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A small type optically stimulated luminescence dosimeter, nanoDot, is expected to be applied to radiation 
dose evaluation on medical field. Dose calibration of a nanoDot is carried out by the air Kerma from incident 
X-ray generated by a diagnostic X-ray equipment. However the main component of exposure is not only 
direct X-ray beam but also scattered X-rays and penetrating X-rays. Therefore we evaluated the reliability of 
the dose calibration of nanoDot dosimeters on the exposure of different quality X-rays. The main calibration 
curve was determined by the air Kerma of 83 kV X-rays in the dose range of 3 μGy to 2 mGy. To validate the 
reliability of the calibration curve, the air kerma exposed to nanoDots and the response of nanoDots to 
scattered X-rays, penetrating X-rays and/or the entrance surface dose due to the 83 kV X-rays were evaluated. 
In the same manner, 55 and 108 kV X-rays were irradiated. The responses of nanoDots exposed by each 
condition were in good agreement with the main calibration curve and the reliability of it is ±15% even in 3 
μGy. We concluded that the dose of diagnostic X-rays can be evaluated by the response of nanoDot calibrated 
by the air Kerma of 83 kV X-rays. 
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1. Introduction1 
X-ray examinations are often applied to find tumors 

and various diseases in the human body. General X-ray 
photography is well known to be a quick and convenient 
method of examination; however, the exposure to 
diagnostic X-rays increases the risk of cancer [1]. In 
addition to the patient examination, X-rays are widely 
used to help the medical staff in surgical and other 
procedures such as interventional radiography. Currently, 
the effect of X-ray exposure to both patients and medical 
staff is an important topic [2,3], especially in the eye 
lens which is one of the most important doses being 
managed; to prevent cataracts, the International 
Commission on Radiological Protection (ICRP) 
recommended that the average value of an occupational 
exposure should be limited below 20 mSv during 5 years, 
with a maximum of 50 mSv per year [4]. There are some 
reports to estimate eye lens dose using optically 
stimulated luminescence dosimeter, thermoluminescence 
dosimeter, and/or radiophotoluminescent glass 
dosimeter worn close to the eye lens [5-8].  
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In order to manage X-ray exposure dose for patients 
and medical staff, we focused on a small-type optically 
stimulated luminescence (OSL) dosimeter called 
nanoDot [9-16]. The 10 × 10 × 2 mm small type 
dosimeter is capable to evaluate the dose of a specific 
tissue. However, the energy dependence of nanoDot 
OSL dosimeter differs from tissue and the dosimeter 
does not have energy-compensation filters. Thus, it is 
essential to calibrate the dosimeter with a proper energy 
radiation source. Exposure doses to patients are mainly 
caused by direct X-rays generated by X-ray equipment, 
and doses to medical staff are due to scattered X-rays of 
which the X-ray spectra are different compared to direct 
X-rays. Therefore, it is important to consider the energy 
dependences of the dosimeter [9,10] to evaluate the 
doses for both patients and medical staff.  

In a previous study, we proposed a unique calibration 
curve based on the air kerma of diagnostic X-rays, 
which can also evaluate the entrance skin dose (ESD) in 
the dose range of 0.3–6.0 mGy [16]. In this study, we 
enlarge the scope of the calibration curve not only for 
direct X-rays, but also for scattered and penetrating 
X-rays in a wider dose range. Additionally, we extended 
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the lower limit of our calibration curve. 
 

2. Materials and method 

We used a nanoDot OSL dosimeter, made by 
Landauer, Inc. (Glenwood, Illinois, U.S.A.). The size of 
a nanoDot is 10 mm wide, 10 mm in length, and 2 mm 
thick. The detection component is Al2O3:C and the 
effective density is 1.41 g/cm3 [10]. Exposure dose to a 
nanoDot can be measured by using a portable 
measurement system; microStar reader (Landauer, Inc., 
Glenwood, Illinois, U.S.A.). When the detection 
component of a nanoDot is stimulated by green LED 
light, it emits blue luminescence. The amount of blue 
luminescence is proportional to the dose, thus, the 
microStar reader can evaluate the exposure dose by 
counting the luminescence using a photomultiplier tube. 
Each nanoDot has individual detection efficiencies ε 
which is determined by the manufacturer. To consider 
these differences, we used the values of counts/ε, which 
were used in previous studies as well [14-16]. 

