminescence mechanism responsible for generating 
TL peaks and its relationship with the OSL signal in BeO dosimeters. Results of bleaching tests 
showed that TL peaks 1 and 2 exhibit strong bleachability, suggesting a connection to the OSL 
signal, while step annealing tests after irradiation with 200 mGy (lower dose) indicate that TL peak 
3 contributes significantly to the OSL signal despite being poorly bleachable (Yukihara, 2020). In 
contrast, at higher doses around 10 Gy, the thermal stability test revealed a two-step decrease in 
the OSL signal, with the first decrease occurring in the temperature range of the second TL peak 
(Bulur and Saraç, 2013). This indicates that the second TL peak indeed contributes to the OSL 
signal. To address those discussions, Yukihara (2020) suggested that optically active traps reach 



 

31 

 

saturation at lower doses, thereby allowing the contribution of TL peak 2 to become visible at 
higher doses. Conversely, Bulur and Yeltik (2011) proposed the formation of new traps due to 
radiation damage. However, it is important to note that previous studies did not provide direct 
experimental evidence to confirm their explanation. For this reason, in the present study step 
annealing tests were conducted and bleaching rates of R-TL curves and optical components were 
quantified at different doses using fitting functions to find possible correlations between OSL and 
TL signals (Publication II). Additionally, dose-response tests were conducted for further clarifica-
tion, along with step annealing and bleaching tests.  

Levy (1982) proposed a model with multiple electron traps causing re-trapping or recombination 
with holes, resulting in decreased TL intensity after bleaching (optical stimulation). Chen et al. 
(1990) introduced a model with a single electron trap and recombination center. In this model, 
bleaching (optical stimulation) removes electrons from both the electron trap and the recombina-
tion center, leading to increased hole number at recombination centers and causing a residual TL 
signal that remains unaffected by the initial trap population (Kara and Woda, 2023b). McKeever 
(1994) proposed another model with optically inactive TL traps and deep thermally disconnected 
traps. In this model, bleaching doesn't affect TL traps but removes electrons from deep traps, 
causing radiative recombination and resulting a residual TL signal resistant to bleaching depend-
ent on the initial trap distribution (McKeever and Chen, 1997b; Kara and Woda, 2023b). 

In Publication II, the suitability of these models for each TL peak of BeO dosimeters is also dis-
cussed, with emphasis on McKeever's and Chen’s models. To gain a better understanding, the 
remaining TL signals were measured following bleaching at various applied doses. The proportion 
of the unbleachable residual signal compared to the total TL signal, as well as how this signal 
varies with dose, were investigated by Kara and Woda (2023b). 

To assess the potential relation between thermoluminescence and optically luminescence of do-
simeters bleaching test was employed to TL, and step annealing tests were conducted for OSL 
at varying doses. The results obtained provided valuable insights into both thermal stability and 
luminescent properties, with the identification of common traps under optical and thermal stimu-
lations. Furthermore, the study enhanced the understanding the dose response of OSL and indi-
vidual TL peaks, as well as how their relations contribute to elucidating luminescence signal be-
havior under varying radiation doses. Discussion of the bleaching models for TL peaks shed some 
light on about the luminescence mechanisms responsible for those peaks. 

 

Key finding I:  There are two types of bleachable traps for TL peaks 2 and 3 and for OSL. 
At low doses, the OSL originates from the trap related to TL peak 3, while at higher doses there 
is an increasing contribution to the OSL signal from the trap related to TL peak 2.  

Key finding II:  TL peaks 2 and 3 show a different bleaching behavior which implies different 
luminescence mechanisms are taking place. 

Key finding III:  Direct experimental evidence is provided on the correlation of TL peaks and 
OSL at different doses, with the observation that the bleaching behavior of various TL peaks 
compared to OSL components exhibit overlapping values. 
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5. Summary (in English) 
This doctoral thesis highlights the potential of BeO as an OSL dosimeter for accurate dose meas-
urements in medical applications. This study aimed to (1) characterizing the dosimetric properties 
of BeO and in this way establish a fast readout protocol while maintaining dose estimation accu-
racy, (2) to investigate the luminescence mechanisms in BeO through the study of the bleaching 
behavior at varying doses, and (3) evaluation of BeO as a medical dosimeter under clinical irra-
diation conditions. 

Publication I, as reported by Kara and Woda (2023a), focuses on characterizing BeO OSL do-
simeters as an alternative dosimeter for dose estimation in the medical field. A detailed charac-
terization of BeO dosimeters and the establishment of a measurement protocol was needed, since 
luminescence mechanism of the dosimeter is complex, and existing knowledge did not yet meet 
the requirements for applications in terms of characterization approaches. In addition, additional 
considerations when employing BeO dosimeters for rapid clinical applications were addressed. 
Furthermore, an experimental investigation of the light-induced luminescence signal was con-
ducted, along with theoretical explanations.  

In Kara and Woda (2023a) it is suggested that “shorter annealing and readout times are possible 
compared to those reported in previous studies, allowing for faster dose assessment, particularly 
when using equipment with moderate OSL stimulation power (~30 mW/cm2)”. The fading in do-
simeters was reported to be dose-dependent, especially noticeable at shorter readout times fol-
lowing storage. Therefore, to preserve dose information, particularly in clinical applications, an 
appropriate preheating temperature before conducting OSL measurements was investigated. 
Kara and Woda (2023a) demonstrated that in such cases, preheating is indeed necessary to 
avoid underestimation of the dose when using BeO OSL dosimeters. The results of the energy 
dependence as reported by Kara and Woda (2023a) were compared to published results, and 
some differences were found. These differences indicate the necessity for either a batch-depend-
ent assessment of the energy response or for a precise alignment between the calibration setup 
and the dose measurement setup, to prevent systematic errors. It was also shown that – in con-
trast to Al2O3:C dosimeters – the relative dosimeter response is independent of photon energy, 
except for low X-ray energies of about 60 keV, indicating that energy corrections are not needed. 
Furthermore, the angular dependence of the BeO dosimeter response was investigated for the 
first time by Kara and Woda (2023a). The results indicated that at energies below 60 keV the 
angular dependence must be corrected for, which is particularly relevant for X-ray energies used 
in medical diagnostics. For photon energies above ~60 keV, it was shown here that the angular 
dependence of the dosimeter response does not significantly contribute to the overall dose un-
certainty. However, for photon energies below 60 keV, the angular dependence leads to a relative 
response variation that can increase by up to 30%, which requires further investigations of the 
energy dependence of dosimeter response in clinical settings. A readout protocol was developed 
based on the obtained dosimetric characteristics of BeO OSL dosimeters by Kara and Woda 
(2023a), enabling both a faster measurement cycle than before, and accounting for uncertainties 
in dose measurement. Repositioning with the developed protocol resulted in a reproducibility of 
±1.1%. It is concluded that this study indicated that, despite the identified issues, BeO dosimeters 
offer favorable dosimetric properties enabling short reading times with reduced uncertainty and 
meeting clinical demands effectively. 
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Moreover, Kara and Woda (2023a) stated that “adopting BeO dosimeters in dosimetric applica-
tions requires a precise understanding of the luminescence mechanism behind. However, the 
relation between TL and OSL signals is not yet fully understood, potentially complicating their use 
in dosimetric applications”. Consequently, Publication II (Kara and Woda (2023b)) includes a 
comprehensive correlation study on TL and OSL signals in BeO dosimeters by using bleaching, 
step annealing, and dose-response tests. Bleaching models were also examined to assess ap-
propriate luminescence mechanisms for individual TL peaks.  

This was complemented in Kara and Woda (2023b) by: “Previous observations reported in the 
literature indicate that in BeO and at doses in the mGy range the OSL signal is strongly correlated 
with TL traps associated with peak 3. However, at doses of 10 Gy and higher, there is an increas-
ing contribution of TL peak 2 traps to the OSL signal, which becomes dominant at very high 
doses.” However, in previous studies this relationship was not directly investigated. Results of 
step annealing and bleaching tests performed as part of this thesis revealed that TL and OSL 
traps were found more consistent than previously reported.  

The BeO dose-response of each TL peak and corresponding OSL signals was reported for the 
first time by Kara and Woda (2023b). Specifically, the OSL signal’s dose response was observed 
to maintain linearity to 100 Gy. This linearity could be attributed to the combined dose response 
behaviors of TL peak 2 and 3. The TL peak 2 demonstrates a supra-linear dose-response, while 
the dose-response of the bleachable part within TL peak 3 exhibits saturation up to 40 Gy. Sub-
sequently, higher doses elicited a linear dose-response for both peaks (Kara and Woda, 2023b). 

To further elucidate the luminescence mechanism, Kara and Woda (2023b) evaluated bleaching 
models for each TL peak after optical bleaching. The results revealed that TL peaks 2 and 3 have 
distinct luminescence mechanisms. Moreover, the study indicated that that TL and OSL lumines-
cence mechanisms appear to be more consistent than previously assumed. 

To conclude, the results obtained by Kara and Woda (2023b) significantly contribute to the exist-
ing knowledge on the luminescence mechanisms in BeO at different doses and at thermal treat-
ments. The relationship between TL peaks 2 and 3 and the OSL signals was established. This 
provided valuable insights into the luminescent properties and bleaching mechanisms of BeO. In 
general, understanding the thermoluminescence and optically stimulated luminescence behavior 
of BeO and their relationship enhances our fundamental understanding of the material's proper-
ties, providing useful insights for its practical applications. Thus, this study significantly advanced 
the understanding of the luminescence behavior of BeO, paving the way for further exploration 
and utilization of this material in various applications. 

In the Appendix, it is described how the developed OSL measurement protocol for BeO was ap-
plied to a computer tomography setting by measuring the absorbed organ doses in a one-year-
old anthropomorphic phantom for total body scan. Results are compared with those obtained with 
LiF:Mg,Ti TLDs in the same experiment. Based on the results obtained it is concluded that BeO 
dosimeters are capable of accurately measuring absorbed doses in clinical applications. 
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6. Zusammenfassung (deutsch) 
Diese Dissertation beleuchtet das Potenzial von BeO als OSL-Dosimeter für Dosismessungen 
bei medizinischen Anwendungen. Die Forschungsziele dieser Studie waren (1) die Charakteri-
sierung der dosimetrischen Eigenschaften von BeO und insbesondere die Etablierung eines 
schnellen Ausleseprotokolls unter Beibehaltung der Genauigkeit der Dosismessung, (2) die Auf-
klärung der Lumineszenz-Mechanismen in BeO durch die Untersuchung des Bleichverhaltens 
und des Verhaltens von TL- und OSL-Signalen bei Bestrahlung und (3) die Prüfung der Anwend-
barkeit von BeO als medizinisches Dosimeter unter klinischen Bestrahlungsbedingungen.  

Publikation I konzentriert sich auf die Charakterisierung von BeO-OSL-Dosimetern als alternative 
Dosimeter für die Dosismessung im medizinischen Bereich (Kara und Woda, 2023a). Eine detail-
lierte Charakterisierung von BeO-Dosimetern und die Erstellung eines Messprotokolls war auf-
grund des komplexen Lumineszenzmechanismus des Materials notwendig, insbesondere weil 
das vorhandene Wissen dazu für bestimmte Anwendungen noch nicht ausgereicht hatte. Dieser 
Teil der Arbeit befasst sich mit den dosimetrischen Eigenschaften von BeO OSLDs sowie mit 
weiteren Aspekten, die bei der Verwendung von BeO-Dosimetern bei klinischen Anwendungen 
berücksichtigt werden müssen. Dazu wurden das optimale Ausglühverfahren, das kurzfristige Fa-
ding mit und ohne Vorwärmung, die Reproduzierbarkeit sowie die Energie- und Winkelabhängig-
keit von BeO-Dosimetern untersucht und das lichtinduzierte Lumineszenzsignal ermittelt.  

Die erzielten Ergebnisse deuten darauf hin, dass im Gegensatz zu Ergebnissen früherer Studien 
kürzere Glüh- und Auslesezeiten möglich sind, was eine schnellere Dosisbestimmung ermöglicht, 
insbesondere bei Verwendung von Geräten mit moderater OSL-Stimulationsleistung (~30 
mW/cm2) (Kara und Woda, 2023a). Es wurde im Rahmen dieser Arbeit beobachtet, dass das 
Fading in BeO-Dosimetern dosisabhängig ist, insbesondere bei kürzeren Auslesezeiten. Außer-
dem wurde beobachtet, dass die Wahl einer geeigneten Vorwärmtemperatur nach der Lagerung 
der OSL-Dosimeter, jedoch vor der Durchführung von OSL-Messungen, erforderlich ist, um Do-
sismessungen durchführen zu können, insbesondere bei klinischen Anwendungen. In solchen 
Fällen ist eine Vorwärmung erforderlich, um eine Unterschätzung der Dosis zu vermeiden. In 
Abhängigkeit von der Photonenenergie wurden Abweichungen im Vergleich zu in der Literatur 
veröffentlichten Ergebnissen festgestellt. Das deutet darauf hin, dass es wichtig ist, entweder die 
individuelle Abhängigkeit der Nachweisempfindlichkeit des Detektors von der Photonenenergie 
zu berücksichtigen oder eine genaue Anpassung zwischen dem Kalibrierungsaufbau und dem 
Dosismessaufbau vor-zunehmen, um systematische Fehler zu vermeiden. Es konnte zudem ge-
zeigt werden, dass die relative Dosimeter-Antwort auf Bestrahlung unabhängig von der Photo-
nenenergie ist, außer bei niedrigen Röntgenenergien, so dass keine Energiekorrekturen erforder-
lich sind, wie dies z. B. bei Al2O3:C-Dosimetern der Fall ist. Allerdings zeigten die Ergebnisse der 
vorliegenden Arbeit auch, dass bei Expositionsenergien unter 60 keV für eine genaue Dosisab-
schätzung Energiekorrekturen berücksichtigt werden müssen, insbesondere bei der Anwendung 
von Röntgenstrahlung in der medizinischen Diagnostik. Bei Photonenenergien über ~60 keV trägt 
die Winkelabhängigkeit der Dosimeter-Antwort nicht wesentlich zur Gesamtdosisunsicherheit bei. 
Bei niedrigeren Photonenenergien kann die relative Unsicherheit bei der Dosisbestimmung je-
doch um bis zu 30 % zunehmen, was weitere Untersuchungen der Energieabhängigkeit bei klini-
schen Anwendungen erfordert. Die entwickelten schnellen Messprotokolle lassen genügend Zeit 
für einen Messzyklus, wobei die Unsicherheit der berechneten Dosis berücksichtigt wird. Die Re-
produzierbarkeit der Dosismessungen, wenn die Dosimeter in der Anlage neu positioniert 
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werden, betrug bei Anwendung des entwickelten Protokolls etwa ±1,1 %. Diese Studie zeigte, 
dass BeO-Dosimeter trotz der festgestellten Verbesserungsmöglichkeiten günstige dosimetri-
sche Eigenschaften aufweisen, die kürzere Ablesezeiten bei geringerer Unsicherheit ermögli-
chen, und somit Anforderungen bei klinischen Anwendungen gerecht werden.  

