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Aims and objectives

Recently, patient dose management has become an important topic in the X-ray based
diagnosis. This is because dose exposure has become increasingly precise during
diagnosis. The relevance between the exposure dose and the quality of an obtained
medical image should be managed through the measured exposure dose. In fact
currently, the exposure dose is estimated by the air-kerma measurement using an
ionization chamber, and the methodology to calculate the exposure dose has been
established [1-3]. In this method, the contribution of scattered X-rays is estimated by back
scatter factor (BSF) which is functions of both quality of X-ray and size of irradiation field.
The problem with this method is, it does not consider the patients condition; there are
large differences between patients. Therefore, we plan to measure the exposure dose
directly using a dosimeter that doesn't interfere with the medical image.

Currently, a small-type OSL (optically stimulated luminescence) dosimeter, named
nanoDot [4-8], was commercially produced by Landauer Inc. Figure 1 illustrates nanoDot
OSL dosimeter and its reader. Our research group focuses attention on its low detection
properties which enables a measurement exposure dose without interfering with the
medical image [9]. Currently, we're studying the basic properties of the nanoDot
OSL dosimeter for direct measurement of patient dose in the general X-ray region
[9-14]. In addition, many reports have been published concerning measurements in the
radiotherapeutic region [4-6].

Figure 2 indicates motivation for our study. In this investigation, we focused attention
on the nuclear medicine region. In this region, we should be concerned with secondary
electron equilibration, because the range of secondary electrons is up to 10 m. This fact
means that we should adopt an extremely large irradiation field. In reality, the maximum
size of the irradiation field may be limited, also for the simulation study there is a restriction
based on CPU power of the personal computer used. The aim of this study is to propose
a new irradiation system, which can establish a compact irradiation field for the nuclear
medicine region. Using the Monte-Carlo simulation code, we evaluated the accuracy of
the proposed system.
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Fig. 1: Introduction of the nanoDot OSL dosimeter. NanoDot is a small-type OSL
(optically stimulated luminescence) dosimeter and commercially available by Landauer
Inc.
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Fig. 2: The motivation for our study. Focusing attention on nuclear medicine region, we
propose a new compact irradiation system for the evaluation of basic characteristics of
the nanoDot OSL dosimeter.
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Methods and materials

The proposed irradiation system is presented in Fig. 3. In order to achieve a small
irradiation field, the detection region was covered with phantoms having thicknesses of
"t". Here, the size of the irradiation field (S×S) was defined as S = R + 10 mm + R, where
R was range of secondary electrons. Figure 4 shows the properties of the Monte-Carlo
simulation. In the present study, EGS5 (electron gamma shower ver.5) code [15,16]

was used. The number of photons used was 108, the energy of photons was 100-2000
keV, and phantom thickness was from 1-15 mm. The compositions of the phantom and
detection region are represented in Fig. 4. The detection region was filled with air or

PMMA (Polymethyl methacrylate) with a density of 0.001205 g/cm3, and the phantom

region filled with air or PMMA having a density of 1.00 g/cm3 or 1.19 g/cm3 were applied.
We then simulated the photon and electron transportations based on the following three
conditions; "Air/Air" means air in the detection region and air in the phantom region,
"PMMA/PMMA" means PMMA in the detection region and PMMA in the phantom region,
and "Air/PMMA" means air in the detection region and PMMA in the phantom region. A
detailed analysis and purpose of these materials will be described later.

The range "R" of the secondary electron field was calculated as shown in Fig. 5. The
graph in Fig. 5 represents energy loss of electrons as a function of electron energy [17].
When the electron with energy Ei penetrates the material with thickness of #t, the energy
loss #Ei is calculated by #Ei = dE/dx(Ei)×#t. Therefore, R is calculated by summation of
#t until the integrated value of #Ei agrees with the incident energy of E. In this study, #t
is set at 0.01 cm.

Theoretically speaking, when secondary electron equilibration is achieved, the absorbed
dose D in the detection region is equal to the air-kerma K (collision kerma Kcol). Therefore,
we evaluated the consistency between D and Kcol. A detailed description of how Kcol is
obtained from energy fluencies is presented in Fig. 6. Here, the reference value of the
mass energy absorption coefficient is applied [18].

The proposed irradiation system was simply constructed, in which the detection area
was fully covered with a phantom to achieve secondary electron equilibration. Here,
the thickness of the phantom is an important parameter, because the size of the
irradiation field is decided by the range of secondary electrons. Then, advantages
and disadvantages of our simulation were evaluated by the "efficiency of Monte-Carlo
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simulation" and "fraction of scattered rays". In Fig. 7, these values are defined as
mathematical expressions.

