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Monte Carlo Modeling and Verification of the Shielding for an Ionizing 
Radiation Test Laboratory 

 
C. Stettnera*, N. Baumgartnera, M. Blaicknerb, C. Hranitzkya 

 
aSeibersdorf Labor GmbH, Seibersdorf, Austria. 
bAustrian Institute of Technology, Vienna, Austria. 

 
Abstract. NDT (nondestructive testing) bunkers require – like radiological treatment rooms used for medical 
therapy – the use of sufficient shielding to protect the outside world from the radiation used inside the room. The 
necessary thickness of the shielding needs to be known before the start of the construction work and thus has to be 
determined already during the planning phase. Most facility designs allow for a simplified calculation based on the 
designated radio nuclide to be used, its activity and its dose rate constant. Using attenuation factors, which are 
published in technical literature or in engineering standards, act as a baseline to estimate the required thickness of 
the shielding for a given material. In case of a more complex geometry of the exposure room (e.g. a maze entrance), 
an unusual collimation of the beam or the exposure of a considerable amount of mass that introduces a significant 
additional contribution to the backscattering (e.g. during material testing), the use of engineering standards might 
not be applicable any more to get reliable results for the calculated shielding thicknesses. In this case the use of 
Monte Carlo based simulations techniques can help to develop shielding designs that are efficient in terms of 
radiation protection and costs. Possible candidates for such Monte Carlo tools are codes such as e.g. MCNPX, 
FLUKA or Geant 4. These tools can be used to develop a numerical model of the exposure facility that shall 
represent the real facility to a reasonable detailed degree. Typical aspects considered in such numerical models 
include the ground plan of the facility, wall thicknesses and materials, the position of the source and details of the 
source container. During the planning phase of our new laboratory we developed Monte Carlo models using MCNP 
and FLUKA. Both classical calculations based on engineering standards and numerical calculations have been 
performed and the obtained results have been compared to assess the required thicknesses and geometry of the 
shielding design. After the construction was finalized measurements have been performed using passive and active 
dosimeters. The measured results are compared to the numerical ones. From this comparison we can judge the 
reliability of the performed calculations and can use the gathered experience for future developments of shielding 

  designs. 
 
 

1     INTRODUCTION 
 

Facilities for nondestructive testing with ionizing radiation require specially designed enclosed rooms, 
so-called bunkers, with adequate shielding to protect the environment from radiation exposure. 
Therefore, in planning new installations it is necessary to know the radiation field around the source to 
be able to assess the shielding requirements. Guidelines for the construction of such bunker shielding 
can be found in technical literature or engineering standards. However, these are usually based on 
analytical calculations for idealized geometry set-ups. Thus, for more complex facility designs like 
using an entrance maze, these simplified calculations might not be applicable to obtain reliable data on 
the necessary shielding. 
For  such  installations  a  detailed  shielding  analysis  can  be  conducted  using  Monte  Carlo  based 
simulation tools, as e.g. FLUKA, MCNP/X or Geant 4. Such simulation techniques enable the 
development of a very realistic numeric model of the gamma irradiation facility by considering the 
ground plan, the source position and the source container as well as wall thicknesses and materials. 

 
2     BUNKER DESIGN AND SIMULATION 

 
Seibersdorf Laboratories designed a radiation bunker for long-time exposure using a sealed Co-60 
source with a nominal activity of 74TBq. With regard to the safety requirements, especially the planned 
entrance maze and different cable-feedthroughs had to be considered. 
Subsequently a Monte Carlo based code was used to simulate the shielded room. To determine the 
appropriate parameters for the simulation code some measurements on backscattering and attenuation of 
photons were performed already in the planning stage with dose rate meters (Automess, Seibersdorf, 
Graetz). 
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Furthermore, during the construction works samples of the used concrete were tested for their density 
and composition (simulation was fed by the manufacturing data) as well as the attenuation determined 
and compared to the simulation. 

 
Figure 1: TEC-Laboratory: Ionizing radiation test laboratory on the campus Seibersdorf 

 

 
 

3     VERIFICATION OF THE SIMULATION RESULTS 
 

Directly after completion of the bunker scattering and attenuation effects of the model were validated 
against experimental measurements at defined positions within the bunker with an Ir-192 source 
(nominal activity 3TBq). 
The deviations between the values found from the simulation and the experimental measurements 
were  in  the  range  of  2%  to  28%.  These  deviations  could  be  traced  back  on  uncertainty  of 
measurements, statistical effects and simplifications of the developed simulation-codes. 
Subsequently  the  finally  used  Co-60  source  was  installed  and  the  simulation  results  were  also 
validated against dose rate measurements. The deviation of all of the measurements compared to the 
simulation was less than 20%. 

 
Figure 2: Ground plan of TEC-Laboratory with simulated photon interaction events in the concrete 
ground and walls of the irradiation room. 
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4 CONCLUSIONS 

 Monte Carlo based simulations are an important tool to improve radiation protection applications. 
Together  with  the  continuously  increasing  computing  power  this  method  offers  the  potential  to 
evaluate complex shielding requirements and attenuation factors very cost and time efficient. 
Nevertheless involved experts should always verify the used simulation code and design criteria. 
Furthermore, it has to be ensured, that made assumptions are based on justifiable estimates. The 
disregard of different factors, like secondary electrons or radiation scattered by additional inventory 
not simulated in a bunker as well as setting an energy cut-off might improve the simulation time but 
can cause critical effects. In addition, preliminary  tests of individual parts of the planned exposure 
room (e.g. source, material, geometry) for the validation of the simulation code will improve its 
reliability. 

Anyway, a reasonable safety factor for the shielding requirements should  always be considered. Thus, 
even for the upper limits of the deviations from the expected results, the protection of the environment 
from radiation exposure has to be ensured. 

 

 
 5 ACKNOWLEDGEMENTS 

 Special thanks to Austria‘s radiation protection association, that supports the participation of IRPA14. 
Many thanks to my employer Seibersdorf Laboratories for promoting my technical and vocational 
skills. 

1064

IRPA14 Proceedings



Preconcentration of cobalt metal ions onto imprinted polymer hydrogels 
 
Ghada  A. Mahmoud*, Hegazy E. A, S. M. Elbakery 
 

National Center for Radiation Research and Technology , Atomic Energy Authority, P.O. Box 
29, Nasr City, Cairo, Egypt. 
 
Abstract. Acrylamide/N-vinyl-2-pyrrolidone-starch (AAm/NVP)-starch imprinted hydrogel was prepared for 
selective removal of cobalt ions. The hydrogels were performed by free radical polymerization using gamma 
irradiation technique in the presence of Co ions as a template and N,N-methylenebisacrylamide (MBA) as a 
crosslinker. The imprinted hydrogel was applied for a selective removal of Co ions from wastewater. It was 
found that the optimum pH of adsorption was found to be 5 at equilibrium time 8h. The pseudo-second-
order kinetic model and the Langmuir adsorption model described well the adsorption data. It was also found 
that the imprinted (AAm/NVP)-starch hydrogel exhibited an affinity towards Co ions from a solution mixture of 
Pb P

2+
P , NiP

2+
P , and CoP

2+
P. 

 
KEYWORDS: Gamma radiation; imprinted polymer; Cobalt ions; hydrogels. 
 
1     INTRODUCTION 
Various toxic heavy metal ions discharged into the environment through different industrial activities 
constitute one of the major causes of environmental pollution [1]. Heavy metals are natural 
components of the earth's crust and cannot be degraded or destroyed. To a small extent they enter in 
our bodies via food, drinking water,and air. It accumulates mainly in bones, heart, skin and various 
glands that are a considerable health problem [2, 3]. The removal of toxic and polluting metal ions 
from industrial effluents is an important challenge to avoid the major causes of water and soil 
pollution. Various methods have been proposed to remove heavy metal ions from waste waters using 
ion exchange resins, some of which includes adsorption, electrolytic or liquid extraction, electron 
dialysis, chemical precipitation, membrane filtration, biosorption and chelating resins [4]. Molecular 
imprinting has been reported widely for synthesizing selective sorbents for various molecules and 
metal ions [5].These are macro porous materials with highly selective binding cavities for recognizing 
a specific molecule or structurally related compounds, they can lead to highly selective separations [6]. 
Many synthetic low molecular weight organic receptors capable of encapsulating reagents have been 
designed by incorporating certain binding groups such as hydrogen bonding, electrostatic, 
hydrophobic, .. etc into the cavity in a host that are complementary to the template molecules, which 
can show high affinity and good selectivity towards their template molecules over the close structural 
analogues [7]. A better selectivity is achieved when polymerization is carried out with complexes of 
metal ions with ligands .The choice of perfect complexing ligand is important as it directly influences 
the selectivity of the sorbent. Coordination geometry coordination number of the metal ion and the 
charge and size of the ion also influence the selectivity [8, 9].  
 
In the previous study, we prepared (Acrylamide/2-vinylpyrrolidone) imprinted hydrogel [10]. In this 
study, 2-vinylpyridone (NVP) and acrylamide (AAm) were us as complexing monomers with starch to 
form a biodegradable imprinted gel by irradiation technique. The imprinted hydrogel was used for the 
selective removal and Co ions from the aqueous environment. For this purpose, the factors affecting 
the uptake were studied such as pH, time and the metal ion feed concentration. 
 
 
 
 
 
 
 
 
P

*
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2     MATERIALS AND METHODS 
 
2.1  Materials 
 
NVP and AAm were purchased from (Merck, Germany). Water soluble starch was supplied from Nasr 
Company for Medical Supplies, Egypt, and was used as received.  All other chemicals are reagent 
grade and used without further purification. 
2.2 Preparation the imprinted hydrogel 
A solution of 10 % starch was prepared by dissolving  10 g of starch powder in 100 ml distilled water, 
heated and stirred at 110oC for 45 min then cooled to room temperature. An aqueous solution of 20% 
AAm/NVP was prepared by dissolving a proper weight of each monomer in an equal ratio in 100 ml 
distilled water. The (AAm/NVP)-starch by mixing the two prepared solutions where the polymer 
comonomer composition 2:1. Then 0.01 g of metals salts were added in the presence of 5 % of N, N 
dimethylbisacrylamide (MBA) as a cross-linker. The homogenous solution was transferred into glass 
tubes to be irradiated by P

60
PCo gamma source at a radiation dose of 20kGy at the National Center for 

Radiation Research and Technology, Cairo, Egypt.  After copolymerization, the vials were broken the 
formed polymeric cylinders were removed and cut into discs of 2 mm thickness and 5 mm diameter. 
All samples were washed in mineral acid (2M of HCl) to remove the metal ions and were washed   in 
excess distilled water to remove excess of mineral acid, then air dried at room temperature.  The above 
steps were repeated without addition of metal ions for preparation a reference hydrogel.   
 
2.1  Adsorption studies 
 
A stock standard of Co(II) solution of 1000 mg/ L was prepared by dissolving an appropriate amount 
of analytical grade CoCl2 in distilled water. The working solutions containing different concentrations 
of metal ions were prepared by stepwise dilution of the stock solution. The pH values were adjusted by 
addition of  0.1 mol/L NaOH or HCl solution. A 20 ml of various metal ions solutions were incubated 
with a known weight of the dried samples and allowed to equilibrate for different conditions. The 
residual concentrations of the metal ions were investigated by atomic absorption spectrophotometer 
(Perkin Elmer model 2380). The amount of metal ions adsorbed per unit mass was calculated by using 
the following equation: 
 
qRe R(m mol/L) = (Co−Ce)xV

w
                                                                                    (1)  

where, qReR is the adsorption capacity of the imprinted hydrogels (m mol/l); CR0R and CReR are the 
concentrations of the initial and equilibrium metal ions solution (mg/L), respectively, V is the volume 
of the aqueous solution and W is the mass of dry hydrogels (g)[11]. 
 
3   RESULTS AND DISCUSSIONS 
 
3.1 Adsorption Studies  
 
Hydrogels possess a remarkably high swelling capacity in water due to the hydrophilic nature of its 
network that is sufficiently expanded to allow a fast diffusion process of the adsorbates [12]. The 
imprinted polymer has been recommended as a selective sorbents carrier for the template ions over 
other coexisting ions by memory effect [13]. In this part factors affect the adsorption; such as pH, 
contact time and initial metals concentration are evaluated. 
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3. 1. 1 Effect of time 
 
Figure 1 shows the adsorption capacity as a function of contact time of non-imprinted and imprinted 
(AAm/NVP)-starch hydrogels towards CoP

2+
P.  It is clear that the adsorbed amount of CoP

2+
P increased 

with increasing time until the equilibrium reached within 8 h. It can be noted that non-imprinted and 
imprinted (AAm/NVP)-starch hydrogel seems a good ability for adsorption of CoP

2+ 
Pions. This may be 

due to starch polymer with their anhydroglucose repeated units along their backbones are considered 
to be ideal for heavy metals removal because these anhydroglucose units contain large number of 
active functional groups capable of complexation with the metal ions. In these complexes, the linkage 
between the metal ion and the functional group of the carbohydrate polymer is mainly of the 
coordination type [14].  It can be also noted that the imprinted (AAm/NVP)-starch hydrogel has 
adsorption capacity than the non-imprinted one under the same conditions. These results confirmed the 
formation of the imprinted hydrogel.  
 
Figure 1: Effect of contact time on the adsorption of CoP

2+
P onto (AAm/NVP)-starch at pH; 7 and initial 

metal ion concentration 500 mg/L.  
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3. 1. 2 Effect of pH  
 
The effect of pH on the adsorption of CoP

2+
P ions with non-imprinted and imprinted (AAm/NVP)-starch 

hydrogels was investigated and shown in Fig. (2). The adsorption capacity increased with increasing 
pH up to pH 5, which is the perfect pH, a little decrease was observed  above this value may due to 
precipitation of ions as a hydroxide. As the pH increased the concentration of H+ decreased thus the 
active groups are deprotonated so the CoP

2+
P ions can easily chelate with polymeric legends. An 

additional possible explanation of increasing sorption with increasing pH is that hydrolyzed species 
have a lower degree of hydration, i.e. less energy is necessary for removal or reorientation of the 
hydrated water molecules upon binding [15]. 
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Figure 2: Effect of pH on the adsorption of CoP

2+
P onto (AAm/NVP)-starch at ambient temperature, 

contact time 8h and initial feed concentration 500 mg/L.  
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3.1.3 Effect of initial concentration 

Figure 3 shows the effect of initial CoP

2+
P concentration on the adsorption capacity of non-imprinted 

and imprinted (AAm/NVP)-starch hydrogels. As seen in Fig.3 the adsorption capacity of the 
hydrogels increases with increasing in the initial feed concentration up to 500 mg/L and tends 
to decrease above this value. The increase of adsorption at low concentrations due to increase the 
driving force to overcome all mass transfer resistances between the solid and the aqueous phase and 
resulting in higher metal ion adsorption [16]. At low concentration the adsorption sites on the 
hydrogel are vacant and sufficient to combine with the metal ions.  When the concentration of 
metal ions increases the remaining surface sites are difficult to be occupied and the metal ions 
combining with the active groups gradually decreases [17]. 
 
Figure 3: Effect of initial feed concentration on the adsorption of CoP

2+
P onto (AAm/NVP)-starch at 

ambient temperature, pH; 5 and contact time 8h.  
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3.2 Kinetics and Isotherm studies  

Lagergren’s pseudo-first-order (eq 2) and the pseudo-second-order models [18] were applied to study 
the kinetics of the prepared hydrogel and the obtained data were summarized in Table 1. 

log (𝑞𝑒 − 𝑞𝑡) = log𝑞𝑒 −
𝑘1

2.303
  𝑡           (2) 

𝑡
𝑞𝑡

=   1
𝑘2 𝑞𝑒2 

+  1
𝑞𝑒

 𝑡                                 (3) 
 

where qRe R(mg/g) is the adsorption capacity at any time t (min),  qReR is the equilibrium adsorption 
capacity (mg/g), kR1R is the pseudo-first-order rate constant (minP

−1
P) and  kR2R(g mgP

-1
P minP

-1
P) is the pseudo-

second-order rate constant. It can be noted from Table 1 that the pseudo-second-order kinetic model 
was described well the experimental data (RP

2
P>0.99). Therefore, the adsorption may be a chemical 

process through sharing electrons between the hydrogel and the CoP

2+
P. 

The Langmuir (eq 4) and the Freundlich (eq 5) isotherm models [19] were applied to fit the 
experimental data as shown in Table 1. 

𝐶𝑒
𝑞𝑒

=  𝐶𝑒
𝑞𝑚𝑚𝑚  

+ 1
𝑛.𝑞𝑚𝑚𝑚

                            (4) 

                                              log qReR =log kRfR +  1
𝑛

  log CReR                        (5) 

where qRmaxR represents the maximum amount of adsorbed metal ions on the  gel (mg/g), and b is the the 
Langmuir model  constant of (L/mg), kRfR is the Freundlich isotherm constant and 1/n (dimensionless) is 
the heterogeneity factor. The experimental data fitted well the Langmuir model (RP

2
P ≥ 0.99) that also 

confirmed the chemical reaction may occur between the hydrogel and the CoP

2+
P. 

Table 1: Parameters of kinetic and isotherm models for adsorption of CoP

2+
P onto the imprinted and non 

imprinted (AAm/NVP)-starch hydregel. 
 

Imprinted 
 

Non-
imprinted 

parameters Model 

0.998 0.941 qe, exp (mmol/L) 
1.80 1.15 kR1 R(minP

-1
P) Pseudo-first –

order 
 

0.524 0.570 qReR(mmol/g) 
0.92 0.96 RP

2 
0.129 0.128 kR2R(g/m mol min) Pseudo-second-

order 
 

1.35 1.29 qe(m mol/g) 
0.99 0.99 RP

2 
0.315 0.242 qRmR(mmol/g) Langmuir 
0.015 0.014 n 
0.99 0.99 RP

2 
0.069 0.062 KRfR(m 

mol/g(L/g)1/n) 
 

Freundlich 
 0.84 0.835 1/n 

0.98 0.97 RP

2 
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3.3 Selectivity of (AAm/NVP)-starch hydrogels towards Co ions 

The effect of the imprinted molecule (Co2+) on the selectivity of (AAm/NVP)-starch hydrogel was 
investigated. For this purpose, a solution contains Co2+, Ni2+ and Pb2+ ions of total solution 
concentration 500 mg/L was used. Figure 4 shows the selectivity of the imprinted (AAm/NVP)-starch 
hydrogel towards Co2+ ions by immersing 1g of the dry hydrogel in a mixture of the three metal ions 
in the feed solution.  It can be observed that there is a selectivity of the imprinted hydrogel towards 
Co2+ ions that the hydrogel has specific recognize to it. It should know that the affinity of 
(AAm/NVP)-starch hydrogel towards the individual solution of these metal ions were found to be in 
the order of; Pb2+ > Ni2+ > Co2+ but not included in this study. It can be concluded that the 
(AAm/NVP)-starch hydrogel has a memory towards Co2+ ions has an imprint to it. 
 
Figure 4: Schematic diagram of the Selectivity of (AAm/NVP)-starch imprinted hydrogel towards 
different metal ions in the same feed solution,  total feed solution, 500 mg/L, contact time; 8 h and pH; 
5. 
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4     CONCLUSIONS 

A biodegradable imprinted hydrogel of acrylamide/N-vinyl-2-pyrrolidone-starch was successfully 
prepared by gamma irradiation for removal of cobalt ions. A brief study of factors affecting the 
adsorption capacity was done and compared data with that obtained by the non-imprinted hydrogel.  
The optimum adsorption pH was found to be 5 at equilibrium time 8h. The pseudo-second-order 
kinetic model and the Langmuir adsorption model described well the adsorption data. The selective 
study was done using a solution mixture of cobalt, nickel, and lead ions. The results confirmed the 
successfully preparation of the imprinted (AAm/NVP)-starch hydrogel with a selectivity of cobalt 
ions.   
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Dose Constraint – a Mysterious Concept of Radiation Protection  
 
Helena Janžekoviča* 

 
aSlovenian Nuclear Safety Administration, Litostrojska 54, 1000 Ljubljana, Slovenia  
 
Abstract. The concept of dose constraints (DCs) introduced by the ICRP in the ICRP 60 decades ago occupies 
operators and regulators even today. As pointed out in 1996 by the Joined Expert Group from the OECD and the 
EC the concept was not new even then. Despite the fact that a concept seems very logical even a very brief look to 
a use of DCs in different practices reveals that designers and operators as well as others involved in radiation 
protection did not achieve harmonisation when and how to use DCs. It was recognised as a challenging issue 
which required further development. The concept of DCs is sometimes hidden behind other physical parameters 
which are derived from DCs using specific models. The new IAEA BSS (2014) and the EU BSS (2013) emphasise 
a use of DCs. In optimisation of protection of the members of the public DCs set by the regulatory body or in 
legislation have actually also a role of a dose limits which shall not be exceeded. DCs for occupational exposures 
are particularly carefully studied when practices are associated with higher risks, e.g. industrial radiography and 
decommissioning. Implementation of generalised DCs in the legislation for specific practices using graded 
approach could be beneficial for specific regulatory regimes. However, the main focus of operators and regulatory 
bodies shall be not on the levels of DCs but on the implementation of the optimisation process conducted by the 
operator bellow the DCs. 
 
KEYWORDS: dose  constraints; optimisation; radiation  protection; member of the public; 
occupational exposure. 
 
1 INTRODUCTION 
 
Dose constraints (DC) have been introduced in the recommendations of the ICRP about 25 years ago in 
order to handle inequity, i.e. the possibility that some individuals may be subject to much more 
exposure than the average. Namely, the ICRP introduced a concept of DCs in the ICRP Publication 60 
(ICRP 60) [1]. Despite the fact that evolution of radiation protection concepts, standards, 
recommendations and guidelines took place it seems that the concept is not very well understood by 
licensees and registrants (operators) and also not by regulators. As a consequence, the implementation 
of DCs is a subject of different views and perspective. In addition, in all these years, strong international 
networks were established or have been reinforced either among national regulators, qualified experts 
and operators. But this did not lead to better understanding or harmonised approach to implementation 
of DCs.  
 
On a contrary, dose limits are well understood concept where regulators, qualified experts, operators 
and other stakeholders, such as designers of sources and equipment, did not find any specific points of 
disagreement. However, it can be discussed that actually a dose of the members of the public cannot be 
actually controlled on an individual level as individual dose to the member of the public is not a subject 
of measurements of a dose of that individual. The actually dose of the member of the public is based on 
assumptions related to sources as well as the time of exposures. In reality, a regulator body does not 
know all individual sources which can cause exposure of an individual member of the public. So the 
assumptions used by the regulatory body must be based on a conservative approach. 
 
The concept of DCs requires even more analyses as the dose limit concept. DCs shall be implemented in 
the system of radiation protection in harmonised way not to hinder global regime of radiation 
protection. In the last decades this regime developed through applying the same concepts, standards and 
guides all over the world while allowing needed flexibility to states in order to take into account specific 
issues. It can be noted that while the concept of DCs is actually quite old some reluctance to use DCs in 
the regulatory framework can be observed. In particular, the control of a regulatory body focused on the 
use of DCs is still an open issue.  
 

* Presenting author, e-mail: helena.janzekovic@gov.si 
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2 A CONCEPT OF DOSE CONSTAINTS  
 
DCs are used in relation to one of three main principles of radiation protection, i.e. optimisation. 
Optimisation is “the likelihood of incurring exposure, the number of people exposed, and the magnitude 
of their individual doses should all be kept as low as reasonably achievable, taking into account 
economic and societal factors” as stated in ICRP Publication 103 (ICRP 103) [2]. In this principle three 
parameters are included and one of them is individual dose.  
 
The concept of DCs is introduced as an instrument to be used in order to optimise radiation protection in 
planned exposure situations. Namely, as stated in [2] a DC is “prospective and source-related restriction 
on the individual dose from a source, which provides a basic level of protection for the most highly 
exposed individuals from a source, and serves as an upper bound on the dose in optimisation of 
protection for that source.” The source can be physical source, facility, task or program, i.e. removal of 
old sources in an irradiator and loading new ones. A DC is related to individual doses and not to the 
likelihood of incurring exposure or the number of people exposed.  
 
The concept of DCs shall be used in the process of optimisation of protection to assist in ensuring that 
all exposures are kept as low as reasonably achievable, societal and economic factors being taken into 
account. In everyday life the process of optimisation can be a complex issue for an operator as well as 
for a regulatory body. In relation to any particular source within a practice optimisation of protection 
shall be in place based on restriction on two groups of parameters:  

• individual doses, i.e. by restricting one particular element of optimisation, 
• risks to individuals in case of potential exposure i.e. by using risk constraints as given in [2]. 

DCs are not linked to so-called potential exposures which are a part of the planned exposure 
situations.  
 
The ICRP introduced for existing and emergency exposure situations reference levels to be used in 
optimisation of radiation protection. Table 1 gives the overview of instruments to be used in planned, 
existing and emergency exposure situations.  
 
Table 1: Basic instruments to be used in exposure situations.  
 

Instruments 
Planned 

Exposure Situation  
Existing 

Exposure Situation 
Emergency 

Exposure Situation 
Dose constraints  

Reference levels Reference levels 
Risk constraints 

 
The concept of DCs is one of two cornerstones of optimisation of protection in planned exposure 
situations. DCs apply for individual doses, i.e. effective and organ doses.  
 
3 DOSE CONSTAINTS AND EXPOSURES 
 
The ICRP 103 gives additional recommendation how to use DCs. DCs are related to: 

• occupational exposures,  
• exposures for the members of the public, 
• medical exposures where DCs are applied only for doses of carers and comforters and for 

doses in medical research.  
In general, DCs are not recommended to be used in medical exposures except for both situations 
mentioned above. Establishment of DCs for medical exposures in these cases require requiring 
specific approach, e.g. involvement of ethical committees. On the international level some guidance or 
discussions have been published for such particular situations as for example document from HERCA 
[3]. As medical exposures are somehow very specific further analysis of a use of DCs does not include 
DCs in medical exposure situations.  
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 For occupational and public exposures, the ICRP 103 elaborates additional recommendations. In 
occupational exposures “a DC is a value used to limit the range of options considered in the process of 
optimisation”, while for public exposure “a DC is an upper bound on the annual doses that members of 
the public should receive from the planned operation of any controlled source”. It must be noted that 
these two recommendations already instruct a user of DCs how to apply DCs in occupational and 
public exposure situations stressing somehow also differences in these two approaches. The ICRP 103 
also proposes bands of DCs to be used. 
 
4 DOSE CONSTAINTS IN THE EVERYDAY LIFE  
 
4.1 Analysis of a Use of Dose Constraints 
 
The ICRP 60 recommendations triggered a need for further analysis and guidelines on a use of DCs. 
Documents specifically oriented on a use of dose constraints are relatively rare. The list of documents 
includes publications of OECD/NEA from 1997 and 2011 [4, 5], IAEA [6] from 2002 and ALARA 
Newsletter from 2012 [7].  
 
The current IAEA international basic safety standards (IAEA BSS) given in [8] as well as the 
European Union basic safety standards (EU BSS) [9] emphasise a use of DC. However, it must be 
noted that foreseen use of DCs based on both documents might result in some differences as the 
difference in definition of optimisation in both documents already exists. While in the IAEA document 
factors to be taken into account in the optimisation process include „environmental factors“, the EU 
document states that optimisation of radiation protection shall take into account „current state of 
technical knowledge“.  
 
Although the DC concept is used at the planning stage of the exposures it is also used in retrospective 
dose assessment. Both documents related to basis safety standards are specific about the timeframe. 
The ICRP 103 is focusing on effective dose and „in retrospective dose assessment for demonstrating 
compliance with dose limits, or for comparing with dose constraints or reference levels”. On the other 
the IAEA document states: “After exposures have occurred, the dose constraint may be used as a 
benchmark for assessing the suitability of the optimized strategy for protection and safety (referred to 
as the protection strategy) that has been implemented and for making adjustments as necessary.” 
Despite the fact that dose constrains are to be used in planning phase of exposure, the users of DCs 
shall take lessons to be learned from each planned exposure situations and in this respect analysing of 
a use of DCs in optimisation process which took place seem to be inevitable.  
 
As a rule, DCs are just one of many levels to be used in everyday control of occupational or public 
exposure in planned exposure situations. A list of names of such levels include among others action 
level, dose level, investigation level, collective dose constraint, target level, threshold on optimisation 
and operational level. Reaching or exceeding such levels results in the actions of operators and 
regulatory body as required. As a rule, operators are carefully following such levels which are 
functioning as so-called “hold points” triggering additional precautions. One of the purpose of such 
levels is to notify operators and regulators in a due time that prescribed levels given in the legislation 
or authorisation could be exceeded in near future if no changes in operational procedures are going to 
take place. This approach is putting a focus of an operator to those individuals where the highest 
individual doses can be expected. Such levels are also used to simplify comparison among operators 
and to identify so-called “good practice”.  
 
4.2 Protection of the Members of the Public 
 
Optimisation of protection of the members of the public is based on the assessment of the dose to the 
members of the public related to specific source. Besides DCs related to a specific source so-called 
derived physical quantities derived are established, such as activity of specific radioisotope release 
from a nuclear facility in a specific period of time. Such quantities are derived from pre-established 
DCs using a specific model or a combination of models. For example, when planning a new facility 
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with industrial irradiator or industrial radiography equipment the regulatory body can set the DC of 0.3 
mSv/y for a dose to the members of a public or it can set specific limit on dose rates at pre-defined 
locations, e.g. outside the shielding and at the entrance. When derived quantities are used DCs are 
somehow hidden beind the model used and deep understanding of the model applied shall be present 
at operator’s and regulatory body’s site. The regulatory body might set DCs or derived physical 
quantities for each facility at the site where many facilities exist or set DCs or derived physical 
quantities for a site as a whole.  
 
As a rule, DCs or derived physical quantities to be used in optimisation of protection to the members 
of the public are given in: 

• legislation related to a particular source, e.g. dose rates outside a shielding of irradiation 
rooms used for industrial radiography or  

• the authorisation of a practice related a particular source, e.g. liquid and gaseous releases from 
a particular nuclear power plant as well as dose rate at its fence and clearance levels for solid 
materials. 

DCs are used in initial authorisation process, i.e. all options where levels above DCs would be 
involved are rejected. In addition, they are used also later in other phases of physical source, facility or 
a program, e.g. when modifications or decommissioning are taking place. According to the EU BSS, 
best available techniques, i.e. current state of technical knowledge is one of the component to be used 
by operators and regulatory bodies in the optimisation process. As the result all obsolete techniques 
leading to doses above prescribed DC shall be rejected. 
 
In everyday life a regulatory body is analysing:  

• levels of doses or derived quantities in appropriate interval, e.g. 100 µSv/4 months, so that the 
annual dose used as a DC is not exceeded,  

• optimisation process conducted by the licensee. 
The focus of the regulator shall not be only on levels mentioned above but on the optimisation process 
taking place bellow DCs as show on figure 1. 
 
Figure 1: Optimisation process shall take place also bellow dose constraint value. 
 

 
 
As a rule, DCs for the member of the public are established in close collaboration with qualified 
experts, professional organisations and study of state-of-the-art control, i.e. use of standards. Even 
more, designers and producers of new sources or equipment are focused on DCs as their products can 
be rejected if a dose to a member of the public seems to be too high. For example, producers of non-
medical exposure X-ray devices using transmission techniques try to decrease a dose to the members 
of the public to about few µSv/scan in order to limit the exposure of passengers at airports and other 
places where such equipment is supposed to be used. 
 
4.3 Dose Constraints and Occupational Exposure  
 
Implementation of DCs for occupational exposure is a complex task where many possibilities for 
optimisation exist. Constraints on occupational doses were introduced even before the introduction by 
the ICRP. In order to respect dose limit operators needed to follow individual doses of those workers 
whose doses might reach dose limit, i.e. the focus of operators was on the most exposed individuals. 
Operators used and are using also today internal levels, i.e. „hold points”. Tasks related to the highest 
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doses, i.e. doses close to such “hold points” are carefully managed and lessons learned are included, 
e.g. a use of mock up models and robots is in place. Such approach is largely used in nuclear facilities 
and managing other sources related to high risks, for example sources of Category 1 and 2 defined in 
[10]. 
 
According to the IAEA BSS and EU BSS DCs for occupational exposure are set by an operator. The 
role of the regulatory body in establishment of DCs is not defined. Regarding reported practices of 
different countries given in [5] there is a considerable concern that involvement of a regulatory body 
in setting DCs could result in establishment of „new dose limits“, i.e. such DCs might be related to 
actions of a regulator. However, taking into account the analysis of the authorisation process even 
today it can be discussed that the regulatory authority is deeply involved in setting DCs for 
occupational exposure. This can be demonstrated using basic documentation used for authorisation 
procedures.  

• An operator shall prepare updated safety assessment where also all doses in normal operation 
shall be assessed as well as probability and magnitudes of doses related to anticipated events, 
e.g. fires and earthquakes.  

• Radiation Protection Program of the operator shall contain optimisation, e.g. addressing 
among other issues optimisation related to itinerant workers and establishment ALARA 
committee as appropriate. 

• An operator shall present to a regulatory body appropriate use of standards related to sources 
and equipment, e.g. leakage radiation of X-ray tube, dose rate on the surface of a container 
and shielding calculations for a blood irradiator.  

• A regulator shall demonstrate a use of operational experiences from other operators as well as 
information from the producer of a source and equipment in order to conduct optimisation in 
line with the latest technical knowledge. 

In all these documents DCs are already present although they can be somehow hidden. In everyday 
life DCs or derived quantities from above mentioned documentation are used as a benchmark in line 
with the IAEA retrospective use of DCs. For example, the occupational dose of 2 mSv/y of a staff 
member in a control room of a reactor whose dose in normal operation shall be below 0.3 mSv/y is 
going to trigger investigation conducted at least by the radiation protection officer of the facility.  
 
However, in some countries a discussion to implement so-called „authorised general DCs“ for specific 
practices given in legislation is going on. As reported in [5] some countries have already implemented 
such approach. In particular, such approach seems to be appropriate to industrial radiography where 
sources of Category 2 from [2] are used, e.g. TBq sources of 60Co and 192Ir. Industrial radiography 
requires constant attention of a regulatory body due to the fact that: 

• occupational doses are relatively high comparing to other practices, i.e. as a rule foreseen 
doses in normal operation conditions are above 6 mSv/year and  

• risks associated are high, e.g. the list of IAEA publication on accidents is quite long and 
includes documents such as given in [11, 12]. 

For such particular practices the implementation of “authorised general DCs”, e.g. the DC of 10 
mSv/y, in the legislation might: 

• help the operator to manage exposures and  
• enhance the awareness of the workers. 

