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Radiation doses received by patients and medical staff from examinations using X-rays and radioactive
materials have been increasing, and a reliable radiation dosimetry system is a necessity. An OSL dosimeter
can be used and applied in such situations. However at this time, its property for nuclear medicine region is
unclear. When we calculate the basic properties in this region using the Monte-Carlo simulation code, the
consideration of secondary electron equilibrium is important. The aim of this study is to propose a compact
irradiation system for simulation study, and use it to evaluate the energy and angular dependence of the
small-type OSL dosimeter. The proposed system uses a phantom of acrylic and we examined which phantom
thickness will be used considering the accuracy of the simulation and the contamination from scattered rays.
Then, this system was applied to determine angular and energy dependences of the small-type OSL dosimeter.
Experiments using the OSL dosimeter were performed in order to check the accuracy of the simulations. In
addition when simulating the response of the OSL dosimeter, we determined the basic parameters of the
detection material. We performed several situations, and concluded that the following parameters were in
good agreement with the experiment: a detection layer of 100% Al,Os; with a density of 1.41 g/cm®.

Keywords: OSL dosimeter; dosimetry system; Monte Carlo; EGS5; angular dependence; energy
dependence; diagnostic region; nuclear medicine region

1. Introduction

A small-type optically stimulated luminescence (OSL)
dosimeter has been used in medical dosimetry because
of its good specifications. There have been many studies
about characteristics of the OSL in the diagnostic X-ray
and therapeutic region [1-8]. As well as low and high
energy X-rays, various radioactive nuclei which emit
gamma-rays are used in medical examinations, therefore,
to expand the usable region of the OSL dosimeter in
nuclear medicine, it is important to evaluate the response
of the dosimeter for this region (up to 2500 keV). In this
region, caused by various restrictions of half-lives and
energies of y-rays, '*’Cs and ®°Co are usually used. We
considered that the simulation study is also valuable to
evaluate the basic responses of the dosimeter.

Currently, Monte-Carlo simulation codes [9] can be
used to mimic real experimental conditions, but it needs
long simulation times when we want to obtain precise
result. The long simulation times is needed especially
for the nuclear medicine region because of the
consideration of secondary electron equilibrium
establishment. In this study, we examined the
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applicability of a compact irradiation system for
simulating the detector response in the nuclear medicine
region. The idea to establish the compact irradiation
system is very simple; the OSL dosimeter was covered
with an acrylic phantom having thickness of “#”. At this
time, the proper thickness and the accuracy of this
irradiation (simulation) system were unclear. The
objective of this study is to propose novel irradiation
system for effective calculation of detector responses.
Then, this system was applied to evaluate the energy and
angular dependence of the small-type OSL dosimeter.

2. Materials and method

The Monte Carlo simulation code EGS5 [9] was used
in this study. First, we proposed a compact irradiation
system and evaluated the uncertainty of it. Next, we
applied the system to evaluate the energy and angular
dependence of the small-type OSL dosimeter called
nanoDot (Nagase Landauer, Ltd., Japan). Then,
experiments using nanoDots were performed to confirm
the accuracy of the system.
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2.1. Compact irradiation system under consideration of
secondary electron equilibrium

Figure 1 shows the concept of irradiation system
used in this study. For the diagnostic energy region
(0-200 keV), the secondary electron equilibrium can be
established inside the detector; i.e. the cover of the
detector plays as buildup cap. Therefore, it is adequate
to set the irradiation field so as to cover full outer size of
the nanoDot OSL dosimeter, which is 10 mm width, 10
mm length and 2 mm height, as shown in the left in
Figure 1. On the other hand, for nuclear medicine region
(200-2500 keV), the additional phantom is needed to
establish secondary electron equilibrium as shown in the
right in Figure 1. Here, we defined the new irradiation
system, which covers the nanoDot completely with the
phantom thickness of “#”. In this study, ¢ was chosen as
1, 5, and 10 mm. In the irradiation system using three
different phantom thicknesses, we examined the
following two things; 1) whether secondary electron
equilibrium is established, and 2) fraction of
contamination from scattered rays.
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Figure 1. Schematic diagram of the concept of a compact
irradiation condition. In the nuclear medicine region, a new
irradiation system is applied in our simulation.

