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ABSTRACT
Thermoluminescence dosimetry (TLD) is useful for radiation detection for a wide range of
applications with reasonable accuracy since its introduction to the clinical environment in
1954. However, the determination of uncertainty is crucial to obtain accurate measurements.
This study intended to evaluate different types of expected classified errors for strontium
tetraborate (SrB4O7) doped with Samarium (Sm+3) to obtain accurate electron dose using
luminescence characteristics. Higher temperature solid-state reaction was used to prepare
the phosphor. TL glow curves examined after irradiation with a 50 Gy single electron dose.
The different causes of uncertainty for the dosimetric material under investigation were
assessed. The obtained values of uncertainty were multiplied by the coverage factor two
in order to get the expanded doubt at a 95% certainty level. The extended uncertainty from
the different examined sources does not surpass 0.8546 nC. When SrB4O7: Sm

+3 used as a TLD
detector for electron beam dosimetry, the expanded uncertainty recommended to be added to
the measured dose to attain the precise dose.
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1. Introduction

Nowadays, luminescence detectors of ionizing radiation
are extensively applied in a wide range of applications
including individual dosimetry services andmailed dosi-
metry for verification of therapy machine output. A
recent development in luminescence detectors leads
to significant improvements in the accuracy and func-
tionality of dosimetry systems (Pawe, 2010). The proper-
ties of thermoluminescent (TL) were adequately
explained in previous studies. It was concluded that
some grafted polymers can be used in off-line radiation
dosimetry measurements (Diab, 2003, 2005, IAEA,
1997b). TL can be used for radiation detection with
high accuracy regardless of the size of the detector,
such that very small size TL samples were used in case
of radiotherapy high spatial resolution measurements.
TL grafted crystals can be applied for phantom and in
vivo measurements as well (Diab, 2012). Accuracy and
precision in radiation dosimetry are very important
issues in reducing errors in the quality and quantity of
delivered doses to cancerous patients. Many factors are
affecting the measured values of the delivered doses to
tumor patients. Previous studies exhibited good TL sen-
sitivity as obtained by TLD100 dosimeters after irradia-
tion with gamma rays. Dose–response curves were
linear till 3 Gy with poor reproducibility as a result of
the existence of peaks in the low-temperature region of
the glow curves, which resulted in noticeable thermal

signal attenuation (fading) (Pawe, 2010). It is of great
importance to explore new dosimetric materials with
different forms of defects. For quality specialization in
external electron beam therapy Yana, Bryan, Issam, and
Jan (2019) used Cherenkov emission to improve dosi-
metric uncertainty budget by the order of 1%. Patrizio
Vaiano et al., (2019) measured the absorbed dose ran-
ged from 0.5 to 100 Gy by the EBT3 Gafchromic™ films
irradiated by 1 MeV electron beam and 250 kV x-rays
within the range from 0.5 to100 Gy. They obtained an
experimental uncertainty value lower than 4% for doses
below 5.52 Gy and didn’t exceed 2% for higher dose
plateau. Gregory Smyth et al. (2019) assessed accuracy
through radiochromic film dose measurements from
Linac every 20 ms and registered mechanical errors by
evaluating deviations from log files for multi-leaf colli-
mator (MLC). Mann, Schwahofer, and Karger (2019)
introduced a new method combining 3D and TL dose
measurements in a single point dose measurement. It is
also valid for different irradiation geometries which con-
sist of both small and large homogeneous field and
irradiated with sharp dose gradient method. Gang Liu
et al. (2019) evaluated the accumulated dose conflict
between the traditional four-dimensional computed
tomography (4DCT_traditional) and (4DCT_true) con-
cerning the patient’s real breathing motion. Treatment
planning dose assessment using (4DCT_traditional)
images depends on a uniform breathing curve not a
corrected patient treatment dose because of the
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heterogeneity of patient’s individual respiratory motion
pattern in lung stereotactic body radiotherapy (SBRT).
Nabankema et al. (2018) characterized the dosimetric
properties of 3 mm diameter cylindrical beads using a
linear accelerator. Themean reproducibility of individual
bead was found to be within 3%, and a batch variation
of 7% evaluated during uncertainty measurements.
Moradi et al. (2019) found that total uncertainty ranged
from 9.5% up to 12.4% if TLDs are applicable for dose
assessment incorporated beam quality correction
effects utilizing different sizes of spherical applicator.

