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Abstract – In order to routinely evaluate workers’ internal exposure due to intake of radionuclides, a whole-body

counter (WBC) at the Third Qinshan Nuclear Power Co. Ltd. (TQNPC) is used. Counting would typically occur immediately after a confirmed or suspected inhalation exposure. The counting geometry would diﬀer as a result of the
height of the individual being counted, which would result in over- or underestimated intake(s). In this study, Monte
Carlo simulation was applied to evaluate the counting eﬃciency when performing a lung count using the WBC at the
TQNPC. In order to validate the simulated eﬃciencies for lung counting, the WBC was benchmarked for various lung
positions using a 137 Cs source. The results show that the simulated eﬃciencies are fairly consistent with the measured
ones for 137 Cs, with a relative error of 0.289%. For a lung organ simulation, the discrepancy between the calibration
phantom and the Chinese reference adult person (170 cm) was within 6% for peak energies ranging from 59.5 keV to
2000 keV. The relative errors vary from 4.63% to 8.41% depending on the person’s height and photon energy. Therefore, the simulation technique is eﬀective and practical for lung counting, which is diﬃcult to calibrate using a physical
phantom.
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1 Introduction
A whole-body counter (WBC) is used to determine the total activity of radionuclides within a body. The counter consists of a γ-ray shielding spectrometer and the measured object
is a person. Counting is typically conducted soon after a confirmed or suspected inhalation exposure. As inhaled radionuclides would remain in the lungs shortly after exposure, a lung
count is usually performed. In order to obtain peak eﬃciencies, an anthropomorphic phantom containing known activity
is required. Standardized phantoms recommended by an international organization (ICRP, 2002), which more or less meet
the physical characteristics of a representative subject, are generally applied. To accurately evaluate internal contamination,
a more realistic phantom is preferred. However, in practice, it
is almost impossible to fabricate a realistic phantom for each
case, as the individuals being counted are diﬀerent one from
another. Therefore, the uncertainty associated with counting
eﬃciency remains an issue.
Monte Carlo simulations may provide an alternative
method of calibration by using a numerical phantom instead
of a physical one. Some papers have already demonstrated the
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potential and application of Monte Carlo simulation in lung
counting (Kramer, 2006; Nogueira et al., 2010). The main advantage of such a method is that peak eﬃciencies can be obtained for various body sizes of the subjects being counted, as
well as for organs or tissues where the distribution of deposited
radionuclides are very inhomogeneous, which makes it impossible to mimic using a physical phantom. Recent progress in
computer technology also enables more complex and realistic
simulations to be performed (Ay et al., 2005; Carinou et al.,
2007; Zhang, et al., 2014).
In this paper, a Monte Carlo simulation was performed
to obtain peak eﬃciencies for lung counting at various lung
positions using a whole-body counter equipped with dual
detectors at the Third Qinshan Nuclear Power Co. Ltd.
(TQNPC). Breustedt reported the application of Monte Carlo
simulation to a whole-body counter equipped with thalliumactivated sodium iodide [NaI(Tl)] (Breustedt et al., 2010),
while Broggio utilized Monte Carlo modeling for in vivo lung
monitoring of enriched uranium (Broggio et al., 2012). In
this study, we calibrated the whole-body counter using Monte
Carlo simulations for lung counting. The correction factors for
individuals of diﬀerent heights are obtained by simulation, and
used to correct the measurement data from lung counting.
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Figure 1. The 3D Picture of the Canberra Model 2257 calibration
phantom.
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2 Materials and methods
2.1 Instrument and whole-body system

The TQNPC uses a whole-body counter with dual NaI(Tl)
detectors configured in a linear array on a common vertical
axis. The counter is shielded within a room that has lowbackground steel walls and a ceiling/floor 10 cm thick. The
counter is composed of two large sodium iodide detectors
(NaI(Tl)) of 7.6 cm × 12.7 cm × 40.6 cm with a single photomultiplier tube at the end, and provides a typical Lower Limit
of Detection of approximately 150 Bq (4 nCi) for 60 Co with a
count time of one minute (Uenoa et al., 2014). The dual detector design provides a uniform or flat (± 15%) response along
the longitudinal axis from the thyroid of the tallest 99th percentile male to the lower gastrointestinal tract of the shortest
female. In this study, the response functions of the detectors for
the phantom were measured to obtain peak eﬃciencies, which
were compared with those of the simulation results.
r is a simThe calibration phantom provided by Canberra
plified model without considering the size and distribution of
the body organs. All of the organs (lungs, abdomen, etc.) are
equivalent to a point, which would give an error for measuring
the lung position for low-energy photons.
The peak analysis of the response functions was performed
using commercially available software (Canberra Industries,
Inc.).