2.2. Simulation of energy and angular dependences of
nanoDot OSL dosimeter

Using the compact irradiation system, we evaluated
the angular and energy dependences of the nanoDot
OSL dosimeter as follows. The nanoDot consists of the
detection region and an outer plastic case. The
dimensions of the outer case were described previously
[5]. On the other hand, there were many different reports
concerning the compositions and dimensions (thickness)
for the detection region [8]. Additionally, only Al,O3:C
can work to store the information corresponding to the
absorbed dose though the actual detection parts were
constructed with Al,O3:C, polyester and glue. Thus, we
adopted to use the unrealistic detection part in the
present study; namely, the detection part consists of
100% AlO; having an effective density of 1.41 g/cm®
which was reported by a previous study as an
experimental value of the actual dosimeter [6]. Under
these assumptions, we calculated the energy and angular
dependences of the nanoDot OSL dosimeter. The

schematic diagram of the simulation is presented in
Figure 2. For energy dependence evaluation from low
energy photons, the nanoDot OSL dosimeter was
irradiated from 10 keV to 100 keV at 10 keV increments
using the irradiation system of Figure. 2a). For angular
dependence evaluation from low energy photons, the
nanoDot OSL dosimeter was irradiated by X-rays
assuming the tube voltage of 40 kV from 0 to 360
degrees at 30 degrees increments using the irradiation
system of Figure 2 ¢). For energy dependence evaluation
from higher energy photons, energies of 100, 200, 300,
400, 500, 600, 800, 1000 and 1500 keV were irradiated
to the OSL dosimeter surrounded by an acrylic phantom
with thickness =5 mm as shown in Figure. 2 b). For
angular dependence evaluation from higher energy
photons, energy of 1500 keV were irradiated to the
nanoDot OSL dosimeter surrounded by an acrylic with
=5 mm from 0 to 360 degrees at 30 degrees increments
using the irradiation system of Figure 2 d).
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Figure 2. Three-dimensional views of simulated systems; a)
energy dependence evaluation using free air condition for low
energy photons, b) energy dependence evaluation using a
phantom for higher energy photons, c) angular dependence
evaluation for low energy photons, and d) angular dependence
evaluation using phantom for higher energy photons.

2.3. Experimental data of energy and angular
dependence of nanoDot OSL dosimeter

Experiments were also performed for energy
dependence evaluation. Two types of radiation sources
were used; one is X-ray equipment for medical diagnosis
(laboratory standard) and the other is a Japanese primary
standard constructed in the National Institute of
Advanced Industrial Science and Technology (AIST)
[10]. The tube voltages of medical diagnostic X-rays
were between 40 and 140 kV and mean energies of them
were from 28 to 61 keV. The filtration of these X-ray
spectra was 2.5 mm aluminum. For the aforementioned
energies, 0.37-4.74 mGy were irradiated in free-air
condition. The dosimeter inside of an acrylic phantom of
which the thickness is =5 mm was irradiated with
gamma-rays from a *’Cs source with an energy of 662
keV, and gamma-rays from a °Co source with a mean
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energy of 1253 keV (cascade gamma-rays of 1332 keV
and 1173 keV) at a dose of 3.49 mGy.

3. Results and discussion
3.1. Acrylic phantom and uncertainty evaluation

The relationship between the incident photon energy
and the range “R” of secondary electrons in the acrylic
phantom was calculated by a well-known database [11].
An acrylic of 10 mm corresponds to a range R of an
electron produced by photoelectric effect of 2320 keV
photons. However, secondary electron equilibrium is
considered to be established in a smaller distance than R
since electrons were scattered to various directions.

Table 1.  Accuracy of simulation using our compact
irradiation system.
Phantom Adoptable range Uncertainty :
thickness [keV] s N Total:
[ m l’Il] (D/K) sca &
1 200-600 - 1.1% -
5 200-1500 3.0% 3.7% 4.2%
10 200-over 2500 3.0% 5.2% 5.6%

Figure 3 a) shows typical results of the relationship
between the irradiation field size and the ratios of D/Kcqi
where D and K, indicate absorbed dose and collision
kerma corresponding to detection region. It is known
that when secondary electron equilibrium is established,
D/K becomes 1.0. In the case of 1500 keV photons, it’s
clear that secondary electron equilibrium can be
established even when the size of the irradiation field
was set to X’=W+2R’, where W and R’ is the mean
length of the detection region and R’=R/2, respectively.
It is well known that a sufficient irradiation field is
established by considering range of secondary electron;
in this case X=W+2R is adequate for the secondary
electron equilibrium. On the other hand, our result
indicates that a smaller irradiation field with a side
length of X’ can be practically used. The uncertainty
caused by this procedure was evaluated by the deviation
of D/K values from the ideal value (=1.0), also we
determined the uncertainty as dpx)=3.0%. Figure 3b)

shows calculation results of the fraction of scattered rays.