When implementing “authorised general DCs” for specific practices graded approach shall be fully 
implemented, i.e. focus of the regulator shall be on the practices posing the highest risks. In addition, it 
might be more appropriate to use authorised DCs on a case by case basis during authorisation 
processes. In both cases all pro and cons shall be carefully studies by regulatory body, operators, 
experts and other stakeholders taking into account that not every approach is suitable for ever country.  
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5 CONCLUSIONS 
 
The optimisation process based on DCs is an integral part of radiation protection and safety in planned 
exposure situations. However, it must be noted that DCs are sometimes hidden behind other concepts. 
As a rule, they are widely used in a design of sources and equipment. In optimisation of protection of 
the members of the public a DC set by the regulatory body or in legislation have actually also a role of 
a dose limit which shall not be exceeded. DCs for occupational exposures are particularly carefully 
studied when practices are associated with higher risks, e.g. industrial radiography and 
decommissioning. Implementation of generalised DCs in the legislation for specific practices using 
graded approach could be beneficial for specific regulatory regimes. However, the main focus of 
operators and regulatory bodies shall be not on the levels of DCs but on the implementation of the 
optimisation process conducted by the operator bellow the DCs.  
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Environmental Samples Collected in Fukushima 

 

Jun Saegusa, Tomoyuki Yoda, Satoshi Maeda, Tsutomu Okazaki, Shuichi Otani, Toshio 
Yamaguchi, Yoshiyuki Kurita, Atsushi Hasumi, Chushiro Yonezawa, Minoru Takeishi 

 
 Sector of Fukushima Research and Development, Japan Atomic Energy Agency, 7th Floor, 

NBF-Unix Building, 6-6 Sakae-machi, Fukushima 960-8031, Japan. 
 

Abstract. After the nuclear accident at the Fukushima Daiichi Nuclear Power Plant in March 2011, the Japan 
Atomic Energy Agency has newly set up a laboratory for radioactivity analysis in Fukushima. At the laboratory, 
radioactivity concentrations of environmental samples such as soil, water, dust filter, plant, etc., 
approximately 1,000 samples in a month, are measured with high-resolution gamma-ray spectrometry systems. 
The systems employ n-type HPGe detectors from Ortec. Since September 2012, characterization and upgrade of 
the systems have been performed aimed at enhancing reliability of analysis and convenience of customers. 
Resolving both systematic and technical issues, the laboratory has been accredited the ISO/IEC 17025 
standard as a testing laboratory for radioactivity analysis. 

 
KEYWORDS: Fukushima Daiichi Nuclear Power Plant accident; radioactivity   
analysis; environmental radioactivity; gamma-ray spectrometry; HPGe detector; ISO/IEC 17025. 

 

 
1     INTRODUCTION 

 
The nuclear accident at the Fukushima Daiichi Nuclear Power Plants (NPPs) in March 2011 resulted 
in the release of a significant amount of fission and activation products, particularly volatile iodine 
and cesium, into the environment around the Tohoku region of Japan. As of November 2013, ambient 
dose- equivalent rates in the outdoor environments of Fukushima Prefecture vary from the 
background level to as much as 40 µSv per hour [1].  Radiation monitoring and clean-up activities 
have been conducted widely and continuously across the region to address the environmental situation 
[2, 3]. 

 
For such activities, radioactivity analysis for a variety of environmental samples is primarily of 
importance. At present, major radionuclides detected in the Fukushima environment are 134Cs (t1/2: 
2.1 y) and 137Cs (t1/2: 30 y) (hereinafter collectively referred to as radiocesium), for which the gamma-
ray spectrometry is applicable [4, 5]. 

 
To cope with these needs, in September 2012, the Japan Atomic Energy Agency (JAEA) has newly set 
up a laboratory (Sasakino Analytical Laboratory) for radioactivity analysis in the Sasakino district of 
Fukushima-city, approximately 65 km northwest of the damaged NPPs. Based on high-resolution 
gamma-ray spectrometry with HPGe detectors, the laboratory has measured approximately 24,000 
samples collected in Fukushima (off-site the NPPs) until its closure (relocation) at the end of 
March 2016. 

 
The laboratory has then moved to the Fukushima Prefecture Center for Environmental Creation in 
Miharu-town, approximately 45 km west of the NPPs, which was established as a central facility for 
studies related to the environmental restoration of Fukushima. The gamma-ray spectrometry 
measurements are currently carried out by approximately five staff members. 

 
This paper overviews the laboratory and related R&Ds for enhancing reliability of the gamma-ray 
spectrometry carried out in the laboratory. 
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Figure 1:  (a) Germanium detectors installed in the Sasakino Analytical Laboratory. (b) MCA-7600 
commercially available from Seiko EG&G, with a pulse-height spectrum, and (c) with a digital signal 
after the trapezoidal filtering in the screen. 

 

 
(a) (b) (c) 

 
2     OVERVIEW OF GAMMA-RAY SPECTROMETRY 

 
2.1     Germanium Detectors and Associated Electronics 

 
The laboratory equips with five HPGe detectors (GMX40P4-76 by Ortec), two of which have an 
automatic sample changer, each installed in a 100 mm thick lead shielding box. The detectors are n- 
type coaxial closed-end type, with 40-44% relative efficiency, resolutions 1.9-2.0 keV in FWHM for 
1,333 keV peak and peak-to-Compton ratios of 59-64:1. Each detector is mechanically cooled by X- 
Cooler II (CFG-X-Cool-II-115 by Ortec). 

 
Electric signals from the detector are fed into a charge-sensitive preamplifier A257N by Ortec. 
Thereafter, signal amplification and pulse-height analysis are processed based on digital signal 
processing with a multi-channel analyser (MCA), either MCA7 or MCA-7600, in combination with 
the control software Gamma-studio [6], all from Seiko EG&G Co. ltd., Japan. Both MCAs consist of 
14-bit fast ADC, digital PHA based on the trapezoidal filtering [7] and HV supply. Photographs of 
these systems are shown in Fig. 1. 

 
2.2     Samples and Reference Radiation Sources 

 
The laboratory has been measuring radioactivity concentrations of versatile environmental samples 
using the systems. Most of these samples are taken by research teams of JAEA for the investigation 
projects intended to elucidate the behaviour and characteristics of radiocesium in the environment [8, 
9]. Measurements are also made for samples routinely collected for the environmental radiation 
monitoring performed by the central government of Japan. Measurement results for the monitoring are 
immediately opened to the public via the government’s website [10]. 

 

Figure 2:  (a) Measured samples collected in Fukushima (see Table 1 for the definition of “U8” and 
“V1”). (b) Number of measured samples and its breakdown since the establishment of the laboratory. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 
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Figure 3:   Reference volume sources used for efficiency calibration of the systems. Radionuclides 
were homogeneously distributed in epoxy resin with a density of 1g cm-3. 

 

 
 
 

As shown in Fig. 2 (a, b), these samples includes soil, water, plant, food, dust in the atmosphere, 
filtered substance, etc. Measured sample, except for the dust and filtered substance, is packed in a 
plastic container with predetermined shape. 

 
Performance check of the systems is carried out with reference radiation sources provided by the 
Japan Radioisotope Association [11]. In addition, multiple gamma-emitting standard volume sources 
(including 11 nuclides (241Am, 109Cd, 57Co, 139Ce, 203Hg, 113Sn, 85Sr, 134Cs, 137Cs, 88Y and 60Co)) sources 
purchased  from  Eckert  &  Ziegler  Isotope  Products  [12]  (Fig.  3), are  used  for  the  efficiency 
calibrations and quality control (QC) of the systems. A list of available sample shapes and the 
corresponding Minimum Detectable Concentrations (MDCs; confidence level: 99.5%) based on the 
Cooper’s definition [13] are summarized in Table 1. 

 
 

Table 1: Sample containers for gamma-ray spectrometry at the laboratory, accompanied with 
corresponding detection efficiencies and MDCs for 137Cs in the case sample material filled in each 
container with 1g cm-3 density is set onto the detector endcap through 1 mm-thick 
polymethylmethacrylate protection cover. 
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2.3     Spectrum Analysis and Calculation of Radioactivity 
 

A series of spectrum analysis needed for calibrations and sample measurements is basically carried out 
by the commercial software Gamma-studio (Seiko EG&G Co. ltd) [6], an interactive analysis software 
dedicated for controlling germanium detectors and their electronics, peak search, computation of peak 
area by the Covell and/or peak fitting methods, nuclide identification, calculations of radioactivity, 
various types of corrections, as well as output of analysis results report. In Japan, there has been a de 
facto standard for the analysis of radioactivity in samples, especially those for environmental radiation 
monitoring and radiation control purposes [14]. Gamma-studio is one of such software developed so 
as to comply with this standard, and the radioactivity concentration, a, of each radionuclide in the 
sample with a mass of m is obtained from the net count, nN,E, of the peak using: 

 
where tg is the sample spectrum counting time, PE is the gamma-ray emission probability with energy 
E,   E  is the detection efficiency, and fE  is the correction factor considering all necessary corrections 
[15]. 

 
The correction factor fE includes several factors such as the decay corrections for a reference date, the 
self-absorption corrections between samples and a standard source, the corrections for counting losses 
due to true coincidence-summing and random summing, and the corrections for different measurement 
geometry which results from different sample positioning and filling conditions with those of the 
standard source measured at the time of calibrations. 

 
Among the correction factors, the decay corrections, self-absorption corrections, true coincidence- 
summing corrections (based on the peak-to-total ratio method [14, 16, 17]) can be made with the 
Gamma-studio software. For the geometry differences, corrections are  made with the  correction 
factors experimentally obtained by the laboratory. The experiments bring a single or multiple radiation 
source(s) with different setting positions and/or filling heights. It also involves extensive range of 
Monte Carlo simulations with radiation transport codes like MCNP and CREPT-MCNP [18, 19]. 
Figure 4 (a) is an example of geometry set-up for the calculation of geometry correction factors, and 
the resultant factors for geometry differences for 662 keV photon (Fig. 4 (b)), although the correction 
factors are less dependent on photon energy in the range over 100 keV. 
 
Figure 4: (a) Modelling of a germanium detector and a sample in the V1 container (blue: germanium 
crystal, purple: aluminium endcap, mount-cup and contact pin, yellow: beryllium window, green: 
polymethylmethacrylate cover and supporting jigs, brown: V1 container, pink: sample, light blue: air). 
(b) Comparison of correction factors obtained by the experiments and simulations for a soil sample 
having different filling heights with the standard volume source filled in the V1 container. 
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Figure 5: (a) Main shielding box (left) and additional shielding (right, dimension: 350×350×50 mm). 
(b) Background spectra measured before and after placing the additional shielding. Measurement time: 
2,000,000 second each. 

 

 
 
 
 

(a) (b) 
 

3 CHARACTERIZATION  OF   THE   SYSTEMS  AND   RELATED  R&DS   FOR   THE 
IMPROVEMENT OF ANALYSIS QUALITY 

 
Since October 2012, characterization of the systems and related R&Ds have been performed aimed at 
enhancing the reliability of analysis results and convenience of customers. These approaches include 
theoretical and experimental investigations on the efficiency transfer method for samples having 
different filling height with the standard sources, reduction of background count rates due to the 
natural and accident-oriented radiations, determination of the true coincidence-summing correction 
factors, interpretation of gain-shift magnitude with the ambient temperature variation, counting-loss 
correction methods for high activity samples, etc. 

 
3.1     Background Reduction and Minimum Detectable Concentrations 

 
At the time of system installation, 137Cs peak was found in the background spectrum. Because the 
detectors were set on the second floor, streaming radiations from the ground outside of the building, 
not decontaminated, was considered to be the main reason for this. An additional lead shielding was 
placed for preventing the streaming at the position shown in Fig. 5 (a). 

 
By placing the additional shielding, the interference peak was successfully removed (Fig. 5 (b)). This 
brought benefits that a required MDC of 137Cs can be achieved in a shorter measurement time than 
before. For example, as listed in Table 2, the time needed for attaining the 1.5 Bq kg-1  of MDC was 
halved by the addition. 

 
Table 2: Relation between measurement time and MDCs for 137Cs, for a soil sample packed in the V1 
container. 
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Figure 6: Relationship between temperature variation and peak channel shift. 

 
 

3.2     Temperature Dependency of Detector Response 
 

As part of QC, daily check of detectors and their electronics are carried out using standard point 
sources including 137Cs and 60Co. By comparing peak centroids, FWHMs and peak areas with ambient 
temperature variation, clear correlation was found between the temperature variation and energy shift 
of a peak. 

 
As shown in Fig. 6, the position of 1333 keV peak (centroid channel) shifted upwards approximately 
0.3 ch (0.15 keV) per 1 oC increase of ambient temperature. By continuously comparing ambient 
temperature and that of/around the crystal, linear relationship between them was found to be 
approximately 0.34 oC increase in cooling temperature of the crystal as the ambient temperature rose 1 
oC (Fig. 7 (a, b)). Using the relationship, the peak shift can mostly be explained by the temperature 
dependency of the electron-hole-pair production energy for germanium (0.03% decrease per 1 K [20]), 
which results in the increase of the number of created electron-hole-pairs and thus the pulse-height of 
a signal. 

 
3.3     Counting-loss at High Counting-rates 

 
In general, pulse processing electronics and analysis software normally apply a correction for the dead 
time of ADC. However, at high counting-rate, pile-up of signals still occurs and is unavoidable. 
Therefore, estimation of the correction factor for the effect was carried out with the two-source 
method for a 662 keV peak [17]. A single 137Cs point source was positioned at a fixed distance 
(approximately 15 cm) from the detector endcap. By adding another point source (57Co) at different 
distances, the dead time of the system was changed. 

 
Figure 7: (a) Measurement of crystal temperature of germanium detector. (b) Variation of ambient 
temperature and crystal temperature of a germanium detector. The ambient temperature was forcibly 
changed with an air-conditioning equipment in the room for this experiment. 

 

 
 

(a) (b) 
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Figure 8: Counting-loss as a function of dead time of a HPGe detector system, (a) by conventional 
analogue signal processing, and (b) by DSP with MCA-7600. 

 
(a) (b) 

 
Figure 8 (a) shows relations between the dead time and the loss of peak counts for 662 keV when the 
output signals were processed through an analogue spectroscopy amplifier (Ortec 662) and the PHA 
board (7600-500 on the MCA-7600). When the shaping time (ST) of the amplifier was set at 10   s, 
the peak counts for 662 keV was underestimated approximately 13% in the case the dead time was 
30%, compared with the case the 57Co source was not added. With the shorter STs of 2   s and 6   s, 
the counting-losses were smaller but still around 6%. Instead, in the case a digital system (digital PHA 
board 7600-200 on the MCA-7600) was used, the counting-losses were significantly reduced (less 
than 2% at dead time 30%) even if the equivalent ST (6   s for the rise time (RT) of 12   s and flattop 
time of 1.2    s) was selected (Fig. 8 (b)). Because the dead time is usually around 5% when the 
standard sources are measured, the correction of the counting-loss can be minimized using the DSP 
system. 

 
3.4     Quality Assurance 

 
In addition to the daily check of the systems, the laboratory, as a means to external quality assurance, 
regularly participated in the proficiency test exercises and interlaboratory comparisons of radioactivity 
analysis for samples containing radiocesium. 

 
The laboratory so far participated in three proficiency test exercises based on ISO/IEC 17043 [21]. 
The exercises were performed with certified reference materials of brown rice and dried beef, provided 
by key laboratories in Japan. In each exercise, the laboratory achieved the satisfactory results on the 
assessment of 134Cs and 137Cs radioactivity concentrations. 

 
With the continuing challenges, in October 2015, the laboratory has been accredited the ISO/IEC 
17025 standard [22] by the Japan Accreditation Board (JAB), as a testing laboratory for radioactivity 
analysis based on gamma-ray spectrometry with germanium detectors. 

 
4     SUMMARY AND CONCLUSION 

 
JAEA has newly set up a laboratory for radioactivity analysis in Fukushima after the nuclear accident 
in March 2011. At the laboratory, radioactivity concentrations of environmental samples are 
determined based on high-resolution gamma-ray spectrometry. Although the laboratory has a short 
history, R&Ds required for demonstrating quality of analysis have been started, and will be carried on. 

 
Taking  advantage  of  the  established  laboratory  and  developed  techniques, prompt  and  accurate 
analysis on radioactivity quantification for various environmental samples is achieved. Provision of 
reliable information on these activities also promotes the reassurances of the people in Fukushima. 
JAEA will keep contribute to secure and early restoration of the Fukushima environment. 
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Abstract. As part of the CINCH II project (Cooperation in Education and Training in Nuclear Chemistry) remote 
controlled experiments have been developed to support education and training in nuclear chemistry. Even though 
such remote controlled experiments will never substitute real hands-on training, they can be a useful addition to 
traditional training with a particular value to institutions without laboratories for radioactive work, or laboratories 
with very limited equipment and radioactive sources. Also the teaching material will help to enable institutions to 
offer nuclear chemistry courses even for small numbers of learners. This will help to broaden the nuclear 
chemistry education and to contribute to the preservation of competence. Three remote controlled experiments 
have been designed: one experiment to analyse different environmental samples by using a HP-GE-detector 
for gamma-spectrometry, a second one to demonstrate the potential of electrochemical deposition techniques 
for the measurement of radionuclides and a third one to show and explain the basis of ion-chromatography. In 
this contribution the purpose and the setup of these three experiments are described and different opportunities 
to use and analyze the measured data in consideration of the previous knowledge of students are explained. 
 
KEYWORDS: education and training in radiochemistry; remote controlled experiments. 
 
1 INTRODUCTION 
 
In its 2000 report “Nuclear energy, a cause for concern?” [1] the Nuclear Energy Agency testified a 
lack of training and education in the field of nuclear chemistry in the European countries. The demand 
for these skills would not decrease even if Europe decides to phase out its nuclear energy, as they are 
needed even more for the decommissioning of nuclear plants as well as for radiological applications 
outside of the energy sector. In order to mitigate the effects of the decline of number of staff qualified 
in nuclear chemistry, the CINCH-II project is aiming at the European co-ordination of education in 
nuclear chemistry [2]. 
 
Objectives of the CINCH-II project include: 
 

• To further develop and implement the plan for the European master's degree in nuclear 
chemistry 

• To develop a Training Passport in Nuclear Chemistry and prepare the grounds for the 
European Credit system for Vocational Education and Training (ECVET) 

• To lay the foundations of a Nuclear Chemistry Education and Training Platform 
• To develop methods of raising awareness of the possible options for nuclear chemistry in 

potential students, academia and industry 
• To develop a sustainable system for mobility securing mechanisms for an efficient mobility 

program of trainers and trainees within the Nuclear Chemistry Network 
 
The Institute for Radioecology and Radiation protection (IRS) of the Leibniz University of Hanover, 
Germany, contributes to this project by developing three fully remote-controlled experiments 
spotlighting on different aspects of nuclear chemistry. These automated labs allow a user to operate 
complete radiochemical experiments through the internet from anywhere in the world. Although 
hands-on-experiments will always be the first choice for teaching basic radiochemical knowledge and 
skills, remote controlled experiments are much closer to real work in a laboratory than e.g. computer 
simulations and can be seen as a true enhancement of modern learning concepts [3]. Different level of 
difficulties concerning the analysis of the experiment can be implemented and minor errors (as they 
might happen during real work in a laboratory also) can be made by operating the system via the 
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Internet. That enhances the learning effect compared with computer simulations significantly and can 
therefore contribute to the Education and Training of students in radiochemistry.  
 
The handling of radioactive material in a chemical laboratory is a high cost factor with respect to the 
man-power, the lab space and material. It can be observed that the number of universities who are 
willing to conduct these time-consuming and work-intensive experiments is decreasing constantly. For 
these universities remote-controlled experiments can be seen as an important alternative as a teaching 
tool with the aim to offer a practical education and training in nuclear chemistry. 
 
2 REMOTE CONTROLLED EXPERIMENTS 
 
The basic concept of remote controlled experiments is in general quite simple and shown in figure 1. 
 
Figure 1: General set-up of remote controlled experiments [4] 
 
 
 
 
 
 
 
 
  
 
 
The host of the experiment has to define a registration-procedure to avoid an overlap of logins at the 
same time.  After the user has received its registration-code he can login to a server via internet by 
using its own terminal. While a camera provides a live video-feed the student can perform the 
experiment, control different parameters and collect the data. After the experiment has been finished, 
the data will be sent via e-mail to the user who can start to analyze the collected data.   
 
All three remote-controlled experiments described in this article have been developed by using 
LabView™. 
 
2.1 GammaLab 
 
The GammaLab remote controlled experiment is focused on teaching gamma spectrometry by using 
environmental samples, and on showing the importance of characteristic limits in the evaluation of a 
gamma spectrum. The setup is shown in figure 2. 

The experimental setup is developed using Lego Mindstorm NXT motors, which makes it possible to 
position by remote control different samples in a freely selectable sequence on a germanium detector. 
The user controls the setup through an interface (figure 3) that allows him to move the samples, to 
start the measurements, to watch the spectrum during the measurement (figure 4) and to retrieve the 
measured data in detail (via e-mail after the measurement). He also has the possibility to close a 
shielding which is located over the germanium detector, in order to decrease the background 
(necessary when measuring samples with low radioactivity). 
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Figure 2: GammaLab setup 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This GammaLab experiment can be used for several teaching goals: 
 

• Demonstration on gamma spectroscopy.  
• A list of unattributed samples is given with the task to identify the samples by analysing the 

measured gamma-spectra 
• Understanding when and why the knowledge of the characteristic limits is important and how 

corresponding calculations have to be performed. 
 
 
Figure 3: Panel to operate GammaLab  
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Figure 4: Spectrum measured by GammaLab 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Depending on the teaching goal of the experiment, a more or less detailed explanation of the physical 
process behind gamma spectrometry is provided. There are several available samples which can be 
measured:    
 

• a depleted U-fuel pellet which contains nuclides of the U-238 and U-235 decay chains, 
• uranium glass beads, 
• monazite sand, which contains mostly the radionuclides of the Th-232 decay chain, 
• contaminated soil from an IAEA collaborative study (Ra-226 contamination), 
• phosphogypsum from an IAEA collaborative study, which has an increased content of natural 

radionuclides, 
• two U-232 solutions of different filling height, 
• two pitchblende solutions of different filling heights, with radionuclides of the U-238 and U-

235 decay series, 
• a sample taken from the gate of the Fukushima Daiichi nuclear reactor after the accident and 
• an environmental water sample. 

 
2.2 PAULA (Programmable AUtodepositionLAb) 
 
With this experiment the user is able to control via internet an autodeposition experiment. The 
teaching goal of the experiment is the demonstration of electrochemical deposition techniques for the 
measurement of radionuclides. In figure 5 the real experiment is presented, side by side with a 
diagram. 
 
Figure 5: Setup of PAULA  
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The setup is similar to the one of GammaLab, the robotic arm being built with Lego Mindstorm EV3. 
The remote controlled arm makes it possible to move a metallic strip to different stations:  
 

• a sample selection station, where the user can select the desired metallic strip (0) 
• a glass which contains an active electrolyte (I), e.g. 20 kBq Tc-99 
• a glass for rinsing (II) 
• a Geiger-Müller counter (III) 
• a waste bag (IV) 

 
After performing a blank measurement with a Geiger-Müller counter of a metal strip, the user has to 
immerse the strip in an Ammonium-pertechnetate (NH4

99TcO4) solution in water. Depending on 
the electrochemical potential of the metal, the reduction of the pertechnetate ions in solution 
will lead to a deposition of TcO2 on the metal surface. After immersion the strip has to be 
cleaned by rinsing it with water (to ensure that the solution is not sticking to it anymore). A new 
measurement of the strip will show that radioactive material has deposited on it. The strip can be 
immersed several times in the solution to show the increase of deposited radioactivity on the strip until 
a saturation level is reached. After finishing the experiment, the strip can be disposed of in the waste 
container. The previous steps can be repeated using a more noble metal (for example copper instead of 
steel) with the result that no measurable radioactivity will be deposited.  
 
The experiment can be used to teach and demonstrate fundamentals in electrochemistry and the use of 
deposition techniques for the measurement of radioactivity. As the radioactive technetium deposited 
on the metal strips can be measured with very high efficiency by the Geiger - Müller counter (which is 
one important outcome of the experiment), the experiment works with very low total activities 
(approx. one five-hundredth of the exemption limit according to the German Radiation Protection 
Ordinance [5]). In figure 6 the front-panel of PAULA is shown. 
 
Figure 6: Front-panel to operate PAULA 
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2.3 IONLab 
 
IONLab is a basic remote-controlled ion-chromatography setup. It allows the user to apply a mixture 
of radionuclides onto a column and then use a selection of solvents for the elution [4]. The separation 
is followed by a Geiger-detection that yields a simple chromatogram of the activity. In order to 
enhance out-of solution-detection a small slide takes up the drop-shaped liquid coming from the 
column and transforms it into a thin-layered laminar flow. The experiment can be used to learn the 
fundamentals in theoretical, as well as practical chromatography and demonstrates the potential of 
chromatographical methods for the separation of radionuclides. At the moment it is set-up to perform 
an Y-90/Sr-90-separation using Sr-Resin as a solid extraction phase and different nitric acid 
concentrations for the separate elution. The setup (see figure 7) consists out of  
 

• a syringe pump, which injects activity onto a column, 
• a peristaltic pump, which helps to bring two different eluents to the column, 
• two containers, one with 3M HNO3 and one with 0.0001M HNO3, 
• a Geiger-Müller counter, 
• a slide, which slows down the liquid drop, so it stays longer under the detector and the 

measurement lasts longer and 
• a waste container. 

 
The first action is to condition the column for approximately five minutes. The counting rate can be set 
in the tab 'measurement' by entering the desired time interval in the field 'measurement time' (the 
optimal choice for the measurement interval is 20s). Also the overall measurement time can be 
choosen there (default time is 30 minutes). After the column is sufficiently conditioned, the actual 
separation experiment can begin: the radioactive solution can be injected using the syringe pump by 
pressing 'Inject activity' in the field 'Injection'. The animated experimental scheme in the lower right 
corner, as well as the camera window of the injection process, can be used to follow the status of the 
experiment. After completed injection the user should wait a few seconds for the applied volume to 
distribute uniformly at the upper end of the separation column. In the field 'solvent pump' the desired 
elution rate for the experiment can be chosen and the elution can start. At this moment also the Geiger-
Muller-counter measurement should start. After several minutes, a clear signal will be drawn in the 
chromatogram. After this signal drops significantly the user has to change the eluent and a second 
peak will be measured in the chromatogram. After this second peak fades the experiment has finished 
and the measured data can be sent via e-mail to the user. A screenshot of the front-panel can be seen in 
figure 8. 
 
Figure 7: Setup of IONLab [4] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Components: 
1, 2  – valves for solvent  
            selection 
3 –  valve for column-control 
4 – eluent reservoirs 
5 – separation column filled  
      with solid phase 
6 – peristaltic pump for   
      solvent pumping 
7 – syringe pump for injection  
      of the radionuclide-mix 
8 – detection-slide to take up  
      and spread the solution 
9 – Geiger counter for online- 
      detection   
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Figure 8: IONLab-surface [4] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3 CONCLUSION 
 
Educational experiments have always been an indispensable tool for generations of students and 
teachers in natural sciences [6]. Concerning radiochemical education experimental setups using 
radioactive material are a high cost factor in terms of man-power, lab-space and material. To support 
teachers and students in the field of radiochemical education all together six remote-controlled 
experiments have been set up in the CINCH II project, three of them (GammaLab, PAULA and 
IONLab) at the Institute for Radioecology and Radiation Protection (IRS), Leibniz University of 
Hanover, Germany. Although simulations can never replace hands-on experiments, educational 
concepts might be supported by the use of remote-controlled experiments. By performing the remote-
controlled experiments build at IRS, students all over the world can improve their knowledge about 
fundamental radiochemical basics and measurement-techniques.  Depending on the knowledge and the 
skill of the user the experiments can be analysed in different levels of difficulty to be able to take into 
consideration the varying prerequisites and qualifications of the end-user. 
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Control: 
– The components involved (valves, 

pumps, detector) are handled directly by 
the user.  

– The experiment is not “self-running”! 
Bad decisions in the operation will yield 
bad results. 

Video Feed: 
A camera capturing the whole experiment streams a live-feed to the user. 

Data plot: 
– A chromatogram of the activity is building up 

throughout the experiment. 
– Based on the data the user has to decide when to 

do crucial tasks like changing solvents. 
– All data generated is logged and may be copied or 

sent via e-mail to the user’s address. 
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Abstract. In constructing medical or industrial radiation facilities which use photon sources and require 
radiation shields, heavy-weight concretes are suitable materials. In this study the shielding properties of 21 
Galena (PbS) concretes containing 7 borated minerals with three mixture patterns were investigated using 
MCNP4C Monte Carlo code and these heavy concretes with borated minerals are introduced as suitable 
materials for photon and neutron shielding. Two geometries of measurement (narrow and broad beam) were 
modelled in order to calculate the X and gamma radiation attenuation of the concretes. The X-ray energies of 40, 
60, 90, and 120 kvp and gamma rays of 99m Tc, 131-I, 137-Cs, and 511keV annihilation photons were 
considered as radiation sources. The values of photon flux and the X-ray spectrum using mentioned concretes 
were compared with those of ordinary concrete. The results demonstrated that photon attenuations caused by 
heavy concretes which introduced in this study are more than ordinary concrete. Also it is revealed that the 
concrete containing Orthopinokiolite as the borated material made by the third mixing pattern has the best 
photon attenuation. According to the results, the shielding characteristics of concretes containing different 
borated minerals are similar in high photon energies, while in low energies the attenuation depends on the type 
of borated mineral used in the concretes. 
 
KEYWORDS: heavy weight concrete; shields; MCNP4C; simulation; radiation. 
 
1     INTRODUCTION 
 
Heavy weight concretes have been widely used in radiation protection (density: 2900 to 6000 kg/m3) 
[1-16].  Different minerals have been proposed by different investigators,in constructing heavy 
concrets for radiation shielding purposes, i.e. Barite, Galena hematite–serpentite, ilmenite– limonite, 
basalt–magnetite[17], ilmenite, basalt, steel, magnetite, Ulexite, Datolite, and optical glass [1-16]. The 
aim of this study is Monte Carlo simulation of x, and gamma ray attenuation properties of multi-
purpose high density borated concretes using MCNP4c code. 
 
2 MATERIALS AND METHODS 

Different minerals were proposed for construction of concretes applicable for neutron and photon 
shielding. Totally 21 concretes were constructed using different minerals according to Table 1. 
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Table 1: Mixing conditions for constructing concretes 

 
* Colemanite, Ulexite, Hydroboracite, Tourmaline, Datolite, Orthopinakiolite, and Priceite 
 

 
1.1 MCNP4C Monte Carlo simulations 

 
Table 2:The photon attenuations after concrete slabs with dimension of 0.1×10×10 cmP

3
P were obtained 

by MCNP4C code [18].  
 
The attenuation of X-ray sources with kVp=40, 60, 90, and 120 Kv, and the gamma rays from TC-
99m were studied in this study. IPEM 78 software[19] was used for obtaining photon spectra. For 
scoring the results, Tallies F4 and F5 were used. 
 
3 RESULTS AND DISCUSSIONS 

 
3.1  40kvp X-ray beam 

 
Table 2, compares the photon attenuation properties ( 𝐼

𝐼0
) of the designed high density concretes (with 

1mm thickness) for both narrow and broad beam geometries. Where I is the photon flux after 1mm 
concrete, and IR0 Ris the photon flux in the absence of the shields. According to the results, the designed 
concretes can be effectively used for radiation shielding of low energy photons. The high density 
concretes reduce the x-ray fluence from 0.34% to 2.11% of the fluence after the ordinary concrete.  

 
Table 2: Relative transmission ( 𝐼

𝐼0
), for 1mm of different concretes. 
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3.2   60 kvp X-ray beam 

Table 3, compares the photon attenuation properties ( 𝐼
𝐼0

) for 60kvp x-rays. According to the results, the 
designed concretes can be effectively used for radiation shielding of low energy photons. The high 
density concretes reduce the x-ray fluence from 5.42% to 12.88% of the fluence after the ordinary 
concrete. 

 
Table 3: Relative transmission ( 𝐼

𝐼0
), for 1mm of different concretes for 60kvp. 

 
 
 

3.3   90 kvp X-ray beam 

Table 4, compares the photon attenuation properties ( 𝐼
𝐼0

) for 90kvp x-rays. The designed high density 
concretes reduce the x-ray fluence from 18.74% to 28.73% of the fluence after the ordinary concrete. 
 
Table 4: Relative transmission ( 𝐼

𝐼0
), for 1mm of different concretes for 90kvp. 
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3.4   120 kvp X-ray beam 

The energy spectrum of the X-ray after the shield is shown in Figure 1.  
 
Figure 1: Comparison of the energy spectrum after the high density concrete with 3rd mixing pattern 
concretes for 120kvp x-rays. 

 
Table 5, compares the photon attenuation properties ( 𝐼

𝐼0
) for 120kvp x-rays. According to the results, 

the designed concretes can be effectively used for radiation shielding of low energy photons. The high 
density concretes reduce the x-ray fluence from 24.05 to 35.44% of the fluence after the ordinary 
concrete. 
 
Table 5: Relative transmission ( 𝐼

𝐼0
), for 1mm of different concretes for 120kvp. 

 
 
 
3.5 Attenuation properties for  99mTC, 131I, 137Cs, and annihilation photons 
 
According to the results, the flux after ordinary concrete, for 99mTc gamma rays are more than the flux 
after the heavy concretes. For photons of I-131, Cs-137 with higher energies, no significant 
differences are observed between the flux after these concretes and the ordinary one. For these 
photons, the concretes constructed with the three mixing pattern show approximately equal 
attenuations, while for 140keV gamma rays of 99mTc the photon flux after the heavy concretes 
containing orthopinakiolite with the three mixing patterns are 55% to 62% of the flux after the 
ordinary concretes.  
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4 DISCUSSION AND CONCLUSION 
 
According to the results, the concrete containing Orthopinokiolite, with the 3rd mixing pattern showed 
the best photon attenuation for lower energies. The photon reduction after Orthopinokiolite_3 is a 
significant reduction  for 40, and kvP X-ray which. The attenuation properties all other concretes are 
also more significant in lower energies. In low energy photons, the photon attenuation depends on the 
type of borated mineral used in the concretes. The proposed concretes can also be effectively used as 
neutron concretes for shielding radiotherapy rooms, and nuclear reactors. 
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Abstract. Cathode Ray Tube (CRT) Television (TV) receivers and Personal Computer (PC) monitors have 
become major elements in the modern work environment and everyday life as TV receivers serve a good number 
of useful applications in information dissemination while PC monitors serve as interface between users and 
computers. The concerns as to whether the use of these devices can affect human health have been due to 
observed effects such as eye changes or discomfort, adverse reproductive outcomes, skin disorders etc. This 
study is an assessment of the exposure rate in air due to radiation from these devices with sample measurements 
taken using a Geiger- Muller counter (Kindenoo blueGeiger PG-15).  All the CRT devices show relatively high 
values of ambient dose rates in the range of 0.28±0.01 – 0.32±0.01 µSv/h for TV receivers and 0.25±0.01 – 
0.31±0.02 µSv/h for PC monitors above their respective background measurement of 0.24±0.01 µSv/h average. 
The study also revealed that all the CRT units showed a decreasing trend of exposure rates with distance with 
correlation coefficient as high as -0.97. The exposure rates are well below the Food and Drug Administration 
regulations in 21 C.F.R of 0.5 mR/h. The Annual Effective Dose (AED) results (i.e. 0.17 – 0.91) mSv/y are well 
below the limits of the International Commission on Radiological Protection (ICRP) 60 recommendations for 
detrimental effects and those to prevent non-stochastic effects in the ICRP 26 recommendation for the lens of the 
eye, foetus/embryo, skin and hands. 

KEYWORDS: cathode ray tube; television; dose rate; annual effective dose. 