2.2 Description of phantoms
2.2.1 Calibration phantom

The calibration phantom (Canberra Model 2257) contains
two parts (Figure 1): the upper part and the lower part, respectively. The upper part of the calibration phantom used

Figure 2. The upper part of calibration phantom.

in this study consists of 6 cylindrical vessels which are uniformly filled with radioactivity with soft tissue-equivalent density. The calibration radionuclides are 241 Am, 109 Cd, 113 Sn,
137
Cs, 60 Co and 88 Y, whose major photon peaks cover an energy range suﬃcient for obtaining the eﬃciency curve. The
relative intrinsic uncertainty of the activities is 5%.
The upper part of the phantom contains three sections
(Figure 2), which are the neck, chest and abdomen, respectively. The chest size of the phantom is 30.5 cm high, 34.5 cm
long and 18 cm wide. The lower part of the phantom is 30.5 cm
high, 34.5 cm long and 21.5 cm wide. The phantom material is
solid Plexiglas with the chemical formula C5 H8 O2 and nominal density of 1.2 g cm−3 .
2.2.2 Chinese adult person phantom

The Chinese reference man phantom (60 kg) was taken
as the adult male reference phantom. The geometry of this
phantom is given in Table 1. In this paper, we only simulated
the chest part. The phantom material is composed of carbon
(24.2%), hydrogen (12.2%) and oxygen (63.6%), and the nominal density = 1.01 g cm−3 .
The reference man of the Oak Ridge National Laboratory is known as the MIRD (Medical Internal Radiation Dose)
Phantom. Each lung of the reference man is represented by
half an ellipsoid. The section of the phantom is a similar circle (Snyder et al., 1978). References to anatomical data are
given by the Chinese adult person phantoms (Wang et al.,
1998). We simplified the geometry of the chest model as follows (Figure 3). The section of the chest model is a similar
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Table 1. Data of the Chinese adult person phantom.
Person
phantom
Data

Height
(cm)
170

Weight
(kg)
60

Depth of
chest (cm)
22

Circle of
chest (cm)
90

Depth of
waist (cm)
11

Circle of
waist (cm)
74

Table 2. Results of measurement and simulation for the calibration
phantom.
Nuclide
(MeV)

Measured eﬃciency Simulated eﬃciency Relative
of calibration
of calibration
error
phantom
phantom
137
Cs (0.662)
6.93 × 10−3
6.91 × 10−3
0.289%

VERTICAL VIEW

FRONT VIEW

Figure 3. The chest model of the Chinese adult person phantom.

Figure 4. The 3D graph of the lung model of the Chinese adult person
phantom.

rectangle, with vertical height of 30 cm, width of 28.5 cm and
depth of 22 cm. We selected the section of the lung as a pentagon (Figure 4). The values of the single lung are: length of
11.5 cm, and width of 14 cm. The area of the section is 91 cm2 ,
and the volume of it is 1820 mL. The goal is to make the mathematical equations simple, thus minimizing computation time.
2.3 Monte Carlo simulation

Peak eﬃciencies for the phantoms are obtained by
the Monte Carlo simulation using the MCNP4C code
(Briesmeister, 2000). This code provides a general-purpose
program that can simulate photon interactions with associated
electron transport and production of X-rays (Peter et al., 2014)
and bremsstrahlung radiation (Huang et al., 2014). It uses continuous energy data libraries over a wide range of energies for
various cross-sections and scattering angles. The phantoms are
seated in the air. In order to obtain statistical errors less than
1%, a number of up to 1 × 108 histories is required.
In this study, a pulse height tally, which is provided with
the MCNP4C code, was used for obtaining peak eﬃciencies.
Peak eﬃciency is obtained from the probability in the energy
bin and is corrected by subtracting the average probabilities