Darüber hinaus ist für den Einsatz eines BeO-Dosimeters ein genaues Verständnis des zugrun-
deliegenden Lumineszenzmechanismus erforderlich. Die Beziehung zwischen TL- und OSL-Sig-
nalen in BeO ist jedoch noch nicht vollständig geklärt, was ihren Einsatz bei dosimetrischen An-
wendungen erschwert. In Publikation II werden daher Ergebnisse einer umfassende Korrelations-
studie zu TL- und OSL-Signalen von BeO-Dosimetern unter Verwendung von Bleich-, Stufenglüh- 
und Dosis-Wirkungs-Tests beschrieben, die im Rahmen dieser Arbeit erzielt wurden (Kara und 
Woda, 2023b). Zudem wurden Bleichmodelle untersucht, um die Lumineszenzmechanismen für 
einzelne TL-Peaks zu ermitteln. Die bisherigen Beobachtungen, dass bei Energiedosen im mGy-
Bereich das OSL-Signal von BeO stark mit TL-Peak 3-Fallen korreliert ist, wurden bestätigt. Bei 
Energiedosen von 10 Gy und höher ist jedoch ein zunehmender Beitrag von TL-Peak-2-Fallen 
zum OSL-Signal zu beobachten, der bei sehr hohen Dosen dominiert. In den bisherigen Studien 
wurde dieser Zusammenhang jedoch noch nicht direkt untersucht. Es wurden daher im Rahmen 
dieser Arbeit auch Bleichmodelle untersucht, um geeignete Lumineszenzmechanismen für ein-
zelne TL-Peaks zu bewerten. Die Ergebnisse der durchgeführten Stufenglüh- und Bleichtests 
zeigten, dass TL- und OSL-Fallen korreliert sind, anders als bisher berichtet.  

Die Dosisabhängigkeit der einzelnen TL-Peaks und der entsprechenden OSL-Signale wurde im 
Rahmen dieser Arbeit zum ersten Mal beschrieben. Die Dosisabhängigkeit des OSL-Signals er-
wies sich bis zu 100 Gy als linear. Diese Linearität könnte auf die Überlagerung von Sättigungs-
effekten der bleichbaren Fallen von TL-Peak 3 und einer supralinearen Dosisrabhängigkeit der 
Fallen von TL-Peak 2 bis zu einer Dosis von etwa 40 Gy zurückgeführt werden, gefolgt von der 
anschließenden linearen Dosisabhängigkeit beider Peaks für höhere Dosen.  

Zur weiteren Aufklärung des Lumineszenzmechanismus wurden für BeO Bleichmodelle für jeden 
TL-Peak nach dem optischen Bleichen bewertet. Dieser Teil der Studie verdeutlichte die Existenz 
unterschiedlicher Lumineszenzmechanismen in Verbindung mit den TL-Peaks 2 und 3, insbeson-
dere in Bezug auf ihre Reaktion auf das Bleichen.  

Darüber hinaus ergab die hier beschriebene Studie, dass die Mechanismen der TL- und OSL-
Lumineszenz möglicherweise stärker miteinander korrelieren könnten als bisher angenommen. 
Zusammenfassend lässt sich daher sagen, dass diese Studie einen wichtigen Beitrag zum be-
stehenden Wissen über die Lumineszenzmechanismen von BeO bei verschiedenen Energiedo-
sen und thermischen Behandlungen leistet. Sie verdeutlicht die komplizierte Beziehung zwischen 
den TL-Peaks 2 und 3 und dem OSL-Signal und liefert Einblicke in die Lumineszenzeigenschaf-
ten und Bleichmechanismen von BeO. Das erreichte verbesserte Verständnis des Lumineszenz-
verhaltens von BeO und der Korrelation zwischen TL- und OSL-Signalen verbessert nicht nur 
unser grundlegendes Verständnis der Materialeigenschaften von BeO, sondern liefert auch Er-
kenntnisse für seine praktischen Anwendungen. Somit trägt diese Studie zu unserem Verständnis 
des Lumineszenzverhaltens von BeO bei und ebnet den Weg für die weitere Erforschung und 
Nutzung dieses Materials bei verschiedenen Anwendungen.  

Schließlich wurde, wie im Anhang beschrieben, das in dieser Arbeit entwickelte OSL-Messproto-
koll für BeO in einer Computertomografie-Studie durch Messung der Organenergiedosen in ei-
nem einjährigen anthropomorphen Phantom getestet. Die Ergebnisse wurden mit denen von 
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LiF:Mg,Ti TLDs verglichen. Dabei zeigte sich, dass BeO-Dosimeter es in der Tat erlauben, Strah-
lendosen bei klinischen Anwendungen genau zu messen. 
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7. Publication I 
Further characterization of BeO detectors for applications in external and medical dosimetry, Kara 
and Woda (2023a). 
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A B S T R A C T   

Measuring absorbed doses with high precision and accuracy for clinical applications using Optically Stimulated 
Luminescence (OSL) dosimeters can help to optimize treatment to patients. Beryllium Oxide (BeO) is a nearly 
tissue-equivalent material that has the potential to increase the applicability of OSL dosimetry in medical 
dosimetry, but there has been limited research into its characterization. We present here the characterization of 
BeO dosimeters in terms of annealing temperature and duration, the effect of preheat treatment on short-term 
fading, energy and angular dependence, and discuss possible errors in laboratory conditions by using the OSL 
technique. Shorter readoutof 30 s when using stimulation power of ~30 mW cm2 is feasible but preheating then 
becomes necessary. The fading behavior of BeO was found to be dose-dependent in this case. Reproduciblity of 
an OSL measurement with repositioning of the dosimeter in the reader and for the short reaout times was found 
to be ~1%. Energy response was close to the theoretical values, which agrees with some but differs from other 
published studies, indicating that the OSL efficiency might vary. The angular dependence presented the greatest 
uncertainty factor. In summary, BeO dosimeters have the potential to be used in clinical applications for dose 
evaluation. However, care should be taken while handling and applying an optimized measurement procedure is 
necessary due to the complex luminescence mechanism of the material.   

1. Introduction 

The Optically stimulated luminescence (OSL) technique has recently 
received noticeable attention to be applied in medical dosimetry owing 
to the flexible automation of OSL readers and fast readout times. How-
ever, one of the major challenges in the spread of this technique for use 
in dosimetry applications is the lack of suitable materials that can 
directly reflect absorbed doses in such materials (Souza et al., 2019; 
Yukihara et al., 2010). Dosimeters based on carbon-doped Aluminum 
Oxide (Al2O3:C) and BeO are the most common OSL dosimeters because 
these are readily available and have appropriate dosimetric character-
istics. However, the major drawback of Al2O3:C is the high effective 
atomic number (Zeff ≈ 11.28) which causes an over response to low 
energy X-rays in the keV range (Bos, 2001). In contrast, BeO dosimeters 
have a similar effective atomic number (Zeff ≈ 7.2) as soft tissue (Zeff ≈
7.65) which makes them an attractive choice for OSL applications, 
particularly in medical dosimetry (Bos, 2001; Malthez et al., 2014). 
However, investigations of BeO dosimeters are still limited (Yukihara 
and Kron, 2020), as compared to the plentiful literature on Al2O3:C 

applied in medical dosimetry. 
Earlier studies have indicated that BeO OSL dosimeters have char-

acteristics especially valuable for use in the clinical environment, such 
as wide dose response range along with good linearity (Bulur and Göksu, 
1998; Sommer et al., 2007; Sommer and Henniger, 2006), reproduc-
ibility (Sommer and Henniger, 2006; Yukihara et al., 2016) and low 
fading (Bulur and Göksu, 1998; Sommer et al., 2007). Besides, it has 
already been used for medical applications, for example in radiotherapy 
by, Şahin et al. (2020) and has demonstrated its utility in electron beam 
breast radiotherapy. Furthermore, Santos et al. (2015) used BeO coupled 
optical fibers for OSL dosimetry in brachytherapy. Rodriguez et al. 
(2012) studied its application in clinical organ dose measurements for 
diagnostic X-ray beams, while Yagui et al. (2020) applied it to pediatric 
gastrointestinal fluoroscopy. In recent work, Aşlar et al. (2020) 
demonstrated the potential of BeO OSL dosimeters in mammography. 
All these studies aimed at demonstrating the benefits and feasibility of 
BeO OSL dosimeters in various medical applications, and the results 
demonstrated that the benefits of BeO dosimeters are even more pro-
nounced than predicted. However, these studies differed in the used 
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readout protocols. Moreover, on the one hand BeO can be manufactured 
cost-effectively in batches, but on the other hand this may cause vari-
ability in the OSL response. Therefore, characterization of dosimeters 
should be examined systematically to reduce uncertainty in the mea-
surement of absorbed dose in clinical research. 

In Yukihara et al. (2016) it is shown that sensitivity changes occur for 
BeO dosimeter in repeated cycles of dosing and pure optical measure-
ments. The authors recommend thermal annealing after each dose 
measurement to restore the initial sensitivity of the detector. A full op-
tical readout of the detector with the stimulation power available in the 
Risø TL DA15 readers (~30–36 mW cm− 2) takes between 120 and 300 s. 
This results in long measurement times, if a large numer of detectors has 
to be readout e.g. after a phantom irradiation. If, on the other hand, 
thermal annealing is necessary anyway, shorter readings, with only part 
of the OSL signal being readout, should be possible. As a large number of 
detectors could then be simultaneously thermally annealed in an 
external furnace, this could signficantly shorten the time needed for dose 
assessment. However, systematic investigations on such an approach is 
lacking. 

Another issue is the necessity of preheating. In Sommer and Henniger 
(2006) it is shown that fading of the OSL signal of about 5% occurs 
within the first hours after irradiation, with no further fading then 
taking place over storage periods over 200 days. In Yukihara et al. 
(2016) a fast OSL component, that decays within 10 min is observed. For 
readout times of 120 s it contributes to less than 1% to the total signal, so 
that no preheating should be necessary. This relative contribution might 
be different for shorter readout times. On the other hand, Bulur and 
Göksu (1998) suggested a preheat of 125 ◦C for 125 s to remove the 
instable part of the OSL signal in case of green light stimulation. In Bulur 
and Yeltik (2010), a preheat of 160 ◦C for 10 s was used for LM-OSL 
measurements with blue light stimulation of the Risø DA15 reader, 
without further details. Overall, there seem to be different recommen-
dations on preheat treatment. 

In Sommer and Henniger (2006) and Sommer et al. (2007), there is 
an agreement between measured and calculated energy response for 
BeO but in Jahn et al. (2014), the measured energy response is signifi-
cantly smaller than expected (simulated), which was explained by a 
reduced OSL efficiency for photons and secondary electrons in the ma-
terial. Furthermore, in Malthez et al. (2014), it was observed that the 
choice of integration interval (initial signal or total OSL decay curve) has 
only a small influence on the energy response. 

This study aims at the characterization of BeO dosimeters for use in 
medical dosimetry applications by focussing on a fast OSL reading 
protocol. Consequently, annealing temperature and duration, the effect 
of preheat treatment on short-term fading, energy and angular depen-
dence were examined in laboratory conditions, addressing the issues 
mentioned above. The results obtained were used to assess the lumi-
nescence mechanism that takes place in the BeO material. 

2. Material and Methods 

2.1. Detectors and irradiations 

Commercially available disk-shaped BeO ceramics (Thermalox TM 
995, Brush Wellman Inc., USA) with a diameter of 4 mm and a thickness 
of ~0.5 mm were used in this study. A total of 30 randomly selected BeO 
dosimeters were used in this study. For measurement of the energy and 
angular dependence, irradiations were carried out with calibrated 137Cs 
and X-ray sources at the Radiation Facilities of the Helmholtz Zentrum 
München, Germany. For the X-ray irradiations, ISO narrow spectrum 
qualities from N-30 to N-300 were used (ISO, 1996). All irradiations 
were done in terms of air kerma free in air, with a dose of 5 mGy. Do-
simeters were wrapped in a thin layer of aluminum foil for this purpose. 
The kerma in air was determined using an ionization chamber traceable 
to the primary standard at the Physikalisch-Technische Bundesanstalt 
(PTB), Germany. 