1 INTRODUCTION 

All matter is made up of atoms. Some atoms are naturally stable while others are unstable. 
Radioactivity is a natural phenomenon that occurs when an atom with an unstable nucleus 
spontaneously transforms, releasing energy in the form of ionizing radiation. The released radiation 
may take the form of particles (including electrons, neutrons, and alpha particles) or of 
electromagnetic gamma radiation or X-rays, all with different amounts of energy. Radiation can also 
be generated artificially by machines [1]. Ionizing radiation refers to radiation that has enough energy 
to remove an electron from a neutral atom or molecule, creating a free radical. Ionizing radiations are 
known for the DNA damage and cancer causing capabilities. Radiation from sources such as power 
lines, cell phones, and traffic radars are all classified as non-ionizing radiation because they are not 
capable of removing an electron from an atom [2]. Radiation may be emitted when charged particles 
deposit energy to a medium through direct coulomb interactions with orbital interactions with orbital 
electrons of the atoms in the medium  [3] Different types of radiation have distinct damage potential 
described by their Linear Energy Transfer (LET). Alpha radiation has high- LET because it deposits a 
relatively large amount of energy in a small area before it stops. Beta, gamma and x-radiation are low-
LET because they deposit energy in a more diffuse pattern [4].  
 
Naturally occurring radioactive materials are common in the environment and in the human body. 
Ionizing radiation from outer space (cosmic radiation) bombards the earth constantly. The ionizing 
radiation from these and similar natural sources is called background radiation [5]. Average natural 
radiation background in the United States (U.S.) ranges between 0.526 mSv/y and 1.31 mS/y [6]. Man-
made sources of radiation (from commercial and industrial activities) account for approximately 0.2 
μSv of the annual radiation exposure. X-rays and other diagnostic and therapeutic medical procedures 
account for approximately 1.2 mSv a year. Consumer products like tobacco and smoke detectors 
account for another 0.1 mSv of the exposure to radiation each year [7]. The Health Physics Society 
recommends that exposures below 0.1 Sv only be evaluated qualitatively as the risks are too small to 
be observed. Doses below 0.1 Sv are considered to be low [2]. 
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Medical exposure remains by far the largest artificial source of exposure to ionizing radiation and 
continues to grow at a remarkable rate as it accounts for 98% of the contribution from all artificial 
sources and are now the second largest contributor to the population dose worldwide representing 
approximately 20% of the total [1]. In non-medical X-rays shielding, a protective tube housing is one 
that surrounds the X-ray tube itself, or the tube and other parts of the X-ray apparatus (for example, the 
transformer), and is so constructed that the leakage radiation at a distance of 1 m from the target 
cannot exceed 10 mSv in 1 hour when the tube is operated at any of its specified ratings [8]. However, 
there is no difference between the effects caused by natural or man-made radiation [9]. We live in a 
world where technology is rapidly evolving especially those related with the design of electronic 
equipment and gadgets.  Since the last three decades, electromagnetic radiation (EMR) from power 
lines, home wiring, airport and military radar, substations, transformers, computers, cell phones and 
domestic appliances have been of great concern and the phenomena underlying this have been 
thoroughly studied over the past  few decades. This is because they are suspected to be largely part of 
the cause of brain tumors, leukemia, miscarriages, chronic fatigue, headaches, cataracts, heart 
problems, stress, nausea, chest pain, forgetfulness, depression, aggressive behavior, sleep disturbance 
and other health and dermatological problems [10].  

CRTs are the video display components of televisions and computer monitors [11]. A CRT consists of 
three basic parts: the electron gun (neck) assembly, the viewing surface (panel), and the glass envelope 
(funnel). The basic raw material in the CRT glass is silica (~50-60 wt. %) but other different metallic 
oxides such as barium oxide and lead oxide are required to be incorporated in CRT glass as shielding 
agents for harmful radiation [12]. The electron beam in the CRT is swept horizontally and vertically 
across the viewing face – the whole face normally being covered in about 1/70th of a second [13]. 
CRTs are usually housed in a plastic casing [14]. CRTs emit X-rays as a result of electron braking 
(bremsstrahlung) by the screen and walls of the tube and the amount of radiation increases 
proportionally to the accelerating voltage [15].  The bremsstrahlung energy spectrum is a continuum 
with photon energies that extend as high as the electron energy itself [4]. The box-shaped CRT 
computer monitors generally have quite high levels of radiation even at 30 cm compared to the modern 
low-radiation flat screens. Another item most likely to cause a health hazard in many offices is the 
computer monitor, or screen. For computer users, radiation from computers may be a substantial 
component of the total electromagnetic radiation which the body is exposed to; the magnetic portion of 
this electromagnetic radiation (which is probably more dangerous than the electric portion) can 
penetrate just about anything. The use of screen shields especially for computer monitors wills not 
totally reduce the effect of the radiations from the screen because of the magnetic portion of the 
electromagnetic radiation [16]. EMFs from TVs may be one of the biggest hazards in our home 
because children often love to sit very close to the TV, exposing themselves to a steady flow of 
harmful EMFs for hours. TV sets with larger screens tend to emit stronger fields because they contain 
larger cathode-ray tubes with the components that produce EMFs. In general, the larger the TV screen, 
the stronger the EMFs that are produced and the further away you need to be, to get out of the range of 
the electromagnetic fields [17]. 

In one survey, the Bureau of Radiological Health (1981) of the United States Department for Health 
and Human Services, Food and Drug Administration, made measurements under controlled laboratory 
conditions of X-ray emissions from 125 Visual Display Units (VDUs). Out of the VDUs tested no 
detectable level of X-rays was found for 117 units, while eight units emitted levels around or above 0.5 
mR/h at 5 cm from the screen surface [18]. Vijay (2012) also opined that the radiations of EMFs from 
CRT TV/PC set are harmful for the life of blood tissue; it was concluded in the study that CRT TV/PC 
screens are harmful for the blood tissue of human beings at some distances and heights of the CRT 
TV/PC screen from ground level [17]. Kokalari (2011) compared the exposure according to the type of 
the monitor (i.e. CRT versus LCD), for the same way of placement in the classroom (around the 
walls). In all the working places where measurements were taken,  the values of the electric field (of 
low frequency) and the values of the power density (high frequency) for the classroom equipped with 
LCD type monitors, were smaller than those for the classroom equipped with CRT type monitors [19].  
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In this research, the ionizing radiation emission from different TVs and PCs of CRT was measured at 
different positions and distances. This study further probes into the behavior of these devices with 
respect to the emission of ionizing radiation from them as well as monitor the exposure of users and 
individuals to these radiations. 

2 METHODOLOGY 
 
A total of 450 sample measurements were made from CRT computers and television receivers of 
different manufacturers, models and sizes. The product types were selected randomly based on their 
availability and popularity. Background measurements were also recorded when the devices were not 
switched on. Measurements were taken at different distances from screen front and lateral sides in time 
blocks of 30minutes for a total of about 2 hours for each device. At each point, four to six 
measurements were taken to cater for the statistical fluctuations in radiation measurements. While 
taking the measurements, the devices were isolated from other devices with possible EMR emission. A 
Geiger-Muller counter (blueGeiger PG-15) from Kindenoo France was used for all measurements [20]. 
This device is capable of detecting Beta, Gamma and X- radiations with a dose rate measurement 
range of 0.05µSv/h to 300µSv/h and a maximum radiation dose measurement of 250 mSv in a 
maximum time of ten (10) years. This blue-tooth enabled, 1- 2AA battery powered device displays the 
results on a monochrome Liquid Crystal Display on the device. It can also be connected to an Android 
(TM) cell phone or interfaced with a computer for easy data logging. The sensor location for this 
device is well noted for proper exposure to the radiation to be measured. 

The mean and standard error for repeated measurements was determined and recorded for each 
measurement position. Analysis of variance (ANOVA) with MINITAB 16.0 statistical software was 
also used to test the significance of difference between the sampling means of the measurements at 
various distances from emission screen. The null hypothesis was:  

H0
(1) − All treatment (distance)means are equal 

A test of significant difference between means was also carried out within a 95% confidence level to 
determine if there was a statistically significant difference between the emissions at the screen front 
and lateral sides or if the difference could have arisen due to chance. The Linear correlation coefficient 
(r) was used to evaluate the degree of relationship between the dose rates and both the distances from 
emission screen and the corresponding area of emission The Annual Effective Dose (AED) for the 
mean values of background only and for background plus contribution to radiation from measured 
equipment, for the most relevant sets of measurements were obtained under the conditions shown in 
table 1 for continuous exposure, occupational exposure and exposure for the general public. 

Table 1: Duration of exposure for occupational and general public exposures 

S/N CODITIONS OCCUPATIONAL GENERAL PUABLIC 
1 Continuous exposure to 

background radiation 
24 h/d, 365d/y 24 h/d, 365d/y 

2 Exposure to background + 
PC monitor 

24 h/d, 365.25 d/y for 
background radiation;8 h/d, 300 
d/y for PC monitors 

24 h/d, 365 d/y for background 
radiation; 2 h/d, 300 d/y for PC 
monitors 

3 Exposure to background + 
PC monitors + TV receivers 

24 h/d, 365.25 d/y for 
background radiation, 8 h/d, 300 
d/y for PC monitors ; 2 h/d, 365 
d/y for TV receivers 

24 h/d, 365.25 d/y for 
background radiation, 2 h/d, 300 
d/y for PC monitors ; 4 h/d 
during a 365 d/y for TV 
receivers 
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3 RESULTS AND DISCUSSION 

Mean values and Standard errors of Dose Rates (DRs) in (µSv/h) at different distances (d) and Time 
Blocks (TB) were recorded and used for further analysis.  

3.1 Distribution of Measurements 

All the CRT devices show relatively high values of DR (0.2848±0.0134 – 0.3232±0.0093) µSv/h 
average for TV receivers and (0.2484±0.0105 – 0.3112±0.0195) µSv/h average for PC monitors above 
their respective BG measurements 0.2426±0.0077 µSv/h average. The distribution of these 
measurements and the percentage of maximum DR above BG measurements are shown in figure 1 and 
2 respectively. CRTs emit X-rays as a result of electron braking (bremsstrahlung) by the screen and 
walls of the tube and the amount of radiation increasing proportionally to the accelerating voltage [15]. 
This result is in contrast with the survey of the Bureau of Radiological Health (1981) of the United 
States Department with no detectable X-ray found for 117 units out of 125 [13].   

Figure 1: The distribution of DR measurements for CRT units 

 

Figure 2: Percentage of maximum DR above Background measurements for CRTs 

 

On the average, the exposure rate from the CRTs was  0.3091±0.0113 µSv/h  i.e. 24.85% above BG. 
This value is well below the Food and Drug Administrations 21 C.F.R. 1020.10  of 0.5 mR/h 
equivalent to 4.67 µSv/h at a distance of 5cm from any external surface [18]. 

3.2 Variation of Dose Rate with distance 

All the CRT units showed a decreasing trend of exposure rates with distance as shown in figure 3 (a-i) 
with correlation coefficient as high as -0.97. The shapes of the curves also show that the X-rays 
produced are continuous (which is characteristic of bremsstrahlung) rather than having sharp spikes 
that denote characteristic discrete X-rays. This confirms that the X-rays produced are of low energy as 
discrete characteristic X-rays are expected be produced in tubes with high voltages.  
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Figure 3 (a-i): DR against distance for CRT products 

     

      

            

              

 

The cyclic (sinusoidal) variations observed reveal that the emissions do not travel in straight lines. 
This is likely to be as a result of the manner the electron beam is swept horizontally and vertically 
across the viewing face – the whole face normally being covered in about 1/70th of a second [13].  
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A further investigation of the results of Constantino et. al. (2000) that not only the screen, but also the 
lateral surfaces of CRTs emit low-level radiation, show that the lateral surfaces for CRTs have a 
generally lower exposure rate (0.2661±0.0083) µSv/h than the screen surface (0.2898±0.0050) µSv/h. 
The statistical test for difference between means of DRs for screen front and lateral sides at the 95% 
confidence level showed that five (5) out of the six (6) CRTs (i.e. 83%) as shown in table 2 had 
statistically significant differences that are not due to chance.  It can be said that the lateral surfaces for 
CRTs have generally lower exposure rate compared to the emission screens as shown in figure 4. 

Figure 4: Comparison between screen front and lateral DR  
 

 

 
The (0.2661±0.0083) µSv/h than the screen surface (0.2898±0.0050) µSv/h. For the CRT devices, 
there is no strong correlation between the DRs and AEs within and between different products. 

Table 2: DRs (screen and Lateral measurements) for CRTs and LCDs 

CODE SCREEN 
FRONT 

DR(µSv/h) 

LATERAL 
DR(µSv/h) 

TEST RESULT FOR 
DIFFERENCE IN MEAN 

C1 0.2900±0.0032 0.2400±0.0050 not due to chance 
C3 0.2788±0.0000 0.2506±0.0067 not due to chance 
C4 0.3121±0.0000 0.3200±0.0100 due to chance 
C8 0.2811±0.0000 0.2802±0.0000 not due to chance 
C6 0.2942±0.0003 0.2646±0.0006 not due to chance 
C9 0.2827±0.0049 0.2645±0.0006 not due to chance 

 

As can be seen from the figure 5.0 the excess effective dose from PC monitors amount to (0.05-0.60) 
mSv/y; i.e. (2.3 - 28.17) % above BG. Continuous exposure to both PC monitors and TV receivers 
results in an annual effective dose (17.37 – 32.86) % higher than that of BG alone. These results are 
comparable with that of Constantino et. al. (2000) with an excess annual absorbed dose from PC 
monitors only of 0.104 mSv/y; i.e. 11% above BG radiation and 28.8% for both PC monitors and TV 
receivers [15]. The AED results (2.13 – 2.83 mSv/y) obtained under various conditions due to exposure to 
these devices are well below the limits of ICRP 60 recommendations shown in table 4.8 for detrimental 
effects and those to prevent non-stochastic effects in the ICRP 26 recommendation for the lens of the 
eye, skin and hands; the AED values however exceed the ICRP 60 recommendation for 
Foetus/embryo. 
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Figure 5: AEDs for continuous, occupational and general public exposures 

 

5 CONCLUSION 
 
CRT PC monitors and TV receivers of were found to have ionizing radiation emissions higher than the 
Background levels. Maximizing distance from the emission source is a control measure for the amount 
of ionizing radiation from PC monitors and TV receivers as the dose rates generally decreased with 
distance from emission screen. Larger Screen sizes do not necessarily result in increased ionizing 
radiation emission. They however result in more tissues/organs susceptible to biological effects of 
ionizing radiation. Since emission takes place through all the screen and lateral surfaces (Constantino 
et. al., 2000). This study reveals that TV receivers and PC monitors constitute a part of artificial 
sources of ionizing radiation. 
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Abstract. In the framework of a collaborative project between the Master program in Nuclear Techniques & 
Radiation Protection at the University of Ibn Tofail, Kenitra-Morocco and the European Master in Radiation 
Protection at the University Joseph Fourier, Grenoble-France, a group of five students from both masters have 
developed a remote collaboration case study on establishing a layout, zoning and shielding of a nuclear medicine 
department in addition to evaluating the radiation exposure of practitioners in different premises at this 
department. This case study was performed over three months of joint work, on an existing nuclear medicine 
service holding already a license for in vivo diagnosis for the use of 99mTc (62 GBq), 201Tl (2,2 GBq) and131I 
(629 MBq) and aimed to design an extension of this nuclear medicine department in order to implement three 
Iodine-131 therapy rooms and an acquisition of PET/CT unit which will use Fluorine-18 with a requested 
activity of (11 GBq) in a global surface of 300 m². We completed our study by proposing a radiological zoning 
of this new nuclear medicine department. Then we calculated the estimated doses to technicians and physicians 
that they could be exhibited in order to check whether they are within the prescribed annual dose limits. 
Thereafter, we have calculated the necessary shielding for the different locals to ensure that the basic protective 
measures in radiation protection are guaranteed throughout the nuclear medicine department. 

 
KEYWORDS: case study; layout; zoning; shielding; dose measurements; nuclear medicine; PET/CT. 

 
1 INTRODUCTION 
 
Nuclear medicine is a medical specialty that uses very small amounts of radioactive materials 
(radiopharmaceuticals) to diagnose and treat disease. Radioactive iodine (131I) can be used in medical 
therapies as a treatment as well as a diagnostic tool. For therapeutic purposes, it is mostly administered 
orally  in  NaI  capsules  form.  The  used  activity  of  131I  is  about  800 MBq  for  the  treatment  of 
hyperthyroidism, and approximately 4-6 GBq for thyroid cancers. These activities require 
hospitalization of the patient in particular equipped room and a specific careful attention should be 
given to the volatility of iodine-131 to prevent contamination of practitioners and patients. These 
activities require a comprehensive study of radiation protection issues and stringent measures to meet 
radiological safety. 

 
Positron Emitted Tomography coupled to Computed Tomography (PET/CT) imaging technology 
provides both functional and anatomical information.  It uses relatively high activities of radionuclides 
emitting radiation with an energy of 511 keV. This presents unprecedented radiation protection 
challenges in nuclear medicine and must be taken into account when constructing new facilities or 
extending existing ones. So, the establishment of a (PET/CT) implies more radiation protection 
measures. A radiation protection officer in a  nuclear medicine service have to deal with all the 
problems resulting from all life cycle components of the used radioactive substance from receiving to 
waste disposal, passing by handling, injecting, measuring, imaging and storing. 

 
In this work, we will develop a design for the extension of an existing nuclear medicine department 
including all locals necessary for diagnosis with PET/CT unit and for Iodine-131 therapy. In addition 
to the conception of the zoning areas, we will give an estimation of doses that could be received by all 
medicine service staff. We will also present necessary shielding measurements to keep exhibitions to 
radiations within the prescribed international standards. 

 
 
 

*Presenting author, email: younesselfassi@hotmail.com  
 1108

IRPA14 Proceedings

mailto:younesselfassi@hotmail.com


2 MATERIALS AND METHODES 
 

The purpose of this work is to expand the activities of an existing nuclear medicine service providing 
in vivo diagnosis, to a new service made up by the acquisition of a new PET/CT GEMS mark and 
DISCOVERY ST4 type, combining with rooms for therapy activities. The existing nuclear medicine 
service had already an authorization for in vivo diagnostic. In addition to the use of medical 
radionuclides as Tc-99m (62 GBq), Tl-201 (2.2 Gbq), I-131 (629 MBq), a new radionuclide (Fluorine 
-18) will be used with a higher activity of 11GBq. 

 
We have worked to establish a layout of nuclear medicine department which include PET/CT unit and 
the involvement of three iodine therapy rooms within a surface of 300 m2. 

 
The design has to take into account several issues including right placement of premises, air quality 
and infection control for a better radiation protection of patients and staff. We have proposed zoning 
areas including regulated and unregulated areas based on the dose calculated in locals. The shielding 
measurements  were  estimated  at  the  PET/CT  unit.  Shielding  was  supposed  mostly  with  barium 
concrete view its density compared to ordinary concrete. The calculations considered the estimated 
dose rate, the occupancy factor by workers and public in regulated and unregulated areas respectively. 

 
The number of treatments at the department could achieve 1500 to 2000 patients per year including 
1% of children, so it is imperative to estimate the dose received by technicians and physicians in order 
to check whether they are within the prescribed annual dose limits. 

 
3 RESULTS AND DISCUSSION 

 
The result of the case study includes the new design of the facility with the characteristics of premises 
and  a  proposal  of  zoning  areas  made  through  the  effective  dose  rates  applied  in  literature. 
Subsequently shielding measures have been calculated for PET/CT unit using two types of materials 
(ordinary concrete and barium concrete). At the end estimated dose rate for workers are presented in 
different procedures. 

 

3.1 Design plan 
 

The design plan is shown in figure 1 were we have proposed the conception of a nuclear medicine 
department  which  include  PET/CT  unit  and  3  iodine-131  therapy  rooms.  The  service  combines 
between diagnosis and therapy in 300m2 surface. The dimensions of locals are mentioned at the design 
plan in centimeter. 
 
Figure 1: Proposed layout for nuclear medicine service including PET-CT unit and 3 Iodine therapy 
rooms. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 1109

IRPA14 Proceedings



The patient’s path is proposed as following, the entrance for a diagnostic test performed from the cold 
waiting area where patient’s accompanying can wait, the patient passes the cold dressing room then 
the hot dressing room. Once the patient is prepared for the diagnostic test he/she passed through the 
corridor to the injection room, then he/she rests at one of the two boxes. The patient empty his/her 
bladder at the toilet next the rest boxes. After 1 hour of rest the patient escorted to scanning room. 20 
minutes later, the diagnosis has completed and it is followed by a consultation takes 20 minutes made 
by the physician to examine patient’s healthcare. At the end the patient leaves the service by the exit 
door. 

 
3.2 Design characteristics 

 
The characteristics of the different locals proposed at nuclear medicine department are as following: 
Cold waiting area requirements for a PET facility are relatively modest because of the pattern of 
workflow. The cold waiting area is for patients and any accompanying persons prior to administration 
of the radiopharmaceutical and so special shielding is not required. Access to the patient WC is 
provided in this area [1]. 

 
Laboratory  of  Radiopharmacy  is  an  integral  part  of  a  nuclear  medicine  facility  when  on-site 
labelling and preparation takes place. It‘s adjacent to the injection rooms and it allows a practical route 
for waste disposal. The location has not created a new hazard to existing areas or personnel. It is also 
important that it is not immediately adjacent to areas where low level counting or imaging equipment 
is installed. 
Radiopharmaceutical is divided into two distinct parts. On the one hand a high energy enclosure 
dedicated 18F and the other a low-energy enclosure for the preparation of all other syringes. The link to 
the injection room is via an air locked pass through hatch. For security purposes, it’s only being 
possible to lock the hatch from the radiopharmacy side [1, 2]. 

 
Injection room dimensions are 12 m2. A toilet dedicated for patient use is provided nearby, so that the 
patient does not have to walk through the department to empty his/her bladder prior to scanning. 
The equivalent dose rate at 1 meter from the patient is 54.5 µSv / h. The room is classified controlled 
area. 

 
Hot waiting Contains a separate area for trolley patients (1 - 2 trolleys) and accompanying staff will 
facilitate privacy and will help minimise exposure. The area is classified controlled area with an access 
restricted to nuclear medicine patients, accompanying persons and staff [2]. 

 
PET/CT room dimensions are 42.5 m2  with an additional 15 m2  for the control room/console area. 
Extra space provided within the scanning room reduces shielding requirements due to the decreased 
exposure at the boundaries. The control/console room provides direct access to the scanning room and 
is close to the dispensing and injection room. 
The equivalent dose rate at 1 meter from the patient is 30.7 µSv / h after PET/CT imaging. 

 
Consultation  room  received  patients  (injected  or  not)  for  an  interview  with  a  doctor  [2].  The 
interview lasts approximately 20 minutes and 2 patients are seen per hour. The equivalent dose rate at 
1 meter from the patients is 16 µSv / h. The local is classified controlled area (green zone) with 1.3 
meter radius as controlled area (yellow zone) around the patient. 

 
Waste storage is dedicated to secure nuclear medicine department from radioactive waste. Access to 
this area should be strictly controlled and limited to designated personnel [1]. The local is classified 
controlled area (yellow). 
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3.3 Zoning 
 

Locals in which are used Fluorine-18 and the adjacent areas to them are defined as controlled areas, 
supervised or uncontrolled depending on the activity and use of protection and containment measures 
implemented. For such example injection room, hot waiting area, PET/CT scanning room and waste 
storage are classified as controlled area (yellow) due to high activity of 18F. While the laboratory of 
radiopharmacy and consultation room, are classified controlled area (green) where the preparation of 
the radionuclide is performed in a shielded enclosure, however at the consultation room the 
classification returns to the radioactive decay of 18F. 

 
The three iodine therapy rooms are classified controlled area (yellow) view the high activity 
administered to hospitalized patients and their occupation raging a period between 3 to 4 days. 
All appropriate action is taken to prevent unauthorized access to areas where radioactive sources are 
used or stored. 
Zoning was  done  according to  the  effective  dose (E)  received  in  1 hour in the  regulated  areas 
referenced from IRSN publication [3]. 

 

 
Figure 2: Proposed zoning for a diagnostic and therapeutic nuclear medicine service including 
PET-CT unit and 3 Iodine therapy rooms. 
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3.4 Shielding 

 The shielding PET/CT facilities present special challenges because of the high energy emissions 
involved in nuclear medicine services. The patient is the main source of radiation, and once the ( ≈ 
400MBq) 18F-FDG is injected, consideration has to be given to the journey of this patient through the 
facility. Thus the areas in which the patient spends time post-administration, particularly the injection 
room, waiting area and the scanning room, must be shielded [4,5]. 

 We have used the linear attenuation shielding formula (1) to estimate shielding of premises [6]. 

IB = IA*e-µx (1) 
Where, IB: the shielded dose rate (mSv/h) 
IA: the initial dose rate (mSv/h). 
µ: the linear attenuation coefficient (cm-1). 
x: the shield thickness (cm). 

 
We have calculated the shielding at the whole PET/CT unit including shipping area, 
radiopharmaceutical laboratory, injection room, patient WC, hot waiting area, PET/CT imaging room, 
consultation room and waste storage. 

 
The table1 presents the shielding measurement of injection room and rest boxes which radiation 
exposure to staff is similar in both spaces. Estimated distance at 2 meter from the patient. 
 
Table 1: Shielding measurements of the injection room and rest boxes 

 
 
 
 
 
 
 
 
 

Thereafter, the table 2 shows the shielding measurement at PET/CT scanning room. 
 

Table 2: Shielding measurements of PET/CT room 
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Figure 3: Proposed shielding for PET/CT unit in a nuclear medicine department 
 
 

 
 
The design of the facility has minimized contact between staff and patient as far as possible without 
unduly compromising patient care, the shield play a critical role on the radiation protection of staff and 
the public. 

 
The locals shielding differs from each other and this return to many factors, in terms of the radioactive 
source activity, patient residence time and workers occupancy factor. 

 

3.5 Dose measurements 
 

In this study we have estimated the radiation exposure of one technologist at chest level D (10 mm) 
and extremities level D (0.07mm) while performing 18F-FDG injections, before imaging and after 
PET/CT scanning respectively. We have estimated also the dose rate received by physician at the 
consultation room. The calculation has experienced three distances from patients to show the radiation 
exposure that staff members could receive. 

 
The estimated dose rate has measured 2 minutes after ( ≈ 400MBq) 18F-FDG injection due to residence 
time of the technician at injection room (table 3). 
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 Table 3: Estimated dose received by one technologist after ( ≈ 400 MBq) 18F-FDG injection. 

 
 The estimated dose to chest of the technologist per injection at 1 meter were 1.8 µSv, however the 

average PET/CT whole body doses (in a well designed facility) are described by the ICRP is 2-4 
µSv/patient [8, 9]. 

 We have estimated also the dose received by the technologist while positioning patient at PET/CT 
(table 4), the residence time was estimated in 5 minutes. 

 Table 4: Estimated dose received by one technologist while positioning patient for imaging. 

 
 
 
 
 
 
 
 

 
The estimated dose to chest of the technologist per procedure was 3.1 µSv, however the positioning of 
patient for a PET/CT imaging was described by the ICRP in an average of 1-2 µSv/patient [8, 9]. The 
dose received by the technologist in this procedure was higher than what is set by ICRP. In this case 
it’s necessary to decrease the residence time of the technologist (5 minutes) in the aim to have a 
radiation exposure within the acceptance limits. 

 
Then we have estimated the dose received in 1 minute after PET/CT imaging, considered as the 
residence time of a technologist after imaging at scanning room. 

 
Table 5: Estimated dose received by one technologist after PET/CT imaging. 

 
 

 
 
 
 
 
 
The estimated dose to chest of the technologist per PET/CT imaging was 0.5 µSv, however the dose to 
worker per typical 18F-FDG Scan described by the ICRP is an average of 1-2 µSv/patient [8, 9]. 
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Thereafter we estimated the dose received by a physician during the consultation period for patients 
(table 6). 

 
Table 6: Estimated dose received by one physician at consultation room. 

 
 
 
 
 
 
 

We notice very well the importance of having a distance of one meter to patients (source) or more for 
an exhibition that does not exceed the acceptable limits. 
In table 7 we have presented an estimation of the annual radiation exposure to a technologist and a 
physician in a PET/CT facility. 

 
Table 7: Estimated annual radiation exposure to staff in a PET/CT facility 

 
 
 
 
 
 
 

On an average of 7 patients are imaged in the PET/CT every day and divided into two technologists. 
The annual dose received to one technologist was 4.42 mSv, which is the total dose rate from the 
radiation exposure after (400 MBq) 18F-FDG injections, during PET/CT imaging and after PET/CT 
imaging.  In the other side on an average of 2 patients consulted per day and after 47 weeks of work, 
we have estimated the annual radiation exposure to one physician was 3.76 mSv. The estimated doses 
were in the acceptance limits wherein the typical annual whole body staff dose in PET/CT unit defined 
by the ICRP is <6 mSv [8]. 

 
4 CONCLUSION 

 
In this case study we established a design plan for diagnostic and therapeutic purposes at an extended 
nuclear  medicine  department  spread  over  a  surface  of  300  m2.  Thereafter,  we  performed  the 
radiological  zoning of this  new  nuclear  medicine  department  and measured  the  shielding of the 
PET/CT unit in the aim to minimize the radiation exposure of the staff. The dose measurements for 
staff were all in the acceptance limits except the dose to chest of technologist while positioning the 
patient on the PET/CT. In this latest procedure, the staff members should take care to reducing their 
received  dose  by  minimizing  time  or  by  maximizing  distance  and  maximizing  shielding  in  all 
instances involving radioactive sources. 

 
The  obtained  results  could  be  useful  and  could  serve  as  a  model  for  other  nuclear  medicine 
departments who envisage expanding their activities by combining between diagnosis and therapeutic 
purposes. 
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Abstract. The Republic of Cuba gets ready for the work with Positron Emission Tomography (PET) and the 
main radionuclide used for this is 18F. It is required to import this radioactive material for the quality control 
of dose calibrators in hospitals that will have PET/CT. The occupational dose assessment is executed as a part 
of documentation for request the authorization to the Nuclear Regulatory Body with software Microshield 
version 5.0.3 and its maximum dose rate is determined in contact with the type A package and the value of 
the index of transport. Various handling postures and situations commonly encountered in laboratories are 
considered. Once received the solution with 18F, is executed the radiological surveillance of the operations of 
preparation of the calibration solutions and the quality control of three dose calibrators properly. 
Additionally, for the controls of the effective doses are used electronic dosemeters, model Fisher Scientific 
EPD Mk2+ from United Kingdom. To optimize the occupational exposure among used measures are 
introduced the hot cell with 20 cm of Pb for the measurement of the initial activity of 18F and the 
determination of the characteristics of the first safety barrier, the organization tasks among 4 workers, the 
employment of a peristaltic pump and of means of distancing of the source. The effective doses are less than 
80 µSv and the minimal detection limit for TLD in Cuba (100 µSv per month). Staff received only the 10 
percent of the estimated equivalent dose to hands. Preparation of the reference sources in solution and their 
weighing and dosage of pycnometers have the biggest contribution to workers exposures. 

 

KEYWORDS: Optimization; ALARA principle; occupational exposure; radiation safety; 18F. 
 

1        INTRODUCTION 
 

The  future  use  of  unsealed  radioactive  sources  with  positron  emitters,  mainly  18F,  in  the  
Cuban Republic,  requires  that  metrology  activity  has  been  guarantee  for  protection  of  
patients.  For  this reason,  dissolution  of  this  radioisotope  imported  for  calibration  of  dose  
calibrators  in  2014.  This service offered for the Metrology  Department  of the Centre of 
Isotopes (MD), has an accreditation taken  into  account  [1]  and  the  recognizing  of the  
International  Bureau  of  Weights  and  Measures (BIPM) [2] and the Mutual Recognizing 
Agreement (ILAC) [3]. 

 
As it knows, 18F is a shorter-life  radionuclide  with  half-life  period  of 109.77  minutes  and 
decays mainly for positron emission (96.9%). The positron annihilates with an electron into two 
511-keV antiparallel photons in opposed ways. 

 
The purpose  of this paper  is achieved  that occupational  exposure  during  the operation  for 
prepare reference  dissolutions  and  calibration  of  dose  calibrators  in  hospital  are  
maintaining  as  low  as reasonable  achievable  [4].  For  this  and  beginning  of  projected  
values  for  exposure,  are  adopting measures that allow to reach this objective. Identified 
operations are those with higher contribution to exposure of workers. 
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2     MATERIALS AND METHODS 
 

It is execute the preparation of the reference dilutions for workers belong to MD [2-3] for 
calibration of three dose calibrators in a hospital in Cuba [5], which are related with a new 
computed tomography (CT) and positron emission tomography (PET) facility (PET/CT) in that 
place. 

 

2.1    Dose Assessment from type A package with 18F for CENTIS 
 

As the selected supplier has not a type A package for 18F, we need evaluate someo ne 
available for transport by air and terrestrial via to CENTIS in accordance to applicable 
requirements [6-7] and for request authorization to the Cuban Regulatory Body. The dimensions 
of this package are shown in Table 1. This has a plastic packaging, inside separators and a lead 
container. Their thicknesses are presented in Table 2. The height’s container is 20.5 cm. 

 
Table 1: Container’s dimensions for 18F. 

 
External diameter 

(cm) 
Height 

(cm) 
Height of inside 
separator (cm) 

28.8 39.7 7.8 

 
Table 2: Thicknesses of the lead container for 18F. 

 
Lateral 

(cm) 
Cover 
(cm) 

Bottom 
(cm) 

6.45 5.7 7.6 
 

 
The dose assessment in contact with the external sides of package and a distance of 1 m from 
this is making with code Microshield Version 5.0.3 [8]. Taking into account its results are 
determined the maximum rate dose in contact and the transport index [6-7].  It is considering 
that source has 74 GBq for the day of transport in a volume of 2ml belongs to vial 10R. 

 
2.2 Occupational exposure initial assessment for operations 

 
The considered operations include the movement of radioactive material to the laboratory, 
preparation of the initial solution  in a fumehood  and dosage  for preparation  of samples  that  
will  send  to the hospital.  In  the  other  hand,  are  taken  for  calculations  the  measurement  
in  the  dose  calibrator, preparation of packages, control of transport index (TI) for the staff 
belongs to Radiation Protection Department (RPD), transport to the hospital and calibration of 
dose calibrators [8]. We assumed that all operations are making only for one person. Data for 
dose assessment are in Table 3. 

 
 
 
 
 
 
 
 
 
 

1118

IRPA14 Proceedings



Table 3: Data for dose assessment for operations with 18F. 
 

Activity 
GBq 

Volume 
(ml) 

Volume for 
dosage (ml) 

Internal 
shielding for 

process 
(cm Pb) 

5.22 2 0.3 3 
 

2.2.1 Assessment of the effective dose. 
 

Calculations  are  for  the  highest  contribution  to  effective  dose  (E)  of  worker.  We 
considered  the radioactive decay of source. For load of dissolution and dosage in the fumehood a 
distance source- operator of 30 cm (average length of forearm) [10]), a shielding  of  5 cm of 
lead and a point isotropic source, due to the distance source-operator is higher than 10 times 
the major dimension of the source. The employment of a peristaltic pump for the load and this 
operation delays only 1 minute. 
During the measurement in the dose calibrator in CENTIS, the distance source-operator is 40cm 
(it is included a clip of 10 cm of long plus of the average length of forearm). The source is in 
a well in a depth of 30 cm and the effective dose is evaluated to the table level of height of 
30 cm. Operation delay 3minutes. 

 
For operations in the hospital, we contemplate the same aspects for calculation of E, but three 
times, due to the amount of dose calibrators. 