High-quality crystals of strontium tetraborate dopped
with samarium were studied in previous work to deter-
mine its TL response (Diab, 2005). According to the litera-
ture (IAEA, 1997b; Nam, Keddy, & Burns, 1987). TL
dosimeters can be utilized in detecting and monitoring
of lower energy transfer particles such as photons and
electrons from different sources. Different types of errors
that can affect the dose precision and accuracy under
geometrical characteristics can be estimated (Bruzzi,
Sabini, & Sciortino, 2004; Diab, 2012). The study aims to
explain the different uncertainties factors of electron
radiation response. In this article, different types of errors
affecting the real value of the dosewere analyzed and the
uncertainty values were calculated to obtain the exact
dose value. The calculated uncertainty values were used
to determine the proper therapeutic radiation dose. The
study intended to assess different types of expected clas-
sified errors for strontium tetraborate (SrB4O7) dopedwith

Samarium (Sm+3) to obtain accurate electron dose using
luminescence characteristics. Regarding this analysis of
uncertainties, the protocols of processing and examining
will be optimized to overcome uncertainties effect.

2. Materials and methods

2.1. Detector production

At high temperature and ambient atmosphere, a solid
phase reaction method was used for the preparation of
SrB4O7: Sm powder samples. The stuff materials were
consists of SrCO3 (A.G.), H3BO3 (A.G.) (an extra amount
of 3 mol% to recover the volatile process) and Sm2O3

(99.99%). Sm3+ dopant ions concentrations were 0.25,
0.5, 1.0 and 7.0 mol%, respectively, in SrB4O7. The raw
materials mixtures were mold and then burned for 2 h
at 500°C. At 850oC, the molded mixtures were sintered
for 7 h after being reground and the products were
deposited, . The products were cooled down naturally
to room temperature very fast after achieving 1 h
annealing, then ground directly in an agate mortar
(Diab, 2005).

2.2. Methods

2.2.1. Experimental setup
The samples of SrB4O7 doped with Sm+3 were tight in
small polythene capsules and irradiated by electron

Figure 1. ELV-2 electron accelerator.
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doses from the ELV-2 electron accelerator instrument
(Figure 1) (Atomic Energy Authority, Egypt) at 20 °C,
In = 20 mA. By utilizing a 4500 TL reader from
Harshaw, Germany, a good quality group of Sm3+

doped in strontium tetraborate detectors with dimen-
sions (5 × 5 × 0.3 mm3) with a uniform batch homo-
geneity has been prepared to verify precision and
quality assurance measurements (Figure 2). They are
smooth and transparent on each side. To obtain reading
stability, 30 min of reader operation is required before
reading taken.

2.2.2. TLD system & TL response
The TL-sample placed on a stainless steel groove was
heated in front of a photomultiplier (PM) tube. The tem-
perature was measured using a thermocouple. A power
supply and a D.C amplifier were made to operate the
photomultiplier and measure its current output. The out-
put was recorded by a computer as luminescence inten-
sity against the heating timescale. The pattern of
luminescence output vs. temperature is the glow curve.
Annealing temperatures ranged from 350 up to 600◦C
were used. The temperature was increased steadily by

Figure 2. Production of TLD SrB4O7 doped with Sm+3 and reading the irradiated samples.
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Figure 3. The standard glow curve for SrB4O7 samples doped with Sm+3 with strong Peak appeared at 356°C. Glow curve
conditions: heating rate was 5°C/s, minimum temperature was 100°C, and maximum temperature was 400°C.

248 A. A. ABD-ELGHANY ET AL.



50◦C for irradiated phosphors followed by quick cooling
to room temperature. samples irradiated with a dose of
50 Gy. Irradiated samples were read out in planchet
heating mode using a Harshaw 4500 manual reader.
The measurements were carried out at a maximum tray
temperature of 500°C. Glow curves (Figure 3) were mea-
sured with a 5°C/s heating rate of through temperature
zone extended from 100 to 500°C. This procedure makes
sure that the phosphors can set again without further
annealing stage (Diab, 2003). All measurements were
made at room temperature except for the glow curves
(IAEA, 1997b).

2.3. Uncertainty calculations

Technical Report Series carry No. 374 was used mainly
for symbols and their meanings given in text (IAEA,
1994). In this case of interest: the measurand is the
quantity y being measured indirectly from input quan-
tities (x1, x2, x3, . . ., xn) by a functional relationship (f)
called measurement equation:

y ¼ f x1; x2; x3; . . . :; xnð Þ
Each uncertainty component was expressed by an
evaluated standard deviation which is called standard
uncertainty, symbolized by Us and equal to the positive
square root of estimated variance.

Us (standard uncertainty) = The positive square root
of Ʃ Us

2.
Ci = sensitivity coefficient which is multiplied by

input quantity (xi) to get the output quantity (y).
Un(n=1,2,3,4) (The expanded uncertainty for each type

of error) = Us (standard uncertainty) × K (coverage
factor, where K = 2, respecting 95% confidence level).