2.2. TL and OSL readouts 

Luminescence irradiations and readings were performed on an 
automated luminescence reader (model Risø TL/OSL-DA-15) equipped 
with a90Sr/90Y beta source (1.48 GBq). Optical stimulation was provided 
by using blue light emitting diodes (LEDs) at 470 nm with an intensity of 
36 mW cm− 2 at the sample position. OSL read-out was performed at 
room temperature with 90% power of blue LEDs at different stimulation 
times. The reader includes a 9235QB bialkali photomultiplier tube 
(PMT) from ET Enterprises and Hoya U-340 filter for the detection of the 
luminescence signal. For OSL measurments of BeO dosimeters irradiated 
with 2 Gy, a black cardboard with a pinhole was additionally inserted 
between optical filter and detector to avoid over-exposure of the PMT. 
TL measurements were carried out in an N2 atmosphere and recorded up 
to 450 ◦C with a heating rate was 5 ◦C.s− 1. The built-in beta source of the 
reader was calibrated against the above mentioned 137Cs source using 
the same BeO dosimeters. Thermal annealing at temperatures of 700 ◦C 
or above were performed in an external muffle furnace. 

2.3. Data analysis 

For OSL, signal intensity was determined for two different integra-
tion intervals: the first 30 s and 300s. The net OSL signal was calculated 
by subtracting the average of the last 5 s or 50 s of OSL counts from each 
data point (1 s per channel) of the first 30 s or 300 s of the integrated OSL 
counts, respectively. The TL glow curve of BeO consists of three peaks 
(Bulur and Göksu 1998). For the analysis in this work, Peak 1 was in-
tegrated between 50 and 120 ◦C and Peak 3 between 250 ◦C and 450 ◦C. 

The mass energy absorption coefficients of BeO were calculated 
based on data for beryllium and oxygen using the following expression: 
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where fBe ≅ 0.360 and fO ≅ 0.640 are the weight fraction for beryllium 
and oxygen in BeO, respectively. 

The mass energy absorption coefficient for Be, O and air were taken 
from the National Institute of Standards and Technology (NIST) data-
base (https://www.nist.gov/pml/x-ray-mass-attenuation-coefficients). 

3. Results 

3.1. Annealing temperature and time 

Yukihara et al. (2016) suggested to anneal BeO dosimeters at 700 ◦C 
for 15 min for thermal resetting and to erase any pre-existing dose his-
tory. In line with this recommendation, BeO dosimeters were first irra-
diated with 20 Gy beta dose, annealed at 700 ◦C for 15 min and then the 
residual OSL signals measured. Since a fast readout protocol can be 
beneficial for medical applications to save time, the annealing temper-
ature was tested with additionally a 5 min annealing time at the same 
temperature was also applied and the results then compared to the 
reading of a blank disc. The results are shown in Fig. 1. 

The OSL signal reaches the background value obtained from the 
blank disc for both annealing times. Having ascertained that 5 min 
annealing time at 700 ◦C is enough to reset the OSL signal even after a 
high dose irradiation, we next tested whether annealing time affects the 
sensitivity of the OSL signal. Five BeO dosimeters were annealed for 5, 
10 and 15 min at 700 ◦C and then irradiated to a beta dose of 40 mGy 
before OSL readout for 300 s. The results of the annealing time at 10 and 
15 min were normalized to that of 5 min annealing time and the OSL 
integration time was 300 s, in Fig. 2. 

The effect of annealing temperature on the sensitivity of the OSL 
response of BeO was investigated by Yukihara et al. (2016), who sug-
gested that 700 ◦C annealing for 15 min is enough to eliminate photo-
transferred signal from deep traps that are responsible for the glow peak 
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in the 400–625 ◦C region of the TL glow curve of BeO (Bulur, 2007). As 
seen in Fig. 2, the differently pretreated dosimeters have almost iden-
tical OSL responses, there are no changes in sensitivity at 700 ◦C 
regardless of annealing time. The error bars represent the standard de-
viation between the OSL response of the five dosimeters per annealing 
time, which amounts to ~1.9% on average. For the present study, the 
annealing time was selected at 5 min at 700 ◦C and used throughout. 

Previous works on the room light-induced luminescence signal of 
BeO argued that samples should be protected from light after annealing, 
particularly for low-dose measurements (Crase and Gammage, 1975; 
Henaish et al., 1979; Yukihara et al., 2016). Having determined the 
annealing conditions, we thus examined the room light-induced OSL 
signal, concordantly with the previous study of Yukihara et al. (2016). 
BeO dosimeters were irradiated with 40 mGy and 400 mGy of beta dose 
before annealing at 700 ◦C and 900 ◦C for 5 min. Room light-induced 
OSL signal from BeO dosimeters was investigated by exposing the 

detectors to room fluorescent light in the laboratory for 20 and 40 min 
between removal from the furnace and OSL readout (300 s). The 
measured signals were converted into dose by calibrating the dosimeters 
after readouts. The same three dosimeters were used during this part of 
the study and the error bars represent the standard deviation between 
the dosimeters. Results can be seen in Fig. 3. 

The room light-induced OSL signal is dose-dependent, increasing 
with increasing doses and is also dependent on the exposure time to 
light. Chen et al. (1990) proposed a model to explain the optical 
bleaching of the TL signal, in which optical exposure can remove charges 
from the recombination centers that are near the Fermi level into the 
conduction band. The same mechanism could potentially cause a 
light-induced luminescence signal in virgin samples, which were 
exposed to light of the same wavelength (McKeever, 1994): removed 
charges from recombination centers by light exposure may be trapped at 
empty trapping levels with subsequent optical stimulation then leading 
to radiative or non-radiative recombination. However, an OSL signal 
was not observed from BeO dosimeters which were exposed to only blue 
light for 300 s after being irradiated with 20 Gy and annealed at 700 ◦C 
for 5 min, as can be seen in Fig. 1. Alternatively, McKeever (2001) 
proposed the production of free charges from pre-existing defects by 
optical exposure to explain optically induced TL from a virgin sample. 
Those free charges can become trapped at empty traps, which again can 
lead to a a luminscence signal in a later measurement. On the other 
hand, there is no room light-induced signal after annealing at 900 ◦C for 
5 min and this significant drop in the OSL signal compared to annealing 
at 700 ◦C can also imply that the mechanism may be a photo-transferred 
luminescence signal associated with deep traps beyond 700 ◦C. 

Looking at the apparent dose values in Fig. 3, the maximum apparent 
dose measured for a predose of 400 mGy and duration of fluorescent 
room light exposure of 40 min is ~30 μGy. A similar value was reported 
in Yukihara et al. (2016) for 10 min light exposure after irradiation with 
3.5 Gy and annealing at 700 ◦C for 15 min. It thus seems that extra care 
in dosimeter handling after annealing is mostly relevant when 
measuring low doses, which is relevant for environmental and individ-
ual monitoring but less for medical applications. Nevertheless, our re-
sults indicate that an annealing temperature of 900 ◦C might make any 
precautions after annealing unnecessary. This could be further investi-
gated in future studies. 

Fig. 1. Residual OSL signal of BeO after annealing at 700 ◦C for 5 and 15 min 
following irradiation with 20 Gy of beta dose, together with reading from a 
blank disk. 

Fig. 2. Sensitivity changes of the OSL signal as a function of the annealing time 
of 40 mGy irradiated BeO dosimeters. Error bars represent the standard devi-
ation between the response of same five dosimeter, which is ~1.9% on average. 

Fig. 3. Room light-induced OSL signal after annealing at different exposure 
times. Room light-induced OSL signals were measured for 300 s, and then were 
converted into an apparent dose by calibration. Each point represents the mean 
with a standard deviation of three BeO dosimeters. 
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3.2. Choice of CW-OSL stimulation time 

Depopulating the OSL traps strongly depends on the optical stimu-
lation equipments of readers, so it could be time-consuming for readers 
with moderate available stimulation power. For the luminescence 
reader used in the this study, 300 s are necessary for a readout of the OSL 
signal to less than 1% of the initial intensity (in the first second of 
stimulation). As described in the introduction, shorter measurement 
times would be preferable and should also be feasible due to the ne-
cessity of thermal resetting when measuring higher doses. The exact 
value of the shorter readout time is somewhat arbitrary, it should ensure 
a suitable degree of sensitivity while noticeably reducing the time for 
dose assessment at the same time. Since TL peak 3 (250 ◦C - 400 ◦C) is 
known to be strongly related to the OSL signal at doses of tens of mGy 
(Bulur and Yeltik, 2010), the comparison of optical bleaching of this TL 
peak with the corresponding gain in OSL signal was used to choose the 
optical stimulation time for the BeO dosimeter. The OSL signals were 
recorded after 40 mGy irradiation in 30-s increments from the initial 
signal to 300 s. The average of the last 50 s was subtracted from each 
channel as background. The residual TL (R-TL) signal of TL peak 3, as 
shown in Fig. 4a, was measured immediately after each OSL 
measurement. 

Fig. 4b shows the integrated OSL intensities together with integrated 
R-TL intensities of TL peak 3 after each OSL readout as a function of 
optical stimulation times. While the OSL signal is increasing, the cor-
responding residual TL signal has a sharp ~25% decrease in the first 30 s 
then continues to decrease at a slower rate and then stays almost stable 
at a intensity level of ~60% for illumination times larger than 100 s. 
This suggests that the optical stimulation time may be determined as 30 
s, as a compromise between sufficient contribution from the main 
dosimetric trap and maximum gain in readout speed. 

3.3. Short-term fading, preheating and readout protocol 

The reduction in the OSL signal with time after irradiation due to the 
diminishing contribution of unstable shallow traps is interpreted as 
fading. These unstable signals can introduce uncertainty or dose un-
derestimation, potential lowering the precision and accuracy of a dose 
assessment, hence effects on the OSL signal should be removed by a 
suitable preheating or time delay before readout. 

The short-term fading of BeO dosimeters was investigated in labo-
ratory conditions for different time intervals up to 1800 s as well as its 
dependence on preheating temperature. Five randomly selected BeO 
dosimeters were annealed at 700 ◦C for 5 min before irradiations at 40 
mGy and 2 Gy and then stored for different time periods in the reader 
(dark conditions) before readout. OSL signals were measured with and 
without preheating at 160 ◦C for 10 s. The OSL signal of each dosimeter 
was then normalized to its initial OSL signal intensity and the average 
and standard deviation of the five normalized OSL signals from the five 
dosimeters calculated for each time interval. 

After a storage time of 10 min, the integrated OSL intensity measured 
at short readout (30 s) and without preheating drops by ~3.4% for 40 
mGy and ~31% for 2 Gy and then remains stable (Fig. 5). On the other 
hand, the preheat treatment significantly improves the results for both 
given doses for this readout time. When using the long OSL readings 
(300 s), more stable results on fading are obtained for both applied doses 
and preheating only has little influence. The standard deviation of the 
average OSL intensity after different storage times is 0.2% for 40 mGy 
and 0.8% for 2 Gy, for 30 s readouts after preheating. In addition, the 
preheat treatment also leads to a reduced standard deviation of the OSL 
response between dosimeters for a given storage time (“error bars” in 
Fig. 5) and the 30 s OSL readouts, which can lead to a more precise 
measurements among dosimeters. The mean standard deviation 
decreased from ~4.0% to ~1.9% for 40 mGy and from ~7.4% to ~2.9% 
for 2 Gy, after preheating at 160 ◦C. The large standard deviation for the 
30 s WO PH data in Fig. 5 (b) is thus an indication of the large variability 

in the degree of short-term fading of the OSL signal of the five dosimeters 
measured per data point and likely related to different defect concen-
trations of the electron trap involved in the different dosimeters. The 
time tempendence of the signal fading, on the other hand, is the same for 
all dosimeters, leading to the high reproducibility of the average of the 
OSL signal in the same dataset (open circle symbols). Preheating thus 
removes the variability in the degree of fading between detectors and in 
this way leads to the reduced mean standard deviation mentioned 
above. 

Fading of the fast OSL component of BeO within 10 min at room 
temperature was observed by Yukihara et al. (2016) who reasonably 
argued that this is caused by shallow trapping centers but did not 
explicitly try to correlate this to the low temperature TL peak. In order to 
investigate this, the relationship between the TL peak 1 of the TL glow 
curve and the initial OSL signal was studied, using a BeO dosimeter 

Fig. 4. (a): TL glow curve of a BeO dosimeter after optical bleaching. The time 
durations of optical stimulation are given in the legend. (b): integrated optically 
stimulated luminescence (OSL) and residual thermoluminescence intensities of 
TL peak 3 (“R-TL peak 3”) as a function of stimulation time. The dosimeter was 
irradiated to a dose of 40 mGy. 
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irradiated with a 40 mGy of beta dose. Then, OSL and TL signals were 
measured after different storage times, ranging from 0 to 30 min. OSL 
measurements were performed for 300 s with 0.1 s per channel for 
higher resolution, with and without preheating at 120 ◦C for 10 s. This 
lower preheat is sufficient to eliminate the possible contribution of TL 
peak 1. For data analysis, the OSL signal was in integrated over the first 
0.5 s for each delay time and the background (same integration interval 
but for the OSL signal after a delay time of 30 min) was subtracted. 

Fig. 6a shows the effect of the different time delays on the TL glow 
curve of the BeO dosimeter. While TL peak 1 (0–120 ◦C) quickly fades 
almost completety within 10 min, TL peak 2 (120–250 ◦C) shows only a 
small but noticeable decrease in intensity. TL peak 3 (250–400 ◦C) stays 
almost unaffected. The net OSL signal of the BeO dosimeter which was 
not preheated (Fig. 6c) then was plotted against the peak areas of TL 
peak 1 for corresponding delay times. A value of R2~0.99 indicates that 
a regression line fits the data well as an indicator of a good correlation 
between the thermal decay of TL peak 1 and the initial OSL signal 
(Fig. 6b). When additionally considering that TL peak 1 completely 
bleaches upon optical stimulation within less than a second (Fig. 6c), it 
seems likely that this TL peak and the fast initial OSL signal originate 
from the same trap. 