 
2.2.2 Assessment of equivalent dose to hand. 

 
In the same way we calculated the highest contributions to the equivalent dose to hand 
(Hp(0.07)). For this purpose,  it assumed  in the load  of dilution  in the fumehood,  that  the  
hand  are 10 cm to the peristaltic  pump,  and a height  of 20 cm respect  to source  (which  
volume  is 2 ml).  The  vial  is a ‘penicillin’  type  with diameter  of 2.3 cm and height  2.5 cm 
[10],  inside  of a lead container  with thickness of 3 cm. It is considered a duration of 1 minute. 
For the dosage, the source is the same. 

 
In the measurement in the dose calibrator in CENTIS, it is adopted a point source, since the 
distance source-operator  is higher than 10 times of the highest dimension  of the source and a 
duration of 3 minutes. 

 
There  are  taking  into  account  the  same  considerations  for  operations  in  the  hospital,  but  
repeat calculations three times. 

 
 

2.3   Radiological surveillance 
 
 

Environmental equivalent rate doses measured with the ALNOR RDS-120 universal survey meter, 
(Finland).  This  has  an  operation  range  about  0.05  µSv/h  to10  Sv/h  and  verified  by  
Secondary Laboratory  of  the  Center  of  Protection  and  Hygiene  of  Radiations  (CPHR)  [11],  
with  maximum relative intrinsic error of 10 %.  Russian chronometer also is used. 

 
For  measurement   radioactive  superficial  contamination   is  used  the  monitor  LB-122,  
(Berthold, Germany), calibrated also by CPHR with a factor of 2.271±2.045E-01 [12]. 
Deep  personal  equivalent  dose  (Hp(10))  are  controlled  with  electronic  dosemeter  Thermo  
Fisher Scientific EPD MK2+ (United Kingdom), calibrated by CPHR [13], with maximum 
relative intrinsic error in the range of the measurements of 6 %.  Also are employed TLD 
offered by CPHR for Hp(10) and Hp(0.07), because this is the official dosimetry in Cuba.  
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In both cases Hp(10) are measured for gamma emitters with lower energy of 50 keV in the first 
case and 15 keV in the last, until 2 MeV. 

 
Nevertheless, electronic  dosimeters  are very useful for workers when new practices  introduced  
and allow us controlling the most risk operations. 

 
3   RESULTS AND DISCUSSION 

 
3.1 Dose Assessment from type A package with 18F for CENTIS 

 
The rate doses in contact with the type A package are show in the Table 4. As can be seen, 
category of this is II-yellow [6-7]. 

Table 4: Dose rate contact with package for the dissolution of 18F. 
 

Cover Bottom Lateral 

E* (mSv/h) 
 

 
0.76 

E* (mSv/h) 
 

 
3.2E-03 

E* (mSv/h) 
 

 
17.6E-03 

 

From 1 m of the package is obtained 1 µSv/h, and the TI is 0.1 [6-7]. 
 

3.2 Initial assessment of the occupational exposure belong to operations 
 

Table 5 represents the estimated total values of E and Hp(0.07) for all operations with 18F. The 
most significant is the high value of equivalent dose rate for hand. This conduces to analyze of 
operations and introduce of optimization measures. 

 
Table 5: Estimated effective dose and equivalent dose to hands for the operations with 18F. 

 
 

Operations 
Amount of 
operations 

E (mSv) Hp(0.07) 
(mSv) 

Preparation  of  the  reference 
dilutions 

 
Calibration of dose calibrators 

 

1 
 

3 

 

5.10E-01 
 

5.10E-01 
 

1.02E+00 

 

7.53E+01 
 

7.54E+01 
 

1.51E+02 Total 
 
 

3.3 Measures for the optimization of occupational exposure 
 

To  reduce  occupational   exposure  “as  low  as  reasonably   achievable”   we  adopted  the  
following measures: 

 
-  Distribution of the operations among four workers, taking into account their abilities. 
-  Use  a  hot  cell  with  20  cm  of  Pb  for  the  measurement  of  the  initial  activity  of  18F  

and  the determination of the characteristics of the first safety barrier. 
-  The employment of a peristaltic pump for transfer dissolution of 18F and of means of 

distancing of the source. 
-  Waiting 2 hours for radioactive decay of 18F, before beginning the operations of dosage to 

vials and syringe. 
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3.4 Radiological surveillance 
 
A type a package received with category II-yelow and TI of 0.1 and rate dose in contact of the 
lead container of 8 µSv/h with 6.29 GBq, containing 2.2 ml of dissolution in a vial 10R. 
The Table 6 are presents the results of radiological  surveillance.  We can appreciated  the 
operation with highest contribution to occupational exposure belong to preparation of the 
reference dissolutions, dosage to 2 vials and 2 syringes with pycnometers and their weighing, 
due to the activity of the source yet presented (initially is 3.4 GBq). 

 
Three packages are prepared for the hospital and their characteristics are: 
- Package with a vial, category II-yellow and TI of 0.1. 
- Package with a syringe, category II-yellow and TI of 0.2. 
- Package with a sealed source of 137Cs, category I-white. 

 
Tables 7 y 8 shown registered values of Hp(10) with the electronic dosemeters and Hp(0.07) 
reported by CPHR [13]. 

 
The registered values of Hp(10) [15] allow confirm that the legal dosimetry consider those 
effective dose as null in Cuba, because are lower than 100 µSv/h. 
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Table 6: Results from radiological surveillance of operations. 
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The worker 1 receives 12 µSv until the measurement of the second syringe in the CANPINTEC. 
The calibration of the three dose calibrators in the hospital contribute with 3 µSv to the worker 2 
and 4 µSv to the worker 4. 

 
After the dosage of the first five point sources, they are leaven. For other five sources is used 
the second pycnometer.  For the cylindrical sources, after the dosage of each vial they are 
behind lead shielding of 5 cm. 

 
The preparation of the point and cylindrical sources imply 16 µSv to the exposure of worker 1. 

 
The measurement of the point sources in the gamma spectrometer brings 4 µSv to worker 2 and 
5 µSv to worker 4. 
 
Table 7: Personal deep equivalent dose for staff measured with electronic dosemeters EPD 
MK2+. 

 
Worker  Hp(10) (µSv) 

 
1  28 
2  25 
3  75 
4  13 
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In the Tables 7 and 8, we determinate the maximum values of the controlled dosimetric 
magnitudes and their relationship with those projected.  With respect the projected values is 
obtained that 7.35% of E and 3.77% of Hp(0.07). This means there are shorter values than those 
were projected. 
 

Table 8: Equivalent dose to hand registered with TLD by CPHR. 
 

Worker  Hp(0.07) (mSv) 
 

1  5.69 
2  0.00 
3  1.39 
4  0.72 

 

 
4        CONCLUSIONS 

 
This paper shows the first experience of operations with unsealed source of 18F in Cuba, which are 
reflected very good results with respect the occupational exposure. In the other hand, the type A 
package used for transportation by air has an acceptable low exposure. 

 
There are introduced optimization measures taking into account the first dose assessment.  
These are the hot cell with 20 cm of Pb for the measurement of the initial activity of 18F and the 
determination of the characteristics of the first safety barrier, the organization tasks among 4 
workers, the employment of a peristaltic pump and of means of distancing of the source. 
 
The exposures of related workers are 80 µSv for E. This value is lower than registered level for   
valor TLD in Cuba (100 µSv per month). The operations of preparation of references sources 
and the point sources   (dosage   and weighing)   are the highest   contribution   to their exposure. 
The worker´s experience, conditions for operations and the accomplishment of procedures allow 
not radiological occurrences are registered. This also allows that exposure levels are very lower 
than projected. The highest exposure worker receive a 7.35% of E and a 3.77% of Hp(0,07). 
For this reason, the traced purpose is fulfilling obtained for the first operations with 18F in Cuba. 
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The Role of the Radiological Protection Team as a Stakeholder in the 
Design Phase of a Nuclear Facility: the Case of Brazilian Conversion 
Plant 

Ana Cristina Lourençoa, Wagner de Souza Pereiraa,b 

aIndustrias Nucleareas do Brasil, Resende, Rio de Janeiro, Brazil 
bUniversidade Veiga de Almeida, Tijuca, Rio de Janeiro, Brazil 

Abstract. The project team management must identify the stakeholders that are actively involved in the 
project, determine  their requirements,  and then manage them to ensure the success of the project. 
Considering the nuclear facility and its important radiological safety requirements, it is easy  to  identify  
the  Radiological   Protection   Team  as  the  group  of  professionals   with knowledge  and  expertise  to  
exert  influence  over  the  project  and  its  results.  Radiological Protection (RP) practices and 
interventions  are very well established during the operation of the nuclear facility but what about the 
design phase? Considering  the Brazilian  Conversion  Plant  project,  many  important  issues  were  
identified during technical meetings and brainstorming sessions of the project team and radiological 
protection team. Some main issues were addressed to RP as following: the ALARA principle for the 
occupational radiation exposures, the radiation sources, the radiation protection design features, and dose 
assessment. As result, the following activities were considered: designing radiological control and 
decontamination  areas, locating  equipment  in order to ensure an easy access;  optimizing the equipment  
design taking into account the principle of optimization,  as well as indicating the transfer routes of 
equipment. The  approach  of  both  project  and  Radiological  Protection  teams  was  a  very  important 
interactive process and contributed to the decision making, as well as time and cost planning 

 

. 
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Design Study of ELI-NP Beam Dumps: Radioprotection Issues  and  
Monte-Carlo Simulations 

Adolfo Esposito, Oscar Frasciello, Maurizio Pelliccioni 

National Institute for Nuclear Physics - National Laboratories of Frascati INFN-LNF, 
Frascati, Rome, Italy 

Abstract. ELI-NP  will be a new  international  research  infrastructure  facility  for laser based  Nuclear 
Physics to be built in Magurele, south west of Bucharest, Romania. The facility will provide a broad range 
of science covering new nuclear physics, astrophysics, fundamental high field physics as well as applications 
in nuclear materials, radioactive waste management, material science and life sciences. The ELI-NP  project  
relies on a research  facility  equipped  with, two laser system  of 10PW each and a 720 MeV gamma beam 
system. The machine is an advanced source of gamma rays up to 20 MeV, based on Compton back- 
scattering. This paper describes the design study of both low energy 320 MeV and high energy 720 MeV 
(and  suitable  for  a  840  MeV  beam  energy)  beam  dumps  by  means  of  Monte-Carlo simulations 
with FLUKA and MCNP codes. The discussion on what the best placement for the low energy dump could 
be is addressed. Our proposal was to install the low energy dump in the  building  basement,  what  resulted  
to  be  the  best  choice  with  respect  to  the  planned placement at the machine level. Ambient   dose 
equivalent   and  residual   radioactivity   results   are  exploited.   The  dumps’ placement  and  layout  are  
shown  to  be  fully  compliant  with  the  dose  constraints   and environmental impact. 
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Preliminary Thermo-mechanical  Design of the Main Dump for the High 
Energy Electron Beam Lines in ELI-NP 

Adolfo Espositoa, Lina Quintierib 

aNational Institute for Nuclear Physics-National Laboratories of Frascati, Frascati, Roma, 
Italy 
bENEA Centro Ricerche della Casaccia, Roma, Italy 

Abstract. ELIONP  will be a new international  research  infrastructure  facility for laserObased  Nuclear 
Physics to be built in Magurele, south west of Bucharest, Romania. The ELI-NP project consists of a 
research facility equipped with, two laser system of 10PW each and a 720 MeV gamma beam system. 
Particle dumps are commonly used in accelerators  with the main goal to absorb completely the  energy  
of the  primary  beam,  limiting  as much  as possible  the  release  of the ensuing secondary radiation 
produced inside the dumps itself. For this reason the high energy particle dumps are made of several 
materials, to shield and absorb either electromagnetic  radiation (electrons, gammas, positrons) and hadronic 
ones, mainly constituted of photo-produced neutrons.  Several  configurations  for the beam dump have been 
studied  and analysed  with multi-physics   Finite  Element  codes  (Ansys  and  Comsol  ),  in  order  to  
individuate   the best mechanical  configuration  (material  disposal  and geometrical  dimension)  and the 
most reliable    heat    transfer    exchange    system    (with    respect    to    temperature    field    and thermal 
gradients),   in   accordance   with   the   radioprotection   requirements, to   keep   the temperature  in the 
dump  at safe level also during  the most  severe  hypothetical  operating duty cycle. A  short  overview  of  
the  main  design  issues  will  be  reported  and  the  more  promising investigated solutions will be 
presented and discussed. 
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Radioprotection Issues for the STAR Project 

Adolfo Esposito, Oscar Frasciello, Fiorello Martire, Maurizio Pelliccioni 

National Institute for Nuclear Physics - National Laboratories of Frascati INFN-LNF, 
Frascati, Rome, Italy 

Abstract. The STAR project (Southern  european  Thomson  source for Applied Research),  in 
commissioning  phase  at  the  Univ.  of  Calabria  (Italy)  is  aimed  at  the  construction  of  an advanced  
Thomson  source  of  monochromatic   tunable,  ps-long,  polarized  X-ray  beams, ranging from 20 to 140 
keV. The X-rays will be devoted  to experiments  of matter science, cultural  heritage,  advanced  
radiological  imaging  with  micro-tomography   capabilities.  The STAR  source  consists  of  an  electron  
accelerator  designed  for  electrons  energies  up  to 350MeV. The  paper   describes   the  whole   
accelerator   radiological   protection   concerns   including shielding and environmental impact of 
accelerator operation. All calculations were performed by means of Monte-Carlo FLUKA code. 
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Cyclotron Production of Sc and V Radionuclides from Natural Titanium 
for Medical Applications 

Ahmed Rufai Usmana, Mayeen Uddin Khandakera, Hiromitsu Habab, Naohiko 
Otukac 
aDepartment of Physics, University of Malaya, Kuala Lumpur, Malaysia 
bNishina Center for Accelerator-Based  Science, RIKEN, Wako, Saitama, Japan 
cNuclear Data Section, Division of Physical and Chemical Sciences, Department of 
Nuclear Sciences and Applications, International Atomic Energy Agency, A-1400 Vienna, 
Austria 

Abstract. Cross-sections  of natTi(d,x)48V,  43-48Sc  nuclear  reactions  were  measured  up  to  24  MeV 
deuteron energy. High purity natural titanium foils were used as targets foils, arranged and activated in the 
popular stacked-foil method using AVF cyclotron at RIKEN, wako, Japan. The activated foils were then 
measured with a high resolution γ-ray spectrometry. The obtained experimental data were analyzed, 
compared with earlier published experimental literature and also with the evaluated  theoretical  data in the 
TENDL-2014  library. Reasonable  agreement was  found  between  present  results  and  some  previously  
reported  data  while  a  partial agreement  is found with the evaluated  theoretical  data. The results are 
expected  to enrich further the experimental database on this radionuclides of potential medical 
applications and help in understanding the discrepancies among the previous measurements. 

 
KEYWORDS: titanium; cyclotron; 24-MeV deuteron; cross-sections; excitation functions; Sc; 
48V.  
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Design Approval and Registration for Radiation Devices 

BokHyoung Lee, SangEun Han, KiWon Jang, JongRae Kim, WooRan Kim, 
KyungWha Kim, Younjin Park 

Korea Institute of Nuclear Safety, Daejeon, Republic of Korea 

Abstract. Republic  of  Korea  (South  Korea)  has  been  enforcing  design  approval  and  inspection 
requirements   for  radioisotopes   incorporated   devices  and  radiation  generators   (radiation devices), and 
more than 1,200 design certificate of radiation devices have been issued since 2003.  Through those 
regulatory activities, we could confirm the safety of radiation devices made in the country or imported 
before supplying step.  According to the Nuclear Safety Act, decree/regulations/notices related the act, 
radiation devices are divided with radioisotope incorporated devices and radiation generators. There are 5 
types according to structural characteristics, such as complete  protected,  self-protected,  cabinet,  unattended  
& isolated, and portable. And radiation  devices  are classified  according  to characteristics  of radiation 
using  and  objectives. In case a  radiation  device  meets  design  requirements  and  shows sufficient safety 
performances, the design certificate is issued. Radiation devices are used whole around the world by many 
kinds of organizations including small users with insufficient radiation safety managements. And like other 
industrial products, a lot of radiation devices are imported and exported among countries. Considering those 
situations,  ensuring  radiation  safety  performance  and  quality  in  fabrication  steps  is  very important to 
prevent incidents or accidents, such as radiation exposure. There are various forms of standards and 
requirements used by many regions or countries to ensure radiation safety from the stage of radiation 
device manufacture.   If we have a system to  ensure  safety  of  radiation  devices  and  some  registries,  
which  can  be  accepted  by regulatory authorities, it will be very useful for upgrading radiation safety. 

1131

IRPA14 Proceedings



Preliminary Analysis   of Radiation Characteristic for 250  MeV Proton 
Accelerator Driven Sub-critical System 

Bin Li, Qi Yang, Bo Chang, Chao Liu, Liqin Hu 

Institute of Nuclear Energy Safety Technology,  Chinese Academy of Sciences, Hefei, 
Anhui, China 

Abstract. Accelerator   Driven  subcritical  System  (ADS),  a  combination   of  accelerator,   subcritical 
reactor core and spallation neutron target, has attracted many countries’ attention due to its high 
transmutation ability and inherent safety. However, as an ADS facility, the couple of subcritical   reactor  with  
accelerator   and  spallation   target  brings  problems   for  radiation protection. The introduction of 
accelerator makes the radiation outside the reactor of ADS, especially  above  the  reactor  cover,  much  more  
serious,  due  to particles  leakage  through beam  duct  and  secondary  radiation  induced  by beam  losses.  
Therefore,  to figure  out the radiation  characteristic  at  inside  and  outside  of  ADS  sub-critical  core  
could    provide  the guidelines for ADS shielding design. In this paper, the preliminary radiation 
characteristic for a 250 MeV proton accelerator driven sub-critical system based on present researches in 
ADS technology in China was assessed using  Monte  Carlo  method  code  SuperMC,  Geant4  and  
FLUKA.  To  improve  calculation efficiency,  a  volume  spallation  neutron  source  was  generated  by  
Geant4  and  used  for subsequent neutronics analysis for many times. For simulation of proton beam 
losses, it was assumed that  proton uniformly losses along the beam line, particles are emitted at a shallow 
angle of 0.05 degree in reference to beam transport direction and the maximum beam loss level is 1 W/m 
which is one of design limitations for accelerator. Preliminary  results  indicated  that the spallation  neutrons  
yield  was  about  2.6 per proton, whose  average  energy  was  about  8  MeV.  At  begin  of  cycle  (BOC),  
the  keff  and  ks  of subcritical  core was 0.97771 and 0.97917, respectively.  The importance  of fission 
neutrons was about  1.07.  And there  was no additional  local shielding  for non-replaceable  stainless steel 
components  inside reactor due to the fact that their irradiation  damage during lifetime didn’t exceed 
limitation and target window suffered serious irradiation damage and need to be replaced every year. For 
radiation above reactor cover, the leakage from beam duct which is inserted  into  core  is the main  
contributor  and  the dose  rate  induced  by the proton  beam losses should not be neglected. The above 
results could be applied in guiding the shielding design for beam duct. 
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New  CZT (H3D) Technology Employed at Cook Nuclear Plant Achieves 
Immediate Individual Isotopic Identification and Verifies Adequacy of 
Temporary Shielding 

David Miller 

Cook Nuclear Plant, Bredgman, Michigan, USA 

Abstract. New CZT technology has been employed at the Cook Nuclear Plant to achieve immediate 
individual  isotope  identification  of  in-plant  components  and  piping.  Also,  the  capability  of verifying 
the adequacy of temporary shielding installation on components and piping has been an important new 
ALARA tool for operating nuclear power plants. The H3D system includes spectrum analysis, GPS 
positioning and digital photo of area of interest. The  H3D  system  have  been  found  to  be  effective  in  
controlling  contamination,  reducing worker dose and assessing LLRW shipment containers prior to 
transport. The prototype CZT system was used in pilot testing at Cook Nuclear Plant in 2013 by the Nuclear 
Engineering Department,  University  of Michigan.  Design improvements  were identified  and incorporated 
into the commercial  design.  The H3D system  was available  to operating  nuclear  plants  in January 
2014. Over 30 nuclear plants participate in monthly CZT data analysis conference calls to share experience  
on new applications  and lessons  learned  of the new technical  capability  of the H3D. The data analysis 
group is sponsored by the North American Technical Center, ISOE, located  at the Cook Nuclear  Plant. 
Each month,  new discoveries  are discussed  within the data analysis group including low level detection of 
radiation, hot particle identification, documentation  of streaming from temporary shielding packages and 
precise location of dose fields in plant components. Significant worker dose savings have been achieved by 
the rapid identification of dose fields using the 3D digital camera features and subsequent supplemental   
dose control measures. The  H3D  photos  have  also  been  used  in  pre-job  worker  ALARA  briefs  
prior  to  the commencement of work activities. The pre-job briefs allow improved worker understanding 
of dose fields in the work area and worker practices to reduce their dose. The new ALARA tool has 
produced excitement within the operational health physics field due to the unique and innovative features of 
the H3D. 

1133

IRPA14 Proceedings



Radiation Protection for NORM Industries – Results of the European 
Joint Research Project ‘Metrology for Processing Materials with High 
Natural Radioactivity (MetroNORM) 
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Mazanovad, Pierino De Felicee, Branko Vodenikf, Mario Reisg, Mikael Hulth, Laszlo 
Szücsi, Simon Jeromej, Alexander Mauringk, Roy Pöllänenl, Andreas Baumgartnerm, 
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Institut  Brno,  Brno, Czech  Republic, eAgenzia Nazionale per le Nuove Tecnologie, 
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Mining  Institute,  Katowice,  Poland, pInstitut  de  Radioprotection  et  de Sûreté 
Nucléaire, Fontenay-aux-Roses,  France 

Abstract. Naturally occurring radionuclides  are present in many natural resources.  Industrial activities 
that  exploit  these  resources  may  lead  to  enhanced  potential  for  exposure  to  Naturally Occurring 
Radioactive Materials (NORM) in products, by-products, residues and wastes. Industries  working  with  
raw  materials  containing  naturally  occurring  radioactive  materials (NORM industries) produce large 
amounts of waste. Traceable, accurate, and standardised  measurement  methods and systems, in particular 
for in-situ applications, are needed to decide on the re-use of waste materials without increasing costs 
whilst avoiding contamination of the environment and radiation exposure of the public. A reliable  
measurement  of natural  radionuclides  is required  to ensure  that the raw materials brought  into  the  
industrial  process  will  not  cause,  as  far  as  possible,  increased  radiation exposure due to enhanced 
activities of the final products and in the waste. This  paper  presents  the  results  of  the  European  joint  
research  project  ‘Metrology   for processing materials with high natural radioactivity (MetroNORM,  
2012-2016)’ carried out by 17 national metrology institutes, research institutes and industrial companies 
by developing measurement systems, methods and technique including in-situ systems which support   
innovative   industrial   processing   of  resources   containing   naturally   occurring radioactive material,  
designing traceable measurement procedures for industrial NORM raw material, products, by-products, 
residues and waste, developing and establish traceable metrological reference materials and standard 
sources needed for calibration purposes for NORM measurement, improving decay data for selected natural 
radionuclides of the 238U, 235U decay chains, and to the rare earth element 138La, focusing on decay chains 
description and gamma-ray intensities and half-life improvement, testing  developed  systems,  standards  
and  reference  materials  in  industrial  processing situations. 
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Effectiveness of the Shielding Mechanism in Rooms Housing X-ray 
Diagnostic Equipment - A Case Study of Mulago Hospital 

Festo Kiragga, Rebecca Nakatudde, Akisophel Kisolo 

Gulu University, North, Uganda 

Abstract. The aim of the study was to determine the effectiveness of the shielding mechanism of rooms 
housing X-ray diagnostic equipment in Mulago hospital. This provided useful data needed to protect 
occupationally exposed workers, patients and the public from exposure to scattered radiation. The study was 
conducted in Mulago Hospital at the Uganda Cancer Institute, three selected centers at the Department of 
Radiology in new Mulago; Room 4 and CT room at the Second floor and the Casualty Center. Scattered 
radiation to the Operator’s Console and to adjacent places was measured using thermoluminiscent 
dosimeters (TLDs) for a month. Radiation leakages through the walls and doors to the members of the 
public were measured using a survey meter, scattered X-radiation received by radiation staff involved in the 
study were measured  using TLD badges worn for a period of four weeks. The TLD badges were then 
read by the Harshaw TLD reader. The availability and effectiveness  of the Lead aprons was also checked 
visually and suspicious ones exposed for verification. Scattered radiation in the imaging rooms varied 
between 1.20 mSv/month  in the CT Room and 0.39 mSv/month  from the Casualty Center. These results 
are much higher than the limits set by the Atomic Energy Council (AEC) for Uganda and International 
Atomic Energy Agency (IAEA) of 0.4 mSv/month for  a  medium  sized  room  of 4 m × 4 m .  Average  
scattered  radiation  doses  received  by occupationally exposed workers were highest from Room 4 (plain 
radiography) of 6.0 mSv/yr and lowest in the Casualty center with 1.4 mSv/yr which are lower than the 
set maximum of 20  mSv/yr  for  occupationally  exposed  staff  within  the  medical  facility.  Radiation  
leakages through selected doors were found to be 0.010 mSv/hr at the Uganda Cancer Institute and 0.012 
mSv/hr from Room 4. The high levels of scattered radiation are attributed to the small size of imaging 
rooms & congestion due to the furniture and X-ray equipment which causes multiple scatter within the 
facility. The other causes were the technical state or condition of X- ray equipment, different examinations 
procedures and the human factors. The relatively high radiation  doses  received  by some workers  were 
attributed  to differences  in the number  of patients handled in a given schedule and the poor radiation 
protection habits in some centers. These radiation doses are however within the recommended dose limits 
for the occupationally exposed workers. Since the study has indicated that the occupationally  exposed 
workers were protected from the harmful effects due to the small doses received although the imaging rooms 
had a lot scattered radiation, care towards safety should therefore be undertaken during daily operation 
procedures,  area  classification  and  effective  use  of  shielding  gadgets  to  limit  accidental exposures to 
radiation in all the rooms. 
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KIRDI’S Role in the Project “Promoting Safety, Self-reliance and 
Sustainability of Non-Destructive (NDT) Testing Facilities” 

Humphrey Lumadede 

Kenya Industrial Research and Development Institute (KIRDI), NAIROBI, Kenya 

Abstract. As Kenya  reaches  for vision  2030,  Nondestructive  Testing  Technology  will required  better 
quality and safety of operation, more reliable information on the current status, usability and an object’s 
life expectation. Mechanical stresses are not visible to most of conventional NDT methods and they are 
usually the main and the first indicator of problems. The solution to this will  be  using  the  Indicator  of  
Mechanical  Stresses  (IMS).The  (IMS-Magneto-Anisotropic Indicator  of  mechanical  stresses,  searches  
for  condition  of  deterioration  to  estimate  the possible failure based on measuring concentration  and the 
gradient of mechanical stress on Ferro-Magnetic  parts. This early detection assures quality and safety is 
required of materials tested. Equipment used at Kenya Ports Authority (KPA) and in the Sugar factories are 
initially target for this investigation. The quality of stress release by Heat Treatment of vibration will be 
determined,  quick check to identify  high stress areas in welds will be done. Money will be saved on 
reliable inspection which sees the defect before it become a defect. 
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Requirements for Specific Safety Issues - Fire, Earthquake, and 
Flooding – at Large Particle Accelerator Facilities 

Hee-Seock Leea, Arim Leea, Nam-suk Junga, Joohee Oha, Leila Mokhtari Oranjb 

aPohang   Accelerator   Laboratory, Pohang University of Science and Technology 
(POSTECH),   Pohang,   Republic   of   Korea 
bDivision of Advanced Nuclear Engineering, Pohang University of Science and Technology 
(POSTECH), Pohang, Republic of Korea 

Abstract. Radiation  safety analysis is required fundamentally  at an  installation of  a  large particle 
accelerator facility and for getting its operation licence. The specific safety issues, fire, earthquake, and 
flooding are also reviewed in the process. However the safety issues are meaningful  in  the  radiation  safety  
analysis  when  those  are  related  to  radiation-induced hazards. At this paper, the hazard effects of fire, 
earthquake and flooding were studied in the view of type and beam power of particle accelerators. 
Regulations and policies at several countries and institutes are investigated. The degree of hazards and 
relative importance are discussed by  considering  residual  activities  and  others.  Finally basic idea to  
compensate related subjects in Korean nuclear safety regulation is suggested. 
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Modernisation of the Radiation Monitoring Systems at Research and 
Training Reactors in Hungary 

János Petrányia, Dénes Elterb, Imre Szalókic, Máté Solymosid, László Mangae 

aGamma Co. Ltd., Budapest,  Hungary 
bMTA Centre for Energy Research, Budapest, Hungary 
cInstitute of Nuclear  Techniques,  Budapest  University of Technology  and Economics,  
Budapest,  Hungary 
dSomos  Ltd.,  Budapest,  Hungary 
eMVM  Paks  NPP  Ltd., Paks, Hungary 

Abstract. In the last few years a modernisation  program  of reactor radiation monitoring  systems was 
started in Hungary. Two reactors were involved in this program, one of them is the Budapest Research  
Reactor,  built in 1959, and at the present time it is operated  by MTA Centre for Energy  Research.  The 
other reactor  is the Training  Reactor  of BME NTI, which has been operated  since  1971.  This  
presentation  will  discuss  the  main  steps  of  the  modernization program  of the radiation  monitoring  
systems,  new  innovations,  modern  technical  solutions and the planned  developments.  The area-,  check  
point-,  stack-  and technology-monitoring and data central subsystems were affected by the modernisation. 
Beside the technical review, the  operational   experience   of  the  working  units  OnREM  (Online  
Radioactive   Emission Monitoring)  will be presented  as well.  This  new  monitoring  system  is fully  
developed  and produced in Hungary. The side purpose of the applied technics was to enhance safety and 
security culture. The old monitoring systems were based on mainly scintillation type detectors and GM 
tubes. These first generation devices had only analogue signal outputs and external devices   ensured   
power  supply,  outgoing   signal  processing   and  data  evaluation.   New solutions were implemented 
during the restoration such as intelligent probes and alpha, beta, gamma  and  neutron  radiation  
measurements  with  the  same  detector  system.  In  order  to design  the optimal  solution,  before  the 
modernisations  procedure  a series  of experiments were  carried  out  in  the  Training  Reactor  of  BME  
NTI.  Based  on  the  results,  a  specially designed  scintillation  detector  was used to continuously  measure  
isotope  selective  specific activity in the reactor primary circuit. 
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Environmental Radiation  and  Meteorological Monitoring  Systems   of  a  
Greenfield Nuclear Power Plant 

Juho Rissanen, Jussi Huotilainen 

Fennovoima Oy, Helsinki, Finland 

Abstract. Fennovoima is a Finnish energy company established in 2007. The target of the company is to 
construct new nuclear power in Finland and produce reasonably priced electricity for its shareholders. 
Fennovoima will build Hanhikivi-1, a greenfield nuclear power plant in Northern Finland.  The  reactor  to  
be  built  is  VVER-type  AES-2006  pressurized  water  reactor  with thermal power of 3200 MW. 
Fennovoima  has submitted the Construction  License Application  to the Finnish Government in June 
2015. The Construction  License  is scheduled  to be granted  in year 2017 after the Finnish   Radiation   
and  Nuclear   Safety   Authority   (STUK)   has  given   statement   on  the application. The commercial 
operation will begin in year 2024. In this presentation a short overview of the project will be given. In 
addition,  tools for radiation  protection  and emergency  preparedness  of a nuclear  power plant will be 
discussed. As a new company, Fennovoima has a great opportunity to build monitoring systems with the best 
available technology. Different aspects related to building of new systems, including environmental radiation 
monitoring network and meteorological monitoring  will be covered. Moreover, the regulatory  requirements  
given by STUK and how they are applied to the above mentioned monitoring systems of new nuclear 
power plant will be discussed. 
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Evaluation of Carbon -14 Released from Small Power Reactor 

Kyo-Youn Kim, Ha-Young Kim, Jae Hoon Song 

Korea Atomic Energy Research Institute, Daejeon, Republic of Korea 

Abstract. Since Carbon-14 has a long half-life (5730 years) and high fluidity in the environment,  it can be 
considered as one of the most important radionuclides. Carbon-14 is a radioactive isotope of carbon of 
considerable interest in nuclear power plants since it is present in most parts of the  primary  system  of  a  
nuclear  reactor  with  a  high  production  rate.  In  general,  nuclear regulators request that 7.3Ci/yr should 
be used as an expected activity of Carbon-14 released from a nuclear power plant based on NUREG-0017  
regardless  of the power of the nuclear reactor. In addition, 10 CFR 50.36a requires that operating 
procedures be developed for the control of effluents and that the quantities of the principal radionuclides  
be reported. In fact, this  approach  to  use  the  activity  of Carbon-14  based  on  NUREG-0017  regardless  
of the power of nuclear reactor is inconsequential and too conservative. The quantity of Carbon-14 
discharged can be estimated through sample measurements or by the  use  of  a  normalized  C-14  source  
term,  and  scaling  factors  based  on  the  power  or estimated through use of the GALE code from 
NUREG-0017. This study shows that the Caron-14 activity of a small reactor estimated by considering  
the scaling  factors  based  on  nuclear  power  is  consistent  when  compared  with  the  activity estimated 
by an activation calculation. 
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Development of   a Methodology to  Correlate  Safety  Classification of 
Components to the Maintenance Programme of a Facility 

Muhammad Akbar 

South African Nuclear Energy Corporation (NESCA), Pretoria, South Africa 

Abstract. The  purpose  of  safety  classification  of  components  is  to  identify  those  SSCs  that  are 
important to safety and that protect people and the environment from the harmful effects of ionizing 
radiation. The purpose of a maintenance programme for a nuclear facility is to provide the necessary 
measures  that are required  to detect and mitigate  degradation  of a functioning  SSC, or to restore to an 
acceptable level the performance of safety functions of a failed SSC. A systematic approach is required to 
evaluate which maintenance tasks are to be performed, on which SSCs and at what intervals, in order to 
optimize availability and safety of the plant. Due to this, a methodology needs to be developed to correlate 
the safety classification of components to the maintenance programme of a facility, to ensure that the 
expected levels of safety performance are achieved. This paper presents the progress that has been made 
in terms of the development of such a methodology  and the challenges  it optimising  such a system. The 
methodology  focuses on how the safety classification of components impacts the SSC maintenance 
activities and frequencies,  encompassing  processes  from the functional  analysis  to design modifications. 
The proposed  methodology  includes  SSC performance  monitoring  and maintenance optimisation, which 
are key aspects in contributing towards a higher availability of SSCs performing safety functions, and 
therefore optimisation of protection of people and the environment against ionising radiation. 
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Applicability of Lessons Learned from the Fukushima Accident to 
Radioactive Material Users 

Shawn Smith, Catherine Haney 

US Nuclear Regulatory Commission, Rockville, MD, USA 

Abstract. Shortly after the March 11, 2011, earthquake and tsunami that led to the accident at the Fukushima 
Dai-ichi nuclear power plant in Japan, the U.S. Nuclear Regulatory Commission (NRC) undertook actions to 
assess the accident and identify lessons learned for U.S. nuclear facilities.   One of the actions was an 
assessment  of the applicability  of the lessons learned from the accident to non-operating reactors and non-
reactor facilities. Very shortly after the accident,  NRC  staff  performed  limited  assessments  to  ensure  
that  no  immediate  safety concerns existed at these facilities and took safety measures where necessary, such 
as an independent   verification   of  fuel   facility   licensees’   abilities   to   prevent   or   mitigate   the 
consequences of events that could challenge the safety or licensing bases of those facilities. With insights 
gained from NRC activities related to power reactors and from the results of inspections  at fuel cycle 
facilities,  NRC staff has more fully evaluated  issues  and possible actions  related  to  other  NRC-
licensed   materials,  devices,  and  facilities.  Based  on  the evaluation of lessons learned from the 
Fukushima accident, it was concluded that there is no need  for regulatory  action  for radioactive  material  
users  in light  of the  accident.    NRC  is continuing  additional  assessment  related  to Fukushima  lessons  
learned  for NRC-regulated fuel  facilities  and  a  small  subset  of  research  and  test  reactors  (RTRs).    
However,  for radioactive  material  users,  NRC  has determined  that further  assessments  are not needed 
based  on  Fukushima  lessons  learned  and  that  the  existing  regulatory  requirements  and processes 
ensure adequate protection of public health and safety.   Unsealed radioactive materials and sealed sources 
and devices used in industry, academia, and medicine are appropriately  licensed  and  have  sufficient  
engineering  controls  to  protect  the  health  and safety  of  workers  and  members  of  the  public.  Worker  
exposures  are  kept  as  low  as  is reasonably achievable and minimize the danger to life and property. 
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Local Shield Model around Beam Target Stations using Radiation 
Transport Code MCNPX 

Tebogo Kupia, Johann van Rooyenb, Raymond Njingaa 

aNorth-West University, Mahikeng, South Africa 
bNESCA, Pretoria, South Africa 

Abstract. A model of local shield around Horizontal Beam Target Stations (HBTS-1 and HBTS-2) was 
done using radiation transport code, MCNPX and compared to existing designs modelled with 
ANISN/HILO  and ANISN/DOT  in 1990. This was done to verify if MCNPX  is suited for the local  
shields  designs  around  radionuclide  production  beam  target  stations.  Next,  the local shield around 
HBTS-2 was modelled with MCNPX to find the optimal shield design, and to characterise  the  radiological  
performance.  Results  are  as  follows:  The  1990  ANISN/HILO design of the local shield around HBTS- 
1 is reasonably  close to optimal. The calculations proved that scaling down the HBTS-1 design to arrive 
at a design for HBTS-2 was necessary and that the existing HBTS-2 shield is closed to optimal. This study 
finally revealed that the present designs for the local shields around HBTS-1 and HBTS-2 are near-optimal, 
and that the  Monte  Carlo  radiation  transport  code  MCNPX  is suited  for particle-accelerator  related 
shield design projects in the incident particle energy range under analysis, i.e. 66 MeV per nucleon. 