Uc(y) combined uncertainty = positive square root
of combined variance.

According to the preferred level of confidence, cov-
erage factor value K was chosen.

Therefore, U (the overall uncertainty) = Kuc
According to our experiment combined uncertainty

Uc(y) utilized to represent the uncertainty due to four
types of errors (evaluation procedure and reader
errors, detector errors, heat treatment errors, and
over response errors).

3. Results and discussion

3.1. A.thermoluminscece response

Planchet heating mode of Thermoluminescence 4500
reader was used for measuring TL response. Our dosi-
metric study was carried out by electron sourced from
the linear accelerator unit at the center of national
research, Cairo. According to the code of practice
regards IAEA, the electron dose has been determined
(IAEA, 1994, p. 1997). Based on this analysis, recom-
mendations are given according to (i) uses of Markus
type plane-parallel ionization chambers (ii) fluence
correction factor values regarding cylindrical cham-
bers (iii) the wall correction factor value for Roos
chamber, and (iv) uses of plastic phantoms and flu-
ence correction factors accuracy values around 2.5%.
This means that for irradiation with photon beams,
and according to the source to skin distance (SSD) of
80 and 95 cm, respectively, the point is set in the
same phantom exactly at a 5 cm water-equivalent
depth for linear accelerator and the field was
10 × 10 cm2.

Specific recommendations for uses of TLD dosi-
metry in individual detecting and monitoring for
external electron beam irradiation identified a list
of error sources affecting accuracy and precision
during dose determination under specific geometri-
cal conditions (Diab, 1999). The errors may be
attributed to the reader, detectors, thermal treat-
ment history, and the photon sensitivity of the
detector (Kitis et al., 2005) (Table 1).

Table 1. Different uncertainty components for SrB4O7: Sm detector errors. Biggest value of uncertainty (0.052 nC) was due to the
act of contaminating the detector.

Serial Uncertainty origin
Probable

classification
Measured value
(nanoCoulomb)

The
divisor

nC
(nanoCoulomb)

Us
(nanoCoulomb)

Us 2

(nanoCoulomb)

1 Indoor temperature Rectangular 0.032 √3 1 0.0184 0.00034
2 Transparency and optical properties Rectangular 0.011 √3 1 0.00635 4.03E-05
3 Effect of light Rectangular 0.019 √3 1 0.0109 0.00012
4 Energy dependency of dosimeter

response
Rectangular 0.05 √3 1 0.0288 0.000833

5 Contamination of TLD material Rectangular 0.052 √3 1 0.0288 0.000833
6 Ineffective cleaning method of

detector
Rectangular 0.02 √3 1 0.01154 0.000133

7 Mass variability of material in the
detector

Normal 0.03 2 1 0.015 0.00023

8 Distribution of Powder in reader tray Normal 0.04 2 1 0.02 0.0004
9 Detector sensitivity Changes due to

radiation damage
Rectangular 0.05 √3 1 0.0288 0.0008

10 The same exposed the surface on the
tray

Rectangular 0.025 √3 1 0.01443 0.0002

11 Repeatability Normal 0.01 1 1 0.01 0.0001

Sum of the squares = 4.07E-03
Us (square root of the sum) = √Us

2 = √4.07E-03 = 0.063796 nC;
i.e.U1 = Us × 2 = 0.127592 nC (when k equal 2).
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The big noise value was due to uncertainty compo-
nents from the light source and photomultiplier tube.
The light source uncertainty value was higher than that
of the photomultiplier tube. The value should be cor-
rected for normalization before counting. The value of
the expanded uncertainty was 0.199 nC (Table 2).

The annealing treatment was considered a signifi-
cance parameter. The expanded uncertainty balanced
0.47 nC. In heat treatment error, the annealing process
gave the largest uncertainty (0.055 nC). After each irradia-
tion process, the annealing process must be achievable
(Table 3).

An inappropriate degree of response which is mean
(over response) (Table 4), its uncertainty values can be
obtained from overdose recorded by TLD reader due to
scattered electrons originated in radiation source holder
and air surrounding the TLD material, so that the scat-
tered electrons can diffuse through TLD material, result-
ing in a high electron dose. The dosimeter has little and
sensitive covering dimensions enclosed by a thin wall
(Zimmerman, Cameron, Bland, & Giant, 1964).

Maximum energetic secondary electrons in a broad
beam situation if it is compared to small dimensions
electron dose irradiated detector the range of the can
exhibit over response errors. Also, the higher the TLD

thickness, the lower the over response error. The calcu-
lated expanded uncertainty value for electron beam
radiation due to over response error was 0.058 nC.