To eliminate this unstable part of the OSL signal depicted in Fig. 6c, 

preheating at 120 ◦C can be considered to be appropriate. However, 
choosing a higher preheat temperatures is necessary because of the 
minor decay of the unstable parts of TL peak 2, which seems to correlate 
with the minor decrease of the OSL signal after preheating at 120 ◦C with 
increasing time delay, as can be seen in Fig. 6a and d, respectively. The 
dose-response of TL peaks following beta irradiation was reported pre-
viously by Bulur (2007). TL peak 1 grows linearly up to a few hundred 
mGy and then saturates, while TL peak 2 shows a supralinear behavior 
after this range. At 40 mGy, the OSL signal beyond a stimulation time of 
0.5 s almost completely originates from the trap responsible for TL Peak 
3, the contribution from TL peak 2 is almost negligible. The small 
contribution from TL peak 1 in the first 0.5 s is already “diluted” for a 
signal integration time of 30 s and even more so for 300s. At 2 Gy, 
however, TL peak 2 has grown overproportionally with respect to TL 
peak 3, resulting in a noticeable contribution to the OSL signal. As TL 
peak 2 has a higher bleaching rate than TL Peak 3 (Fig. 4), the short-term 
fading of parts of TL Peak 2 is then more prominent for short OSL 
readout (30 s) and will be again “diluted” for longer readout times (300 
s, Fig. 5 (b)). These suggested associations could explain why the fading 
of the OSL signal of BeO is both dose-dependent and dependent on the 
signal integration interval. 

In summary, we conclude that the relative contribution of shallow 
(or instable) traps to the fast OSL component may increase with 
increasing doses while its contribution to total signal decreases if the 
OSL readout time is increased. Our results indicate that short-term 
fading of BeO for short OSL readings is dose-dependent. Consequently, 
to overcome instabile results, dosimeters should undergo preheat 
treatment, in the present study we propose preheating for 10 s at 160 ◦C. 
This is consistent with previous notions that this can become a problem 
for very fast readings, particularly in medical applications (Sommer and 
Henniger, 2006; Yukihara et al., 2016). It is concluded that fading in the 
first 10 min should be taken into account when calibrating the dosim-
eters for short reading, and a time delay or preheating should be applied. 

Having established the time optimized thermal resetting procedure, 
the short readout times for OSL combined with the necessary preheating, 
this results in the measurement protocol illustrated in Table 1. 

3.4. Reproducibility of BeO OSL dosimeters 

Reproducibility can be depent on degree of purity between dosime-
ters, and orientation of dosimeters in the planchet. To assess this, ten 
randomly selected dosimeters were irradiated with a beta dose of 40 
mGy, followed by preheating at 160 ◦C and OSL read-out for 30 s. This 
sequence was repeated ten times while the dosimeters were staying in 
the reader, without being replaced. TL reading up to 450 ◦C (5 ◦C.s− 1) 
was performed before each measurement for thermal resetting. The 
same reproducibility test was done by removing the dosimeters from the 
reader after OSL measurement and annealing them in the furnace at 
700 ◦C for 5 min instead of the TL measurement, to evaluate any addi-
tional positioning error caused by replacing the dosimeters into the 
reader. This was done for doses of 40 mGy and 2 Gy (Fig. 7). 

The dosimeter reproducibility does not appear to be dependent on 
the applied dose, but on the repositioning of the dosimeter as well as the 
annealing procedure. For both datasets with repositioning, the decrease 
in intensity in the first four to five cycles seems to be systematic rather 
than random, and then it stays almost constant with high reproduc-
ibility. For the dosimeters that stayed and were annealed in the reader, 
no such systematic effect is observed. This difference in behavior may be 
related to the difference in thermal treatment after each cycle, although 
there is no similar effect for the storage experiment in Fig. 5. More 
research is required to fully understand this issue. For the full datasets in 
Fig. 7, a relative standard devation of the average OSL signal of ~0.60%, 
~1.04% and ~1.13% is calculated for the 40 mGy without reposition-
ing, 40 mGy with repositioning and 2 Gy with repositioning datasets, 
respectively. The standard deviations of the ten dosimeters used per 
reading are illustrated by the “error bars” in Fig. 7 and are on average 

Fig. 5. Short-term fading of BeO dosimeters for short (30 s) and long (300 s) 
OSL readouts and for measurements carried out with and without preheating at 
160 ◦C. Each data point represents the mean and standard deviation of five BeO 
dosimeters. Abbreviations describe the preheat treatment, WO PH: without 
preheating PH: with preheating at the given temperature. Panel (a) shows the 
results for a dose of 40 mGy, panel (b) for 2 Gy. The same five dosimeters were 
used for all measurements. 
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1.1%, 1.7%, and 1.8%, respectively. Handling of the dosimeters outside 
the equipment and repositioning thus increases the uncertainty from 
about 0.6 to 1.1%. 

3.5. Energy and angular dependency 

Knowledge of the energy dependence and the angular response of 
dosimeters is important for accurate dose measurements in medical 
applications by using the OSL technique. As described in the introduc-
tion, different results have been published in the literature concerning 
the energy dependence of BeO, measured using discrete photon energies 
and beams, and the agreement with theoretical values (Jahn et al., 2014; 
Malthez et al., 2014; Sommer and Henniger, 2006). We thus rein-
vestigated this issue with the BeO dosimeters from our production batch. 

Three BeO dosimeters were annealed at 700 ◦C for 5 min before 5 
mGy irradiation with different X-ray qualities and 137Cs (see Material 
and Methods section). OSL measurements were performed for 300 s after 
preheating at 160 ◦C for 10 s. Results are given for three different 
integration times of the OSL signal: 1, 30 and 300 s. The responses of the 
dosimeters were normalized to the response at an energy of 662 keV 
(137Cs). The experimental data were compared to the calculated energy 
dependence based on the ratio of the mass energy absorption co-
efficients of BeO and air. Results are shown in Fig. 8. 

One can see that that the general trend known from the literature is 
reproduced, namely that there is a minor underresponse for lower 
photon energies. Except for the lowest photon energy (24 keV), the 
measured OSL response is on average somewhat higher than the 
calculated values, but the difference is small: The measured OSL 
response for 300 s OSL integration time is on average 1.1% higher and 
for 30 s and 1 s integration times on average 3.0% and 3.1% than 
calculated, respectively. Maximum deviation is observed for N-80 (65 
keV), where the measured response for 30 s and 1 s integration intervals 
is about 8% higher than the theoretical value. This is markedly different 
from the results reported in Jahn et al. (2014), where for photon en-
ergies of 100 keV and lower, an OSL response was measured that was on 
average 25% lower than simulated. Also in Malthez et al. (2014), one 
can roughly estimate from their Fig. 2 an underresponse at 40–50 keV of 

Fig. 6. (a): The effect of storage times on the TL glow 
curve of BeO; (b): correlation between the thermal 
decay of TL peak 1 and thermal decay of the OSL in-
tensity of the initial, fast component (0–0.5 s), the 
dashed line is a linear regression model fitted to the 
data, the difference of the intercept to zero is statis-
tically not significant; (c): OSL decay curves of BeO in 
the first second of optical stimulation, obtained for 
various storage times, added is the optical bleaching 
of TL peak 1 (solid blue square symbols) over the 
same time period; (d) OSL decay curves in the first 
second of optical stimulation after preheating at 
120 ◦C. Irradiations were performed with beta dose of 
40 mGy.   

Table 1 
A read-out protocol for BeO.  

1 Annealing at 700 ◦C for 5 min 
2 Irradiation dose 
3 Preheating at 160 ◦C for 10 s 
4 OSL 30 s  

Fig. 7. Average OSL response from ten BeO dosimeters per cycle of thermal 
resetting, irradiation, preheating and measurement. Results are given for two 
doses and for cycles carried out completely in the equipment, with no removal 
of dosimeters in between (“without repositioning”) and for cycles with external 
thermal resetting and repositioning of dosimeters (“with repositioning”). Error 
bars represent the standard deviation between the dosimeters. For each dataset 
OSL responses were normalized to the respective value of the first cycle. 
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around 0.7, which is significantly smaller than here. On the other hand, 
our results agree with the results in Sommer et al. (2007) and in Sommer 
and Henniger (2006) and this indicates that the actual photon energy 
dependence of BeO may vary according to the production batch used. In 
Jahn et al. (2104), the discrepancy between measured and simulated 
energy dependence was explained and successfully modeled by a 
reduced OSL efficiency due to local saturation effects. One may thus 
speculate that the differences in energy response are related to differ-
ences in defect concentration, which should manifest itself in differences 
in sensitivity (when using the same equipment). From a practical point 
of view, it seems advisable to either measure the energy dependence of 
one’s sample set before applications or to use the same radiation quality 
and setup for calibrating the dosimeters that is then used for monitoring 
the acutal dose (if feasible). The low standard deviation between do-
simeters in this and the cited works indicate that the energy response for 
frontal irradiation is homogeneous within one production batch, 
therefore it is sufficient to measure a small sample set. 

As mentioned above, there is a minor but noticeable difference in 
energy response in Fig. 8 for the shorter readouts (1 and 30 s), compared 
to the long readout time of 300 s, which is somewhat more pronounced 
than the one observed in Malthez et al. (2014). If the suggestion in 
Sommer et al. (2008) is adopted, that the OSL decay curve is a result of 
optical attenuation of stimulated and emitted light, then shorter OSL 
readout will predominantly measure the nearer surface layer and the 
longer readout times more the bulk of the dosimeter. In this case, the 
dependence of the energy response on the stimulation time might be 
explained by non-homogeneous defect concentration within the mate-
rial. Again from a pratical point of view, the shorter readout in our case 
has the additional advantage of reducing, albeit on a small scale, the 
underresponse of BeO for lower photon energies. 

Further studies should address the variations in energy response as a 
function of scan parameters in clinical applications. 

The angular dependence of BeO dosimeters was investigated by 
irradiating the dosimeters with 5 mGy at different X-ray qualities be-
tween N30 to N250 and at different angles of incidence. Dosimeters 
were read out with preheating at 160 ◦C before OSL for 30 s. Relative 
OSL responses at angles of − 60◦, − 30◦, 0◦, 30◦ and 60◦ were normalized 
to the one at 0◦. In Fig. 9, each data point represents the mean of the 
response of five BeO OSL dosimeters. For the sake of clarity, error bars 

are not shown in the graph. The data shown in Fig. 9 demonstrate that 
the BeO dosimeters show a small angular dependence of only ~3% for 
the investigated angles and energies from 208 keV (N-250) down to 65 
keV (N-80). The relative standard deviations of the angular responses for 
a given energy in this energy range range from 0.8% to 1.7%, with an 
average value of 1.3%. These values are close to the values of the 
reproducibility of an OSL measurement for irradiations with a fixed 
calibration source (here the in-built beta source of the reader; section 
3.4), therefore the angular dependence is not expected to add significant 
uncertainty to an acutal dose measurement in this case. For lower 
photon energies however, the scatter can increase up to around 30% and 
could become the dominanting source of uncertainty. This can have 
implications for the achievable precision for applications in diagnostics. 
The reasons for this behavior are at present not fully clear but might 
again be found in the combination of local saturation effects for lower 
LET and differences in defect concentration throughout the material. It 
will be important to see in future studies, if similar effects occur for BeO 
dosimeters from other production batches and whether the experimental 
data can be successfully reproduced by an appropriate model for a better 
understanding of the underlying mechanism. 

4. Conclusion 

In this work, several prominent dosimetric properties have been 
discussed for BeO and were characterized by investigating its annealing 
temperature and duration, the effect of preheat treatment on short-term 
fading, energy, and angular dependence. Our results indicate that 
shorter annealing and readout times are possible, enabling faster dose 
assessment, especially when using equipment with moderate OSL 
stimulation power (~30 mW cm2), but in this case preheating is 
necessary to avoid dose underestimation. Reproducibility when dosim-
eters are repositioned in the equipment was found to be around 1.1% 
when using the developed protocol. A variation was observed between 
the measured energy response in this work and published results, indi-
cating that either a batch-dependent assessment of the energy response 
or an exact correspondence between calibration setup and dose mea-
surement setup is necessary to avoid systematic errors. For photon en-
ergies above ~60 keV, the angular dependence will not substantially 
add to the overall dose uncertainty budget but for lower photon en-
ergies, the variation in relative response can increase up to 30%. This 

Fig. 8. Measured energy dependence of BeO dosimeters for three different 
integration intervals, given in the legend. Error bars represent the standard 
deviation of three dosimeters for each energy measurement. Irradiations were 
performed with dose of 5 mGy (air kerma). The dashed line is the ratio between 
the mass-energy absorption coefficients μen/ρ for BeO and air, normalized at 
1250 keV (see Section 2.3). 

Fig. 9. Angular response of BeO dosimeters, normalized to the response at 
0◦ (frontal irradiation). Irradiations were performed with dose of 5 mGy. Each 
data point is the average of the response of five dosimeters, standard deviations 
were omitted for the sake of clarity. The dotted lines indicate the range of ±3% 
around unity. 
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needs to be further investigated with respect to application in medical 
diagnostics. Despite some of the issues found it can still be concluded 
that BeO is convenient for dosimetry applications, also in the medical 
field and has practical features which are comparable to those of other 
OSL materials. 
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A B S T R A C T   

Beryllium Oxide (BeO) is a promising dosimetric material that is rapidly becoming an essential instrument in 
Optically Stimulated Luminescence (OSL) dosimetry applications. Despite the potential of BeO as a luminescence 
dosimeter, gaps remain in understanding how its Thermoluminescence (TL) and Optically Stimulated Lumi-
nescence (OSL) signals are connected. Our study aimed at examining Residual Thermoluminescence (R-TL) glow 
curves after various bleaching times to find an association between TL traps and OSL components across a wide 
range of doses, at 40 mGy and from 10 to 100 Gy. OSL decay curves and intensities of R-TL glow curves were 
fitted to either pure exponential decay functions or to stretched exponential decay functions, due to optical 
attenuation, to determine the OSL components and the bleaching decay rates of each TL peak, respectively. A 
good correlation between the decay rates of the OSL components and bleaching decay rates of each TL peak for 
both high and low-dose irradiations was found only for the model functions considering optical attenuation in 
the material. Taken together, this qualitative method helped to identify various traps, and results revealed a more 
consistent luminescence mechanism between TL and OSL signals than was previously assumed. Further support 
for the correlation between TL and OSL was derived from thermal stability studies of the OSL signal and from the 
dose response of the TL peaks and the OSL signal after different thermal pretreatments. Different bleaching 
models were discussed to define the appropriate one for BeO. These results may enhance our understanding of 
BeO as a dosimeter.   