1143

IRPA14 Proceedings



Validation  of  Experimental  Measurements  of  Activity  for  
Radioisotopes  in SAFARI-1 Reactor 

Tholakele Ngeleka 

NECSA, Pretoria, South Africa 

Abstract. Ir-191 Test irradiations were conducted in SAFARI-1 for experimental purposes. The Target 
sample (Ir-191) was irradiated for a specific period in an isotope production rigs (IPRs) and the activity  
for irradiated  sample  (Ir-192)  was measured.  To ensure  the correctness  of the activity  measuring  
method,  the computational  analyses  using  MCNP  and  FISPACT  codes were   also   undertaken.   
SAFARI-1,   the   South   African   Fundamental   Atomic   Research Installation is operated by Nuclear 
Energy Corporation of South Africa (NESCA), a state owned nuclear facility. It is a multipurpose reactor 
and is also used for isotope production. The paper will  presents  the  comparisons  between  the  calculation  
results  and  experimental measurements. 
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Robotic HPGe Spectrometer for Radionuclide Analysis 

Vladimir Gostilo, Alexander Sokolov 

Baltic Scientific Instruments, Riga, Latvia 

Abstract. Laboratory  HPGe  spectrometers  with  lead  shield  are  the  most  widely  used  devices  for 
precision  radionuclide   analysis  in  environmental   objects  (soil,  water,  air),  medical  and biological 
objects, radioactive materials and products.  High energy resolution and registration efficiency of HPGe 
detectors, low level of instrument background provide low detection limits for  radionuclides  
measurements  in  samples  listed  above.  At  that,  the  measurement  time during the  studies could be 
several hours and even days and larger quantity of the samples, their loading and reloading make the 
measurement process a real problem for the operator. The  development   results  for  robotic  HPGe  
spectrometer   for  routine  measurements   at radionuclide analysis of radioactive materials are presented. 
The spectrometer has HPGe detector, which registration  efficiency  can be from 10 to 160%, multichannel  
analyzer,  lead shield and robotic sampler based on industrial manipulator  IRB120 by company АВВ. Real 
metrological performance of spectrometer will depends on HPGe detector efficiency. For spectrometer with 
HPGe detector efficiency 30% performance is: detection limit for Cs137 radionuclide specific activity, 
measurement time 1 hour is < 0.5 Bq/kg, absolute sensitivity to gamma flux for 30%*efficient detector is 
4.5x10-3 pulse/quantum, instrumental background intensity for energy range 40 keV – 3 MeV is 5x10-4, and 
Cs137 radionuclide specific activity measurement error for measurement time 1 hour is < 20%. The software of 
the spectrometer  comprises  the program  SpectroLine  for the calculation  of the radionuclide activities as 
well as control program for the manipulator at sampling. The fully automated sample changer enables the 
user to measure up to 40 samples without having to interact with the Automated Spectrometer. This 
reliable robotic sample changer increases the productivity and reduces the possibility of health risks for the 
operator. 
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A New Approach to Worker Internal Dosimetry and its Impact on 
Radiation Protection 
 
Alan Birchalla*, Vadim Vostrotinb, Matthew Puncherc, Alexander Efimovb, Bruce 
Napierd 
 
aAlan Birchall, Global Dosimetry Ltd., 1 Macdonald Close, Didcot, OX11 7BH. UK. 
bSouthern Urals Biophysics Institute (SUBI), Ozersk, Chelyabinsk, Russia. 
cPublic Health England (PHE), Chilton, Didcot, United Kingdom. 
dPacific Northwest National Laboratory, (PNNL), Richland, WA, United States. 
 
Abstract. In order to quantify the risk of harmful effects following inhalation of plutonium aerosols, it is 
necessary to perform an epidemiological analysis, where both the health effects and the received internal dose can 
be quantified.  An ideal cohort for such a study is located at the Mayak Production Association in Ozersk, Russia, 
where around 25,000 workers were potentially exposed to plutonium, and 8,000 of them provided urine samples 
on which an internal dose assessment could be based. This paper is concerned with the assessment of organ doses 
for these 8000 workers.  The presentation gives a description of the biokinetic model and dosimetric assumptions 
made for the latest analysis (MWDS-2013), paying particular attention to where the methodology differs from that 
currently recommended by the ICRP.  One major difference between this model and previous models is that it has 
been designed to deal with uncertainty in model parameters and measurement data explicitly.  This has required a 
different type of model, referred to here as a hyper-model. Some of the advantages and disadvantages of dealing 
with hyper-models are discussed along with some of the problems encountered and solved during their practical 
implementation.  The MWDS-2013 system can be regarded as ‘state of the art’ and the output will be 
used in the latest epidemiological study of the Mayak workforce.  The results from this study are 
expected to further our understanding of plutonium biokinetics and the mechanisms of radiation induced 
cancers in humans and also quantify the associated risks more precisely. The results will lead to improvements 
in radiation risk protection standards and it is expected that some of the model developments will be incorporated 
into the forthcoming ICRP recommendations on occupational intakes of radionuclides. 
 
KEYWORDS: internal dosimetry; Mayak workers; uncertainty; realizations; Bayes; models. 
 
1 INTRODUCTION 
 
As part of an ongoing study (Joint Coordinating Council on Radiation Effects Research (JCCRER) - 
Project 2.4), funded by the United States Department of Energy (USDOE), various protocols for 
assessing the internal doses of Mayak Production Association (PA) workers have been generated: 
DOSES-1995, DOSES-2000, DOSES-2005, and MWDS-2008. These doses have been used as inputs 
to epidemiological studies (JCCRER Project 2.1) to determine the risk of exposure to plutonium 
aerosols. The purpose of this paper is to present an overview of the latest Mayak Worker Dosimetry 
System MWDS-2013.  A complete description of the MWDS-2013 system is presented elsewhere [1] 
with supplementary papers describing different aspects of the development and will be published 
together is a special journal edition. 
 
One major difference between this model and previous models is that it has been designed to deal with 
uncertainty in model parameters and measurement data explicitly.  This has required a different type 
of model, referred to here as a hyper-model. Some of the advantages and disadvantages of dealing 
with hyper-models are discussed along with some of the problems encountered and solved during their 
practical implementation. In this overview, attention will be directed to areas where the models and 
methodology differ from those currently recommended by ICRP for radiation protection, and the 
effect that this work has had on radiation protection in general.  The focus of this paper is in internal 
dosimetry, and external doses to the Mayak workers are considered in separate paper. 

* Presenting author, e-mail: globaldosimetry@gmail.com 
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The results from this study are expected to further our understanding of plutonium biokinetics and the 
mechanisms of radiation induced cancers in humans and also quantify the associated risks more 
precisely. The results will lead to improvements in radiation risk protection standards and it is 
expected that some of the model developments will be incorporated into the forthcoming ICRP 
recommendations on occupational intakes of radionuclides. 
 
2 USE OF HYPER-MODELS 
 
2.1 What is a hyper-model? 
 
ICRP biokinetic models that are currently used for calculating internal doses in radiation [2,3,4] are 
compartmental models, where the rates of transfer of activity between compartments are described by 
fixed rate constants.  Thus, a specific intake will give rise to a single dose.  One of the main 
differences between the MWDS-2013 approach to calculating internal doses to Mayak workers and 
previous approaches is that in this approach it is required to take account explicitly of uncertainties in 
the biokinetic models.  This is achieved by assigning not a single value, but a probability distribution 
to important rates within the model.  This probability distribution represents the uncertainty of that 
parameter value for that worker, before any measurements are taken.  It can be likened to a prior 
distribution used in Bayesian analysis.  In order to differentiate this type of model from the standard 
model, the term hyper-model is used.  A hyper-model is thus a model, where one or more parameter 
values are represented by a distribution.  The term ‘hyper’ is consistent with the same term used in 
hierarchical Bayesian analyses, where hyper-priors are ones where a parameter of the prior is itself a 
distribution.  
 
2.2 Computing with hyper-models 
 
Running a hyper-model forwards is relatively straightforward.  One can simply use a Monte Carlo 
approach, where for each run, a single parameter value is chosen at random from its distribution, and 
the end quantity is calculated.  As this is repeated, a distribution of the end quantity is constructed.  
The output from a hyper-model with say a fixed intake is thus a distribution and not a single value.  It 
is however important to note, that for non-linear models, such as the ones used in radiation protection, 
the mean of such a distribution is different than one would obtain if one chose a model where each of 
its parameter values were represented by the mean of the prior distributions.  In other words, ignoring 
uncertainty on parameter values, as ICRP do, is likely to introduce a bias in the end result. 
 
Running a hyper-model backwards (e.g. using it to estimate an intake from measurement data) is not 
so straightforward.  The Monte Carlo approach described above fails because some models (model 
parameters) fit the data much better than others, and so should not be assigned the same weight. 
Instead of this, Bayesian methods, such as Markov Chain Monte Carlo Methods (MCMC) are 
commonly used [5].  There is however, a much simpler approach, the WeLMoS method [6] which 
uses a simple Monte Carlo approach and weights the intake according to the likelihood (goodness of 
fit to the data).  Although both methods give the same results [6], there is a massive difference in the 
computational efficiency.  In situations where the uncertainties tend to be large (e.g. internal 
dosimetry) the WeLMoS method is much faster.  For a comparison of these approaches, see NCRP 
Report 164 [7].  For these reasons, it was decided to use the WeLMoS method [6] for all internal dose 
calculations in MWDS-2013. 
   
3 BIOKINETIC MODELS 
 
A full description [1] of all of the biokinetic models used in MWDS-2013 is outside the scope of this 
summary paper.  In general, this paper will focus on where departures were made from current ICRP 
methodology. 
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3.1 Particle transport in the extra-thoracic region 
 
Experiments carried out at PHE (formerly NRPB) indicate that unlike the representation in ICRP-66, 
activity deposited in the ET1 region actually moves towards the ET2 region [8].  The Project 2.4 team 
used the data from PHE to construct a new model of the extrathoracic region [9].  A comparison of 
both models is shown in Fig 1.  Uncertainty in the MWDS-2013 hyper-model is achieved by having a 
random variable KPT which is lognormally distributed with a median value of 1, and a geometric 
standard deviation of 1.73.  The MWDS-2013 model for the extra-thoracic region has recently been 
accepted by ICRP [10] in its revision of biokinetic models for internal dosimetry, and will be used for 
calculating new dose coefficients for both workers and members of the public. 
 
Figure 1: A comparison of the ICRP 66 model and the MWDS-2013 hyper-model of the extra-
thoracic region of the lungs.  
 

 
 
3.2 Particle transport in the upper airways 
 
For the upper airways, the model recommended in ICRP Publication 130 [10] was chosen to be 
simpler and more accurate.  Again, this was converted to a hyper-model by multiplying by the random 
variable KPT.  A comparison with the current ICRP Publication 66 model is shown in Fig 2. 
 
Figure 2: A comparison of the ICRP 66 model and the MWDS-2013 hyper-model of the extra-
thoracic region of the lungs.  
 

 
 
3.3 Particle transport in the deep lung 
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For the deep lung, the model structure then being considered by ICRP, and later published in ICRP-
130 [10] was adopted by MWDS-2013.  This model was based on that developed by Gregoratto et al 
[11].  In order to make this into a hyper model, the default clearance parameters were replaced by 
lognormal distributions shown in Table 1. 
 
Figure 3: The model structure adopted for MWDS-2013 was taken from the recently published ICRP-
130 in preference to the currently used ICRP-66. 
 

 
 
 
Table 1:  Parameters of the lognormal distribution [11] used to represent particle transport rates in the 
deep lung, in the MWDS-2013 hyper-model of the deep lung. 
 

Rate Parameters of the lognormal distribution 
Median (d-1) GSD 

A to bb 0.0013 3.2 
A to I 0.001 4.5 

I to lymph 0.0003 3 
 
 
3.4 Binding to lung tissue 
 
The Project 2.4 team spent a significant effort on re-analysing experimental data published on Beagle 
Dogs [12], and also commissioned further experimental measurements of the retention of plutonium 
nitrate in the upper airways of autopsy cases from the United States Transuranium and Uranium 
Registries (USTUR) [13,14].  It was concluded that this data could not be explained without the 
assumption of long term binding.  The data from 20 autopsy cases carried out on Mayak workers who 
had been exposed to pure plutonium nitrate was used in a simultaneous Bayesian analysis [15] to 
quantify the bound fraction.  The results showed that the posterior distribution of the bound fraction fb 
could be adequately explained by a uniform probability distribution from 0 to 0.4%. 
 
Although this is only a small fraction, it has a large affect on the dose.  It has been shown [16] that a 
bound fraction of only 1% is enough to double the equivalent dose to the lungs. ICRP are currently 
considering this work, and it is highly likely that a bound fraction of 0.2% (the mean of the MWDS-
2013 distribution) will be adopted as a default value for all actinides in the forthcoming ICRP 
Publication 130 Part 4. 
  
3.5 Other biokinetic models 
 
MWDS-2013 adopted the simpler ICRP-30 GIT Tract model [2] as opposed to the later Human 
Alimentary Tract Model [17], as the former was simpler to apply, and it probably wouldn’t make 
much difference to calculated doses anyway (except perhaps dose to the GI tract itself).  No 
uncertainties were considered in this model.   
To describe the biokinetic behavior of plutonium following uptake to blood, MWDS-2013 used the 
Leggett systemic model [18].  A significant effort went into validating this model by comparing 
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estimates of intake based on both urine and autopsy data on Mayak workers [19].  Variability between 
workers, in the net amount of plutonium transferring to bone and liver, was modeled by restricting the 
total amount to (liver + bone) to be fixed at 0.9, while allowing the fraction between bone and liver to 
vary. 
 
4 DOSIMETRY 
 
MWDS-2013 used the currently recommended (in Europe and most of the world) ICRP dosimetric 
models.  It is acknowledged that ICRP have recently spent a huge effort to update the Specific 
Effective Energies for all of the radionuclides, but this data was not (and still isn’t) available.  Use of 
the new SEE’s is unlikely to make much difference to plutonium doses except perhaps for the 
skeleton.  For the lungs, the dose to each of the three lung regions (BB, bb, AI) was calculated 
separately.  Where a single lung dose was required, an average dose was calculated [20]. 
 
5  INTAKE REGIMES 
 
An intake regime is a temporal pattern of intake (such as an acute or chronic intake) which is used to 
describe the intake rate as a function of time.  Once this pattern is fixed (or assumed), it can be 
multiplied by a variable (Intake) to fit the actual intake to the measurement data.  Data from plutonium 
air concentrations, sampled from many buildings and laboratories over the years at Mayak, have 
suggested that air concentrations were much higher in early years.  A 3-step function, based on 
grouped monitoring data was used in MWDS-2013 to describe the intake regime (Fig 3). 
 
Figure 4: A 3-step function (solid line), based on grouped air concentrations, is used to model the 
intake regime for workers.  Uncertainties on the step function are taken into account. 
 

 
 
The intake regime for a particular worker was calculated by combining this three-step function with 
the worker’s own work history.  Uncertainties in this step function were taken to be a factor of 10 for 
the first two steps and a factor of 2 for the third step.  Because the intake is fit to urine data for each 
worker, the actual shape of the intake regime has little effect on organ doses. 
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6 MEASUREMENT UNCERTAINTY 
 
A full treatment how uncertainty on the urine measurements of workers was estimated is outside the 
scope of this summary paper, and is dealt with in full elsewhere [1, 21].  The approach was to combine 
Type-A uncertainties (counting statistics, background counts, aliquot uncertainty, detector efficiency 
etc) which are approximated by normal distributions, and then approximate the resulting uncertainty 
by a lognormal distribution, the GSD of which is referred to as the scattering factor SFA..  Secondly, 
type B uncertainties (due to intra-subject variability, uncertainty in the sample duration, and the 
method used to normalise the data) are approximated by SFB.  The final uncertainty is thus represented 
by lognormal distribution with a scattering factor (GSD) given by: 
 

)(ln)(ln)(ln 222
BA SFSFSF +=  (1) 

 
If a measurement was made immediately after administration of DTPA, then the measurement value is 
reduced by a factor 62.3, and an appropriate increase in the associated uncertainty (SF) is made.  
Measurements recorded as below the decision threshold are treated as Less than Limit of Detection 
(<LOD) values with an associated uncertainty. 
 
7 FITTING METHODOLOGY 
 
So far, we have described the hyper-model used to relate intake to urinary excretion and organ dose, 
and the assumptions made about the intake regime for a particular worker.  We have described how 
uncertainties are assigned to measurement data, which typically consists of 1 or more measurements of 
plutonium in a 24h urine sample. The fitting methodology is conducted as follows: 
 

• Randomly choose a set of parameter values from the hyper-model (to create a model) 
• Construct the complex intake regime for that worker 
• Use the model to calculate the likelihood function of intake 
• Weight this likelihood by the prior distribution on intake 

 
The resulting distribution is proportional to the Bayesian posterior distribution of intake conditioned 
on the measurement data for that individual and the chosen set of parameter values.  This intake 
distribution could be multiplied by a dose coefficient (which in turn depends on the chosen parameter 
values) to give the corresponding dose distribution to any organ.  It should be noted here, that the 
output is not a single value of dose, but a distribution: the height of which depends on how well it fits 
the data, and the width is a measure of the uncertainty. 
 
8 MULTIPLE HYPER-REALISATIONS 
 
8.1 Calculating multiple hyper-realizations 
 
In order to extend this methodology to the entire cohort of workers, the process outlined in the 
previous section must be repeated for each worker.  However, care must be taken when choosing these 
values.  For parameters which are unknown, but assumed to be the same for each worker (termed 
shared parameters, e.g. absorption rates are assumed to be shared since they depend on the material 
inhaled), the same parameter values must be used for all the workers.  Conversely, for unshared 
parameters (those assumed to be independent between workers, e.g. particle transport rates), different 
random parameter values are allowed to be chosen.   
 
In this way, a distribution of X is constructed for each worker.  X could be the intake or a particular 
organ dose in a particular year. This whole process is then repeated 1000 times, with different sets of 
random parameter values.  Fig. 5 shows a schematic representation of the first two hyper-realisations. 
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8.2 Reducing the hyper-realisations to realisations 
 
The multiple hyper-realisations contain all of the information that an epidemiologist would need on 
the uncertainties of organ doses for all workers, and all information concerning goodness of fit and 
shared and unshared uncertainty is preserved.  Unfortunately, in order to make epidemiological 
calculations tractable, these hyper-realisations must be reduced to simpler realisations.  A full 
discussion of how this can be achieved and the consequences of different approaches is given 
elsewhere [22].  For MWDS-2013, the process used to reduce hyper-realisations to realisation was to 
randomly sample once from each worker within the multiple hyper-realisations.  This has the 
advantage over choosing the mean or mode of each distribution, since it does not lose information on 
the width (uncertainty) of these distributions. The output from MWDS-2013 internal dosimetry thus 
consists of 1000 realisations of organ doses, for each worker, in each calendar year. 
 
Figure 5: A schematic representation of 2 hyper-realisations. w is the worker number for each of the 
Nw workers in the cohort, and r is the number of the hyper-realisation. 
 

 w=1  w=2  w=Nw hyper-realisation 1 ... r=1

 w=1  w=2  w=Nw hyper-realisation 2 ... r=2
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Abstract. The aim of the European concerted action CURE (Concerted Uranium Research in Europe) was to 
evaluate the feasibility of a large scale study of potential risks associated with uranium exposure in cohorts of 
miners, millers and other nuclear industry employees involved in the uranium cycle. CURE allowed the 
development of specific protocols for a future collaborative project integrating research in the fields of 
epidemiology, biology and dosimetry. An Uncertainty Working Group (UWG) was set up to deal explicitly with 
the issue of uncertainties. The UWG developed a matrix in order to standardize the collection of information 
between the different groups and thus characterize the different sources of uncertainty, ranking them in order of 
importance. Sensitivity studies were performed using sample data from uranium workers cohorts to evaluate the 
relative contribution of each source of uncertainty on dose estimates. Choice of pulmonary absorption type 
(when lung dose is the endpoint of interest) and handling of censored data (e.g. below detection limit) were 
identified as the primary sources of uncertainty. The final report delivered by the UWG proposed strategies for 
the development of methodologies for the propagation of uncertainties in dose estimates into estimates of risk, 
including the creation of a synthetic cohort as a tool for evaluating proposed methodologies. 
 
KEYWORDS: Uranium, miners, internal dose, uncertainty analysis. 
 
1 INTRODUCTION 
 
Uranium occurs naturally in the environment as a mixture of three long-lived alpha-emitting 
isotopes: 234U (abundance by mole: 0.0054%, half-life: 2.455·105 y), 235U (abundance by mole: 
0.7204%, half-life: 7.04·108 y) and 238U (abundance by mole: 99.2742%, half-life: 4.468·109 y) [1, 2]. 
Uranium is a heavy metal, so it is potentially both radiologically and chemically toxic. The general 
population is routinely exposed to natural uranium through ingesting it in food and drinking water [3, 
4]. Additionally, hundreds of thousands of workers involved in the nuclear fuel cycle are or have been 
occupationally exposed to uranium worldwide, due to its presence in various isotopic compositions at 
all stages of this cycle [5, 6]. 
 
In spite of that, the health impacts of chronic exposures to uranium are not well characterised. Most 
epidemiological studies have been limited by small study populations, inadequate control of 
confounders, lack of harmonization of methods for the estimation of radiation doses from uranium 
exposures [7]. 
 
To address these issues, several European groups joined together in the concerted action CURE 
(Concerted Uranium Research in Europe) [8, 9], funded by the DoReMi European Network of 
Excellence. CURE combined competencies in dosimetry, biology and epidemiology with a specific 
focus on occupational uranium exposures. Its aim was to evaluate the feasibility of a large scale study 
of potential risks associated with uranium exposure in cohorts of miners, millers and other nuclear 

* Presenting author, e-mail: agiussani@bfs.de 
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industry employees involved in the uranium cycle. The main result of the concerted action was an 
integrated research protocol, which serves as the basis for potential future large-scale collaborative 
research projects [8, 9]. 
 
During the course of CURE, a specific working group dealing with the issue of uncertainties was set 
up. Accounting for uncertainties in dosimetry and in dose-response models used in epidemiologic 
studies of uranium workers and miners/millers is indeed a demanding issue and a vast field of 
investigation. This is due to the complexity of dose assessment procedures, the various sources of 
uncertainty involved and to the advanced statistical methods that are needed to deal with such 
uncertainties.  
 
The Uncertainty Working Group (UWG) put together members of all three main work packages of 
CURE: Epidemiology, Dosimetry and Biology. Its aim was to harmonize methods for evaluating 
uncertainties between the work packages, gain a better understanding of the magnitude of the different 
types of uncertainties, assess how uncertainties affect risk estimates, identify the limitations of existing 
approaches to the treatment of uncertainties and propose new solutions to address them in the future. 
 
Since it was found that uncertainties related to the biological component of the CURE project could be 
best quantified and reduced by conducting pilot molecular epidemiology studies, the present short 
manuscript focuses on uncertainties related to dose estimation and epidemiological analyses. It briefly 
summarizes the activities and the main outcomes of the UWG on these specific issues.  
 
2 ACCOUNTING FOR UNCERTAINTIES IN DOSE-RESPONSE MODELS 
 
Risk estimates as obtained in epidemiology studies are usually expressed with confidence intervals 
that only reflect random fluctuations of the data. Uncertainty in exposure and dose estimates is 
recognized as a potentially important source of bias and increased uncertainty in the estimation of any 
radiation-induced risks [10, 11]. Research on the uncertainties related to the quantification of radiation 
doses due to internal exposure to radionuclides, has been recently a very active field [12-15]. The 
impact of specific sources of uncertainty, such as exposure measurement error, on the disease risk 
estimates is a relatively new but developing field in radiation epidemiology and several approaches are 
being developed and applied [16-21]. 
 
The analysis conducted by the UWG was limited by the short time and few resources available. It was 
mainly focussed on the identification and characterization of all the possible sources of uncertainties 
which may affect the processes of dose estimation and risk evaluation. Possible strategies for the 
elaboration of a rigorous method to propagate uncertainties from their sources to dose estimates and 
the integration of uncertainty into risk estimates, were also investigated.  
 
2.1 The Uncertainty Matrix 
 
Sources of uncertainties were listed and identified in the so-called Uncertainty Matrix. An excerpt 
from the matrix, showing a selection of sources of uncertainties within the dose assessment procedure 
and epidemiological analyses, is given in Table 1. The complete matrix is presented in Annex II to the 
final report of the UWG [22]. There the uncertainty sources are grouped according to the stage of the 
risk evaluation procedure they affect: dose assessment, "classical" epidemiology, molecular 
epidemiology and modelling. 
 
This matrix was devised under the premise that once an uncertainty source has been identified it can 
potentially be reduced and/or quantified. The information given by the matrix is therefore as follows: 
definition of the uncertainty source, its potential effect(s) on risk analysis, whether the uncertainty due 
to this source is quantifiable and/or reducible, what measures could/should be taken in order to 
quantify and/or reduce the uncertainty and any potential pitfalls to be avoided. Three options were 
allowed as a response to the questions about whether a source is quantifiable or reducible: Yes, No and 
Conditional. Conditional means that the source can be quantified or reduced only if certain conditions 
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are met. For example: uncertainty on a sample measurement might be reduced if that sample is still 
available for further measurements; that means that this uncertainty source is conditionally reducible. 
 
Table 1: Excerpt from the uncertainty matrix [22]. 
 
Source of 
uncertainty 

Potential 
effects 

Q? 
(a,b) 

R? 
(a,b) 

Measure(s) to quantify/reduce 
uncertainty (a) 

Pitfalls to 
be avoided 

Impor 
tance(c) 

Bioassay below 
limit of 
detection or 
reporting limit 

Over/under 
estimate doses 
and strength of 
association 
with disease 
risk 

Y C Q: Sensitivity study/expert judgement. 
R: Access to measurements with more 
sensitive techniques. 

Replacing all 
<DL with 0 
or assuming 
all positive 

H 

Choice of 
pulmonary 
absorption Type 

Large error on 
lung dose 
(bias/either 
direction) 

Y C Q: Sensitivity study/expert judgement. If 
faecal and/or in-vivo data are available, 
judgements on the absorption type based 
on the monitoring data possible. 
R: Measurements/job exposure matrices, 
identification of U compounds at the 
workplace along the worker’s career, 
when samples/data available 

Using poor 
default 
values. 
Using 
specific type 
when 
compound is 
uncertain. 

H 

Normalization 
of bioassay into 
daily excretion 

Over/under 
estimate doses 
and strength of 
association 
with disease 
risk 

C C Q: Expert judgement. Conditional on 
information being available on the 
normalisation used for a technique. 
R: Access to creatinine, volume – not 
possible for old samples 

 M 

Healthy worker 
effect 

Decrease in 
incidence/ 
mortality rates 
relative to 
general 
population. 

Y C R: Considering unexposed workers from 
the cohorts as a reference population 
when quantifying dose response 
relationships 

 M 

Insufficient 
follow-up time 
to observe 
mortality or 
incidence 

Decrease in 
statistical 
precision of 
risk estimates. 

Y Y Q: Conduct power calculations to 
estimate the amount of data needed 
R: Pool cohorts and extend their follow-
up 

 L 

(a) Q = quantifiable - R = reducible 
(b) Y = yes - C = conditionally - N = no 
(c) H = high - M = moderate - L = Low 
 
The last column of the matrix shows an assessment of the relative importance of that source of 
uncertainty. This assessment was derived using the knowledge and expertise of the UWG members 
and the results of sensitivity studies, or other research, conducted during the current, or previous, 
projects. The ranking of the uncertainty sources according to their importance is an indicator of the 
priorities for future research in this area. 
 
It is acknowledged that this list is not exhaustive and that other sources of uncertainties could be 
further evaluated during future continuation of this work. It is also acknowledged that inclusion of 
improved radiobiological knowledge, like the identification of a possible marker of radiation-induced 
cancer and measurements of that marker in a larger epidemiological study, may also improve 
knowledge of low dose radiation effects and thus further reduce uncertainties in the analysis of 
epidemiological data using models of carcinogenesis or development of other diseases.  
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2.2 Case study in French workers to assess sensitivity of the dose estimates to the different 
uncertainty sources 

 
In an analysis conducted at IRSN, data from a case-control study of French uranium workers were 
used to derive multiple dose estimates for some of these individuals using different assumptions with 
respect to the various sources of uncertainty. The analysis was performed using three cases: 
 
• Case A, with all data below limit of detection (LOD) or reporting level (RL) (censored data) 
• Case B, with only one uncensored data point, i.e. higher than LOD/RL. 
• Case C, with several uncensored data points and several acute intakes. 
 
The analysis covered following issues: how to deal with censored bioassay data, the modality of data 
fitting, choice of pulmonary absorption type, choice of acute or chronic exposure and, when unknown, 
assumptions about the duration of a chronic exposures.  
Of all the biokinetic parameters, it is those related to the lung solubility of uranium compounds 
encountered in occupational settings that have the greatest impact on estimates of lung dose, as they 
govern the absorption from lung tissues to blood. This is particularly important because the majority of 
occupational exposures occur through inhalation and, as a result, lung dose is often a key endpoint in 
studies. However, the impact of this source of uncertainty on other endpoints, like doses to other 
organs and tissues, is much more limited. The modality for handling censored data and, to a lesser 
extent, the choice of the exposure regime, were identified as other primary sources of uncertainty for 
the scenarios considered. 
 
2.3 Simulated case study for UK workers to assess how incorrect assumptions affect 

assessment of intake and dose 
 
Additional information used in the ranking of the uncertainty sources was provided by a study 
conducted by Nuvia within the AIRDoseUK project (a "twin" project of CURE, also carried out within 
the framework of DoReMi WP5) [23]. This study evaluated the errors that are introduced in the 
assessment of intake and dose when interpreting bioassay measurements using incorrect assumptions. 
Artificial datasets, corresponding to three representative extreme cases for the Harwell site, were 
created. Analyses conducted using these artificial datasets confirmed that lung solubility assumptions 
were the most important source of reducible error when lung dose is the quantity of interest. 
 
2.4 Further issues 
 
Inadequate information on smoking was debated as a potentially significant source of uncertainty, but 
this premise is still to be tested. Uncertainties related to any improvements over time in the early 
diagnosis of diseases, and/or length of survival following diagnosis, were not considered to play a 
significant role, provided that birth cohort effects are properly taken into account in epidemiological 
models[24]. These and other sources are all indicated in the complete uncertainty matrix. 
 
3 DISCUSSION: PRIORITIES FOR FUTURE RESEARCH 
 
The uncertainty matrix, the results of the case studies and of other analyses (like those briefly 
summarized above) were used to identify following priority research needs in the field of health risk 
assessment pertaining to occupational exposures to uranium: 
 

(i) Characterization of best estimates and probability distributions of biokinetic and dosimetric 
model parameters and other parameters affecting the exposure scenario. 

(ii) The treatment of censored bioassay data (i.e. measurement below LOD or RL) for the 
assessment of doses to workers following a routine monitoring programme. 

(iii) The identification of suitable statistical methodologies to account for the uncertainty inherent 
in estimates of dose when estimating radiation-induced disease risk. 
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Deriving best estimates of parameter values is clearly essential, whether the primary dose deliverable 
is expressed in form of point estimates of dose or doses in the form of Bayesian (or other) probability 
distributions obtained from uncertainty analyses. Consequently, significant effort should be directed 
into deriving prior distributions for key parameters, particularly those representing “reducible” 
uncertainties as identified in the uncertainty matrix. Approaches similar to those developed as part of 
the EU funded projects Alpha-Risk and SOLO and under the US-funded JCCRER projects for Russian 
Mayak workers [25, 26] could be used to derive estimates of absorption parameters for uranium 
materials. Distributions (representing variability) derived for particle transport clearance rates and 
other physiological parameters for the Mayak workers could be used as a reasonable starting point for 
deriving distributions for parameters for the cohorts considered in CURE. Although it might be 
assumed that these distributions are likely to be material independent and similar across cohorts, scope 
exists to further refine these distributions using relevant uranium worker autopsy data, if available.  
 
Regarding statistical methodologies to account for the uncertainty inherent in dose estimates when 
estimating disease risk, several options have been discussed and proposed in the UWG final report 
[22]. As shown during previous experience with the Alpha-risk project, propagating distributions 
reflecting uncertainties on dose estimates (derived by a theoretically correct Bayesian retrospective 
dosimetric framework) through to an epidemiological analysis can lead to a series of difficulties, 
notably numerical problems, when manipulating the data, due to different levels of apparent 
informativeness between and within cohorts.  
 