Diagnostic X-ray equipment (MRAD-A 50S/70, 
Toshiba Medical Systems Corporation, Otawara, Japan) 
was used to generate X-rays. We performed two 
experiments as shown in Figure 1. Setup A shows a 
free-air condition for direct X-ray exposure to the 
nanoDot. Setup B uses a phantom for direct X-ray 
exposure with scattered radiation, scattered X-rays, and 
penetrating X-rays with scattered radiation to the 
nanoDot. For setup A, the distance from the X-ray 
source to the dosimeter was set at 150 cm. For setup B, 
20 cm thickness, 30 cm width, and 30 cm length of a 
soft-tissue-equivalent phantom (SZ-207, Kyoto Kagaku 
Ltd., Kyoto, Japan) was placed 150 cm away from the 
X-ray source. The irradiation area was 30 cm × 30 cm 
on the incident surface of the phantom. Figure 1 
represents the measurement points; (I) is the center of 
the beam axis for the detection of direct X-rays in free 
air condition; (II) is the center position at the front 
surface of the phantom for the detection of direct X-rays 
with scattered radiation (X-rays); (III) is located at 45° 
from the incident X-ray beam axis, 30 cm from the 
center of the phantom, for the detection of scattered 
X-rays; and (IV) is the center of the back surface of the 
phantom for the detection of  penetrating X-rays with 
scattered radiation (X-rays). The ratio of air Kerma 
corresponding to (II)/(I) is known as the back scatter 
factor [17,18], and they were estimated to be between 
1.3–1.4. At the measurement points (I), (II), (III), and 
(IV), a nanoDot or an ionization chamber was placed. 
The 3 cc thimble ionization chamber (DC300, PTW, 
Freiburg, Germany) calibrated by JQA was connected to 
an electrometer (EMF521, EMF Japan Ltd., Osaka, 
Japan). The air Kerma [J/kg] was derived by the 
measured value of ionization chamber. The uncertainty 
of this measurement system was approximately 5% 
(k=2) which is owed to the uncertainty of the calibration 
of the ionization chamber. Scattered X-rays generated by 
the movable diaphragm installed to the X-ray equipment 
[19] was negligibly small in the present experiment. The 

irradiation conditions are as follows. First, using 83 kV 
X-rays (half value layer (HVL) of 3 mm aluminum), 
data for direct X-rays under the conditions for position 
(I) shown in Figure 1 were measured; the 
tube-current-time products were set to 10 conditions 
between 0.5–200 mAs. Second, using 55 kV (HVL = 2 
mm aluminum), 83 kV and 108 kV (HVL = 4 mm 
aluminum) X-rays, the data under the conditions for 
position (II), (III), and (IV) shown in Figure 1 were 
measured; the tube-current-time products were set to 6 
conditions between 5-200 mAs. For each irradiation 
condition described above, measurements were carried 
out five times with the ionization chamber, and an 
average value of the air Kerma was adopted as reference 
data for the calibration. In contrast, for the nanoDot, 
irradiation was performed once for each of the 
irradiation conditions, and consecutive readings [20] 
were carried out five times using the reader.  