1. Introduction 

BeO has been suggested as a luminescence dosimeter as early as 
1969/1970 (Rhyner and Miller, 1970; Tochilin et al., 1969), however it 
was not until the rediscovery of this material as potential OSL dosimeter 
with modern equipment (Bulur and Göksu 1998) that BeO received 
attention as serious candidate for dosimetric applications by the scien-
tific community. The TL glow curve of BeO consists of three distinct 
peaks, which are located between 50 and 120 ◦C (peak 1), 150-260 ◦C 
(peak 2), and 260-400 ◦C (peak 3). The light sensitivity of the TL glow 
curve has implied the potential use of BeO as an OSL dosimeter. More-
over, it has increasingly drawn attention in OSL applications due to its 
favorable characteristics, particularly its nearly tissue-equivalence (Bos, 
2001; Sommer et al., 2007; Watanabe et al., 2010). However, the 
luminescence mechanism for TL and OSL signals are not fully under-
stood and this can potentially complicate its adoption in dosimetry ap-
plications (Bulur, 2007). 

The possible correlation between the traps responsible for the indi-
vidual TL peaks and those for the OSL signal in BeO has been investi-
gated by (Polymeris et al., 2021; Aşlar et al., 2019; Bulur and Göksu, 
1998; Bulur and Saraç, 2013; Yukihara, 2011). The strong bleachability 
of TL peaks 1 and 2 suggested that these peaks might be associated with 
the OSL signal. However thermal stability studies of the OSL signal after 
irradiation with 200 mGy demonstrated that the signal is unaffected by 
preheating up to 250 ◦C, implying that TL peak 3, despite being only 
poorly bleachable, carries a major contribution to the OSL signal 
(Yukihara, 2020). At a dose of 50 Gy, however, the same thermal sta-
bility test for the OSL signal showed a two-step profile in signal decrease, 
with a first drop in OSL intensity starting at a preheat temperature of 
150 ◦C and lasting until 220 ◦C, which is the temperature region in 
which TL peak 2 is located (Bulur and Saraç, 2013). To resolve this 
apparent discrepancy, Yukihara (2020) proposed that optically active 
traps located in TL peak 3 region saturate at lower doses, and thus the 
contribution of the optically active traps of TL peak 2 (located between 
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150 ◦C and 220 ◦C) to the OSL signal becomes visible at higher doses. 
Experimental evidence to confirm this hypothesis has so far not been 
produced. 

Aşlar et al. (2019) studied the correlation between unbleached and 
bleached TL peaks (after 400s of optical stimulation), the OSL signal and 
ESR centers of the BeO dosimeter at 30 Gy by using a step annealing test. 
The OSL signal was fitted by a sum of two main components, denoted as 
C1 and C2. The authors inferred that TL peak 2 could be correlated with 
the OSL component C1 and TL peak 3 with C2. Moreover, TL peak 2 was 
considered as to be more relevant to the OSL signal at this dose. In the 
study of Polymeris et al. (2021), the dose-response of TL and OSL signals 
was investigated up to 4 Gy for varying irradiation temperatures for TL, 
and different measurement temperatures and preheating conditions for 
OSL. Intense supralinearity was observed for TL peak 2, whereas TL peak 
3 displayed linearity only at an irradiation temperature of 200 ◦C. From 
the analysis of the dose-response of the component-resolved OSL signal, 
it was suggested that TL peak 3 serves as the origin for the charge of the 
first OSL component, C1. The supralinearity was ascribed to the 
competition for free electrons by electron traps, which occurs during 
both irradiation and stimulation. 

Bulur and Yeltik (2010) fitted both the CW-OSL and LM-OSL curve of 
BeO for doses in the mGy range to the sum of two first order components 
but at the same time questioned the validity of this approach, as BeO is 
known to be a strong optical diffusor (Lembo et al., 1990). The latter 
aspect was considered by Sommer et al. (2008), who showed that in this 
case an extended exponential decay function for the OSL signal of a 
single trap is obtained. Since the emphasis in that work was on medical 
applications, the relevance of this result for investigating the correlation 
between TL and OSL was not explored. Generally, to date, correlation 
studies between the luminescence mechanisms of TL and OSL in BeO are 
still scarce.One approach to investigate possible correlations is to fit the 
Residual Thermoluminescence (R-TL) glow curves remaining after 
bleaching of the TL signal as a function of various bleaching times to 
obtain the bleaching decay rates for each TL peak. If the same approach 
is applied to the OSL decay curve, OSL components that are associated 
with bleaching decay rates of each TL peak may yield valuable insights 
into the traps, as investigated in the correlation studies of KMgF3:Ce+3 
by Dallas et al. (2010). 

In the present study, to better understand the relationship between 
OSL and TL signals of BeO, R-TL glow peak intensities were measured at 
different bleaching times for doses of 40 mGy and 10 Gy–100 Gy. These 
data sets and the corresponding OSL decay curves were fitted to expo-
nential decay functions, based on models with and without optical 
attenuation. For the latter, the approach described in Sommer et al. 
(2008) for OSL was adapted to the experimental setup used in this work 
and also expanded to TL. The obtained bleaching decay rates of the 
individual TL peaks were then compared to those of the OSL compo-
nents, to investigate possible correlations and to decide which model 
might be more appropriate. Different bleaching models were also dis-
cussed in this context. In addition, the dose response of the TL signals 
and of OSL signals after different pretreatments were compared over the 
same wide dose range to further corroborate possible correlations and to 
decide, which mechanism most likely explains the difference in OSL step 
annealing tests at 40 mGy and high doses. 

2. Materials and methods 

2.1. BeO dosimeter 

Square-shaped BeO dosimeters, provided by Dosimetrics GmbH 
(now Mirion Technologies (AWST) GmbH), were used in this study, with 
dimensions ~4.7 mm x ~4.7 mm and a thickness of ~0.5 mm. The same 
dosimeter chip was used throughout the study, except for the results for 
40 mGy, which were obtained on a number of dosimeters (from the same 
production batch). 

2.2. OSL and TL readings 

Luminescence readings and irradiations were performed on an 
automated luminescence reader (model Risø TL/OSL-DA-15) equipped 
with a90Sr/90Y beta source (1.48 GBq). Calibration of the beta source of 
the reader for the BeO dosimeters was performed with a137Cs source at 
the Radiation Facilities of the Helmholtz Zentrum München, Germany 
(~20 mGy s− 1). Optical stimulation was provided by using blue light 
emitting diodes (LEDs) at 470 nm with an intensity of 45 mW cm− 2 at 
the sample position. The reader includes a 9235QB bialkali photo-
multiplier tube (PMT) from ET Enterprises and Hoya U-340 filter for the 
detection of the luminescence signal. OSL readings were performed at 
room temperature with 90% power intensity of LEDs. TL readings were 
recorded up to 450 ◦C in the N2 atmosphere and the heating rate was 
5 ◦C.s− 1. For doses of 10 Gy and higher, a cardboard with a pinhole was 
placed in front of the PM tube to avoid overexposure during lumines-
cence measurement. The residual TL glow curve was recorded after OSL 
stimulation for different periods of time, which is referred to as 
bleaching times throughout this study. For the analysis in this work, 
Peak 1 was integrated between 50 and 120 ◦C, Peak 2 from 120 ◦C to 
260 ◦C and Peak 3 between 320 ◦C and 400 ◦C. 

2.3. Experimental protocol 

The sequence used to obtain R-TL glow curves after various beaching 
times can be seen in Table 1. All irradiations were performed in the Risø 
reader. For doses of 10 Gy and larger, the BeO dosimeter was annealed in 
a muffle furnace at 700 ◦C for 5 min to eliminate dose history and to 
restore the initial sensitivity before each measurement. For a dose of 40 
mGy, thermal resetting in the Risø reader by using TL readings up to 
450 ◦C at 5 ◦C.s− 1 was sufficient. 

The bleaching to obtain the R-TL glow curve was applied at 2-s in-
tervals up to the first 10 s to have more data points in the fitting process. 
After 20 s, the measurements were taken at 20-s intervals up to 300 s. 
The same bleaching times were applied to the BeO chip after irradiation 
with different doses, varying from 10 to 100 Gy. 

2.4. Definition of the bleaching decay rates 

Comparing bleaching decay rates of each TL peaks with OSL com-
ponents can be a simple way to capture underlying information about 
the luminescence characteristics of the material. 

In order to be able to study the bleaching decay rates, the areas under 
the different peaks in the R-TL curves were plotted as a function of 
various bleaching times. For the one trap and one recombination center 
model the rate equation for the trapped charge concentration under 
optical stimulation (bleaching), assuming negligible retrapping (first 
order kinetics), is the following: 

dn
dt

= − nf (λ). (1) 

The bleaching rate is given by the inverse of the characteristic time τ 
(in s): 

Table 1 
Sequence used to measure the R-TL glow curves.  

Steps Applied sequence 

1 Annealing 700 ◦C for 5 min (dose >40 mGy) 
2 Irradiation Varying from 40 mGy to 100 Gy 
3 TL 450 ◦C, 5 ◦C.s− 1 

4 Annealing 700 ◦C for 5 min (dose >40 mGy) 
5 Irradiation Varying from 40 mGy to 100 Gy 
6 Bleaching by OSL reading Bleaching time varies from 1 s to 300 s 
7 R-TL 450 ◦C, 5 ◦C.s− 1 

8 Annealing 700 ◦C for 5 min (dose >40 mGy) 
9 Repeat of steps 5–8 with increment in the bleaching time  
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τ− 1 = f (λ) = σ(λ)φ(λ), (2)  

where φ is the photon fluence (m2.s− 1), σ the photoionization cross 
section (m2) and n the concentration of the trapped charges (m3). For 
both R-TL and OSL, the solution of equation (1) leads to an exponential 
function of the form: 

I(t)= I0e− t/τ + y0, (3)  

where It is the intensity of either the OSL signal or the integrated TL peak 
at time t, I0 the intensity at t = 0 and y0 a constant that is added here to 
consider instrumental background and hard-to-beach or unbleachable 
components. For several non-interacting bleachable traps with different 
cross sections, equation (3) will change to the sum of several exponential 
functions, one for each trap (component). In the case of the OSL mea-
surements, τ was considered as the characteristic time of one OSL 
component, whereas τ− 1 was interpreted as the bleaching decay rate for 
Residual TL readings. The OriginLab 2022 software was used for fitting 
exponential functions to the different data sets. 

2.5. Attenuation of light by the material 

A known problem concerning the luminescence of BeO is attenuation 
of both stimulation and luminescence light (Lembo et al., 1990; Sommer 
et al., 2007, 2008). For rock surface dating using quartz, (Sohbati et al., 
2011; Gray and Mahan, 2015) considered attenuation of bleaching 
sunlight into the rock using the Lambert-Beer law, while OSL mea-
surements were done on extracted grains. For BeO, depending upon 
thickness of the dosimeter, part of the emitted luminescence light may 
additionally be absorbed by the material itself. Sommer et al. (2008) 
gave an equation for the OSL signal in this case for the specific experi-
mental setup used (e.g. stimulation from one side of the chip and mea-
surement from the other). Here, a similar simplified approach is derived 
for the measurement setup of the Risø reader, where the dosimeter is 
stimulated and measured from the same side. The methodology is then 
also expanded to TL measurements. 

Lambert-Beer law describes the absorption of light in a solid ac-
cording to: 

I(λ, x)= I0(λ)e− μx (4)  

where I0(λ) is the intensity of the incident light at the surface, I(λ, x) the 
intensity at depth x (mm) in the solid and μ (mm− 1) the absorption 
coefficient. The stimulating photon flux φ varies with depth x into the 
BeO dosimeter by applying the Lambert-Beer law: 

φ(λ, x)=φ0(λ)e− μSx, (5)  

where μS refers to the absorption coefficient for the wavelength region of 
the stimulating light. The bleaching rate at depth x in the detector can 
then be expressed as: 

f (λ, x)= σ(λ)φ0(λ)e− μSx. (6) 

The solution of equation (1) is now: 

n(t, x)= n0(x) • e− f (λ,x)t. (7) 

The initial trap concentration n0(x) is given here as a function of 
depth to consider possible dose gradients in the sample. The OSL signal 
emitted from the infinitesimally thin layer at depth x is: 

IOSL(t, x)= −
∂n
∂t

= n(t, x)f (λ, x). (8) 

At the surface of the chip dosimeter, the attenuated OSL intensity 
IS
OSL(t, x) is recorded: 

IS
OSL(t, x)= IOSL(t, x) • e− μEx =

(
n0(x) • e− σ(λ)φ0(λ)e− μS xt)( σ(λ)φ0(λ)e

− μSx)(e− μEx)

(9)  

where μE refers to the absorption coefficient of the emitted light for the 
wavelength region transmitted through the optical filter in front of the 
PMT. The total OSL signal recorded from the sample is then: 

IOSL(t)=
1
d
• τ− 1 •

∫ d

0
n0(x) • e− (μE+μS)xe−

(e− μS x)t
τ dx, (10)  

where d is the thickness of the dosimeter, and σ(λ)φ0(λ) was set as τ− 1 

(see equation (2)). It can be directly seen, that if dose gradients and 
optical attenuation are negligible (μS = μE = 0), equation (10) reduces 
to equation (3) (setting I0 = n0 /τ), as should be. 