The fraction rate depends strongly on the energy of
photons. The maximum value in each thickness was
derived, and we defined the value as an uncertainty
caused by contamination of scattered rays. The
corresponding uncertainty is defined as Osa. After then,
the total uncertainty of the system is evaluated by

6 = \/(5D/K)2 + (5sca)2~ (1)

The uncertainties are summarized in Table 1. Based
on these results, an acrylic phantom with thickness =5
mm was considered to be proper to use for this study.
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Figure 3. Typical results for simulation; (a) shows D/K
dependence as a function of size of irradiation fields. When
using the proper phantom, the secondary electron equilibrium
is established by Xetr. (b) shows fraction of scattered rays as a
function of energy of photons.

3.2. Energy Dependence

Figure 4 shows a comparison of relative efficiencies
between experiments and simulation. Here, efficiency is
defined as a total energy deposition in the OSL
dosimeter divided by the air-kerma of the irradiation
filed, and the efficiency is normalized by that of “°Co.
Although the present simulation is based on the
unrealistic compositions in the detection region (100%
ALOs, 1.41 g/cm®), the result was in good agreement
with the experimental value. In this study, we carried out
additional simulations, in which the effect of having
different detector thicknesses of 0.15 mm and 0.20 mm
on the relative efficiency. We found that different
detector thicknesses made no significant differences in
energy dependence, thus focus was given on 0.20 mm.
On the other hand, differences in the response due to
detector material composition can be clearly observed.
The relative efficiency of the 100% AlOs is in good
agreement with that of experiment, but relative
efficiency of mixture of Al,O; and polyester is much
lower than that of the experiment. In addition, the
differences in response due to the density of the material
cannot be clearly defined.
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Figure 4. Energy dependence for the nanoDot OSL dosimeter.

3.3. Angular dependence

Figure 5 (a) shows a comparison of angular
dependences of 40 kV X-rays having 2.5 mm aluminum
filtration between experiments and simulations. The
experimental data from a previous study [5] of the
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angular dependences of the nanoDot OSL dosimeter was
used in the present study. The simulated result is in good
agreement with the experiments. Similar with the
previous section, several conditions were also simulated
to evaluate the accuracy of our simulation. The effect of
having different detector thicknesses made no significant
difference in angular dependence. Second, the
composition of detection materials made no significant
difference; result of AlO; indicates similar trend with
that of composition materials of Al,Os and polyester.
Third, the angular dependences of 90 degrees and 270
degrees are sensitive with the density of detection
material; the density of 1.41 g/cm? is the best result.
Figure 5 (b) shows angular dependence evaluation for
photon energy E=1500 keV. Low efficiency was
observed around 90 degrees and 270 degrees; the
deviations were at most 10%. The relative efficiency for
angular dependence evaluation has better results at the
middle energy region.
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Figure 5. Angular dependences of the nanoDot OSL
dosimeter for (a) 40 kV X-rays and (b) 1500 keV photons.

3.4. Discussion

The thickness of the detection layer does not affect
the results significantly in the evaluation of the energy
and angular dependence. On the other hand, precise
description of the composition and the density of the
detection layer are important in the simulation of the
nanoDot OSL dosimeters. Results show that the
composition of 100% AlO; and the density of 1.41
g/em® provide the best simulation results and were in
good agreement with the experimental data. This result
is something to think about since the density of Al,O3
was known to be 3.96 g/cm®[1]. Moreover, the effective
density of the composition mixture of the Al,O; and
polyester is determined to be 1.41 g/cm® [6]. The
non-realistic situation that the composition of only Al,O;
with a density of 1.41 g/cm® is available only in the
simulation.

4. Conclusion

In this study, we proposed compact irradiation system
which can establish the secondary electron equilibrium;
the dosimeter was fully covered with a phantom having
5 mm thickness. The accuracy is estimated to be 4.2%
by considering the uncertainty of simulation and

contamination of scattering rays. Using this system, we
determined the basic properties of the small-type OSL
dosimeter; nanoDot. Although nanoDot has complex
detection material, we can find a good parameter to
reproduce experimental results.

The results of this study will be useful when using the
nanoDot OSL dosimeter in managing and measuring the
radiation dose received by patients and the medical staff
and provides us with a better understanding of the
characteristics of the OSL dosimeter.
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