A possible alternative approach could be to account for uncertainty on dose estimates through simple 
summary statistics: confidence or credible interval and standard deviation, for example. Even though 
they are less informative, these summary statistics could be more easily used than a probability 
distribution on dose to account for dose uncertainty when estimating disease risk from dose-response 
models.  
 
Another alternative is represented by a so-called Bayesian structural approach based on a unique and 
coherent framework in which all the parameters of the measurement, exposure and disease models are 
estimated simultaneously allowing dose uncertainty to be propagated into risk parameter estimation. 
This approach is currently being applied to refine the risk estimates for lung cancer due to radon 
exposure in a uranium miners' cohort. and could be extended and specifically adapted to a study of 
uranium exposures of miners, millers and other nuclear workers. 
 
Given the large number of subjects present in the cohorts identified by CURE (about 75000 miners, 
6000 millers and 40000 nuclear fuel cycle workers), it is recommended to first test the proposed 
approaches in a series of feasibility studies conducted using smaller sets of representative subjects. 
The analyses could then be extended to all workers or miners/millers having similar individual 
characteristics or conditions of exposure and monitoring. 
 
Alternatively, an ad-hoc synthetic cohort could be created by generating simulated dosimetric and 
health outcome data for a number of artificial subjects. The cohort could be constructed to have a 
particular risk and dose-response relationship, so that the methodologies for handling uncertainties in 
epidemiological analyses can be evaluated by their performance against results that are known. Other 
significant advantages of using a synthetic cohort are the evaluation and validation of methods 
currently used to investigate uncertainties in dosimetric data, and also the potential for sharing all data 
(dosimetric and epidemiological databases) between project members without the usual constraints of 
data protection and ethics. These studies would give important pointers to possible drawbacks and 
difficulties of implementing these methods in the full CURE cohorts, and help guide the development 
of new methods to deal with these issues.  
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4 CONCLUSION 
 
The analysis conducted by CURE UWG has shown that the consideration of uncertainties in dose and 
risk estimation is a fast moving field of great interest. A considerable amount of information has been 
assembled on the potential sources of uncertainty in studies of workers with internal radiation 
exposures, the uncertainty matrix produced will be a useful reference for future work in this area. The 
UWG has proposed strategies for the development of future methodologies for the propagation of 
uncertainties in dose estimates into estimates of risk, including the creation of a synthetic cohort as a 
tool for evaluating proposed methodologies. 
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Abstract. Members of the Techa River Cohort (TRC) are being studied in an effort to test the hypothesis that 
exposure at low-to-moderate dose rates has the same effectiveness as exposure at high dose rates. The goal for 
the Techa River Dosimetry System (TRDS) is to provide the best possible assessment of individual external and 
internal doses for use in epidemiological studies of the TRC members and other persons who were exposed 
beginning in 1949 to releases of radioactive materials from the Mayak Production Association.  A significant 
portion of these releases consisted of long-lived radionuclides, mainly 90Sr.  A large area in the same Urals 
region was also contaminated with long-lived radioactive materials in 1957 when the East Urals Radioactive 
Trace (EURT) was formed following an explosion of a high-level waste tank.  Dose reconstruction in the TRDS 
is based on the use of a large number of measurements of long-lived radionuclides in people and in the 
environment and external exposure rate measurements in places where populations lived. The doses are 
supported strongly by 33,000 measurements made with a tooth-beta counter, 10,000 measurements of bones 
collected at autopsy, and 44,000 measurements made with a special whole body counter.  The traditional 
approach of modeling all steps of the pathway of exposure is used as a backup only when other approaches were 
exhausted. The TRDS calculates doses from external exposures from living along the banks of the Techa River 
and in the region of the EURT and internal exposures from intakes acquired along the Techa River and in EURT 
villages. Individual residence-history data are used. The end point of dose accumulation is also determined 
individually.  Medical X-ray exposure can be considered as a confounding source of radiation exposure for the 
TRC members and the TRDS calculates doses from X-ray procedures.  The TRDS version created in 2000 was 
used initially to derive risk coefficients for the TRC members; an improved version (TRDS-2009) was later 
used. An update, providing individual uncertainty estimates, is scheduled for 2016.  TRDS doses are being used 
in companion epidemiological studies.  The TRDS methods have been referenced by the NCRP, supplemented 
by efforts of the European Commission, and are being incorporated by UNSCEAR. 
 
KEYWORDS: radiation effects; dose assessment; environmental assessment; Techa River. 

 

1 INTRODUCTION 
 
The Chelyabinsk Oblast contained many of the former Soviet Union's major military production 
centers, including the largest plutonium production facility of the former Soviet Union in the closed 
city of Ozersk.  Accidents, nuclear waste disposal, and day-to-day operation at the MPA reactor and 
radiochemical plant contaminated the Techa River.  The period of highest releases was 1949-1956, 
with a peak of released activity in 1950-1951.  In 1957, a nuclear waste storage facility exploded due 
to a chemical reaction - the Kyshtym accident.  The radionuclide of primary dosimetric importance 
for atmospheric releases is 131I; Mokrov et al. [1] report that the total integrated release is about 37 
PBq of 131I.  Extensive information on the environmental situation and health status of the population 
exposed in the Techa river basin has been gathered at the Urals Research Center for Radiation 
Medicine (URCRM) over the past 50 years. 
 
The combined dosimetric and epidemiologic study of the Techa River Cohort (TRC) is deemed 
important, as this cohort is one of a very few that can be studied to examine the question of whether 
there is a dose-rate-reduction factor in the induction of stochastic effects by radiation.  This question 
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represents a central issue in radiation protection of workers and the public.  The overall scientific 
hypothesis to be tested by the combined dosimetric and epidemiologic study of the ETRC is 
‘Radiation dose delivered at low dose rates is equally as effective (in causing cancer and other 
stochastic effects) as the same dose delivered at high dose rates. 
 
U.S. scientists work with Russian scientists and technical personnel at the Urals Research Center for 
Radiation Medicine (URCRM) on the project.  These teams interact with other scientists from 
organizations such as the International Science and Technology Center (ISTC) and the European 
Union’s Southern Urals Radiation Risk Research (SOUL) and Epidemiological Studies of Exposed 
Southern Urals Population (SOLO) projects. 
 
2  ENVIRONMENTAL RADIONUCLIDE RELEASES 
 
The absence of reliable waste-management and waste-storage technologies during the first period of 
Mayak operation resulted in significant radioactive contamination of the Techa River.  In the period 
1949-1956, a total of 7.6x107 m3 of liquid waste with a total activity of 115 PBq was released into the 
Techa river system.  A special project was established that included both experts from Mayak and the 
JCCRER [2] to evaluate the magnitude and timing of the releases.  Scientists from Mayak were given 
full access to documents, workbooks, and files within the Mayak archives.  Important documents 
regarding the early operation of Mayak were declassified and shared with project participants.  These 
historical data on the Techa River contamination have been reviewed in English [3].  A complete re-
evaluation of the source term was prepared by Degteva et al. [4]. 
 
 The total estimated releases into the Techa River are shown in Figure 1.  The total routine release was 
about 52 PBq; the total release from accidental overflows from the tank farms was about 63 PBq.  
There is significant uncertainty in the daily release values, but when integrated over the entire period, 
the overall uncertainty in the release is less than a factor of two. 
 
The release was made up of a large number of radionuclides.  Each waste stream had a different 
radionuclide composition, which also varied in time.  The total release spectrum has been estimated 
for the purposes of dose reconstruction, based on the theoretical content of irradiated fuel stored for 
various effective decay periods [4]. 
 
Figure 1.  Estimates of the dynamics of the total activity of radioactive releases from Facility B into 
the Techa River in 1949–1956 (adapted from Degteva et al. 2012) 
 

 
3 CHARACTERISTICS OF THE DOSE RECONSTRUCTION SYSTEM 
 
The foundation of the dose reconstruction for the Techa River Cohort is unique.  Systematic 
measurements of radioactive contamination in and near the Techa River started in the summer of 
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1951.  The contamination of the river water, bottom sediments, flood-plain soils, vegetation, fish, 
milk, and other foodstuffs, and external gamma-exposure rates were measured.  In addition to medical 
examinations, individual data on the conditions of contact with the contaminated river (the distance of 
the house from the water’s edge, the source of drinking water, fishing, etc.) were collected.  
Radiometric measurements of bioassay and autopsy samples were performed.  All places and terms of 
residence inside the contaminated area were collected for the members of this registry for the 
purposes of individual-dose reconstruction.  Also, extensive measurements of 90Sr content in teeth 
were performed beginning in 1960 and in forehead bone beginning in 1976; whole-body counting for 
90Sr has been performed since 1974; at this time about 35% of the members of the Techa River Cohort 
have had at least one whole-body count. 
 
A description of the general approaches and initial data sets used for the creation of the TRDS was 
provided by Degteva et al. [5,6].  The TRDS is designed as a modular database processor.  That is, 
depending on the input data for an individual, various elements of several TRDS databases are 
combined to provide the dosimetric variables requested by the user.  The input data include the 
following information for each member of the ETRC:  identification code, year of birth, year of entry 
to the catchment area, year of migration from the catchment area, year of vital status determination, 
and residence history within the contaminated areas.   
 
The basis of the past dose-reconstruction efforts for the Techa River Cohort has been summarized in 
several publications [5,6,7,8,9].  The absorbed doses due to external exposure were estimated on the 
basis of systematic measurements of gamma-exposure rate along the banks, supplemented with a 
detailed model of river transport of radionuclides and accumulation in soils, and the typical life-style 
patterns of the inhabitants of the riverside villages.  This approach has given monthly and annual 
absorbed doses from external sources for different age groups in each village.  Major recently 
completed activities included review of these data and provision of a more realistic assessment of 
external dose.   
 
Reduction in uncertainty for internal dose due to 90Sr is achieved by “splitting” the TRC into 
subcohorts with different dose-calculation protocols depending on the quality of individual-input data 
for estimation of dose.  The three subcohorts of the ERTC are: 
 

 Subcohort 1.  Persons with individual body-burden measurements.  The measurements are used 
for the evaluation of personal dose and its associated uncertainty. 

  Subcohort 2.  Unmeasured persons who had cohabitants (members of the same household) 
with individual measurements.  It is assumed that those living in the same house would have 
had similar exposures, at least to sources of drinking water and food. 

 Subcohort 3.  Unmeasured persons for whom only residence-history data are available. 
 

Another useful avenue of reducing uncertainty for integrated 90Sr-body burdens has been further 
development of the strontium biokinetic model.  The URCRM strontium biokinetic models now 
consider sex and age as variables [10, 11, 12]. 
  
The Techa River Cohort (TRC) consists of individuals who were born before 1950 and lived in any of 
the 41 villages situated along the Techa River from 1950 to 1960, plus about 5,000 persons who 
migrated to the villages after the period of high exposure but before 1960; the late entrants in the TRC 
have been restricted to those born before 1949 as for the original TRC.  URCRM conducted extensive 
review of official documents (including taxation books, vital statistics and medical records) between 
the late 1960s and the 1980s to identify cohort members. As of October 2010, the TRC numbered 
29,730 persons, about 58% of whom were women.  Approximately 40% of the cohort was first 
exposed before age 20, 28% at ages 20–40, and 32% after age 40 years. The cohort is 80% Slav and 
20% Tatar and Bashkir. The cohort is now relatively old; the youngest member is over 60 years old 
[13]. 
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In addition, the URCRM Registry includes data on of 24,243 persons exposed in utero and/or the 
progeny of exposed parents, born in the catchment area after 1 January 1950 and identified as the 
“Techa River Offspring Cohort” (TROC). The TROC has the potential to provide direct data on 
radiogenic health effects in progeny from exposure of a general population to chronic low-dose-rate 
radiation [14]. 
Following the tank explosion in 1957, residents of the most highly contaminated villages were 
evacuated.  About 1,100 of the evacuations took place within 7 – 14 days because of high levels of 
external exposure rate.  Relocation of other settlements took place later, but was due to high levels of 
90Sr-contamination density (more than 2–4 Ci km-2 of 90Sr); 2,280 persons were evacuated 250 days 
after the accident.  Later (within 330 to 670 days after the accident) another 8,300 persons were 
removed from territories with contamination density >2 Ci km-2 of 90Sr [13].  In addition to the 
evacuated residents, about 8,000 additional people continued to live in the less-contaminated fringes 
of the EURT footprint. 
 
In addition to exposure on the Techa River, the dosimetry system includes doses due to residence on 
the EURT area; 4,695 members of the TRC (16% of the entire cohort) were exposed on the EURT.  
Nevertheless, additions to individual red bone marrow doses for these persons were low:  5.5 mGy on 
average and 44 mGy at most [15]. 
 
Internal dose computation with use of the Techa River Dosimetry System TRDS-2009D gives 
estimates of doses for all cohort members who resided on the Techa River [14].  The initial estimates 
are based on village average-intake functions and external dose rates with consideration of an 
individual’s residence history, age, gender and the date of vital status or migration from the catchment 
area (the area of epidemiologic follow-up).  Doses are highest to red bone marrow because the 
dominant radionuclide is 90Sr.  Significant variations from settlement to settlement are explained 
mainly by different sources of drinking-water (Techa River, wells or both sources). The levels have a 
tendency to decrease with distance from the release site (Figure 2), which is explained by reduction of 
90Sr concentration in the river water due to dilution.  The highest doses are in the range of 2 Gy to red 
bone marrow.  For individuals with whole-body counts, these generic village average doses are 
modified to account for the person’s actual measurements, and sometimes household-average internal 
exposure estimates for persons living in the same household.  
 
Figure 2.  Red Bone Marrow dose as a function of Techa River downriver distance 
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External dose estimates are made based on accumulation of gamma-emitting radionuclides in the 
bottom sediments and flooded soils, combined with assumptions on amounts of time spent near the 
river, outdoors in villages, and indoors [16].  External doses sharply decreased with distance from the 
release site because of sorption and decay of shorter-lived isotopes. 
 
An additional potentially confounding factor is related to the fact that the Techa River cohort 
members have been provided medical monitoring at the URCRM for many decades, including 
extensive radiographic examinations.  Six thousand four hundred and fourteen (6,414) members of the 
TRC (22% of the entire cohort) were exposed to x-rays for diagnostic purposes. Additions to 
individual doses in different organs of these persons were 30–35 mGy on average and 650–750 mGy 
at most. Therefore, this source of confounding exposure is also being addressed. 
 
4 OBSERVATIONS 
 
The JCCRER studies of the Mayak populations are valuable because radiation effects (cancer and 
non-cancer) are evident in these chronically-exposed groups.  Radiation effects are commensurate 
with the Japanese LSS (Preston et al. 2007) and with the 15-Country Study (Cardis et al. 2007).  
Radiation effects appear to be linear with dose to <0.1 Gy.  A significant result of most of the studies 
is that internal doses protracted over many years seem to be just as important as instantaneous 
external doses.  Long-term chronic doses appear to have essentially the same effect as instantaneous 
acute doses; within the limits of the observations of these studies, the dose and dose rate effectiveness 
factor (DDREF) is approximately equal to 1, which has not been widely anticipated.  Because the 
dose reconstructions for each cohort are still ongoing, these results may change in the future. 
 
The studies do confirm that radiation is a weak carcinogen.  The fraction of cancers in the Mayak and 
Techa River cohorts attributable to radiation is small. 
 
Finally, events from the 1940s, 1950s, and 1960s still disrupt the lives of regional inhabitants.  These 
populations deserve additional study and open communication about the results. 
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Abstract. A multi-year dose reconstruction effort is being conducted to produce representative dose estimates 
for workers at the Mayak Production Association, Ozersk, Russia, where plutonium production activities began 
in 1948. The goal for the Mayak Worker Dosimetry System (MWDS-2013) is to provide the best possible 
assessment of individual external and internal doses of Mayak workers who were exposed beginning in 1948 for 
use in epidemiological studies. The calculation methods and parameter distributions incorporated in the external 
irradiation components of MWDS-2013 are similar to those used in versions from 2005 and 2008 using 
historical film badge data; results are used to estimate annual radiation doses to organs of interest from gamma 
and neutron exposures and the uncertainties in the dose estimates. Medical X-ray exposure is considered a 
confounding source of radiation exposure for the Mayak workers, therefore the MWDS calculates doses from 
X-ray procedures. Calculations for the cohort of over 25,000 workers show that average external doses were 
quite high in the 1940s and early 1950s and fell to international norms by the 1970s. For internal dose, annual 
organ doses are estimated for Mayak workers exposed to plutonium aerosols.  Dose estimates are derived from 
measurement data that consists mainly of activity of plutonium in urine samples. The system uses the latest 
biokinetic and dosimetric models, and unlike its predecessors, takes explicit account of uncertainties in both the 
measurement data and model parameters. About 8,000 workers have sufficient bioassay information to allow 
internal dose estimation.  Internal doses for many organs significantly exceeded international norms for many 
years in the early period of Mayak operation. Both the external and internal dose methods separate shared from 
unshared uncertainties for the individual dose estimates. The dose estimates developed using the MWDS are 
being used in companion epidemiological studies. The MWDS methods have been supplemented by efforts of 
the European Commission and referenced by the International Commission on Radiological Protection. 
 
KEYWORDS: radiation effects; external dosimetry; internal dosimetry; Mayak workers. 
 
1 INTRODUCTION 
 
From the onset of operations of the Mayak Production Association (Mayak PA), the key task of 
specialists at the Radiation Safety Department of Mayak and scientists of Southern Urals Biophysics 
Institute (SUBI) has always been to arrange individual dosimetry monitoring of the personnel. In the 
1940s and 1950s it was only possible to measure external exposures. A corresponding program was 
introduced in June, 1948 and since then all workers have been monitored for individual external 
exposure. 
 
The situation of monitoring internal exposures was more complicated. During the early years of the 
enterprise operation, primary attention was focused on the exposure to 90Sr and 137Cs. Assessments of 
body burdens of beta activity due to uranium fission, based on 137Cs measurements in the period 
1977–1995 showed, however that these activities were well below permissible levels. It took several 
years to realize that the major risk for personnel health originates from internally deposited plutonium. 
Although first attempts to assess plutonium body burdens were made in 1953, it was not until 1970 
that it became possible to implement a set of techniques for measuring plutonium in biological 
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material and to develop a human biokinetic model of plutonium transport and excretion.  Assessments 
based on these methods revealed an excess of permissible levels in many cases. 
 
The Mayak PA and SUBI archives contain information on external doses for about 100,000 persons 
including Mayak PA workers, personnel of contracting agencies, military personnel and those persons who 
were involved in the elimination of the consequences of the radiation accident at Mayak PA in 1957 and 
on internal doses for 8,694 Mayak PA workers.  Current efforts focus on the Mayak Worker Cohort of 
25,940 workers hired at any time from 1948 to 1982, of whom 25% are female. 
 
2 EXTERNAL DOSIMETRY 
 
Mayak worker radiation exposure was measured with photographic film dosimeters.  The basic 
methods for compiling, standardizing, and analyzing the dosimetric records are described by 
Vasilenko et al. [1].  Archive records of measured external radiation annual dose were retrieved from 
Mayak record archives. A separate table of “daily” dose in the database was developed for each 
processed dosimeter during the period of 1948–1967 obtained from Mayak worker “Personal Logs” 
used historically in the recording of worker doses. The “daily dose” table contains 725,652 records for 
approximately 8,752 workers. These data have been analyzed to identify work locations and workers 
where comparatively higher doses to individual workers and to worker groups were recorded.  The 
response of the respective Mayak PA personnel dosimeters to photon radiation has been measured 
using in-air and on-phantom exposures at the German National Research Center for Environment and 
Health (GSF) calibration facility; the extensive information obtained was used to mathematically 
model the dosimeter emulsion energy and angular response characteristics and, in combination with 
the exposure scenario, to calculate adjustments to the original registered dose.  Radiation fields in 
Mayak facilities are a complex mixture of beta, photon, and neutron radiation. Thus, a worker’s 
dosimeter reading may not have been a reasonably accurate estimation of the radiation dose actually 
received in the workplace, particularly in the earliest days of operation when the dosimeters were of 
an early design and had significant variability in energy and angular response characteristics. Because 
it was not possible to produce a detailed, individualized description of the radiation environment for 
each worker, a limited number of exposure scenarios were developed to describe probable primary 
parameters of the radiation environment experienced by large groups of workers. For each of these 
scenarios, conversion factors were developed for application to the worker dosimeter readings. The 
conversion factors incorporated adjustments for dosimeter energy and angular response, the 
orientation of the worker relative to the radiation source, and the configuration (geometry) and energy 
of the radiation field. Exposure scenario conversion factors are applied to dosimeter results to improve 
the estimate of the dose actually received. 
 
Supporting analyses were performed of other potential sources of significant occupational dose to 
Mayak workers such as neutron radiation, medical x-ray examinations, and airborne effluent, with the 
objective to assess the overall occupational dose to workers and to identify sources of uncertainty. 
 
Work with the staff of the Mayak Production Association was halted in 2009.  In order to provide a 
system within which uncertainty in the external doses could be estimated, a two-dimensional Monte 
Carlo external dosimetry computational system was developed.  The first module in the external 
MWDS-2013 calculation accepts definitions of uncertain shared parameters and prepares a “static” 
output file of multiple realizations of each using a Latin Hypercube Sampling (LHS) method. 
Correlations may be applied to the shared parameters at the time of generation of the realizations. This 
file is used as input for all individuals in subsequent calculations.  
 
The second module in the calculation accepts a list of desired cohort subjects defined in an input 
“cases” list and prepares a distribution of dose for each subject. This module calculates doses from 
four major routes of exposure:  
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• Direct gamma exposure  
• Low-energy neutron exposure  
• High-energy neutron exposure  
• External exposures from medical procedures listed in the SUBI clinic records, if applicable for 

this individual.  
 
The external dose  module uses the existing database information as central values and applies 
variable “correction factors” to obtain the desired input distributions, obtained either from the static 
file of shared outer-dimension parameters created by Latin Hypercube calculation internally of 
unshared parameters. The module first prepares an “occupational history” for each individual for each 
year. A total of 60 years provides dates from 1/1/1948 through 12/31/2007. For medical x-ray 
exposures, data are aggregated by year for the period 1948 – 2007.  
 
Output from the stochastic module is intended for use by the epidemiological team. Four files are 
generated, one for each exposure route. The files contain annual dose increments in units of mGy and 
are structured by individual, by year, by organ. As a result, the output files can become very large. To 
enable quick comprehension of the actual dose distributions, a summary generating module is 
available to use to determine univariate statistics on cumulative organ dose for selected (or all) 
individuals for whom dose estimates have been made. 
 
Summary statistics on the external doses are provided in Table 1. 
 
Table 1:  Summary Statistics for Mayak Worker External Doses 
 
Organ  Population Geometric Mean absorbed gamma organ dose (GSD 2 to 4), mGy  

 1948 - 
1953 

1954 - 
1960 

1961 - 
1967 

1968 - 
1973 

1974 - 
1985 

1986 - 
1991 

1992 - 
2007 

Bone 
surface 

192 62 21 8.5 5.2 4.1 2.1 

Liver 157 50 17 7 4.3 3.4 1.7 
Lung 164 52 18 7.3 4.4 3.5 1.8 
Organ Population Geometric Mean  absorbed neutron organ dose (GSD 3 to 10), mGy  

 1948 - 
1953 

1954 - 
1960 

1961 - 
1967 

1968 - 
1973 

1974 - 
1985 

1986 - 
1991 

1992 - 
2007 

Bone 
surface 

0.1 0.04 0.02 0.008 0.01 0.01 0.009 

Liver 0.1 0.04 0.03 0.01 0.02 0.01 0.01 
Lung 0.1 0.04 0.03 0.01 0.02 0.01 0.01 
Organ Population Geometric Mean absorbed medical organ dose (GSD 2 to 4), mGy  

 1948-
1959 

1960-
1969 

1970-
1999 

2000-
2007 

Bone 
surface 

1.1 1.6 2.1 1.4 

Liver 0.3 0.4 0.5 0.8 
Lung 3.3 3.1 3.4 1.6 
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3 INTERNAL DOSIMETRY 
 
There are many differences between the model structures and methodology employed in this study 
compared with previous studies; the main difference is that this study take explicit account of 
uncertainties in model parameters. Previous studies use models which have a single value for all of 
the model parameters. In this study, probability distributions are specified for important parameters 
which reflect the uncertainty in that parameter value. To distinguish this type of model from the more 
usual type of model, they are referred to in this and the accompanying papers as hyper-models. The 
output of a hyper model is thus a distribution of a quantity rather than a single value. 
 
The calculation of the output from a given hyper model (e.g., organ dose) is relatively straight forward 
to calculate. One simply chooses a random value for each parameter from its specified distribution 
and runs the model forward to obtain a unique dose. Repetition of this process will lead to the 
generation of a distribution of the required output. To use a hyper-model to fit values of a parameter 
to a given data set is more complicated, and requires use of Bayesian techniques. These techniques 
can be time consuming, and specific methods have been devised to decrease computation time. 
Within the Bayesian methodology, the initial distributions assigned to the parameters in the absence 
of data are referred to as prior distributions, and the resulting parameter distribution (taking into 
account the measurement data) are known as posterior distributions. 
 
The input to the dose calculation consists of measurements of plutonium activity in urine samples 
donated by workers. In the Mayak cohort, there are also around 500 cases for which autopsy data as 
well as urine measurements were also available. The output for each worker consists of a series of 
organ doses delivered in each calendar year. For each organ, in a given year, the set of doses for every 
member of the cohort is referred to as a realization. In our case, since we use a hyper-model, the organ 
dose is not a single value, but a probability distribution of organ dose for that individual, and so to 
avoid confusion, this is referred to as a hyper-realization. In all, the output for MWDS-2013 consists 
of 1000 hyper-realizations (for each organ and for each calendar year). 
 
If a parameter value is unknown, but the same for each worker, then it is referred to as shared. 
Conversely, if a parameter value is unknown, and different for each worker, it is referred to as 
unshared. Within each hyper-realization, shared parameters take on the same value, whereas unshared 
parameters are randomly chosen. The set of hyper-realizations thus preserves the information of 
shared and unshared parameters.  
 
Thus, for each parameter, the following is specified: 

• the prior probability distribution for that parameter 
• whether it is 'shared' or 'unshared' between workers 
• a representative/default value for the parameter 

 
However, for the purposes of epidemiological analysis, in order to make risk calculations tractable, 
the hyper-realizations are currently reduced to representative realizations. 
 
A complete description of the methods and models employed is provided in a companion paper from 
the IRPA symposium [2].  Summary statistics of the internal doses are provided in Table 2. 
 
Table 2:  Summary Statistics for Mayak Worker Internal Doses 
 

Organ  Median, mGy Mean, mGy Maximum, mGy 

Bone surface cells 108 707 46600 
Liver  27 177 11300 
Lung (weighted sum) 31 185 8980 
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4 JOB EXPOSURE MATRIX 
 
The Project 2.4 team has been asked by the biostatisticians of the companion Project 2.2 
epidemiological team to consider the possibility of developing a uniform and consistent system of 
internal dose estimation that would include both the monitored and unmonitored workers (i.e., the 
entire worker cohort).  Such a system would include three sets of input data rather than the current 
two: 

• A worker job matrix (an expanded version of the current worker history) and accompanying 
dose estimates; 

• Urinalysis measurements; and 
• Autopsy measurements. 

 
The addition of the first data set would provide an individualized estimate of the internal dose 
estimate.  The advantage of such a system is that it would allow not only the addition of annual dose 
estimates for unmonitored workers, but also consideration of all person-years since the start of 
employment rather than since time of first urinalysis. 
 
The suggested approach is based on the facts that: 

a.  exposure history is known for all workers in the cohort, but only approximately every third 
worker is provided with Pu dose estimates calculated by the results of individual bioassay; 

b.  the interim calculation result for internal dose calculation in MWDS-2013 and MWDS-2016 is 
the value of inhalation intake, calculated for every year of a worker’s exposure.  

 
The suggested methodology includes the following steps: 

Step 1. Several job categories are created by the approach to grouping work places and job 
titles, used in the grouping of the scenarios of external exposure. The expected number of these 
job categories is about 40.  
Step 2. Conditions of exposure for each job categories can change with time, so an exposure 
scenario, assigned to job categories, should account for different conditions of exposure in 
certain periods of time.  
Step 3. A list of workers is created for each  job category. Some representatives from the list 
will be provided with individual bioassay results.  
Step 4. Using the data on the value of annual inhalation intake for the monitored representatives 
of job categories, a distribution of the value of intake is plotted for certain periods of a job 
category existence. The statistical characteristics of the intake distributions are defined here as 
well. 
Step 5. The distributions of intake for each year of a job category existence obtained at Step 4 
are “assigned” to the years of employment of the unmonitored workers at the work places of a 
job category of interest. Doses are estimated. 
Step 7. Validation of the approach by comparison of calculated and observed values of internal 
doses, assessment of potential bias and uncertainty.  
 

Preliminary advantages of the suggested approach include harmonisation with the approach to dose 
calculation and their distribution, performed using the results of individual bioassay; and provision 
with initial data to form the exposure matrix according to work places and years of follow-
up/monitoring. 
 
Preliminary analyses show that there are monitored workers practically for each year of existence of 
each job category. The surrogate estimates of intake (and then of doses) for each year in a job 
category mostly will be based on 15% - 100% of the real data on Pu intake. This confirms the 
sufficiency of the initial data to implement the suggested approach to the JEM development and 
surrogate dose estimate.  This work will be continued in the near future. 
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5 OBSERVATIONS 
 
The Mayak Worker cohort has cumulative external organ doses comparable to the doses received by 
survivors at Hiroshima and Nagasaki.  
 
External doses in the cohort are greater than nuclear sites in US, Canada, UK and 12 other countries 
involved in IARC 15 Country Study. 
 
Internal doses from plutonium to lung, liver, and bone provide the largest available database for 
evaluation of alpha-particle exposure. 
 
Analysis of the Mayak Worker Cohort has the potential to improve estimate of organ-specific 
radiation risk from protracted occupational exposure. 
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Abstract. This paper discusses the creation and use of computational dosimetric models for waterfowl with the 
purpose of determining Dose Conversion Factors (DCF) for 75Se and 76As using Monte Carlo techniques. The models 
utilize mallard (Anas platyrhynchos) specific organ densities, stylized representation of organs with the source organ 
defined as the liver and consideration of life stage, i.e., models are developed for both adult and duckling. 
Preliminary work in voxel and hybrid models are also discussed. Whole body DCFs from 75Se for adult duck and 
duckling (4.9 x 10-4 µGy d-1 per Bq kg-1 and 2.3 x 10-4 µGy d-1 per Bq kg-1, respectively) were comparable to DCFs 
reported in ICRP 108 for duck and duck egg. The higher energy of the 76As beta particles and photons compared 
with the electrons and photons associated with 75Se resulted in consistently higher DCFs for 76As in both the duck 
and duckling models for all organs with the greatest impact in the liver, as expected due to definition as the source 
organ. The DCFs for the adult duck were greater than those for the duckling for all but 3 cases (brain for both 76As 
and 75Se and gizzard for 76As) due to the combination of a more compact geometry of the duckling and greater energy 
of the particles associated with 76As. In general, the development of more comprehensive, yet practicable, dosimetric 
models of non-human biota allows for a greater ability to quantify potential dose-effect relationships and evaluate 
potential environmental radioecological impacts. 

 
KEYWORDS: waterfowl; dose conversion factor; internal dosimetry; stylized model; Monte Carlo. 

 
1     INTRODUCTION 

 
1.1     Importance of investigating waterfowl 

 
The current radiation protection system is evolving toward the holistic protection of man and his 
environment as opposed to protecting only man and assuming the environment to be protected as well 
[1-3]. There are different perspectives (e.g., anthropocentric, ecocentric, biocentric) concerning 
environmental radiation protection, yet the end objective of avoiding detrimental effects within the 
environment is the same. With this view, then, comes the need for more refined knowledge of dose- 
effect relationships and potential impacts to flora and fauna in radiation exposure scenarios. Of particular 
interest in this paper are waterfowl-specific dosimetric modeling techniques. Migratory waterfowl 
frequently inhabit wastewater ponds and other waterways near nuclear processing facilities and legacy 
sites and thus, are exposed to many radioactive contaminants. While the duck is the reference bird for 
the ICRP [2], there is little work dedicated to its internal dosimetry, particularly for non-homogeneous 
internal distribution of radioisotopes; presently, most dosimetry evaluations are relatively generic [2, 3]. 
There is some work concerning transfer factors [4], elimination rates [5] and general tissue activity 
concentrations [6-9] of waterfowl but, often the studies are for food chain analysis or general monitoring 
and documentation, not for dosimetric-specific analysis of the animal. Here we consider stylized models 
of an adult mallard duck (Anas platyrhynchos) and juvenile duckling with 75Se and 76As as representative 
isotopes of concern to determine Dose Conversion Factors (DCF) using Monte Carlo modeling 
techniques. 

 
1.2     Selenium and Arsenic in the environment 

 
Selenium is widespread trace element in the Earth’s crust, exhibits both beneficial (i.e. is an essential 
nutrient) and toxic effects in biota with a narrow range between deficient and toxic levels and is taken 
up quickly in plants [10, 11]. Aquatic environments have been subjected to selenium contamination as 
a result of many anthropogenic activities, including mining and agricultural activities, posing health 
threats to biota in the area, particularly aquatic birds [11-14]. Arsenic, as is selenium, is also present in 
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the environment at potentially toxic levels due to anthropogenic activities such as agricultural drainage 
and mining activities [15, 16]. Selenium-75, with a half-life of 120 days, decays via electron capture and 
is often used as tracer in various environmental applications or for medical diagnostics [17, 18]. Arsenic- 
76, a beta/gamma emitter with a 1.08 day half-life, has been reported to have been released from single 
pass production reactors at the Hanford Site into the Columbia River from 1944 to 1971 [19]. Both 75Se 
and 76As are a byproducts of fission and the nature of their decays makes them relevant for internal 
dosimetric analysis. Additionally, these isotopes were specifically chosen to take advantage of the data 
that is available on distribution of these isotopes within duck tissues, largely uptake in the liver [15, 18]. 

 
1.3     Computational models 

 
Accurate dosimetry is needed to establish appropriate dose-effect relationships, which in turn requires 
either direct measurement or rigorous modeling techniques for approximating dose. Although some 
supporting physical measurements can be made (e.g. bioassay), internal dosimetry necessitates some type 
of modeling approach [20]. The current recommendation (employed by both RESRAD-BIOTA and the 
ERICA tool) for determining dose to non-human biota is to consider ellipsoidal models with uniform 
radioisotope distribution representative of the organism of interest. These models are in turn used with 
radionuclide specific Monte Carlo physical transport models to determine whole body Dose Conversion 
Factors [2, 21]. The resultant DCF can be multiplied by the organism’s activity concentration to obtain an 
absorbed dose rate; tabulated DCF values for certain reference organisms and isotopes are available (e.g. 
for Reference Animals and Plants in ICRP Publication 108 [2]). Other techniques used for dose 
assessments include use of mass ratios [22], more complex stylized phantoms considering internal organs 
as simple geometric shapes [23], voxel phantoms utilizing CT imagery to reconstruct organ geometry [24, 
25] and most recently, hybrid phantoms which involve smoothing and refining the voxel phantoms [20]. 
While voxel and hybrid phantoms allow for a more anatomically accurate representation of the internal 
organs, they also come with a significant time cost for phantom creation which must be taken into account. 