By measuring the attenuation of transmitted light through a thin 
(0.225 mm) BeO chip, (Lembo et al., 1990) showed that at 350 nm the 
light intensity was reduced to 36% and at 450 nm to 44% of the initial 
intensity. The transmission can be expressed as I(d)/I(0), where I(d) is 
the intensity of light after traversing through the chip of thickness d. The 
connection between transmission and the optical attenuation coefficient 
it then simply given by, 

T = I(d)/I0
= e− μd (11) 

The ratio μS
μE 

can thus be estimated from the transmission data as 
approximately 0.8, so a 20% lower value for μS compared to μE. Using 
the value of (2.69 ± 0.15) mm^-1 for μE, determined in Lembo et al. 
(1990), a value of approximately 2.2 mm^-1 for μS was estimated. 

In case of TL, the glow curve is not measured during bleaching but 
after a certain optical stimulation time t. The number of filled traps 
remaining in an infinitesimally thin slice at depth x after this optical 
stimulation time is the same as for OSL and is given by equations (6) and 
(7). In contrast to OSL, all horizontal slices in the dosimeter will be 
stimulated with the same efficiency in TL, if thermal gradients within 
the dosimeter can be neglected. The light emitted by thermal stimula-
tion from each of these slices on the other hand will be attenuated in the 
same way as for OSL: 

STL(T, x)= STL,u(T) • e− μEx, (12)  

Where STL(T, x) is the signal of the glow curve due to the slice at depth x, 
and STL,u(T) the signal of the unattenuated glow curve at temperature T. 
Since for data analysis the glow curve is integrated and since the area 
under the unattenuated glow curve is equal to the number of filled traps 
before thermal stimulation, the result for the integrated TL intensity 
from the slice at depth x is: 

ITL(t, x)=
∫

STL(T, x)dT =

∫

STL,u(T)dT • e− μEx = n0(x) • e− μE xe− Φ0•e− μS xσt.

(13) 

The total integrated TL intensity of the sample after optical stimu-
lation time t is then: 

ITL(t) =
1
d

∫ d

0
n0(x) • e− μE xe−

(e− μS x)t
τ dx, (14)  

where again σφ0 = τ− 1 was used. 
The integrals in equations (10) and (14) can only be solved numer-

ically. This was implemented in the fitting algorithm of the OriginLab 
2022 software (assuming that n0 is independent of the depth in the de-
tector and thus can be treated as a constant) and then applied to the 
experimental results. The uncertainty in μE (and correspondingly in μS) 
was not considered. Similar to the model without optical attenuation, 
the results can be expanded to the case of two types of traps with 
different photoionization cross sections and a constant to consider hard- 
to-bleach or unbleachable components plus instrumental background 
can be added. 
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2.6. Background for bleaching models 

A comprehensive review of three bleaching models that evaluate the 
residual TL intensities as a function of bleaching time was undertaken by 
McKeever (1994) to examine the luminescence behavior of sediments. 
First, Levy (1982) used the assumption of the presence of several elec-
tron traps which may cause retrapping of charges in these traps or 
recombination with holes in the recombination center during excitation 
to explain the decrease in the TL intensity after bleaching. In this model, 
the TL peak can be represented by non-first-order kinetics and decays to 
zero for sufficiently long bleaching times. The model proposed by Chen 
et al. (1990) introduces a single electron trap and a single recombination 
center, where optical stimulation, or bleaching, can remove electrons 
from both entities. The optical stimulation can remove electrons not 
only from electron traps but also from recombination centers situated 
near the valance band, thus the concentration of holes at recombination 
centers increases during illumination. As a consequence, the subsequent 
residual thermoluminescence (R-TL) signal is unaffected by the initial 
trap population and cannot be reduced to non-zero intensity. Besides, a 
single electron trap and single recombination center are assumed in this 
model therefore peak position changes are not expected. McKeever 
(1994) suggested another model, in which illumination does not bleach 
the TL trap but removes electrons from the deep thermally disconnected 
trap(s). These electrons radiatively recombine with the holes in the 
recombination centers and cause an unbleachable residual TL signal, 
which depends on the initial trap population, unlike Levy’s and Chen’s 
models. In addition, the ratio between the residual signal and the 
applied dose is expected to vary based on two factors: (1) the relative 
contribution of the unbleachable residual signal to the total TL signal, 
and (2) the dose dependence of the unbleachable residual TL signal. The 
TL peak is considered first-order due to no shift in the peak position with 
time. 

3. Results and discussions 

3.1. Bleaching of TL and thermal stability of OSL at 40 mGy 

Bleaching of TL and thermal stability of OSL signals of the BeO 
dosimeter that were obtained at 40 mGy beta dose are shown in Figs. 1 
and 2, respectively. Only selected R-TL glow curves are shown in the 
graphs for the sake of clarity. 

The OSL curves of the BeO dosimeter at 40 mGy and 20 Gy are shown 
in Figs. 2 and 4 together with preheated OSL curves, respectively. 
Additionally, preheated OSL curves are shown for both cases. To elim-
inate the contributions of TL peaks 1 and 2 from the OSL signal, the BeO 

dosimeter was preheated at 120 ◦C and 260 ◦C for 10 s. 
At the selected heating rate, BeO exhibits a TL glow curve with three 

distinct peaks. These peaks occur at approximately 75 ◦C (peak 1), 
220 ◦C (peak 2), and 350 ◦C (peak 3), as shown in Figs. 1 and 2 for a dose 
of 40 mGy and 20 Gy, respectively. Consistent with previous bleaching 
studies on BeO from Thermalox, all TL peaks are affected by bleaching 
but at varying rates (Aşlar et al., 2019; Bulur and Göksu, 1998; Yukihara, 
2020). TL peak 1 undergoes nearly complete bleaching within 1 s for 
both doses, making it challenging to analyze its bleaching behavior. 
Therefore, it was not further investigated in this study. 

After 10 s of bleaching for a dose of 40 mGy, the intensity of TL peak 
2 reduces by approximately 45%. After 300 s, the intensity remaining in 
TL peak 2 relative to its initial intensity is roughly 2.8% for the same 
dose. For TL peak 3, there is only a minor decline of just 9% after 10 s of 
bleaching. However, this decline steadily continues to reach nearly 65% 
by the end of the 300-s optical stimulation period. 

The inset in Fig. 2 illustrates the results of the step-annealing test, 
where the BeO dosimeter was preheated in increments of 10 ◦C from 
100 ◦C to 350 ◦C before the OSL measurement (300 s). Results were then 
normalized to the OSL signal measured without preheating. The 
bleachable TL glow peaks can be associated with traps responsible for 
the OSL signal. Considering that TL peak 2 bleaches more significantly 
than TL peak 3, the former could be regarded as the primary source of 
charge carriers for the OSL signal. However, at a dose of 40 mGy, the 
OSL signal intensity and shape are not affected by the step annealing up 
to 260 ◦C, which completely removes TL peak 2 (Fig. 1). This charac-
teristic is consistent with the observations made by Bulur and Göksu 
(1998) and Yukihara (2020), where the OSL signal shape of BeO remains 
unchanged after the removal of TL peaks 1 and 2 through preheating. 

3.2. Bleaching of TL and thermal stability of OSL at 20 Gy 

As Fig. 3 indicates, at 20 Gy, the intensity of TL peak 2 is reduced by 
approximately 28% after 10 s of bleaching. Following 300 s, the residual 
intensity of TL peak 2 amounts to about 2.6%, relative to its initial in-
tensity. TL peak 3 reduces by 20% after a 10-s bleaching time, and this 
decline continues to nearly 55% at the end of the 300 s of optical 
bleaching. In contrast to the findings of Aşlar et al. (2019), TL peak 3 
shows a significant degree of bleaching throughout the entire bleaching 
process for both applied doses. Fig. 1. R-TL glow-curves of BeO after irradiation at 40 mGy beta dose.  

Fig. 2. OSL curves of BeO without preheating, thermal cleaning of the TL Peak 
1 (preheating at 120 ◦C, 10 s) and thermal cleaning of the TL Peak 2 (preheating 
at 260 ◦C, 10 s) for BeO dosimeter irradiated with 40 mGy. The inset shows the 
normalized step annealing test for this dose. 
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The inset of Fig. 3 displays the maximum peak position of TL peaks 2 
and 3 at given doses as a function of bleaching time. No noticeable shift 
in the peak position is observed for TL peak 3 at any of the given doses. 
Similarly, TL peak 2 at 20 Gy does not exhibit a clear shift. However, a 
distinct shift in the peak position can be observed for TL peak 2 at 40 
mGy, with a magnitude of up to 15 ◦C within the first 50 s of bleaching. 
This indicates that TL peak 2 may consist of a single peak at higher doses. 

Comparing the step annealing results at 20 Gy (Fig. 4, inset), to the 
same experiment at 40 mGy (Fig. 2, inset), we now see a noticeable 
initial drop in signal intensity of around 50% within the temperature 
range of approximately 150 ◦C–220 ◦C. This is followed by second 
decrease in the same temperature range as in the 40 mGy experiment. A 
similar observation has been made by (Bulur and Saraç, 2013) in a 
step-annealing experiment on a 50 Gy irradiated BeO dosimeter. The 
first signal decrease clearly indicates that in the temperature region of 
TL peak 2, there is an additional contribution to the OSL signal. 

The results of the step annealing experiment at 40 mGy (Fig. 2) have 
for many years supported the notion that the OSL signal is derived 
exclusively from traps responsible for TL peak 3 (Bulur and Göksu 
1998). The step annealing experiment at higher doses (Fig. 4) was then 
interpreted as the creation of new traps that contribute to the OSL signal 
at this dose (Bulur and Saraç, 2013). Recently, Yukihara (2020) used the 

additional property of strong thermal quenching of the luminescence 
emission in BeO to suggest that at low dose the contribution of TL peak 2 
to the OSL signal is negligible compared to TL peak 3, contrary to what 
Fig. 1 implies. At higher doses, the contribution from TL peak 2 to OSL 
becomes noticeable due to saturation of TL peak 3 at a lower dose than 
TL peak 2. This suggestion has so far not been confirmed experimentally. 
It will be addressed in the following subsection. 

3.3. Dose response 

The normalized OSL decay curves of the BeO dosimeter that was 
irradiated at 40 mGy and 10 mGy to 100 Gy are shown in Fig. 5a and the 
inset displays the OSL decay curves between 10 and 100 Gy. 

The strongest difference in relative OSL curve shape can be seen 
between the lowest dose (40 mGy) and the set of doses starting at more 
than order of magnitude higher. However, between 10 and 100 Gy there 
is also a systematic change in OSL curve shape, with the overall rate of 
signal decrease first decreasing up to 40 Gy and then increasing again up 
to 100 Gy. In Fig. 5b, the dose-response of TL peak 2, TL peak 3, and the 
OSL signal are depicted (the 40 mGy data were measured with a 
different experimental setup and cannot be included here). Also shown 
is the fraction of the TL peak 3 intensity that can be bleached by light, 
inferred from Fig. 6 b (see below). The results were then normalized to 
the respective dose response values obtained at 10 Gy. To evaluate the 
contribution of the OSL trap(s), that become thermally unstable between 
150 ◦C and ~220 ◦C (Fig. 4) to the total OSL signal, the integrated OSL 
signal intensity after preheating at 260 ◦C was subtracted from the one 
after preheating at 120 ◦C. The OSL signal measured after preheating at 
260 ◦C should in principle be attributable to the traps responsible for TL 
peak 3. 

Notably, TL peak 2 and the difference in OSL signal (PH 120 ◦C – PH 
260 ◦C) both show a very similar dose response, with only slight dis-
crepancies observable at higher doses. The data points of TL peak 2 were 
fitted by a power function of the form I = a × Dk , where I denotes the 
(integrated) signal intensity, D the dose, a the proportionality coefficient 
and k the linearity index (Nikiforov et al., 2017; McKeever and Chen, 
1997). A linear dose response is characterized by k = 1, supralinearity 
by k > 1 and a sublinear dose response by k < 1 (ibid.). Here a value for 
k of 1.63 was obtained, demonstrating the dose response is supralinear. 
This is consistent with the literature, where it has been reported that TL 
peak 2 exhibits supralinear dose-response behavior (Bulur, 2007; Crase 
and Gammage, 1975; Polymeris et al., 2021; Tochilin et al., 1969). 
Furthermore, Polymeris et al. (2021) suggested, based on their experi-
mental data, that the supralinear dose response is due to competition 
effects taking place at both the irradiation and heating stage. The sim-
ilarity in dose-response and in thermal stability between TL peak 2 and 
the OSL signal (PH 120 ◦C – PH 260 ◦C) gives direct experimental evi-
dence, that, as proposed by Yukihara (2020), TL peak 2 traps indeed 
contribute to the OSL signal and that it is those kind of traps that are 
responsible for the initial signal drop depicted in Fig. 4, rather than the 
creation of new traps. It is further noteworthy that in the dose range of 
40–100 Gy, the dose response of both TL peak 2 and the related OSL 
signal can also be approximated by a linear function (although naturally 
not passing through origin). This could imply a decrease in competition 
effects in this dose range. 

For TL peak 3 and more importantly, the bleachable part of the same 
peak, the dose response lies in a similar range as the OSL signal after 
preheating at 260 ◦C, but the level of agreement is not nearly as close as 
for TL peak 2 and the OSL signal (PH 120 ◦C – PH 260 ◦C). Obviously, 
there are additional different mechanisms during thermal or optical 
readout that lead to some degree of deviation between both stimulation 
modes in this case. The dose response of OSL signal after 260 ◦C pre-
heating was fitted to a combination of an exponential saturation func-
tion plus linear term of the form: y = 1.6× (1 − e− D/13 Gy)+ 0.02 1/Gy×
D. Such a phenomenological functional behavior has frequently been 
used for fitting the dose response of quartz or feldspar at higher doses 

Fig. 3. R-TL glow-curves of BeO after irradiation at 20 Gy beta dose. The inset 
shows the maximum peak positions of the TL peaks at the two given doses as a 
function of bleaching times. This measurement was done using the cardboard 
with pinhole in front of the PMT, therefore relative intensities are not compa-
rable to Fig. 2. 

