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Abstract 

 
The Plan of Radiological Protection licensed by the National Nuclear Energy Commission 

- CNEN in Brazil includes the risks of assessment of internal and external exposure by 

implementing a program of individual monitoring which is responsible of controlling 

exposures and ensuring the maintenance of radiation safety. The Laboratory of Internal 

Dosimetry of the Center for Development of Nuclear Technology - LDI/CDTN is 

responsible for routine monitoring of internal contamination of the Individuals 

Occupationally Exposed (IOEs). These are, the IOEs involved in handling 
18

F produced by 

the Unit for Research and Production of Radiopharmaceuticals sources (UPPR/CDTN); as 

well a monitoring of the entire body of workers from the Research Reactor TRIGA IPR-

R1/CDTN or whenever there is any risk of accidental incorporation. The determination of 

photon emitting radionuclides from the human body requires calibration techniques of the 

counting geometries, in order to obtain a curve of efficiency. The calibration process 

normally makes use of physical phantoms containing certified activities of the 

radionuclides of interest. The objective of this project is the calibration of the WBC 

facility of the LDI/CDTN using the BOMAB physical phantom and Monte Carlo 

simulations. Three steps were needed to complete the calibration process. First, the 

BOMAB was filled with a KCl solution and several measurements of the gamma ray 

energy (1.46 MeV) emitted by 
40

K were done. Second, simulations using MCNPX code 

were performed to calculate the counting efficiency (CE) for the BOMAB model phantom 

and compared with the measurements CE results. Third and last step, the modeled 

BOMAB phantom was used to calculate the CE covering the energy range of interest. The 

results showed a good agreement and are within the expected ratio between the measured 

and simulated results. 
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1.- INTRODUCTION 

 

Methods for computer simulation have been developed and used in the entire world, from the 

early decades of the 20th century [Pidd, 1998]. Such methods include mathematical models 

and computational techniques that allow studying and analyzing several of scientific areas. 

Among these methods, the Monte Carlo (MC) is a versatile method which solves a problem 

by generating a sequence of random numbers to simulate different physical systems and it is 

particularly interesting to solve problems which the use of analytical methods are not 

indicated [Metropolis, 1949]. 

 

There are several transport of particle codes which make use of stochastic methods to 

reproduce statistical processes of atomic and/or nuclear interactions with matter. These codes 

compute all events, such as absorption radiation, Compton scattering, bremsstrahlung 

radiation, X rays production, among others and report the results along with their statistical 

errors. The Monte Carlo N-Particle Transport Code (MCNP) was created in the 1940s by Los 

Alamos National Laboratory, in USA [Briesmeiter, 1997]. Currently, MCNPX is the last 

available version of MCNP and it allows tracking of neutrons, photons, electrons, light ions 

(deuterium, and 
3
He and alpha particles) and heavy ions (

56
Fe or 

238
U) that "travel" with 

different kinetic energies up to 1 GeV. 

 

MC codes have been used for simulation of nuclear installations mainly for internal 

monitoring of workers, the well known as Whole Body Counters (WBC). Radioactive 

facilities in Brazil are licensed by the Commission National of Nuclear Energy (CNEN). 

These facilities should evaluate internal doses in all Individual Occupationally Exposed 

(IOE) to incorporation of radionuclides where there are manipulation of unsealed sources and 

the effective doses are higher than 1 mSv [IAEA, 1999]. 

 

The qualitative and quantitative determination of the photon-emitting radionuclides in the 

human body is performed by the in vivo measurements. Whole body monitoring generally 

employs NaI(Tl) scintillators or HPGe semiconductor detectors, used in the appropriate 

counting geometry. The counting geometry or the geometry set-up uses a detector pointed to 
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a previously defined region of the individual's body, usually torso or pelvis. A spectrum is 

acquired after the measurement for certain period of time, and the analysis of this spectrum 

allows the identification and quantification of the radionuclides present in the body. Several 

types of set-ups may be developed in order to have a better efficiency of the whole system. 