Images for this section:

Fig. 3: The proposed irradiation system. The detection region was totally covered with
phantom having variable thicknesses represented by "t".
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Fig. 4: Property of the Monte-Carlo simulation code. We used EGS5 (electron gamma
shower ver.5) code. Details of the conditions and compositions of phantoms and
detection regions are presented.
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Fig. 5: Calculation methodology for range for secondary electron (see text).
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Fig. 6: Evaluation method to prove our calculation. We checked the consistency between
the absorbed dose D in the detection region and the air-kerma K (collision kerma K)
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Fig. 7: The evaluation method of the proposed system. We calculated the efficiency of
the Monte-Carlo simulation and fraction of scattered rays.
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Results

When calculating the irradiation field, it was found that phantom thicknesses of 1 mm,
5 mm, and 10 mm were necessary to achieve electron equilibration for 100-300 keV,
400-1000 keV, and 1500-2000 keV photons, respectively.

Figure 8 shows the results of the consistency check for D and Kcol. The vertical axis
shows that D/Kcol, so D/Kcol=1 is the ideal value. The corresponding values of "Air/
Air" (blue) and "PMMA/PMMA" (green) deviate within the range of 1±0.05. On the
other hand, the corresponding value of "Air/PMMA" (red) is systematically lower than 1,
therefore, they are included in the range between 0.9 and 1.

Left graph in Fig. 9 shows the calculation efficiency for the condition of "Air/PMMA" for
100-2000 keV photons. The calculation efficiency becomes 70-90% for 100 keV and
approximately 10% for 2000 keV. For 100 keV photons, the calculation efficiency for
1 mm and 5 mm thicknesses are about 20% larger than those of 10 mm and 15 mm
because a phantom thickness of 1 mm is sufficient for 100 keV and additional thickness
results in attenuation. When increasing photon energy up to 1000 keV, the differences
become small. We determined that proper phantom thickness should be applied based
on photon energy.

The right graph in Fig. 9 shows the fraction of scattered rays for the condition of "Air/
PMMA" for 100-2000 keV photons. For the 1mm thick phantom, the fraction of scattered
X-rays varies approximately from 1.1% to 1.6% for photon energies from 100 keV to 300
keV. The 5 mm thick phantom varies approximately 2.7% to 4.7% for photon energies
from 100 keV to 800 keV. The 10 mm thick phantom varies approximately 3.1% to 6.6%
for photon energies from 100 keV to 2000 keV. Phantom thickness of 15 mm varies
approximately 4.3% to 7.3% for photon energies of 100 keV to 2000 keV. As clearly seen
in the graph, the thicker the phantom used, the more intense the scattered rays were
generated.

Efficiency of Monte-Carlo simulation becomes 70-90% for 100 keV and approximately
10% for 2000 keV. These values are much higher than those without phantoms. Fraction
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of scattered rays becomes several percentages. Moreover we estimated the accuracy
of the simulation. From these results, we evaluated that the accuracy of our system is
approximately 10%.

Finally, we demonstrate the ability of the proposed method. Figure 10 shows results
from an additional simulation, in which three different irradiation systems are applied;
system A is the proposed system, in system B the detection region is partially covered
with a phantom and sides are not covered, and in system C the detection region is not
covered and the phantom is just placed in front of the detection region. The second
condition is similar to the previously proposed practical experimental irradiation system
which is valuable to achieve secondary electron equilibration [19]. The graph shows
the availability of the proposed system; namely, D/Kcol value of the proposed system
(system A: red) is approximately 1, but for systems B (green) and C the systematical
value is smaller. The phenomenon indicates the importance of covering the detection
region completely.

Images for this section:
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Fig. 8: Results of consistency checks of D and K.
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Fig. 9: Result of efficiency of Monte-Carlo simulation and fraction of scattered rays.
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Fig. 10: Demonstration to indicate the purpose of our system. By comparing three
different conditions, it was found that our system is most suitable for a compact irradiation
system when considering secondary electron equilibrium.
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Conclusion

In conclusion, we proposed a new irradiation system in order to evaluate the basic
properties of the nanoDot OSL dosimeter in a simulation study. In the method, the
detection region was totally covered with phantoms having thicknesses of 1-15 mm which
enables the establishment of small irradiation fields. We evaluated the accuracy of our
system by comparing an absorbed dose and collision kerma. As a result, we found that
they agree with an accuracy of 10%. The calculation efficiency was greatly improved.
The fractions of scattered rays were evaluated to be at most 5%. From these results, we
evaluated that the accuracy of our system is approximately 10%. We plan to measure the
efficiency of the nanoDot OSL dosimeter based on the present research as represented
in Fig. 11.

Images for this section:

Fig. 11: Conclusion of our study and future plans.
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