Fig. 4. OSL curves of BeO without preheating, thermal cleaning of the TL Peak 
1 (preheating at 120 ◦C, 10 s) and thermal cleaning of the TL Peak 2 (preheating 
at 260 ◦C, 10 s) after irradiation with 20 Gy. The inset shows the normalized 
step annealing test for this dose. 
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(hundreds of Gy to several kGy) in TL and OSL dating (see Berger (2010) 
and references therein) and could be seen as the approximation of the 
sum of two exponential saturation functions, with one component being 
far from saturation. This could be thus interpreted as the existence of 
two charge traps with different saturation doses (Berger and Chen, 
2011). Saturation of the first component would thus occur at a dose of 
around 50 Gy, a dose similar to the threshold dose for TL peak 2 and the 
related OSL signal, above which the dose response of the latter two 
becomes increasingly linear. On the other hand, Berger and Chen (2011) 
gave a numerical and Pagonis et al. (2020) an analytical solution of the 
model assuming only a single trap and recombination center, that was 
also able to produce a double saturating exponential or a saturating plus 
linear dose response. Berger and Chen (2011) connected the two satu-
ration doses of the fitting function with the transition coefficients for 
electron capture in traps and hole capture in recombination centers in 
this case. Although the exact nature of the dose response might not be 
resolvable, for the purpose of the present study it is sufficient to note that 
qualitatively the dose response of the bleachable part of TL peak 3 has in 
principle a similar shape than the preheated OSL signal but with a likely 
higher relative intensity of the saturating component and a lower slope 
value of the linear term. This can still be seen as an indication of a 
possible correlation between TL peak 3 and the OSL signal after 260◦

preheating, as the thermal stability study at 40 mGy also suggests 
(Fig. 2). 

Concerning the overall OSL signal, its dose-response demonstrates 
linearity throughout the entire dose range (10-100 Gy), which differs 
somewhat from the reported onset of saturation at doses of 5–10 Gy in 
the literature (Bulur and Göksu, 1998; Sommer et al., 2007, 2008; 
Sommer and Henniger, 2006). In the light of the results and in-
terpretations thereof mentioned above, this dose linearity likely arises 
from the combined effects of the opposing dose-response trends of TL 
peak 2 (supralinearity) and the OSL part linked to TL peak 3 (saturation) 
up to a dose of around 40 Gy and the further linear dose response of both 
components for higher doses. 

3.4. Evaluating bleaching models for TL peak 2 and 3 

The (relative) residual TL intensities of TL peaks 2 and 3 after 
different bleaching times for given doses between 40 mGy and 100 Gy 
are shown in Fig. 6. The bleaching behavior of TL 2 peak is very similar 
for all doses, with almost the same residual level reached after the 
maximum bleaching time of 300 s, independent of the initial concen-
tration of trapped electrons. Only for the lowest dose in the mGy range 
there is a faster initial signal decay than at higher doses. In contrast, TL 
peak 3 shows a clear evolution of the bleaching curves over the entire 
dose range, with an increasing relative contribution of an initial rapid 
decay in peak intensity, a lowest residual level of below 40% at 40 mGy 
followed by an increase to ~65% at 10 Gy, with a subsequent decrease 
to around 40% for doses of 40 Gy and higher. 

As seen from Fig. 6a, TL peak 2 reduces to the same residual level, 
independent of the irradiation dose. As stated in Fig. 3 inset, after optical 
stimulation the peak position of residual TL peak 2 at 20 Gy stays nearly 
constant. These findings are in line with the model proposed by (Chen 

(caption on next column) 

Fig. 5. (a): Normalized OSL curves of BeO dosimeter at different doses between 
10 and 100 Gy, the original OSL decay curves are shown in the inset. (b): Dose 
response of OSL after 120 ◦C preheating, after 260 ◦C preheating, of the dif-
ference in OSL signal after the two preheats and of TL peak 2 and 3 of BeO 
dosimeter for the same doses. Abbreviation ‘PH’ defines the preheating treat-
ment before luminescence measurements. For dose response curve, each mea-
surement was normalized to its respective response at 10 Gy. The solid line is a 
power function fitted to the TL peak 2 data, the dashed line a linear function 
fitted to the OSL (PH at 120 ◦C) data and the dash-dotted line the sum of an 
exponential saturation function and a linear term fitted to the OSL (PH at 
260 ◦C) data. (c): Data for TL peak 3 (total and bleachable part) and OSL after 
preheat at 260 ◦C on a linear scale. For details see text. 
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et al., 1990). In the case of TL peak 3 (Fig. 6b), different residual levels 
were obtained after irradiation at different doses besides there are no 
shifts in the peak positions for both applied doses as a function of 

bleaching time (Fig. 3 Inset). These observations are in line with the 
model suggested by McKeever (1994) and are in agreement with the 
results from Yukihara (2019) and 2020). The evolution of the residual 

Fig. 6. R-TL peak intensities of TL peak 2 (a), and peak 3 (b) as a function of bleaching times. The dosimeter was irradiated between 40 mGy and 100 Gy.  

Fig. 7. Residual TL peak intensities of the BeO dosimeter as a function of bleaching times at 40 mGy (left panel) and 20 Gy beta dose (right panel). The graphic 
displays TL peak 2 at the top and TL peak 3 in the middle side, while the bottom panel shows the CW-OSL decay curves of BeO, for both applied doses. The black lines 
in all graphs indicate the fitted function (including a constant), the red and blue lines the respective two components (without the constant), according to equa-
tion (3). 
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level with dose for TL peak 3 could also imply that there are (at least) 
two components for this TL peak in the system under study: a 
hard-to-bleach component and an optically active component. The hard 
to bleach component saturates at lower doses, while the optically active 
component continues to grow with dose, leading to the decrease of the 
relative residual level with dose (see also Fig. 5 c). 

3.5. Bleaching rates without optical attenuation 

The R-TL intensities remaining after various bleaching times and the 
OSL decay curves of BeO at 40 mGy and between 10 and 100 Gy were 
first fitted using the model without optical attenuation, examples for 
doses of 40 mGy and 20 Gy are shown in the left and right panels of 
Fig. 7a and b. The sum of two exponential decay functions (plus con-
stant) was needed to fit the R-TL peak 2 and peak 3 data and the OSL 
decay curves for all applied doses. This was based on the fact that, on the 
one hand, a large reduced χ2 value and large residual values were ob-
tained when only a single exponential decay function was used and that, 
on the other hand, a significantly smaller χ2 value and generally a good 
agreement between measured data points and fitted function was 
observed when using the sum of two exponential decay functions, as 
illustrated in Fig. 6. No major systematic deviations could be identified 
that would have justified the introduction of a third component. 

The results for the obtained characteristic times τi, which are the 
inverse of the bleaching rates (equations (2) and (3)), for both TL glow 
peaks and OSL for all doses are given in Table 2. The bleaching rate is, by 
definition, the rate of eviction of charges by bleaching and can be 
classified as fast and slow. A lower value for the bleaching rate char-
acterizes a trap that is harder to bleach than the fast component. The 
presence of several bleaching rates may indicate that there are different 
types of traps that may have different photoionization cross-sections. 
The fitting results give two different bleaching decay rates per TL peak 
for applied doses. This may indicate different traps located in the TL 
peaks. 

Depending on the dose dependent contribution of the TL peaks to the 
OSL signal (Figs. 2 and 4), bleaching decay rates in TL are expected to be 
connected to OSL components. At 40 mGy, we expect the OSL signal to 
originate almost entirely from the trap responsible for TL peak 3 (Fig. 2). 
The characteristic time of the fast component in OSL indeed seems to 
match with the characteristic time of the fast bleaching decay rate of TL 

peak 3 at this dose but the values for the slow components are markedly 
different. In addition, no match is found between OSL components and 
the bleaching decay rates of TL peak 2 at this dose. The model would 
thus imply that at 40 mGy, no correlation exists between any of the TL 
peaks and the OSL signal, contrary to what other experimental data 
suggest (Fig. 1). With increasing dose, the contribution of the TL traps to 
the OSL signal gradually shifts from TL peak 3 to TL peak 2, with an 
expected 50:50 contribution of both peaks to the OSL signal at 20 Gy 
(Fig. 4). Since the characteristic time of the slow component in OSL and 
the characteristic times of the slow bleaching rate of both TL peaks in 
Table 2 for this dose are very similar (this is in fact the case for all doses 
of 10 Gy and above) and since a two component fit was used for the OSL 
data, we expect the value of the fast component in OSL to lie in between 
the values for the fast bleaching decay rates of TL peaks 2 and 3, and this 
indeed the case. For doses of 40 Gy and above, the values for the two 
components in OSL are close to the characteristic times of the respective 
bleaching decay rates (fast and slow) for TL peak 2, whereas the values 
for the fast bleaching decay rates of TL peak 3 are consistently lower 
than the fast component in OSL. This is generally in line with the ex-
pected increasing dominant contribution of TL peak 2 to the OSL signal 
with increasing dose (compare Fig. 5 b). It thus seems that for doses 
above 20 Gy, the simple model without optical attenuation produces 
consistent results and supports the correlation between TL peaks and the 
OSL signal. Nevertheless, the model fails to reproduce the same corre-
lation at 40 mGy. 

3.6. Bleaching rates with optical attenuation 

The expressions for the OSL decay curve and the TL bleaching data 
considering optical attenuation (equations (10) and (14)) were applied 
to experimental data to estimate characteristic times. The fitted curves 
are shown in Fig. 8 and parameters are presented in Table 3. To have 
fewer iteration steps, attenuation equations were applied to normalized 
data of TL and OSL. Results were compared to values found in Table 2. 
The most striking feature of Table 3 is that at 40 mGy, both the bleaching 
data of TL peak 3 and the OSL decay curve can be described by a single 
component, with very similar values for the characteristic times of the 
respective decay rates. This is a much more consistent result than the 
one obtained for the model without optical attenuation and supports the 
correlation between TL peak 3 and OSL also at this dose. For doses of 10 
Gy and higher, two components are needed for a good fit of each TL peak 
data and OSL data, respectively and the values of the two components in 
OSL are generally closer to the characteristic times of the respective 
decay rates of TL peak 2 than to the ones of TL peak 3. This again sup-
ports the correlation between TL and OSL also in this dose range. As the 
consideration of optical attenuation leads to stretched exponential 
functions, the obtained bleaching decay rates and lifetimes of the OSL 
components are generally lower than the ones obtained using the model 
without optical attenuation (Table 2), for those cases where the same 
number of fitted components have been used (e.g. two components). 

When using a strong optical diffusor as detector such as BeO, it thus 
seems advisable to consider optical attenuation properties when inter-
preting the results of bleaching characteristics in TL and OSL. Generally, 
the observations made here confirm that the OSL decay curve of BeO is a 
multi-component signal as described previously (Bulur and Saraç, 2013; 
Yukihara, 2020) and likely originates from several trapping centers. 

3.7. Comparison with other correlation studies for BeO 

All fit functions used to analyze the bleaching rates (with and 
without optical attenuation) were derived using the a-priory assumption 
of negligible retrapping and thus first order kinetics. A different 
approach was followed by Aşlar et al. (2019) and Polymeris et al. 
(2021), who used the analytical solution of the one-trap-one-center 
model for optical stimulation, developed by Kitis and Vlachos (2013), 
to fit the OSL decay curve. Although two components were used to fit the 

Table 2 
Bleaching decay rates, given by the inverse values of the characteristic times τi, 
of TL peaks and OSL components of BeO using the model without optical 
attenuation (equation (3)).  

Dose/Gy TL 
Peak or OSL 

Characteristic times/s 

τ1 (fast) τ2 (slow) 

0.04 2 2.5 ± 0.2 86.2 ± 4.0 
3 18.6 ± 2.5 78.5 ± 11.4 
OSL 21.0 ± 0.3 49.0 ± 0.3 

10 2 9.3 ± 0.9 75.4 ± 2.2 
3 2.7 ± 1.2 70.0 ± 11.7 
OSL 14.2 ± 0.3 75.3 ± 0.9 

20 2 15.3 ± 1.4 74.0 ± 3.6 
3 0.8 ± 0.2 81.2 ± 4.8 
OSL 11 ± 0.4 76.2 ± 0.8 

40 2 17.9 ± 2.8 86.7 ± 15.0 
3 7.2 ± 0.4 87.6 ± 6.6 
OSL 17.9 ± 0.3 87.9 ± 1 

60 2 17.5 ± 2.1 79.5 ± 2.1 
3 4.4 ± 1.2 82.8 ± 28.7 
OSL 14.5 ± 0.2 79.9 ± 0.8 

80 2 11.1 ± 2.5 70.2 ± 5.3 
3 5. 4 ± 0.7 83.9 ± 18.0 
OSL 11.7 ± 0.2 83.1 ± 0.8 

100 2 18.6 ± 2.5 76.4 ± 6.5 
3 5.8 ± 2.1 74.3 ± 23.3 
OSL 12.0 ± 0.2 75.4 ± 0.7  
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OSL data, the second component was essentially constant over the 
measurement time, carrying less than 10% of the total OSL signal, 
therefore for the purpose of comparison with the results here, the first 
component (C1) seems more relevant. For the step annealing experi-
ment, carried out in Aşlar et al. (2019) for a dose of 30 Gy, the evolution 
of the integrated signal intensity for C1 with preheat temperature, with a 
first signal drop beginning around 180 ◦C and a second one around 
275 ◦C, is very similar to the one shown in Fig. 4 (where the unde-
convoluted integrated OSL signal minus background is plotted for a dose 
of 20 Gy), and to the one shown in Bulur and Saraç (2013). The differ-
ence is however that for the lower temperature range beginning at 
~180 ◦C the signal drops by about an order of magnitude in Aşlar et al. 
(2019), compared to a signal drop of only a factor of two for the present 
study (at 20 Gy) and a factor of three in Bulur and Sarac (at 50 Gy). In 
Aşlar et al. (2019) the component C1 was correlated to TL peak 2, 
whereas in the present work the total OSL signal was interpreted to carry 
approximately equal contributions from both TL peaks 2 (first signal 
drop) and TL peak 3 (second signal drop). As the OSL signal in Aşlar et al. 
(2019) was completely dominated by the contribution of TL peak 2 
already at the given dose of 30 Gy, however, the correlations suggested 
in that work and in this study are actually consistent. In Polymeris et al. 
(2021) on the other hand, the same component C1 of the deconvoluted 
OSL signal was correlated to TL peak 3, based on characteristics of the 
OSL dose response, for doses between 2 mGy and 4 Gy. The dose of 40 
mGy investigated in the present study, falls into this dose range and here 
the same correlation between the OSL signal and TL peak 3, based on 
both the step annealing experiment in Fig. 2 and the comparison of 
bleaching rates for the model with optical attenuation in Table 3 is 
suggested. Although quite different model functions were used to 

analyze the OSL data in the two cited studies and in the present work, 
the implications regarding correlation between the OSL signal and TL 
peaks are thus actually the same. The correlation of the OSL signal and 
TL peak 3 at low doses is also consistent with earlier studies, as was 
already mentioned previously (Bulur and Göksu, 1998; Bulur and Saraç, 
2013; Yukihara, 2011). Finally, the shift of the dominant contribution to 
the OSL signal from TL peak 3 at low doses to TL peak 2 at high doses is 
consistent with the suggestions made by Yukihara (2020). 