The main advantage of this detection system is the good efficiency, quick enough in routine 

monitoring. 

 

The accuracy of in vivo monitoring depends on the measurement system calibration regards 

the distribution of the radionuclide in the whole body or various organs and tissues compared 

to the individual biotype. The standard to be used must represent the whole body or/and 

organs in shape, volume and density. Calibrations are usually made for a reference 

individual, established by the International Commission on Radiological Protection (ICRP), 

groups of individuals or populations. Computational models have been developed in order to 

personalize the calibration of the WBC systems. These models make uses of computational 

phantoms which spans variation in height, weight and gender [Fonseca, et al. 2014]. This in 

turn helps to study the major source of uncertainty associated with the in vivo measurement 

routine which is the difference between the calibration phantoms and the real persons being 

counted.  

 

In this study, an anthropomorphic physical simulator called BOMAB (Bottle Mannikin 

Absorber) which represents reference man of 70 kilograms and height 1.70 m was used to 

validate the computer phantom model. The objective of this project is the calibration of the 

WBC facility of the Laboratory of Internal Dosimetry of the Center for Development of 

Nuclear Technology - LDI/CDTN using the BOMAB physical phantom and Monte Carlo 

simulations. Three steps were needed to complete the calibration process. First, the physical 

BOMAB phantom was filled with a KCl solution and several measurements of 1.46 MeV of 

gamma ray energy emitted by 
40

K were done. Second, simulations using MCNPX code were 

performed to calculate the counting efficiency (CE) for the BOMAB model phantom and 

compared with the measurements results. In the third and last step, the modeled BOMAB 

phantom was used to calculate the CE covering the energy range of interest which was not 

possible to do using the physical phantom. 



 

 
ISSSD 2015 

September 26-30, 2015 
León, Gto. Mexico 

 

16 

 

2.- MATERIALS AND METHODS  

 

Figure 1 shows the WBC system of the LDI/CDTN. The system is composed of a bed type of 

shadow shield and the NaI(Tl) detector 8"x4" positioned at a fixed height, say 53.2 cm, 

above the bed. The scintillator NaI(Tl) detector has a cylindrical shape, height 0.1016 m and 

0.2032 m. The house layer is an aluminum layer of 1.5x10
-3 

m thick.  

 

 

Figure 1.- WBC system: the bed, the BOMAB and detector. 

 

The BOMAB physical phantom is a male anthropomorphic phantom constituted of spherical 

and elliptical cylinders made of polyamide [NH(CH2)5CO]  with density of 1.15x10
3
 kg.m

-3
 

and thickness of 5.0x10
-3

 m. The BOMAB is approximately 1.70 m high and 70 kg of mass. 

Table 1 shows the dimensions of each section of the phantom [ANSI, 1996]. 
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The BOMAB was placed on the bed and measurements were performed at eight different 

positions. The detector was shifted longitudinally relative to BOMAB, between intervals of 

20 cm from the first position, starting from the edge of the head's phantom to its feet. The 

highest detector efficiency was found at the fourth position, say when the detector is pointed 

to the pelvis of the phantom so then, this was the adopted position for the MC calibration. 

 

 

Table 1.- Dimensions BOMAB phantom. 

Part of the 

BOMAB 
2a (m)* 2b (m)** height (m) Volume (L) 

Head 0.191 0.146 0.197 4.301 

Neck 0.148 0.137 0.095 1.511 

Chest 0.298 0.207 0.42 20.133 

Pelvis 0.362 0.197 0.202 11.282 

Arm 0.095 0.095 0.581 4.136 

Thigh 0.162 0.149 0.400 7.537 

Leg 0.126 0.121 0.398 4.762 

* Length of the major ellipse axis. 