 
3. Results 

Figure 2 shows the relationship between air Kerma 
and counts/ε measured with the nanoDot OSL dosimeter. 
The colored data shows present data including direct 
X-rays at 83 kV, direct X-rays with scattered radiation 
(ESD) at 55, 83, and 108 kV, scattered X-rays at 55, 83, 
and 108 kV, and penetrating X-rays with scattered 
radiation at 55, 83, and 108 kV. In this graph, the data of 

Figure 1.  Schematic drawing of experimental set up using 
the nanoDot OSL dosimeter. 
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55kV, 5 mAs in position (IV) were not presented 
because the relative uncertainties of them were over 
100%. The solid line shows the proposed practical 
calibration curve determined by the data of 83 kV direct 
X-rays. The mathematical expression is as follows, 

 
. (1) 

 
The black dashed line in the upper figure shows the 
manufacturer’s calibration data. These data are 
consistent with our experiment. The lower graph in 
Figure 2 shows deviations of data from the practical 
calibration curve. Although the response of nanoDot 
becomes higher in lower energy [15], the data are in 
good agreement with the curve in the energy range. The 
dashed line shows the relative uncertainty ( ) of the 
calibration curve, which is estimated as described in the 
discussion (see Eq. (2)). 

 
4. Discussion 

We proposed a practical calibration curve using 
nanoDot OSL dosimeters without information about the 
irradiation conditions such as tube voltages (energy of 
X-rays). As described in a previous paper [16], the 
practical calibration curve has 15% uncertainty and the 
main elements were as follows: 1) systematic 
uncertainty caused by the individualities of the nanoDot 
OSL dosimeters σsys = 5%, 2) an angular dependence of 
5%, and 3) an energy dependence of less than 10%. 
Although Takegami made the above assumptions [16], 
there was no experimental evidence; it was unclear 
whether the practical calibration curve could be applied 
to measure air Kerma from direct X-rays with scattered 
radiation (ESD), scattered X-rays, and penetrating 
X-rays with scattered radiation. For the first time, the 
present study shows experimental evidence in support of 
this fact. Additionally, we extended the dose range of 
the practical calibration curve to 0.003 mGy from the 
previous reported value of 0.1 mGy [16]. A value of 
0.003 mGy is obtained with the counts/ε value of 10 and 
the statistical uncertainty of it becomes approximately 
30%. Therefore when we use the practical calibration 
curve, we should take into account the statistical 
uncertainty of the counts/ε value. The total uncertainty 
of the nanoDot is derived by the following formula, 

 

, (2) 

 
Where  indicates averaged value of counts. 

One more new finding is that Landauer’s calibration 
is consistent with the practical calibration curve we 
constructed.  

The uncertainty value becomes approximately 15% at 
a dose range above 0.1 mGy, and it becomes worse at 
doses below 0.1 mGy because of the increasing 
statistical uncertainty. In the present study, we defined 

the lower detection limit as a dose at which relative 
uncertainty of it becomes 100%; it was estimated to be 
5×10-4 mGy. In X-ray diagnosis, typical values of the 
entrance surface dose in medical examinations is 
estimated to be 0.2–7.8 mGy [21]. The detection limit 
(5×10-4 mGy) of the nanoDot was much smaller than 
that. Currently, some researchers recognize the 
importance of the management of exposure dose as well 
as image quality [22]. Therefore, we are involved in an 
effort to reduce radiation doses. The nanoDot is 
expected to be a suitable radiation detector. 

 
5. Conclusion 

We verified the applicability of a practical 
calibration curve for the nanoDot OSL dosimeter to 
measure the entrance surface dose (ESD), air Kerma of 
scattered X-rays, and penetrating X-rays with scattered 
radiation. The practical calibration curve was derived by 
the air Kerma of 83 kV diagnostic X-rays. By using a 
soft-tissue-equivalent phantom, the exposure conditions 
of ESD, scattered X-rays, and penetrating X-rays with 
scattered radiation were constructed. Then both the air 
kerma and the responses of nanoDot were measured. We 
concluded that these data were consistent with the 
practical calibration curve when adopting an additional 
uncertainty of 15%. Additionally, we evaluated the 

Figure 2.  Experimentally determined calibration curve of 
the nanoDot OSL dosimeter. The data for direct X-rays, 
direct X-rays with scattered X-rays, scattered X-rays, and 
penetrating X-rays with scattered radiation are presented. 
Black data points represent the calibration points used for 
the microStar reader in default mode. 
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lower detection limit of the measurement system to be 
5×10-4 mGy. 
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