4. Conclusion 

Analysis of the thermal stability of the OSL signal of BeO at selected 
doses and of the dose response of TL peak 2 and 3 and the OSL signal 
after different thermal treatments at a dose of 40 mGy and between 10 
and 100 Gy gives direct experimental evidence that at 40 mGy, the OSL 
signal is strongly correlated only to the traps of TL peak 3 and that at 
doses of 10 Gy and higher there is an increasing contribution of the traps 
of TL peak 2 to the OSL signal, which likely dominate at the highest 
doses. The linear dose response of the OSL signal could then be the result 
of superposition of saturation effects of the bleachable traps of TL peak 3 
and supralinear dose response of traps of TL peak 2 up to a dose of about 
40 Gy and the subsequent linear dose response of both peaks for higher 
doses. The residual intensities of the TL glow peaks were measured after 
various bleaching times, and model functions, with and without 
consideration of optical attenuation fitted to determine the bleaching 
decay rates of individual TL peaks. A similar approach was applied to the 
OSL curves. When comparing decay rates of TL peaks to the decay rates 
of the OSL components, it was found that for doses of 10 Gy and higher, 
both models produced similar consistent results, which supported the 

Fig. 8. Fitting results of the R-TL intensities and OSL decay curves using equation 10 (OSL) and 15 (TL) in case of a single component or sums thereof in case of two 
components. Left column (a) 40 mGy, right column (b) 20 Gy. 
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expected correlation between TL peaks and the OSL signal. At the same 
time, only the model that considered optical attenuation supported such 
a correlation also at a dose of 40 mGy and this implies that optical 
attenuation effects should be taken into account when describing the 
OSL curve or the bleaching characteristics of the TL peaks of BeO. The TL 
peaks 2 and 3 may contain multiple OSL traps, and their contribution to 
the OSL signal varies with the applied dose. The discussion of bleaching 
models for BeO highlighted the distinct luminescence mechanisms 
associated with TL peaks 2 and 3, which have been reported previously. 
The investigation of R-TL intensities yielded noteworthy results that 
warrant further exploration. Overall, this study contributes additional 
support and expands the existing knowledge on BeO. 
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Appendix A: CT application 
Pediatric patients are more sensitive to the harmful effects of ionizing radiation compared to 
adults. Due to their highly proliferating cells and longer remaining life expectancy children have a 
higher risk of developing cancer following radiation exposure. As for adults it is, thus, necessary 
to calculate and track the radiation dose delivered to children undergoing medical examinations. 
Both LiF:Mg,Ti TLDs and BeO OSLDs are passive dosimeters and applicable candidates for dose 
measurement in medical applications due to their tissue equivalence, small size, high sensitivity, 
and commercial availability (Bos, 2001; Malthez et al., 2014). In this study, the radiation dose 
delivered to a pediatric anthropomorphic phantom representing a one-year-old in a Computed 
Tomography (CT) examination was measured, using these dosimeters placed in the phantom's 
organs. 

Materials and Methods 
Calibration and CT irradiations were conducted at the Federal Office for Radiation Protection 
(BfS), with luminescence readings performed at Helmholtz Zentrum Munich, both situated in Neu-
herberg, Germany. 

Thermoluminescence Dosimeter (LiF:Mg,Ti) 

For the TLD measurements of the phantom’s organs, the rod type TLDs (TLD-100, Thermo 
Fischer Scientific, Waltham, Massachusetts, USA) were used with the dimensions of 
1 x 1 x 6 mm. Table 1 shows reading protocols for TL and OSL dosimeters. 

Optically Stimulated Luminescence Dosimeter (BeO) 

Commercially available disk-shaped BeO ceramics (Thermalox TM 995, Brush Wellman Inc., 
USA) with a diameter of 4 mm and a thickness of ~0.5 mm was used in this study. A total number 
of 150 BeO dosimeters randomly selected from the same batch were used.  

Table 1. The OSL and TL readout protocol for BeO OSLDs and LiF:Mg,Ti TLDs. 

 

 

 

 

 

 Calibration of Dosimeters 

To ensure accurate calibration, each type dosimeters underwent individual calibration by irradia-
tion using an X-ray tube (COMET AG, Flamatt, Switzerland) with the same radiation qualities 
employed in the experiments. The calibration dose (dose in water, DW) was determined using a 
stem chamber (M2331, PTW, Freiburg, Germany) and an electrometer (UNIDOS E, PTW, Frei-
burg, Germany). Prior to irradiation, corrections for temperature and pressure were applied to the 
chamber, along with a radiation quality correction of the measured dose using the chamber's 
radiation quality correction term (kq), which was interpolated for the specific tube voltages 

Protocol BeO  LiF:Mg,Ti  
Annealing 700 °C for 5 min 400 °C for 20 min 

Irradiation CT 

Preheating 160 °C for 10 s 100°C for 10 min 

Luminescence 
Reading 

300 s  

Optical stimulation 

Up to 350°C  

Thermal stimulation 
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required. The calibration measurement followed the same readout protocol as the experimental 
measurement at the CT scanner. 

The CT Application 

Irradiations were performed at BfS in Neuherberg, Germany with a CT scanner (Brightspeed 16, 
GE Healthcare, Milwaukee, Wisconsin, USA). Table 2 shows the scan parameters. This proce-
dure was repeated three times. 

Table 2. Scan parameters for CT irradiations. 

CT data  
CTDIvol [mGy] 9.64 

Tube current [mA] 300 

Voltage [kV] 100 

Slice thickness 
[mm] 1.25 

 

Figure 1. Irradiation set-up at the Federal Office for Radiation Protection (BfS) and the pediatric 
anthropomorphic phantom of one-year-old ATOM/CIRS. 

ATOM Phantom (1 year) 

A reference anthropomorphic pediatric phantom (ATOM® Phantom Family, SUN NUCLEAR, Nor-
folk, Virginia, USA) corresponding to the body of a one-year-old infant was used. It is composed 
of tissue-equivalent materials and consists of 28 slices with 2.5 cm in thickness. These slides 
contain holes (Ø 5 mm) in different anatomical regions, allowing for the positioning of dosimeters 
such as OSLDs to measure organ doses. Irradiation set-up and a slice of the pediatric anthropo-
morphic phantom can be seen in Figure 1 and 2, respectively. 
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Figure 2. A slice (11) of the ATOM phantom available at the Federal Office for Radiation Protec-
tion (BfS) with the locations of the associated organs. 

Previous studies (Crase and Gammage, 1975; Henaish et al., 1979; Yukihara et al., 2016) have 
noted that BeO dosimeters are sensitive to light. Therefore, dosimeters were protected from light 
during the calibration, phantom irradiations, and reading processes to ensure accurate measure-
ments. Markers were used to ensure reproducibility of the phantom's position. 

Results 
Organ Dose Measurements 

The absorbed organ doses shown in Table 3 represent average values with the corresponding 
standard deviations. Given results are the average of three irradiations with the standard devia-
tion. The thyroid, located within the examination field, received the highest absorbed organ doses 
recorded at 30.8 mGy and 28.8 mGy for LiF:Mg,Ti TLDs and BeO OSLDs, respectively. Con-
versely, the brain demonstrated the lowest dose among all organs, with measurements of 19.5 
mGy and 18.5 mGy using LiF:Mg,Ti TLDs and BeO OSLDs, respectively. The agreement within 
the measured organ doses by LiF:Mg,Ti TL and BeO OSL dosimeters ranged widely from ~1.2 % 
to ~6.9 %. The mean standard deviation for all measured organ doses using LiF:Mg,Ti TL, and 
BeO OSL dosimeters were within ± 4%, except for the lungs. For lung doses measured using 
BeO dosimeters, the standard deviation was ± 5.2%, with a recorded dose of 24.2 ± 1.3 mGy. 

 

 

 

 

 

 



 

68 

 

Table 3. Measured organ doses for one-year-old phantom exposed to CT scan. Results are the 
mean values and standard deviations for measured organ doses by OSLDs within each organ. 
Results on LiF:Mg,Ti (TLD): Iris Wölwitsch, BfS, private communication. 

Organ 
LiF:Mg,Ti 

(TLD) 
BeO 

(OSL) Difference Number of 
TLDs or 
OSLDs 

Slice 
Number  

mGy mGy % 

Brain 19,5 ± 0,6 18,5 ± 0,6 -5,1 9 2, 3, 4 

Bone surface 19,6 ± 0,6 20,5 ± 0,5 4,6 54 4, 6-13**, 15, 17-
20, 22, 23, 25, 28 

Uterus 22,6 ± 0,7 21,9 ± 0,4 -3,1 1 17 
Salvary 
glands 22,7 ± 0,7 22,0 ± 0,6 -3,1 3 3,6 

Oral mucosa 22,7 ± 0,7 22,0 ± 0,6 -3,2 3 6 

RBM 22,3 ± 0,7 21,1 ± 0,5 -5,4 49 4, 6-13, 15, 17-20, 
25, 28 

Adrenals 21,3 ± 0,7 22,5 ± 0,4 5,6 2 13 

Kidney 22,2 ± 0,7 23,2 ± 0,8 4,5 8 14, 15 
Urinary blad-

der 25,0 ± 0,8 24,3 ± 0,7 -2,8 6 18, 19 

Pancreas 25,1 ± 0,8 24,8 ± 0,5 -1,2 3 13 

Colon 25,3 ± 0,8 24,3 ± 0,9 -4 12 15-18 

Liver 25,3 ± 0,8 24,4 ± 0,7 -3,5 12 15-18 
Small intes-

tine 25,3 ± 0,8 24,3 ± 0,9 -3,9 7 13-15 

Spleen 24,6 ± 0,8 25,3 ± 0,5 2,8 4 13, 14 

Gallbladder 24,0 ± 0,8 22,9 ± 0,1 -4,6 2 14, 15 
Gonades 26,1 ± 0,8 25,4 ± 0,8 -2,7 4 17, 20 

Oesophagus 26,2 ± 0,8 25,6 ± 0,3 -2,3 3 8, 10, 12 

Stomach 25,3 ± 0,8 23,6 ± 0,6 -6,7 5 12, 13 

Lung 26,0 ± 0,8 24,2 ± 1,3 -6,9 23 9,12 

Heart 23,2 ± 0,8 22,3 ± 0,3 -3,9 2 10, 11 

Thymus 27,5 ± 0,8 26,4 ± 0,6 -4 2 9 

Prostate 24,5 ± 0,8 24,0 ± 0,2 -2 1 19 

Endothelin 26,7 ± 0,8 25,9 ± 0,5 -3 6 6,8 

Breast 28,5 ± 0,9 27,1 ± 0,2 -4,9 2 10 

Thyroid 30,8 ± 1 28,8 ± 0,5 -6,5 2 7 

*RBM indicates the red bone marrow. 

** The "-" symbol between the numbers indicates the specified phantom slices and the other 
slice(s) that lies between these. 
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Conclusion 

Absorbed organ doses were determined using tissue equivalent BeO OSL and LiF:Mg,Ti TL do-
simeters, after a total body scan in a one-year-old pediatric phantom. The consistency of the 
irradiation protocol and the phantom and dosimeter placement enabled reliable comparisons be-
tween the absorbed dose measurements from each exposure. Although the results of BeO 
OSLDs are compatible with those of LiF:Mg,Ti TLDs, the TLDs tended to yield higher dose values 
than OSLDs in most organs. The thyroid received the highest absorbed organ doses of 30.8 mGy 
and 28.8 mGy for while the brain exhibited the lowest dose among all organs, measuring 19.5 
mGy and 18.5 mGy with LiF:Mg,Ti TLDs and BeO OSLDs, respectively. The observed discrep-
ancy in the dose measurements between the two types of dosimeters can be attributed to the 
energy dependence of these dosimeters, given that a typical CT spectrum encompasses a range 
of photon energies. The calculated organ doses exhibited varying uncertainties. These variations 
in standard deviations could be attributed to multiple factors, including the number of dosimeters 
per organ, dosimeter impurities, and the depth of the dosimeter position from the phantom sur-
face.  

These results indicate that BeO OSLDs are compatible in medical applications. Additional re-
search is required to comprehensively examine the energy dependence demonstrated by both 
types of dosimeters in different clinical settings in order to account for variations in dose meas-
urements between these dosimeters.  
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