 
2     MATERIALS AND METHODS 

 
2.1     Analysis of duck anatomy 

 
An adult male mallard duck (Anas platyrhynchos) donated by a local hunter from the Colorado Front 
Range was dissected to aid in determining internal organ size, shape, location and specific tissue density 
for use in the creation of a stylized phantom. The external dimensions of the duck body, neck, head and 
bill were also used for the stylized phantom geometry. The internal location of each organ was noted 
and upon removal from the body cavity the size, shape and mass were documented. Each identified 
organ was weighed in air and in water (Mettler Toledo XS104 with density kit) for density (ρ) and 
volume (V) determination via: 

ρ = A 
A − B 

 

( ρ0  − ρL ) + ρL 

 
(1) 

 
 

V = α A − B 
ρ0  − ρL 

 
(2) 

where A is the weight of the simple in air (g), B is the weight of the simple in water (g), ρ0 is the density 
of water (1 g cm-1), ρL is the density of air (0.0012 g cm-1) and α is the balance correction factor (0.99985) 
which takes air buoyancy of the adjustment weight into account. 

 
A deceased juvenile duckling, of less than one day in age and of unidentified breed, was donated by a 
farmer from Westminster, South Carolina. External measurements of the ducklings’ body, neck, head 
and bill were taken for use in the duckling scale stylized model. A micro-CT (Bruker, SKYSCAN 1176) 
of the duckling specimen was performed at Godley-Snell Research Center, Clemson University for use 
in preliminary voxel and hybrid models. 
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2.2     Development of computational models 
 
Stylized representations of the adult duck and duckling were created within the Monte Carlo N-particle 
6 (MCNP6) transport code, version 1.0, to model radiation transport through the body with the liver 
being considered as the source of either 76As or 75Se [15, 18]. The resultant tabulated energy deposition 
was then used to determine the DCF for various internal organs and the whole body. 

 
2.2.1     Stylized phantom creation 

 
The stylized models of the duck and duckling consist of organs and body regions modeled as simple 
geometric shapes, mostly ellipsoids. The size, shape and location of organs were determined through 
knowledge of duck anatomy and dissection. The sizes of the duckling internal organs were estimated 
based on fractional comparison of the juvenile body and head dimensions and volumes to that of the 
adult duck. The brain dimensions were estimated at 1:2.29 of the adult and all other modeled internal 
organ dimensions were estimated at 1:3.26 of the adult. The shape description of the body regions and 
organs modeled as well as densities used for each tissue are listed in Table1 and a 3D depiction of the 
duck and duckling stylized models are shown in Fig. 1. 

 
Table 1: Description of the geometry and density of the stylized organs. 

 
Organ Description Density (g cm-1) 
Body Ellipsoid 1.04 

Heart Ellipsoid 1.06 
Gizzard Ellipsoid 1.08 
Gizzard Contents Ellipsoid 2.66 
Intestines Ellipsoid 1.05 
Liver 2 Ellipsoids 1.05 
Lungs 2 Ellipsoids 0.89 
Testes 2 Ellipsoids 1.03 
Kidneys 2 Ellipsoids 1.06 

Head Ellipsoid 1.04 
Brain Sphere 1.10 

Neck Right Circular Cylinder 1.04 
  Bill   Right Truncated Cone   1.10   

 
 
Figure 1: Stylized representations of the (a) adult duck and the (b) duckling. All organs identified on 
the adult duck model are present in the duckling model. 
 

 
(a) 

42 cm 
 
 

Heart 
 
Gizzard Liver 

(b)  
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The density of the body, neck and head were assumed to be that of muscle determined from dissection. 
The density of the bill was estimated as that of cartilage reported in ICRU 44 [26] and the density of the 
gizzard contents was assumed to be the reported average of five types of rock [27]. All other densities 
were those determined for the organs during dissection. The elemental composition of all tissues in the 
models were based on human tissue for the same organ/tissue type [26]; preliminary work indicated that 
the elemental composition of most tissues is similar to that of human tissue, with the exception of bone, 
and thus, density is of greater importance for radiation transport at this stage of phantom development. 

 
2.2.2     Source definition and determination of DCF 

 
Within MCNP, the source organ was defined as the liver considering uniform distribution of either 76As 
or 75Se with disintegrations, simulating decay, being randomly distributed throughout the organ. 
Separate runs were conducted for each particle type, i.e. electrons/beta particles or photons, and each 
isotope considering only particles with a probability of occurrence of greater than 1%. Additionally, the 
average beta particle energies of 76As were used over the beta spectrum to reduce significantly extended 
runtimes. The number of disintegrations was chosen to be 109 for 76As photons, 75Se photons and 75Se 
electrons and 108 for 76As beta particles in order to maintain reasonable run times while reducing 
variance. MCNP simulations were run on the Palmetto Cluster at Clemson University. 

 
The tabulation of energies deposited per disintegration in each target organ (or group of organs) was 
made using the MCNP *f8 tally function which records the sum of all energies deposited in the tissue 
by the modeled particle type as well as secondary particles. The MCNP output for each target organ and 
the whole body was used to determine the corresponding DCFs by K·E, where E is the energy deposited 
in a target per disintegration (MeV dis-1) and K is a unit conversion with a numerical value of 0.013824 
for a DCF in units of µGy d-1 per Bq kg-1. 

 
2.3     Preliminary development of voxel and hybrid models 

 
The micro-CT of the duckling was imported into 3D-Doctor and preliminary reconstruction of the 
skeleton and the whole body was performed in automatic mode (Fig. 2). These preliminary models will 
be used as a starting point for future voxel and hybrid models for which the surfaces of the bones and 
internal organs must be contoured by hand for use in MCNP transport modeling. 

 
Figure 2: Example 3D-Doctor automatic reconstructions of the (a) skeleton and (b) whole body from 
the (c) micro-CT image 

 
(a) (b) 

 
 
 
 
 
 
 

(c) 
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3     RESULTS AND DISCUSSION 
 
The higher energy of the 76As beta particles and photons, compared with the electrons and photons 
associated with 75Se, resulted in consistently higher DCFs for 76As in both the duck and duckling models 
for all organs with the greatest impact in the liver, as expected due to definition as the source organ (Fig 
3 (a) and (b)). The DCFs for the adult duck were greater than those for the duckling for all but 3 cases, 
brain for both 76As and 75Se and gizzard for 76As (Fig 3 (c) and (d)). These differences are due to the 
combination of a more compact geometry of the duckling, the gizzard being the closest organ to the liver 
in general and the brain being significantly closer to the liver in the duckling than in the duck, and greater 
energy of the particles associated with 76As. 
 
Figure 3: Comparison of DCFs obtained using the stylized model for various organs with liver as the 
source organ. Specifically, (a) adult duck comparison of 75Se and 76As DCFs; (b) duckling comparison 
of 75Se and 76As DCFs; (c) comparison of duck and duckling DCFs for 76As; and (d) comparison of duck 
and duckling DCFs for 75Se. 
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1E-07 
1E-08 
1E-09 
1E-10 

Duck vs Duckling DCFs, 75Se 
 
Se-75 duckling 
Se-75 duck 
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Table 2 lists the modeled whole body DCFs for an adult duck and duckling and ICRP 108 [2] reported 
values for an adult duck and duck egg reference organisms. The values are of similar magnitude even 
for the duck egg compared to modeled duckling, verifying that representation of the duck and duckling 
as stylized models produce reasonable results. 

 
Table 2: Comparison of the whole body dose conversion factor for an adult duck and duckling obtained 
using the stylized model with the liver as the source organ to ICRP 108 [2] reported whole body dose 
conversion factor for an adult duck and for a duck egg for 75Se. 

 
Whole Body DCF for 75Se 
(µGy d-1 per Bq kg-1) 

 

ICRP 108 
 

Stylized Model 

Adult Duck 1.1x10-3 4.9x10-4 

Duck Egg (ICRP)/Duckling (Model) 5.6x10-4 2.3x10-4 

 
The relative errors associated with the whole body and the liver (source-target organ) tallies were 0.0001 
or less for all particle types and isotopes. Relative error increases as the number of particles reaching the 
target organ decreases, i.e. for small organs or organs far from the source [20]. The relative error 
associated with each *f8 tally for the internal organs was typically < 0.01 for all photons and < 0.1 for 
76As beta particles and 75Se electrons (intestines and gizzard). The relative error for the electrons 
associated with 75Se was higher for organs that were not very close to the liver (heart, kidney, testes and 
lungs), but only greater than 0.5 for the testes of both the adult duck and duckling. However, the energy 
deposition was on the order of 10-11 MeV per disintegration for both cases making any dose and 
associated error negligible for this tissue. The error associated with energy deposition from 76As beta 
particles to the brain of the duckling was also (slightly) greater than 0.5, but again the energy deposition 
was very low at 6.9 x 10-9 Mev dis-1; the brain received no deposition of energy from 76As beta particles 
in the duck or 75Se electrons in the duck or duckling due to the distance from the source. 

 
4     CONCLUSION AND FUTURE WORK 

 
Stylized, voxel and hybrid models have the advantage over simple ellipsoidal models of being able to 
discern the doses to individual organs, particularly when the source of internal exposure is not uniformly 
distributed over the whole body. The development of more comprehensive, yet practicable, dosimetric 
models allows for greater insight and quantification of potential dose-effect relationships of exposed 
populations of non-human biota for which current assessments are often minimal. Additionally, the 
models presented herein are easily modified to evaluate other radioisotopes of concern as well as account 
for spatial (i.e. varying uptake into multiple organs) and temporal heterogeneous internal distribution of 
radioisotopes when coupled with kinetic uptake evaluations, allowing determination of organ specific 
maximum absorbed dose rates and cumulative absorbed dose in future work. For example, varying 
uptake between the liver, kidney heart and lung for 75Se, along with temporal changes and incorporation 
of voxel and hybrid phantoms, will be used to perform a more complete dosimetric analysis and to 
determine if any significant differences in organ doses result [18]. 
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Abstract. Radioactive contamination of the Techa River resulted from activities of the Mayak Production 
Association (Mayak), which produced plutonium starting in 1948. Mayak is located in Ozersk, Russia. Total 
discharges into the Techa River between 1949 and 1956 amounted to 76 million m3 of radioactive waste with 
total activity of 1017 Bq (2.75 million curies). The highest doses were received by the residents of the Techa 
River villages. External exposure was due to the contamination of the river system components (water, river 
bottom, flood plain) and village locations with gamma-emitting radionuclides (137-Cs, 95-Zr, 95-Nb, 103-Ru, 
106-Ru, and others). Internal exposure was due to intakes of radionuclides (mostly Sr-89, Sr-90, 137-Cs) with 
river water and locally produced foodstuffs. Over the years, dosimetric systems have been used to compute 
individual dose estimates for the exposed. The current system, called TRDS-2009, includes updates to the 
composition and temporal pattern of the releases, improved models for river transport, and increased 
individualization of individual doses, including use of individual measurements of 137-Cs and 90-Sr body 
burdens and more detailed data on residence locations. Further development of the TRDS (in 2016) will 
provide more detailed data on uncertainties in individual dose estimates using a multiple realization approach.  
Previous analyses of cancer mortality among the full Techa River cohort (TRC) members, and cancer incidence 
among Chelyabinsk subcohort of TRC, demonstrated significant dose effect for solid cancer and leukemia 
incidence and mortality. In current work we are extending the follow-up period to 60-years improving the quality 
and completeness of the mortality and incidence data, conducting analyses that provide quantitative estimates of 
radiation effects on cancer rates, and investigating influence of nonradiation factors in this unique subcohort of 
people chronically exposed and making this information available to the scientific community. In addition we 
are preparing the groundwork (statistical methods and software development) needed to incorporate dosimetric 
uncertainty into the calculations of the uncertainty in risk estimates, in preparation for the update of the Techa 
River Dosimetry System from TRDS-2009 to TRDS-2016. 
 
1  INTRODUCTION 
 
Most radiation protection guidelines are based on the assessment of radiation risk obtained from 
studies of populations exposed at high dose rates, including the atomic bomb survivors and cohorts of 
patients treated with radiotherapy for benign and malignant disease. In order to provide protection 
from radiation effects to populations exposed to chronic low-dose radiation, the protection guidelines 
relevant to low dose-rate exposures have historically been estimated by extrapolation from these high 
dose-rate studies. Studies of the health of populations exposed low dose rate exposures is needed in 
order to provide direct evidence for these health risks in order to reduce the uncertainties implicit in 
using high dose and dose-rate extrapolation in radiation protection.  
 
Radioactive contamination of the Techa River resulted from activities of the Mayak Production 
Association (Mayak), which produced plutonium starting in 1948. Mayak is located in Ozersk, in the 
Southern Urals region of Russia. Total discharges into the Techa River between 1949 and 1956 
amounted to 76 million m3 of radioactive waste with total activity of 1017 Bq (2.75 million curies). The 
highest doses were received by the residents of the Techa River villages. External exposure was due to 
the contamination of the river system components (water, river bottom, flood plain) and village 
locations with gamma-emitting radionuclides (137-Cs, 95-Zr, 95-Nb, 103-Ru, 106-Ru, and others). 
Internal exposure was due to intakes of radionuclides (mostly Sr-89, Sr-90, 137-Cs) with river water 
and locally produced foodstuffs. The Techa River Cohort (TRC) study provides a unique opportunity 
to quantify the long term effects of chronic, low-dose-rate exposure in a large unselected population. 
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2 MATERIALS AND METHODS 
 
2.1 Cohort Definition 
 
In 1967, the Urals Research Center for Radiation Medicine (URCRM) initiated a study of the long-
term health effects of protracted low-dose-rate environmental exposure in this population [1].  The 
individuals studied in the TRC consists of approximately 30,000 persons who were born before 1950 
and lived in any of the 41villages situated along the Techa River between1950-1960. About 60 percent 
of the cohort is women, the higher proportion of women reflects the deaths of adult males due to 
military service, accidents, or early deaths from disease. Cohort members identified with 
Tartar/Bashkir ethnicity make up about one-third of those exposed in Chelyabinsk Oblast (closer to the 
release sites) while virtually all of those exposed in Kurgan Oblast were identified as Slavs. Mortality 
follow-up is performed by regular systematic follow-up within the Chelyabinsk and Kurgan Oblasts, 
and within the Chelyabinsk Oblast for cancer incidence.  
 
2.2 Follow-up for Mortality 
 
Mortality follow-up for the Techa River Cohort members begins on the latest of January 1, 1950 or the 
date they came to live on the Techa riverside, whichever was later, and continues until the earliest of 
date of death, date of migration or other loss to follow-up, or December 31, 2006. 
 
2.3 Follow-up for Cancer Incidence 
 
Follow-up for solid cancer incidence is from 1956-2007 in the report from Davis et al [2] 
 
2.4 Dosimetry 
 
Dosimetry for the TRC makes use of large numbers of measurements of long-lived radionuclides in 
the human body and in the environment, as well as measurements of external exposure rates in places 
where the TRC members lived with pathway analysis used as a backup when other methods are 
exhausted. Development of dosimetry for the TRC has been an ongoing process and is still continuing. 
Here we focus on dose response analysis based upon the TRDS-2009 system. The TRDS-2009 
estimates both external and internal dose histories for each participant. External exposures 
predominate for residences of villages located in the upper Techa region. External exposures peaked in 
1951 and then declined. Individual exposure depends also on village distance along the river from the 
upstream contamination sources and of household distances from the shoreline as well as other 
individual and village factors. Internal exposures were through the consumption of Techa River water 
and cow milk which also depends on individual and village factors and is based on numerous data on 
tooth-beta counts and whole-body counts for the TRC members, detailed descriptions are provided by 
refs. [3,4] 
 
2.5 Statistical Methods 
 
Typically modeling of the cancer risks in the TRC in relation to dose utilizes excess relative risk 
modelling  conducted using Poisson regression methods [Epicure, Hirosoft Corporation], applied to 
highly stratified person year and event count  tables with stratification variables including detailed 
dose categories,  gender, ethnicity, entry period, calendar time, age at entry, and time since first 
exposure. Dose (generally Gy) is lagged and time-varying as it accumulates over time.  The excess 
relative risk models provide estimates of the increase in relative risk per unit dose with the baseline 
rate dependent upon such variables as attained age, sex, ethnicity, birth cohort, and allowing for 
modification of the ERR by factors including attained age, age at entry, gender and time since entry.   
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3 RESULTS 
 
3.1 Dosimetry 
 
Table 1 describes the distribution of individual dose estimates for the stomach and the red bone 
marrow (RBM). The dose to the RBM is principally the result of internal strontium exposure (beta 
particles). Stomach dose (and dose to most other organs) is dominated by external exposure. Dose for 
individuals are time dependent over the follow-up period, for both external and internal exposure, 
what is shown in Table 1 concern doses at the end of follow-up  
 
Table 1: Cumulative dose distribution for cohort members based on TRDS 2006 
 

 Median (Gy) Mean (Gy) 90th %ile 
(Gy) 

Maximum 
(Gy) 

TRC Stomach 
dose 0.01 0.04 0.073 0.97 

 
TRC RBM dose 0.24 0.41 1.05 9.0 

 
3.2 Dose response 
 
Here we summarize published results on dose response analysis from three papers [2,5,6] on solid 
cancer incidence and mortality and on leukemia incidence. In all cases the follow-up is over the period 
from 1950-2007 for mortality and 1953-2007 for cancer incidence. 
  
3.3 Leukemia 
 
Two-year lagged cumulative exposure to the RBM is treated as the exposure variable in the creation of 
the person years tables described above. Individual annual dose rates declined rapidly with time since 
initial exposure and distance from the release point with almost no additional dose accumulation by 
the end of follow-up. Over 90% of the cumulative RBM doses were attributed to radioactive strontium 
exposure.  
 
At the end of the follow-up period there were 99 cases of leukemia identified including 27 CLLs and 
25 CMLs. As there was no evidence of a dose response for CLL (ERR per 100 mGy = 0.01, p>0.5). 
Most analyses focus on leukemia other than CLL. Figure 1 (from ref [5]) 
 
Figure 1: Estimate of risk of incidence of non-CLL Leukemia in the TRIC. 
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Figure 1 shows the overall dose response and both linear and linear-quadratic fits through the data. For 
these leukemias the change in the ERR per 100 mGy in a linear dose–response model was 0.22 (95% 
CI 0.08–0.54; P<0.001). Under the linear dose response model it was estimated that half of the 72 non-
CLL cases were associated with radiation exposure. Positive dose responses were seen for several 
subtypes or subgroupings of non-CLL leukemia including CMLs (ERR per 100 mGy 0.31, 95% CI 
0.05-1.8) and acute/subacute leukemias as a group (8 AML, 1 ALL, and 32 other cases, ERR per 
100mGy 0.18, 95% CI 0.04-0.59). The Krestinina et al [5] analysis examined numerous other aspects 
of the data including the linearity of the dose response, differences in the ERR by sex, ethnicity, age at 
diagnosis, age at exposure, and time since exposure. The estimated ERR was not found to be 
significantly dependent upon these variables.   
 
3.4 Solid Cancer Incidence 
 
There were a total of 1,933 solid tumors of all sites observed over the follow-up period. There was a 
statistically significant linear dose response for all solid cancers as a group which remained after 
adjusting for smoking in the baseline model (p=0.02). The estimated change in the ERR per 100 mGy 
was 0.07, 95% CI 0.013-0.15. Figure 2 (from Davis et al) depicts the solid cancer dose response in 
addition to linear, linear quadratic, and non-parametric fits to the data. Elevation in cancer risk in the 
dose range from 0-.5 Gy seems quite evident in the figure, although the shape at the low dose range is 
uncertain. 
 
Figure 1: Solid cancer dose response, all are adjusted for smoking. Linear, linear-quadratic and 
nonparametric fits are shown. 

 
 
Further investigation showed no evidence that the radiation ERR varied significantly with sex, attained 
age, or reported ethnicity, or by age of exposure or time since exposure.  In site specific analyses only 
esophageal and uterine cancer were found to display a significant dose response.  The strongest ERR 
was seen for esophageal cancer with an ERR per 100 mGy of 0.46. Removing esophageal cancers still 
left a marginally significant response for the combination of all other cancers, suggesting that most 
solid tumors show some dose response.  
 
3.5 Solid Cancer Mortality 
 
There were a total of 2,303 deaths due to solid tumors of all sites reported by Schonfeld et al [6] over 
more than 50 years of follow-up (1950-2007). Among men, lung, stomach, and esophageal cancers 
were the most frequent causes of solid cancer death. For women, stomach, uterine, and breast cancers 
accounted for the largest numbers of solid cancer deaths. 
Baseline models modeled the effects of birth cohort, ethnicity, time period and an age-dependent 
Oblast effect which reflected the prior observations that solid tumor rates are less in Kurgan Oblast 
than in Chelyabinsk; since doses are lower in Kurgan than Chelyabinsk failure to account for this 
difference would have led to an overestimation of effects. 
Overall relative risk of solid tumor mortality by dose categories is depicted in Figure 3. 
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Figure 3: Solid cancer mortality based on TRDS-2009 stomach doses. 
 

 
 
Shown are the fits of a linear model and a linear spline with a knot at 0.1 Gy as well as the observed 
mortality rates by dose categories after adjusting for the terms in the baseline described above. There 
is no evidence either for a linear-quadratic model compared to a linear model (p>0.5) or for the 
threshold model at 0.1 Gy (p=.46). The overall linear trend produced an ERR/100 mGy of 0.061 (95% 
CI 0.004 - 0.127, p=.03). Based upon the linear model it was estimated that about 2 percent of deaths 
were associated with radiation exposure.  
 
4 DISCUSSION 
 
The Techa River Cohort is one of the few studies in which the long-term effects of chronic low-dose-
rate radiation exposure can be evaluated in a large population. Each of the analyses of leukemia 
incidence, overall solid tumor incidence, and overall solid tumor mortality are significant in dose, and 
are well described by a linear dose response (ERR). Excess risk estimates per 100 mGy are not 
generally lower than those which would be expected based on other influential studies, even those 
where exposure is acute rather than protracted. However, other models e.g. purely quadratic, fit the 
data either as well or nearly as well as do the linear models, reflecting uncertainty in risk for the lowest 
dose categories. 
 
There has been an evolution in the dosimetry systems used to estimate dose in this cohort. The TRDS 
2009 doses used in the analyses described here includes information from many environmental 
measurements and individual assessments (including tooth and whole body counts). Nevertheless there 
remain uncertainties in the individual dose estimates which are not fully addressed in risk analyses.  
A Monte Carlo dosimetry system expected later this year, TRDS-2016, will use the multiple 
realization approach [7-11] to describe uncertainties in dose; these will include shared uncertainties 
that affect either all or large groups of individual participant’s doses simultaneously. We are presently 
developing software to incorporate the dosimetric uncertainty characterized by the multiple 
realizations into the uncertainty about the ERR risk estimates and other parameters. While we do not 
think that risk estimates will change simply because of uncertainty assessment, or that the significance 
of tests for non-zero dose response will be altered by incorporating dosimetric uncertainty[7], it is 
likely that confidence intervals for risk estimates will expand, although in a non-symmetrical way, 
with upper confidence bounds generally more affected than lower confidence bounds.  
 
5 FUNDING 
 
This work was conducted as part of the Joint Coordinating Committee for Radiation Effects Research 
(JCCRER) Project 1.2b under the auspices of the JCCRER Agreement of 1994 between the United 
States and the Russian Federation.  It was jointly funded by the Russian Health Studies Program of the 
U.S. Department of Energy (DOE) and by the Federal Medical Biological Agency (FMBA) of the 
Russian Federation. 
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Abstract. Proper assessment of the equivalent doses to the lens of the eye and extremities for radiation workers is 
important to ensure that the dose limits are not exceeded. Homogeneity of the radiation field greatly impacts on 
the assessment of eye lens and extremity doses. However, there has been no systematic approach to estimate (non-
homogeneity in nuclear sector). The general aim of our project is to provide a comprehensive methodology to 
identify nonhomogeneous exposure situations. To fulfil this purpose, an index that represents the correlation 
between whole-body monitoring and eye lens or extremity monitoring was introduced for the screening of 
nonhomogeneous conditions. In this study, the followings which are essential for the next investigations to apply 
this method to the workplace field were carried out: (1) to establish the method to calculate the indices, (2) to 
verify the calculated indices by the measurements using phantom. The geometrical factors that should be taken 
into account for homogeneity in eye lens monitoring such as a distance and direction of face are also obtained in 
the calculations of (1). 

 
KEYWORDS:  non-homogeneous  exposure;  equivalent  dose;  eye  lens  dose;  extremity  dose;  dose 
assessment. 

 
1     INTRODUCTION 

 
The equivalent doses to the lens of the eye and extremities for radiation workers should be assessed 
properly to ensure that the dose limits are not exceeded. Additionally, the emerging two issues has been 
demanding more appropriate evaluation of the equivalent doses of the lens of the eye and hands. One is 
the new occupational dose limit for the lens of the eye from the recent ICRP statement [1]: i.e. the dose 
limit for the lens of the eye for occupational exposure in planned situations was reduced from 150 mSv 
per annum to 20 mSv per annum averaged over 5 consecutive years and 50 mSv in any single year. The 
other is growing demand on the manipulation of highly activated materials in the maintenance works of 
an accelerator [2] and contaminated materials during the decommissioning works of nuclear facility, 
which increases the potential exposure risk to the extremities to a wider variety of radio-nuclides. 
The equivalent doses to the lens of the eye and extremities from the whole-body monitoring can be 
commonly assessed from the view point of the cost and workload, if appropriate. On the other hand, this 
estimation might significantly underestimate the equivalent doses to the lens of the eye and extremities 
in nonhomogeneous exposure situations in some exposure cases [3]. An additional monitoring near the 
eye or extremities should be needed for the proper assessment. Therefore, homogeneity of exposure is 
one of key factors for adequate estimate of the equivalent doses to the lens of the eye and extremities [4, 
5]. However, there has been no quantitative scheme to systematically estimate (non-) homogeneity of 
exposure. 
 
Our project aims to provide a comprehensive and quantitative scheme to identify the nonhomogeneous 
exposure situations. This will help with proper implications of radiation protection measures even under 
nonhomogeneous exposure situation. Before starting radiation works, monitoring for radiation workers 
could be easily but reasonably planned, including whether or not an additional monitoring of the eye or 
extremities is required. For designing the scheme, the following issues have been investigated. (1) 

 
* Presenting author, e-mail: yoshitomi.hiroshi@jaea.go.jp 
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Calculation platform for estimating the relationship between dose equivalent measured on the trunk and 
the lens of the eye and the extremity is being prepared. (2) Classification of nonhomogeneous exposure 
situation under typical radiation works at nuclear and accelerator facilities is being processed. (3) From 
reported radiation works, factors leading nonhomogeneous exposure are being drawn. 
 
This work describes a proposal of introduction of quantitative index for nonhomogeneous exposure 
situation and an attempt of the screening of nonhomogeneous exposure situation based on a proposed 
“homogeneity index (HI)”. The proposed HI is defined by the ratio of eye lens or extremity dose to the 
dose measured on the trunk. This also represents the correlation between whole-body monitoring and 
lens  of  the  eye  or  extremity  monitoring.  A  set  of  the  HIs  obtained  by  Monte  Carlo  simulation 
incorporated  with  a  mathematical  phantom for  some  simplified  exposure  conditions  is  calculated. 
Verification of the HIs under both homogeneous and nonhomogeneous exposure situations is carried 
out by the benchmark measurements using a physical phantom. Calculations changing exposure 
conditions were also demonstrated, in order to identify the parameters that significantly impact on the 
HIs. 

 
2     MATERIALS AND METHODS 

 
2.1     Homogeneity index (HI) 

 
To identify the nonhomogeneous exposure conditions quantitatively, the HIs defined as the ratio of 
the personal dose equivalent for the eye lens monitoring or the extremity monitoring to that for the 
whole-body monitoring are used: 

 
HIeye =  

H p (3)head  
(1) for photon exposure to the eye lens, 

photon H p (10)  trunk 

 
HIeye = 

H p (3)head 
 
(2) for electron exposure to the eye lens, 

electron H p (3)  trunk 

HIextremity   = 
H p (0.07)estremity 

H p (0.07)trunk 

 
(3) for photon and electron exposure to the extremity 

where, Hp(d) is personal dose equivalent at a depth of d mm (d = 0.07 mm, 3 mm, or 10 mm) below a 
specified point indicated by a subscript on a mathematical phantom. The recommended depths d for 
the respective points in monitoring were chosen [6, 7]. Hp(3)trunk was used for electron exposure to the 
eye lens to identify the nonhomogeneous conditions regardless of the evaluation depth although it is 
not   commonly   evaluated   using   whole-body   dosemeter.   The   required   characteristics   of   the 
mathematical phantom for the purpose is to simulate absorption and scattered radiation by the human 
body and to change the posture easily. Hence, the geometry of the phantom was taken from the 
reference [8, 9] with some modification as follows: (1) Shoulder, upper arms, elbows, lower arms and 
hands were added to the phantom but legs were omitted. (2) Facial skeleton and ribs were only 
considered as bone (ρ = 1.4 g/cm3). (3) The medium of the phantom except for bones and eyes was 
chosen to be ICRU 4-element tissue (ρ = 1.0 g/cm3). Fig.1 shows the geometry of the phantom. 

 
2.2 MC Simulations 

 
Personal dose equivalents, Hp(d), are directly calculated according to the definition [6] using Monte 

Carlo code PHITS 2.7.6 [10] with standard atomic data libraries to obtain the HIs. The mathematical 
phantom described in the previous section was set in a vacuum for parallel exposure or in a dry air for 
other exposure conditions. As illustrated in the Fig.1, the scoring volumes for the evaluation of 
Hp(3)head and Hp(d)trunk were located at 3 mm depth below the surface at the forehead (1.0 cm(L)×3.69 
cm(W)×0.01 cm(D)) close to the eyes and at d mm depth  below the left side of the chest (1.0 
cm(L)×6.18 cm(W)×0.01 cm(D) for d =3 and 10 mm, 1.0 cm(L)×6.18 cm(W)×5 μm(D) for d =0.07 
mm), respectively. The Hp(0.07)extremity was evaluated from the maximum values among the absorbed 
doses in four scoring volumes at 0.07 mm depth below the both palms (7.98 cm(L)×9.59 cm(W)×5 
μm(D)) and both thumbs (1.0 cm(L)×1.0 cm(W)×5 μm(D)). These positions were corresponding to the 
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common monitoring positions with personal dosemeters.  The obtained absorbed dose gives Hp(d) as 
quality factor is recommended to be equal to 1 for both photons and electrons considered in this study. 

 
Figure 1: Three dimensional view of the mathematical phantom (right) employed in this work for the 
calculations of the HIs and the physical phantom (centre: the modelling for calculations, left: the 
picture of the phantom) for the benchmark. The scoring regions to evaluate the Hp(d) are also indicated. 

 
for Hp(3)head 

 
 

for Hp(10)trunk 
Head 
 
Neck 
 
Chest 

 
Dosemeter 

 

Abdomen 
 
 

Hand 
 

 
 

for Hp(0.07)extremity 
 
 

The HI is used for the screening purpose to find the nonhomogeneous exposure conditions at the first 
step. Therefore, the exposure conditions to calculate HIs should be simplified as much as possible 
rather than simulate a specific radiation work. Some parameters that would characterise radiation 
works in the nuclear sector were categorised into three types: i.e. source-related, worker-related and 
source-to-worker-geometry-related  parameters.  The  simplified  exposure  conditions  are  then 
constituted by the combination of these parameters. Some of the parameters used in this work are 
listed in Table 1. 

 
Table 1: Some parameters considered for the calculation of the HIeye in this work 

 
Category of parameters Range of the parameter 

Type of radiation Photon Beta 
Source-related Energy (Nuclides) 241Am, 137Cs, 60Co 90Sr/90Y, 106Rh 

Source distribution Parallel, Point, Planar(40 cmΦ) 
Worker-related Direction of face Down, Up 

Source-to-worker- 
geometry Source position 

Horizontal position: 40 ~ 110 cm in front of the body axis 
Height of the source: -20 cm ~ 60 cm above the eye level 

 

 
 

2.3 Benchmark 
 
For the benchmark of the simulation results, the irradiations were performed using a simple water- 
filled physical phantom equipped with several dosemeters at the Facility of Radiation Standards (FRS) 
of Japan Atomic Energy Agency (JAEA). The physical phantom consists of 6 parts: i.e. head, neck, 
chest, abdomen and both hands. The position of the hands is able to change freely and the angle of the 
head is adjustable. Fig.1 also shows the geometry of the physical phantom and Table 2 summarises the 
specification of the phantom in detail. Small optically-stimulated luminescence dosemeters (OSLD) 
with Al2O3:C as a sensitive  material (nanoDotTM   manufactured by Landauer. Inc.)  were used to 
measure the dose at specified positions on the phantom. Except for the extremity measurements for 
beta-rays, the OSLDs were covered with PMMA slab filter with 2 mm thickness so that the total mass- 
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 Materials and shape Dimension 

Head Water-filled cylinder with PMMA* walls 20 cmΦ×20 cm(H) [11] 
Neck Water-filled cylinder with PMMA walls 12 cmΦ×8 cm(H) 
Chest Water-filled slab with PMMA walls 30 cm(H)×30 cm(W)×15 cm(D) [12] 
Abdomen Water-filled slab with PMMA walls 25 cm(H)×25 cm(W)×12 cm(D) 
Hand Palm: PMMA cylinder Palm: 9 cm(H)×9.7 cm(W)×1.5 cm(D) 

 Fingers: PMMA rod Thumb:1.9 cmΦ×7 cm(L) 
Other fingers: 1.9 cmΦ×10 cm(L) 

 

thickness over the sensitive region was around 300 mg/cm2 [13]. OSL signals from the nanoDotsTM 

were read using a microStar OSL reader (Landauer, Inc). Net OSL signals corrected for sensitivity 
were then directly used for comparison in this study. 
As described in 2.2, the HIs were calculated from the absorbed dose on the ideal receptors made of soft 
tissue according to the definition of Hp(d), which is different from the OSLD for the benchmark 
experiments. Therefore, four exposure conditions were chosen for the benchmark experiment so that 
they include both homogenous and nonhomogeneous exposure conditions and the responses of the 
OSLDs are identical to those of the ideal receptors from the view of the HI. To confirm this, another 
set of calculations using the mathematical phantom with the OSLDs was made. The OSLDs were 
precisely modelled according to the manufacturer data and placed on the surface of the mathematical 
phantom at the same positions as scoring regions for the simulations of the HI. Furthermore, the other 
set of calculations that fully simulates the experimental setup (see Fig.1) was made to ensure that 
response of the OSLD was calculated properly. 

 
Table 2: The specification of the physical phantom used for benchmark                                                   

 
 
 
 
 
 
 
 
 
 
 
 
 

* Polymethyl metaacrylate 
 

 
3 RESULTS AND DISCUSSIONS 

 
3.1 Framework of the method to identify nonhomogeneous exposure situations 

 
The framework of the proposing methodology to identify nonhomogeneous exposure situations is 

described in the Fig.3. At the initial step, the HIs to quantify the (non-) homogeneity were calculated 
for simplified reference exposure conditions and then compared to the criteria level. Namely, an 
exposure condition for which the HI is greater than the criteria level could be nonhomogeneous and 
further investigation should be made in detail at the next step taking more specific information of the 
radiation work into account. 
 