This implies that this value of uncertainty 0.8546 nC
recommended being added to the value of TL readings
every dose reading to get a precisely measured dose
reading.

Accuracy and reproducibility of the results for
Gafchromic EBT film dosimetry were previously explored.
The effects of both the film properties and the reader
systemwere examined. Theoverall uncertainty due to the
studied effects on the net optical density determination
was calculated to be 1.6% and 0.8% at 1 Gy and 0.3 Gy,
respectively, for 60Co source. Ainspite of Gafchromic EBT
film quality, some special parameters have to be consid-
ered for 5% accuracy achieved in the dose received to a
patient (Saur, Frengen, & GafChromic, 2008).

Besides the correction method of the background, the
uncertainty analysis of the film dosimetry method was
achieved. This analysis considered the uncertainty of the
fitting calibration curve, different responses for different
film sheets, nonuniformity problems after background
correction, and the noise in the investigated films. The
results show that the two-sigma dose uncertainty at 2 Gy
is about 5% and 3.5% for two different scans shape,

Table 2. 4500 reader & evaluation procedure errors.

Serial Uncertainty origin
Probable

classification
Measured value

(nC)
C

(nanoCoulomb)
The

divisor
Us

(nanoCoulomb)
Us 2

(nanoCoulomb)

1 Photomultiplier tube noise 0.12 Triangular 1 √6 0.048989795 0.0024
2 Post irradiated phosphors time

readings.
0.14 Triangular 1 √6 0.057154761 0.003266667

3 Source of Light 0.16 Triangular 1 √6 0.065319726 0.004266667

Sum of the squares = 0.009933
Us = √Us2 = √0.009933 = 0.09966nC;
U2 = Us ×2 = 0.19932nC.

Table 3. Different heat treatment errors.
Serial number uncertainty origin Measured value (nC) Probable classification Divisor C (nC) Us (nC) Us 2 (nC) 2

1 Heat treatment (Annealing) 0.055 Triangular √6 1 0.0224 0.055
2 Throughout readout duration 0.035 Triangular √6 1 0.0142 0.0002

Sum of the squares = 0.0552
Us = √Us

2 = √ 0.055204 = 0.23495 nC;
U3 = Us ×2 = 0.4699 nC

Table 4. Over response mistakes.
Serial
No.

Uncertainty
Source

Measured value
(nC)

Probable
classification

The
divisor

C
(nanoCoulomb)

Us (nano
coulomb) Us 2 (nano coulomb)

1 Different holders 0.06 Standard 2 1 0.03 0.0009
2 Source

Distance
0.09 Standard 2 1 0.045 0.002025

3 Several
radionuclides

0.14 Standard 2 1 0.07 0.0049

4 Beam area 0.16 Standard 2 1 0.08 0.0064
5 TLD area 0.03 Standard 2 1 0.015 0.000225

Sum of the squares = 0.01445
Us = √Us

2 = √0.01445 = 0.0289 nC;
U4 = √Us

2 × 2 = 0.0578 nano Coulomb;
Uc (complex uncertainty) for all in all types of errors = U1+ U2+ U3+ U4

Uc = 0.127592 nC + 0.19932 nC + 0.4699 nC + 0.0578 nC = 0.8546 nC.
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respectively. As the dose decreases the uncertainty
increases, but the 2-sigma dose uncertainty, for example,
is still as good as 6% and 4% for landscape and portrait
scans at 1 Gy (Fiandra et al., 2006). According to our study,
the uncertainty dose at the 2-sigma level for 50 Gy dose
irradiation was about 0.8546nC.

4. Conclusion

Strontium tetraborate dopedwith samarium sampleswas
synthesized by a higher temperature solid-state reaction.
These phosphors were recommended for electron dose
measurements because of its TL responsemeasurements.
TL values were in good matching with the ionization
chamber reading. SrB4O7: Sm was used as a good dosi-
metric material for electron dose calculations. The uncer-
tainty sources due to heat treatment errors, detector
errors, reader, and valuation procedure errors and over
response errors should be included to get accurate dose
calculations. Because the total uncertainty has a negligi-
ble contribution to the initial dose, the phosphorus pre-
sents good TL propertiesmaking it suitable for dosimetric
application for ionizing radiation such as electrons. The
value of combined uncertainty should be added to the
measured value in order to obtain an accurate dose read-
ing. Many types of dosimetric materials are required in
industrial and agricultural applications in case of using a
high dose of radiation such as 50 Gy.
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