** Length of the minor ellipse axis. 

 

2.1.- Calculations 

 

Alongside the experimental part, the physical WBC system was modeled and simulated using 

MC computer code MCNPX [Fonseca et al, 2015]. The BOMAB and detector were modeled 

as it was used in the experimental process. The elemental composition and density of the 

materials used in the simulations are shown in Table 2. Since the experimental procedure 

used a solution of KCl, the simulations at that point, focused on the study of interaction of 

photons with energy of 1.46 MeV due to the presence of potassium-40 in the solution. The 

simulations considered a volumetric source uniformly distributed in the cavities of BOMAB 

simulator. Figure 2 shows a computational representation of the WBC system with the 

BOMAB and the detector. 
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Table 2.- Elemental composition of the materials used in the simulations with MCNPX. 

Element Air (%) Plastic (BOMAB) (%) Crystal (%) Water (%) 

H - 0.0980 - 0.1119 

C 0.0001 0.6369 - - 

N 0.7553 0.1238 - - 

O 0.2318 0.1414 - 0.8881 

Na - - 0.4850 - 

Air 0.0128 - - - 

I - - 0.4850 - 

Tl - - 0.0300 - 

Dens (kg.m
-3

) 1.205 1.15x10
3 

3.67x10
3 

1.0x10
3 

 

 

 

 

Figure 2.- BOMAB and detector models computationally. 

 

The MCNPX code calculates a pulse height distribution from the interaction of photons in 

the sensitive volume of NaI(Tl) detector. The MCNPX code determined the pulse height 

distribution using the F8 tally card. The detector counting efficiency (ε) was determined in 

units of counts per number of emitted particles (counts/nps). To minimize the relative error in 

the calculations, the number of stories or particles emitted by the source, in all simulations 

were 10
8
 [X-5 Monte Carlo Team, 2003]. 
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The validation process consists of comparing the experimental and simulated CE for the 

BOMAB phantom at the same gamma-ray energy. As soon as the validation between 

modelled and physical results are within the acceptable limits, the modelled phantom may be 

used to simulated different gamma-ray energies. 

 

3.- RESULTS AND DISCUSSION 

 

Table 3 shows the counting efficiency results and their respective relative errors for the 

simulations using the modeled BOMAB phantom and the NaI(Tl) 8”x4” detector for 

different gamma-ray energies. These gamma-ray energies simulated cover a range of 

interesting energies used in the calibration process for whole body counting system. 

 

Table 3.- Simulations for various energies using the BOMAB. 

Energy (keV) Efficiency () Relative Error 

60 2.14E-03 0.0068 

122 2.40E-03 0.0065 

356 2.61E-03 0.0062 

514 2.49E-03 0.0063 

661 2.35E-03 0.0065 

834 2.23E-03 0.0067 

1120 2.08E-03 0.0069 

1460 1.92E-03 0.0072 

 

Figure 3 shows a plot of the counting efficiency calibration in function of energy for the 

different gamma-ray energies simulated and as well as the measured 1.46 MeV gamma-ray 

efficiency. The CE measured for the NaI(Tl) detector and the BOMAB physical phantom 

filled with a solution of KCl, emitting 1.46 MeV of gamma-ray is 1.91E-03. The ratio 
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between measured and simulated counting efficiency results for the same energy, 1.46 MeV 

is 0.05% which is considered negligible.   

 

Figure 3.- Counting Efficiency curve 

 

 

5.- CONCLUSIONS 

 

The calibration of the WBC facility of the LDI/CDTN was performed by using the BOMAB physical 

phantom and Monte Carlo simulations. This paper reports on the validation process of the WBC 

measurement system using a physical phantom, called BOMAB. The BOMAB physical phantom 

filled with a KCl solution was measured and the gamma ray energy (1.46 MeV) emitted by 
40

K were 

collected. The CE for 1.46 MeV was calculated and compared with the simulation using MCNPX 

code and the BOMAB modelling. The modeled BOMAB phantom was, then used to calculate the CE 

covering the energy range of interest. 
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