in both sides of the energy bin as a Compton continuum. The
Monte Carlo energy-bin width is set at 0.2 keV and uniformly
distributed within volume sources. A folding technique with
a Gaussian distribution is not used in the simulation. Firstly,
the calibration phantom eﬃciencies of the lung position for
137
Cs were simulated. The data were compared with the measurement of the same position. 137 Cs is a very good calibration
source, because of its single gamma energy and long half-life.
Secondly, calculations were performed for major peak energies
of nuclides contained in the lung geometry position of the calibration phantom and the lung of the adult person phantom. The
major peak energies include 0.059 MeV, 0.08 MeV, 0.28 MeV,
0.48 MeV, 0.68 MeV, 0.88 MeV, 1.08 MeV, 1.28 MeV,
1.48 MeV, 1.68 MeV, 1.8 MeV and 2.0 MeV. Finally, calculations were performed for full energy peaks of some nuclides
(109 Cd and 137 Cs) contained in the lung geometry position of
the Chinese adult person phantom.
Each photon energy was simulated independently. The
photons interacted with both the upper and lower detectors and
were tallied for their full energy so that peak eﬃciency was
obtained by the upper detector and lower detector. The total
(upper and lower combined) eﬃciency is simply obtained by
summing the eﬃciencies from both detectors.

3 Results and discussions
The eﬃciency of the 137 Cs measurement for the calibration phantom and the simulated one is shown in Table 2, together with the relative error of the measured to the simulated
eﬃciency. The eﬃciency of the actual measurements and the
simulated ones is in agreement within 0.3%. After validation
of the methodology, the MCNP code was used to calculate the
eﬃciency of the system for diﬀerent photon energies in the
phantoms. As a result, the simulation for the Chinese adult
person phantom is in fairly good agreement with the calibration phantom; within 6% for energies ranging from 0.059 MeV
to 2.0 MeV. Moreover, for the calibration phantom, the eﬃciency varies from 5.45 × 10−3 to 10.7 × 10−3 for energy from
0.059 MeV to 2.0 MeV. The results are presented in Figure 5.
The results simulated for individuals of diﬀerent heights
from 150 cm to 180 cm are shown in Figure 6 and Table 3.
The relative error between the lowest eﬃciency and the highest
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shielding is modeled as accurately as possible. However, it is
diﬃcult to determine the detailed structure of each part of the
detectors (Nogueira et al., 2010) and the lungs. ii) The density
of the parts of the Canberra calibration phantom has the same
value, which would give uncertainties between the calibration
phantom and body phantom. iii) Diﬀerent fractions of photons
with diﬀerent energies are absorbed in the human body, and
this would aﬀect the measurement uncertainty of the WBC.
Higher deviations are expected in the lower-energy regions,
where the models used for particle transport are less accurate
(Joana et al., 2012)). iv) The uncertainty of standard sources,
and the minimum detection level of the instrument and measurement time could also aﬀect measurement uncertainty. v)
Other parameters, such as the weight and chest, would be correctly taken into account with diﬀerent heights of the phantoms, while in our simulations, the same parameters were used,
which would aﬀect measurement uncertainty as well.
Figure 5. Eﬃciency curve of energy.

4 Conclusions
This study demonstrated the application of Monte Carlo
simulation. In this particular case, the MCNP code is a powerful tool for the estimation of counting eﬃciency using the
WBC. The agreement between the measured and simulated
eﬃciencies is good, within 0.289%, for the measurement of
137
Cs in the lung. The discrepancy between the calibration
phantom and the Chinese adult person phantom (170 cm)
is within 6% for peak energies ranging from 59.5 keV to
2000 keV. The relative errors vary from 4.63% to 8.41% depending on the person’s height and photon energy. This work
contributes to demonstrating the great eﬀectiveness of using
computational tools for understanding the calibration of radiation detection systems used for in vivo monitoring.
Figure 6. Eﬃciency curve of height.
Table 3. Results of simulation for diﬀerent heights of the adult person
phantom.
Height (cm)
150
160
170
180

109

Cd
5.61%
8.41%
6.07%
1

137

Cs
4.63%
7.11%
6.14%
1
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