The criteria level was tentatively set to 1.5 in this paper. This value corresponds to the expanded 
uncertainty for assessed annual equivalent dose at or near the dose limit, 0.67 to 1.5 (factor 1.5), 
specified in the ISO 15382. From a view of the conservative estimation, lower criteria level was not 
considered. If the HI for a certain exposure situation is less than 1.5, the direct assessment from the 
whole-body monitoring with ideal dosemeter for that exposure situation will not underestimate the 
equivalent dose less than 0.67. It will be acceptable even though the dose level is near the dose limit 
and no correction have been made. 

 
3.2 Benchmark 

 
The results of the benchmark calculations and measurements for the HIs under four exposure 

conditions are summarised in Table 3. Good agreements within uncertainty between (a) and (b) shows 
that the OSLD can be used to measure the HI under these conditions. Good agreement within 
uncertainty between (c) and (d) indicates the successful modelling. Hence, the consistent values 
between (b) and (c) indicate the calculated HIs (shown as (a) in the Table 3) were verified by the 
experiments (shown as (d)). For the exposure conditions (1) to (3) and (5), these values were the same 
within uncertainties, but there found to be a gap for the exposure condition (4). This is because the 
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(5) Parallel 60Co HIextremity 

monitoring positions for head relative to those for the trunk were different between the mathematical 
phantom and the physical phantom. This effect is considered to be remarkable for the exposure of 
beta-rays  with  a  short  distance  between  the  source  and  the  phantom,  which  will  increase  the 
uncertainty of the HI. 

 
Figure 2: The framework of the proposed method to identify nonhomogeneous exposure situations 

 

Step 1 Screening to find nonhomogeneous conditions 
 
 

Simplified exposure 
conditions 

 
HI > criteria 
 
 
No 

Homogeneous 

Yes 
Potentially 
Nonhomogeneous 

 
 
 

Step 2 check nonhomogeneity for specific radiation work 
 

Specific exposure 
situation 
Specific geometry, 
workload, dose level 

Check 
nonhomogeneity 

 
 
 
 
 
 

Table 3: Comparisons of the HIs obtained by simulation using (a) the mathematical phantom with 
ideal receptors, (b) the mathematical phantom with OSLD, (c) the physical phantom with OSLD and 
experiment using (d) the physical phantom with OSLD. (1), (2) and (5) belong to the homogeneous 
exposure condition while (3) and (4) belong to the nonhomogeneous exposure condition. Exposure 
conditions of (1) and (5) are the same but (5) is related to the extremity. The associated uncertainties 
are given for k = 1. 
Exposure condition 
(source shape, nuclide 

Simulation Experiment 
HI Mathematical phantom Physical phantom 

and position* (a)  Ideal (b) OSLD (c)  OSLD (d) OSLD 
(1) Parallel 60Co HIeye

photon 1.02 ± 0.01 0.97 ± 0.01 0.97 ± 0.03 0.98 ± 0.01 
 

(2) Point 90Sr/90Y, 110 cm HIeye
electron 1.25 ± 0.04 1.28± 0.09 1.29 ± 0.04 1.29 ± 0.05 

(3) Point 137Cs, 40 cm HIeye
photon 2.37 ± 0.04 2.25± 0.07 2.20 ± 0.05 2.17± 0.16 

(4) Point 90Sr/90Y, 80 cm HIeye
electron 1.57 ± 0.02 1.54± 0.09 1.92 ± 0.02 1.89± 0.17 

photon 1.02 ± 0.01 0.95 ± 0.05 0.97 ± 0.03 0.98 ± 0.03 
* Values indicate the distances between the source and the longitudinal body axis of the phantom. The 
sources were placed at the same level of the eye. 

 

 
3.3 Examples of the HIs 

 
As for the equivalent dose to the extremities, the finger or palm dose monitoring has often been 

conducted in nuclear-related works in which hand is empirically considered to be highly exposed than 
trunk. Therefore, an attempt to calculate the HI for an obvious nonhomogeneous exposure situation for 
the hands in nuclear sector was firstly carried out. Manipulation of the point source as illustrated in 
Fig.3  has  been  considered to  be the typical  nonhomogeneous  exposure  situation for  hands.  The 
HIextremity for this exposure situation was calculated. The HIs for 137Cs photons and 90Sr/90Y beta were 
determined to be 2.41 ± 0.04 and 3.52 ± 0.07, respectively. If the criteria level is set to 1.5, it will be 
determined that both exposure situations are nonhomogeneous as expected. 
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0 

Little study to investigate the nonhomogeneity exposure situations for the dose to the lens of the eye 
has been found. Hence, the HIeye for 137Cs point source above eye level and 90Sr/90Y point source at eye 
level were calculated as expamples. The results are shown in Fig.4 (a) and (b), respectively, which 
implies that these exposure conditions were considered to be nonhomogeneous based on the criteria 
level of 1.5. Thirdly, the source positions where HIs are equal to 1.5 were determined both for 137Cs 
and 90Sr/90Y point source from the various calculations (Fig.4 (c)). If a point source is closer to the 
body than it is on the boundary or above the boundary, the exposure is determined to be 
nonhomogeneous. These results demonstrate that handling point-like source within arm’s reach above 
the eye level is considered to be the nonhomogeneous exposure situations in terms of eye lens. 

 
Figure 3: The assuming typical geometry for handling the point source 

 
 

15 cm 
 
 

Point source (137Cs or 90Sr/90Y) 
 

20 cm 
 

 
 
 

Figure 4: The HIs from (a) 137Cs point source 20 cm above the eye level and (b) 90Sr/90Y point source 
at the eye level. The horizontal distance from the body axis is 60 cm for both case. (c) Boundary 
between nonhomogeneous exposure and homogeneous exposure conditions in the case that the criteria 
of 1.5 was selected. The longitudinal body axis of the phantom is aligned to the y-axis (the positive y- 
direction indicates the height above the eye level). The front face of the phantom looks into the 
positive x-direction. 
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3.4 Important parameters for the HIs 
 

In the previous section, the HIs for the point source are demonstrated. The HIs should be calculated 
for the other simplified exposure conditions which is given by a combination of some parameters 
listed in Table 1. However, not all of the parameters significantly impact on the HI (Table 4). Source 
position is clearly impact parameters for the HI but some parameters such as wideness of the source 
and energy are less important for photons. For beta-rays the HI are found to be sensitive to most of the 
parameters. 

 
Table 4: Influence of the parameters on the HIeye. The reference condition for comparison is 137Cs 
point source 60 cm away from the body axis at eye level for photon (HIeye

photon  = 1.55 ± 0.03) and 
90Sr/90Y point source 60 cm away from the body axis at eye level for beta (HIeye

electron = 2.28 ± 0.03). 
 
 

Source distribution Energy Direction of face Source position 
 

Photon 
HIeye

photon 

Planar (40 cmΦ) 
60 cm at eye level 
137Cs 

Point 
60 cm at eye level 
241Am 

Point, face down 
60 cm at eye level 
137Cs 

Point 
100 cm at eye level 
137Cs 

 1.44 ± 0.04 1.33 ± 0.01 1.78 ± 0.02 1.15 ± 0.02 

Beta 
HIeye

electron 

Planar (40 cmΦ) 
60 cm at eye level 
90Sr/90Y 

Point 
60 cm at eye level 
106Rh 

Point, face down 
60 cm at eye level 
90Sr/90Y 

Point 
100 cm at eye level 
90Sr/90Y 

 1.22 ± 0.03 1.91 ± 0.02 2.84 ± 0.10 1.43 ± 0.03 
 

4 SUMMARY 
 

The proposed method would provide systematic methodology to identify the nonhomogeneous 
exposure situations in terms of eye lens and extremity doses. For the initial screening of 
nonhomogeneous exposure situations, the index, HI, to quantify the homogeneity of the exposure was 
introduced. The method to obtain HIs was established using Monte Carlo simulations coupled with the 
mathematical phantom. The calculated HIs reproduced the measured data regarding the homogeneity 
in the monitoring of eye lens and extremity. These results and a set of the obtained HIs for some 
simplified exposure conditions enable us to conduct further verification of this methodology, which is 
to apply this method to some of the exposure situations encountered in nuclear sector. 
This  study  also  reveals  that  handling  source  within  arm’s  reach  above  the  eye  level  may  be 

potentially nonhomogeneous exposure situations in terms of eye lens and it would be possible to 
reduce parameters for the calculation of the HIs. It should be noted that further discussions regarding 
the criteria level for the HI will be needed. 
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Abstract. Under the Energy Employees Occupational Illness Compensation Program Act (EEOICPA), the U.S. 
National Institute for Occupational Safety and Health (NIOSH) completes dose reconstructions for employees 
with cancer who are covered under the provisions of the Act.  While the use of individual personnel monitoring 
is preferred in the completion of dose reconstructions, these data are often not available because either the 
worker was monitored and the data have been lost or the worker was potentially exposed and not monitored.  In 
the absence of individual monitoring data, the implementing Federal regulation allows for the use of co-worker 
monitoring data to complete dose reconstructions.  Co-workers are considered to be workers at the same site 
whose radiation monitoring measurements are considered to be representative or plausibly bounding of those 
received  by  one  or  more  workers  with  no  individual  monitoring  data.    For  dose  reconstructions  under 
EEOICPA, it is often difficult to locate a worker in a specific job at a specific location. Because of this, NIOSH 
has chosen to develop co-worker models that whenever possible cover a wide range of workers for a specific 
radionuclide at a specific time. To ensure that these models adequately represent the exposures of the 
unmonitored workers, NIOSH has defined a set of criteria that must be evaluated before personnel monitoring 
data can be used in a co-worker model.  Among these criteria are: 1) the adequacy and completeness of the co- 
worker dataset; 2) the comparability of the monitoring program types; and, 3) the applicability of the data to the 
population being reconstructed, including the type of work activity and temporal similarity. The implementation 
of the above criteria to sites covered under EEOICPA are discussed. 

 
KEYWORDS: co-worker, dose reconstruction, exposure assessment. 

 
1     INTRODUCTION 

 
Under the Energy Employees Occupational Illness Compensation Program Act (EEOICPA), NIOSH 
completes dose reconstructions for employees with cancer who are covered under the provisions of 
the Act.  The methods used to complete these dose reconstructions are prescribed in Title 42 of the 
U.S. Code of Federal Regulations Part 82 [1]. While the use of individual personnel monitoring is 
preferred in the completion of dose reconstructions, these data are often not available because either 
the worker was monitored and the data have been lost or the worker was potentially exposed and not 
monitored. In the latter case, NIOSH has observed that, in accordance with the practices in effect at 
the time, only workers with the highest exposure potential were monitored or, in some cases, 
monitoring was conducted on representative members of the exposed population.  In the absence of 
individual monitoring data, 42 C.F.R. Part 82 allows for the use other workers’ data to complete dose 
reconstructions.  Section 82.2 (b) states: 

 
If individual monitoring data are not available or adequate, dose reconstructions may use 
monitoring results for groups of workers with comparable activities and relationships to the 
radiation environment. 

 
The groups of workers specified in §82.2(b) are generically known as co-workers.  Co-workers are 
considered to be workers at the same site whose radiation monitoring measurements are considered to 
be representative or plausibly bounding of those received by one or more workers with no individual 
monitoring data.   Depending on the amount and specificity of the available worker and workplace 
data, the level of detail available for a coworker model can vary greatly.  For dose reconstructions 
under EEOICPA, it is often difficult to position a worker in a specific job at a specific location.  
 
 

 
*Presenting author, E-mail: jneton@cdc.gov 
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Because of this, NIOSH has chosen to develop coworker models that whenever possible cover a wide 
range of workers for a specific radionuclide at a specific time. This paper describes the process used by 
NIOSH to evaluate personnel monitoring data that is used in the reconstruction of doses for unmonitored 
workers who are covered under the EEOICPA. 
 
2     EVALUATION CRITERIA 
 
As indicated above, coworker datasets are established from monitored workers with comparable 
activities and relationships to the radiation environment. To accomplish this, one must carefully evaluate 
each coworker dataset to ensure that it is either representative of the distribution of exposures for the 
intended population or that it provides a plausible upper bound for those workers1.  Additional guidance 
on how to establish this is provided later in this paper.  Prior to this, however, it is necessary to establish 
that the available internal or external monitoring measurements were technically capable of evaluating 
the monitored worker’s exposure environment.   If the techniques used to monitor exposed 
workers were inadequate, they clearly cannot be used to assess exposures for unmonitored workers.   
Criteria to consider when determining the technical adequacy of a dataset are provided below. 
 
2.1     Data Adequacy 
 
Coworker models are developed using individual bioassay2 or personal dosimeter measurements.  The 
measurement techniques employed must be evaluated to ensure that they are capable of quantitatively 
measuring the exposure of interest.  When urine samples are used, this should include a review of the 
sample collection methods, any chemical processes employed, and the radiation counting equipment 
used.  Among the items to be considered are: 1) representativeness of the bioassay sample collection 
method;  2)  radiochemical  recovery  if  chemical  extraction  techniques  are  used;  3)  reduction  in 
counting efficiency for  alpha  emitters  due  to  self–absorption;  and  4) reliability of  the  radiation 
counting equipment.  If workers were exposed to a mixture of radionuclides (e.g., a combination of 
fission and activation products or actinides), and the samples were measured using a non-specific 
assay (beta, gamma, or alpha counting), the relative contribution of each radionuclide in the mixture 
must be evaluated. 
 
When in vivo measurements are used, the overall measurement program must be carefully reviewed to 
ensure that the data accurately represent the quantity of the radionuclide in the organ of interest.  This 
includes the adequacy of the phantoms used to calibrate the partial or whole body measurement 
geometries and a review of the methodology used to quantify a measurement’s limit of detection.  For 
the measurement of low energy photons (e.g., those below 100 keV) emitted from the lungs, the 
program’s ability to correct for self-absorption due to varying chest wall thickness should be considered.  
Because certain radionuclides of interest do not emit photons that can be detected by an in in vivo 
measurement, facilities sometimes infer the radionuclide of interest based on the measurement  of  one  
of  its  progeny.    In  this  case,  it  is  important  to  verify  the  validity  of  the assumptions that were 
made regarding the degree of radionuclide equilibrium between the progeny and  its  parent.    
Similarly,  if  ratios  are  employed  to  infer  the  amount  of  a  contaminant  (e.g., quantifying the 
amount of 239Pu based on a measurement of 241Am in the lung), the ratio that is applied should be 
based on a well-established analysis of exposure conditions within the facility. For external exposure 
monitoring, it is important to consider the ability of the monitoring devices (e.g., film badges or 
thermoluminescent dosimeters) to detect the energies and types (beta, gamma, or neutron) of radiation 
that were present in the workplace.  For those situations in which there is a measurement bias, 
corrections to the measured readings must be established prior to use in a coworker model.  In addition, a 
review of the adequacy of the calibration methods employed and the extent that fading is a factor should 
be addressed. 
 
 

1 Under 42 CFR 83.13(c)(1), radiation doses are considered to be estimated with sufficient accuracy if NIOSH has 
established that it has access to sufficient information to estimate the maximum radiation dose, for every type of cancer for 
which radiation doses are reconstructed, that could have been incurred in plausible circumstances. 
2 While urinalysis is the bioassay method most often used for developing coworker models, in vivo measurements (e.g., lung 
or whole body counts) are sometimes used. If lapel breathing zone air samples are available, these may also be used, 
provided they have been determined to meet the data adequacy and completeness criteria outlined in this document. 
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The quality of the available data also needs to be considered.  This would include a review of the 
appropriate collection and analysis of blank samples.  When paired measurements are available, the 
precision between measurements should be examined.   If widely different results from the same 
aliquot are observed, the effect this might have on the usefulness of the data should be considered.  At 
facilities where chelation therapy may have been used (e.g., the administration of DTPA), the data 
should be reviewed to ensure that samples taken from personnel who were administered chelating 
agents are removed from the data set. 

 
Finally, the amount of dose that could have been received, but not detected by a routine monitoring 
program, must be evaluated to determine if the magnitude of this “missed” dose is within the plausible 
bounds of exposures received by the workers.  In certain cases, where the monitoring frequency was 
low (e.g. one measurement per year) and the limit of detection of the measurement is high, the 
coworker model might predict exposures that are well above any credible scenarios for that facility. 

 
2.2     Data Completeness 

 
Once the measurement techniques have been found to be technically acceptable, the amount of 
available monitoring data must be evaluated to determine if there are sufficient measurements to 
ensure that the data are either bounding or representative of the exposure potential for each 
job/exposure category at the facility.  This analysis should look, not only at the total amount of data 
that are available, but also consider any temporal trends in data availability.  A useful technique to 
establish this is to conduct a gap analysis.  That is, the available monitoring data should be reviewed 
against the number and types of workers that were involved in radiological activities over time at the 
facility.  As part of this analysis, the number of monitoring samples for each identifiable job category 
should be compared to the total number of workers who were potentially exposed in that job category. 
For the purposes of this effort a job category need not be an individual job title.   Instead, a job 
category could consist of several job titles if there is reason to believe that exposures in those job 
categories would be similar. 

 
If the number of potentially exposed workers in each category is unknown, a useful starting point is to 
look at  the  distribution  of  samples  among the  various  categories  of  workers represented in  the 
claimant population at that site.  Table 1 provides an example of this for the categories of workers 
who were monitored for 239Pu at the Nevada Test Site.  In this particular analysis, the radiation safety 
staff was monitored to a larger extent than workers directly involved in site activities.  Thus, a 
coworker model based on these data would not necessarily reflect the exposure conditions of the 
unmonitored production/process workers.   If, in fact, it can be established that the categories of 
workers were potentially exposed, yet inadequately monitored, it could preclude the development of a 
sufficiently accurate coworker model, unless it can be established that the exposures to another, 
adequately monitored category of workers reliably bounds the initial category’s exposures. 

 
Table 1: Number of Pu-239 Samples (Percent of Samples) by Time Period and Job Category at the 
Nevada Test Site 

 
 All Job- 

Specific 
Workers 

 

Rad Safety 
Staff 

 
Laborers 

Welders 
and 

Wiremen 

 
Miners 

 
Security 

Total Number 
of Samples 

 

290 
 

206 
 

2 
 

0 
 

8 
 

74 
 

1963–1967 30 
(10.34%) 

28 
(13.59%) 

2 
(100.00%) 

 
- 

 
0 (0.00%) 

0 
(0.00%) 

 

1968–1970 34 
(11.72%) 

31 
(15.05%) 

0 
(0.00%) 

 
- 

2 
(25.00%) 

1 
(1.35%) 

 

1971–1980 79 
(27.24%) 

76 
(36.89%) 

0 
(0.00%) 

 
- 

3 
(37.50%) 

0 
(0.00%) 

 

1981–1992 147 
(50.69%) 

71 
(34.47%) 

0 
(0.00%) 

 
- 

3 
(37.50%) 

73 
(98.65%) 
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Any identified gaps (i.e., periods of time where a small percentage of the workers were monitored) in 
the monitoring data should be reviewed to determine if there is a reasonable basis for the lack of 
monitoring data.  For example, there may have been a temporary stoppage in the work at a facility due 
to the initiation of maintenance operations or facility upgrades.  If the monitoring gap is found to exist 
during long periods of potentially elevated exposure, it may not be possible to develop representative 
coworker models during this time period. 

 
The number and types of discreetly identified activities will vary widely among covered facilities.  At 
Atomic Weapons Employer (AWE) facilities that worked with uranium metal, there may only be one 
activity, while large Department of Energy (DOE) facilities will likely have multiple operations.  One 
area that needs to be considered at each facility is the difference in exposure potential between 
maintenance and trades workers versus those involved in routine process operations. 

 
Facilities  with  the  potential  for  internal  and/or  external  exposure  to  a  large  percentage  of  the 
workforce would require many more samples than one in which the potential for exposure was limited 
to just a few workers.  In addition, the variability of the exposure potential should be considered.  It 
has been observed, for example, that some national laboratories conducted work under many different 
experimental configurations, resulting in a wide variety of exposure potentials.  In this case, it might 
not be possible to generate a single coworker model that adequately captures all categories of 
unmonitored worker doses. 

 
Although there is no hard and fast rule for the minimum number of data points required to represent a 
given  time  interval,  approximately  fifteen  values  has  been  cited  as  a  reasonable  number  for 
performing  statistical  tests  on  censored  datasets  [2].  Because  our  dose  reconstruction  program 
estimates parameters from the data, a default minimum of 30 person measurements is recommended 
per each discrete time interval and/or stratum being evaluated (e.g., 30 measurements per year if a 
coworker  model  is  being developed based  on  annual  samples  or  measurements). The  minimum 
number of samples should, of course, be considered in light of the number of workers potentially 
exposed to the airborne source-term.   For example, the number of samples necessary to be 
representative of the exposures at a uranium foundry, where airborne activity is generally widespread, 
will be greater than the number required of a small glove box operation where six workers were 
involved in the manipulation of plutonium parts.  In the latter situation, it may be that samples for 
three out of six workers could be used to bound exposures for the three who were not monitored. 
Where the distribution of the data has large geometric means and/or standard deviations, the number 
of samples required will also be greater. 

 
Finally, if electronic records or summary databases are used to develop the coworker model, these 
should be reviewed against a representative sampling of original data where possible to verify that 
they contain a complete and unbiased listing of all the data collected by the site.  Documents to be 
considered in this review will vary depending on availability, but examples include hard copy lab 
records, summary health and safety reports, and NOCTS claimant file data.  If hard copy records are 
being used, the legibility of the information should be carefully examined. For hard copy records that 
are manually entered by NIOSH, a quality control program to optimize the accuracy of data 
transcription should be established.  If electronic records cannot be audited or are not an accurate 
representation of the monitoring records, they should not be used. 
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3     REVIEW AND ANALYSIS OF MONITORING PROGRAM DATA 
 

Finalized coworker datasets reside in an electronic database, usually in the form of a spreadsheet or 
relational  database.    The  original  data  that  goes  into  the  final  coworker  model  is  provided 
electronically to NIOSH in the form of various historical databases or in hardcopy format.   In the 
process of converting the original data (electronic or hardcopy) into a single final coworker dataset, a 
log of the various manipulations that were required to produce the data in final form should be 
maintained, so that the final process is reproducible. This includes such practices as: 1) the deletion of 
any suspect outliers; 2) the removal of urine samples for workers on chelation therapy; and, 3) the 
conversion to units consistent with programmatic needs.   Each version of any manipulated dataset 
should be maintained for future reference.  The following sections provide guidance on evaluating the 
applicability of the finalized coworker’s dataset to the unmonitored workforce. 

 
3.1     Applicability of Monitoring Data to Unmonitored Workers 

 
Prior to applying a site’s worker monitoring data to estimate the exposures of unmonitored workers, 
the type of personnel monitoring program employed at the covered facility must be established.  In 
general, three types of monitoring programs have been employed at sites covered under EEOICPA. 
These programs, listed in hierarchical order of preference for use in coworker modeling are: 1) 
routine, representative sampling of the workers; 2) routine measurement of workers with the highest 
exposure potential; and 3) the collection of samples after the identification of an incident.  Because 
they are not representative of the overall distribution of exposures, programs that rely on measurement 
of the highest exposed workers or are incident-based require more careful consideration. 

 
For routine monitoring programs, a review of the program should be conducted to determine the basis 
for the selection of program participants.  It must be established who was monitored and why they 
were monitored.  This can most easily be established through a review of the site’s radiological 
control program documentation.  In this evaluation there must be a demonstration that the monitored 
population consisted of: 1) a representative sample of the exposed population, or; 2) the workers with 
the  highest  exposure  potentia1.   In  these  cases,  the  assignment  of  a  coworker  dose  from  the 
distribution of measured values would either be representative of the worker’s exposure in the first 
case or claimant favorable in the second case.   Even though the program documentation might 
indicate that routine sampling was conducted, it is important to verify that the site’s procedures were 
followed by a review of the samples that were actually collected. 

 
A variation of the routine monitoring program is one in which workers are intermittently monitored 
on an as-needed basis (i.e. only when the potential for exposure existed).  This would occur, for 
instance, in a short-duration project that created an internal and/or external exposure potential.  Based 
on the specifications in project work plans or radiological work permits, certain classes of workers 
would be monitored at the end of the project to document that the exposure controls that were put in 
place were adequate.   In these situations, it may be possible to use the monitoring data collected 
during the project close-out to place a plausible upper limit on the exposures of the unmonitored 
workers. 

 
In some situations, sites have relied on incident-based sampling to monitor worker exposure. Because 
there are temporal gaps in the monitoring data, it is more difficult to demonstrate that this type of 
sampling can be used to develop representative or plausibly bounding coworker models.  Prior to the 
use of incident-based sampling in a coworker model, the effectiveness of workplace controls must be 
demonstrated through the review of routine air monitoring samples and/or periodic contamination 
surveys.  If one can demonstrate that the effectiveness of workplace administrative and/or engineering 
controls was adequate to prevent exposures, except during upset conditions, it may be possible to use 
incident-based sampling in a coworker model.   When possible, this review should also include 
interviews with workers to verify that the written program requirements were consistently followed. 
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It has been observed at a number of sites that different classes of workers during the same time period 
may have had monitoring programs that were conducted for different purposes.   For example, 
construction and building trade workers, who worked intermittently in radiological areas, may have 
been monitored only when an incident was thought to have occurred, while those employees involved 
in routine process operations would have been routinely monitored on a frequency commensurate 
with their exposure potential.    In this case, it would not be appropriate to combine the monitoring 
data for these two groups of workers into a single coworker model that assumes a chronic exposure 
pattern.  Rather, the default in this case should be to consider separate coworker models. 

 
3.2     Analysis and Application to the Unmonitored Population 

 
If after review of the monitoring program data, it is established that: 1) there is sufficient data to 
construct a representative coworker model, and; 2) the data can reasonably be represented by a 
statistical distribution (e.g., a log-normal or a Weibull distribution), the fitted distribution can be used 
to represent the exposures observed in the overall monitored population.   For workers that are 
considered to have worked in environments with a potential for elevated exposure, the 95th percentile 
of the distribution should be used as an upper bound of their exposure during the modeled time 
period. Although it could be argued that the job categories that fall under this criterion should be 
listed, any attempt to do so might be artificially restrictive. This decision is most accurately made 
using the information available at an individual site, the claimant interview and other documents that 
might be in the worker’s records.  For workers who were less likely to be highly exposed and/or were 
intermittently exposed in the workplace, the full distribution (i.e., the geometric mean and its 
associated standard distribution if a lognormal fit is used) should be used as representative of their 
potential for exposure during the modeled period. 

 
When multiple bioassay samples are present during a monitoring period for a given individual, it is 
appropriate to average the values so that a single statistic can be computed for that individual.  The 
use of a single value for each monitored person in a given monitoring interval is appropriate because 
the  desired  coworker  model  represents  a  distribution  of  individual  worker  excretion  results,  as 
opposed to a distribution of all samples collected.  The use of an average value for each worker is 
called the One-Person-One-Statistic (OPOS) method.  Rather than compute a simple average of the 
measured values, each individual bioassay result should be weighted by the fraction of the year it 
represents (i.e., a time-weighted OPOS). 

 
In the Time-weighted OPOS method, the statistic computed is defined as the maximum possible 
weighted mean of the face values for all the censored and uncensored excretion results for one person 
in a year, where the results are weighted by the numbers of days that the person was assumed to have 
excreted the measured value. The formula for the statistic computed using the Time-weighted OPOS 
method is the following: 

 

 
where:  

the number of days when the person had excretion results in the year, 
the average daily excretion results (can be either uncensored or censored), 
the number of days that the person was exposed at result . 

 
The average daily excretion result  is computed as the arithmetic mean of all the excretion results 
that a person had in one day: 
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 where: 
                  the number of all excretion results for a person in a day. 
 
The average daily excretion result  that is used in the formula for the Time-weighted OPOS, 
represents the first excretion result from the following year, if that result is available, or the last 
excretion result from the current year, if there are no samples in the following year; so,   is 
defined as follows: 

 

 
where: 
             first average daily excretion result in the following year. 

 
The value that is used in the formula for the Time-weighted OPOS, represents the number of 
days from the last day when an excretion occurs during the current year until the end of the current 
year. 

 
3.3     Time Interval of the Modeled Data 

 

The amount of data that are available directly influences the time intervals used in the coworker 
model. As stated in section 2.2, a minimum number of 30 samples per monitored interval is 
recommended.  Based on a review of the currently available datasets, a modeled interval of one year 
strikes a good compromise between the availability of data and the need to ensure that the samples are 
contemporaneous with ongoing operations.  In certain situations, there are sufficient data to develop 
quarterly models, but this is the exception rather than the norm.  If, because of data limitations, it is 
necessary to consider time intervals beyond one year in the coworker model, any changes in site 
practices or operations should be evaluated to ensure that the data can be validly combined. In 
general,  grouped  time  intervals  should  not  exceed  a  3  year  period,  unless  there  is  stringent 
justification for doing so. 

 
4     EVALUATION OF STRATIFICATION 

 
The distribution of a potentially more highly exposed population should be evaluated as a separate 
standalone distribution in situations where: 1) accurate job categories and/or descriptions can be 
obtained for all workers making up the general coworker dataset; 2) there is reason to believe that one 
of the job categories is more highly exposed; and, 3) there were unmonitored workers in this job 
category.  If it can be demonstrated, however, that there were no unmonitored workers with the 
potential for exposure in this more highly exposed population, then stratification would not be 
necessary. 

 
Once a dataset has been stratified based on job category, a statistical analysis should be conducted to 
determine if the two datasets should be modeled separately.  This analysis consists of a two-tiered 
evaluation where the stratified distributions are first compared on a year-by-year basis (or other 
selected monitoring interval) to determine if any of the individual distributions are significantly 
different    If a significant difference is observed in any of the modeled time intervals, then a test of 
practical significance is employed.  This test compares the slopes of the chronic intake models over 
the time periods where a statistically significant difference in the modeled distributions was observed 
[3]. 
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5     SUMMARY AND CONCLUSIONS 
 

While  the  use  of  individual  personnel  monitoring  is  preferred  in  the  completion  of  dose 
reconstructions under the EEOICPA, these data are often not available because either the worker was 
monitored and the data have been lost or the worker was potentially exposed and not monitored.  To 
complete dose reconstructions for workers with incomplete monitoring data, NIOSH relies on co- 
worker models that are either representative or plausibly bounding of the exposures for these workers. 
The development of co-worker models requires careful evaluation of the quality and quantity of the 
available data.  Included in the evaluation are reviews of: 1) the data adequacy and completeness; and 
2) the representativeness of the data to the unmonitored population.  To account for the variability in 
sampling inherent in bioassay monitoring programs, a time-weighted average of an individual’s 
monitoring results over the time period modeled should be used.  Once an acceptable co-worker data 
set is identified, the 95 percentile of the modeled distribution can be used to represent exposures for 
workers with a potential for elevated exposure, while the 50th percentile can applied to workers with 
less potential for exposure. The distribution of a potentially more highly exposed population should be 
evaluated as a separate standalone distribution in situations where: 1) accurate job categories and/or 
descriptions can be obtained for all workers making up the general coworker dataset; 2) there is 
reason  to  believe  that  one  of  the  job  categories  is  more  highly  exposed;  and,  3)  there  were 
unmonitored workers in this job category. 
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Experience with Wound Dosimetry in Uranium Mining and Processing  
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Abstract. Wounds represent a potential intake route to workers and while significant wound intakes in the 
uranium mining and processing industry are relatively infrequent, they can occur. NCRP Report No. 156 has 
provided a comprehensive set of models to evaluate potential intakes and the inclusion of these models in 
commercially available software packages has facilitated the assessment of potential cases. This paper will review 
recent experience with wound dosimetry from uranium ore and natural uranium. 
  
KEYWORDS: wound dosimetry; uranium processing; uranium mining. 
 
1 INTRODUCTION 
 
Dosimetry programs must assess all potential exposure pathways and in the uranium mining and 
processing industries it is typical to assess doses from external radiation and inhaled radioactivity. 
Wounds represent another potential intake route to workers and while significant wound intakes in the 
uranium mining and processing industry are relatively infrequent, they can occur. NCRP Report No. 
156 [1] has provided a comprehensive set of models to evaluate potential intakes from wounds and the 
inclusion of these models in commercially available software packages has facilitated the assessment of 
potential cases. In recent years Cameco Corporation has had two incidents, one with uranium ore and 
another with natural uranium (UF4), which resulted in the need to calculate doses to workers from 
wounds caused by contaminated equipment. While the medical treatment of the workers remained the 
top priority, steps were taken to assess the potential dosimetric implications of the incidents. In both 
cases follow-up urine bioassay samples were collected for several months to ascertain the doses. The 
results of the dose assessments were included in workers official dosimetry records. 
 
2 WOUND CASE #1 
 
2.1 Incident Description 
 
On November 14, 2012 a worker at Cameco’s Eagle Point mine, an underground uranium mine 
located in northern Saskatchewan Canada, was injured when he was struck by a piece of heavy mobile 
equipment underground. During the incident the worker was dragged by the equipment and suffered 
significant injury to his foot and lower leg, resulting in an intake of uranium ore via the wound. The 
worker had the majority of the skin in the injured part of the leg removed and there were deep wounds 
to the underlying tissue. The worker was located close to a pile of uranium ore when the incident 
occurred and the wounded tissue was exposed to broken ore as he was dragged by the equipment. 
 
The injured worker was treated with first aid and stabilized at the scene. He was evacuated to the 
surface and met by site ERT personnel and transported to the medical clinic for further treatment by 
the nurse. He was later transported to a hospital in Saskatoon, Saskatchewan by air ambulance. The 
extent of the worker’s injury was a broken lower leg and ankle on the left leg and a crushed ankle and 
foot on the right leg. While the worker lost two toes on his right foot, he was eventually able to return 
to work. The investigation identified a single root cause related to this incident, inadequate guidance 
regarding expectation for communications when performing underground activities in heavy 
equipment work areas. 
 
2.2 Dosimetric Analysis 
 
The intake and dose estimate for this incident was determined through fitting of the uranium in urine 
bioassay data to the NCRP Report 156 wound models with the computer software packages IMBA 
Professional Plus [2] and AIDE [3]. 
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The material entering the wound was uranium ore, meaning it contained uranium isotopes in natural 
abundance and all of the radionuclides in the uranium decay series. The decay products of uranium-
238 are generally present in secular equilibrium and this assumption was used in the dose 
calculations. The process for determining the amount of each radionuclide present was to calculate the 
total uranium intake from the uranium in urine results and assume the rest of the decay series had the 
same activity as uranium-238. 
 
Based on the definitions of intake and retention models from NCRP Report No. 156, the material 
entering the wound was most likely either a particle or a fragment. This material was low-grade 
uranium ore and not soluble, so not likely to be well described by the various chemical classes used in 
the NCRP models. The material that the worker was exposed to was a mixture of ground ore of 
varying sizes from slurry-like to rock fragments, but not colloid-like, which is the other NCRP model 
type. Because the most appropriate model was unknown at the time dose modelling was initiated, both 
the fragment and particle models were initially considered. 
 
It is worth noting again that this wound was very deep and the most likely location of any remaining 
material was deep inside the tissues and distributed over the foot and lower leg of the worker. In 
addition, the wound was thoroughly flushed several times and as noted earlier, there was little intact 
skin remaining at the injury location. Given the nature of this injury and the depth and distribution of 
any residual material, there was no basis for assessing skin dose for this case. 
 
The worker provided urine bioassay samples from November 27, 2012 until September 23, 2013, with 
a total of 21 (approximately) 24-hour total-void samples. The delay between the incident and the 
collection of first urine sample was due to the fact the initial focus was on the treatment of the 
physical injuries. As will be described further below, the duration of sampling was required in order 
to distinguish between the two intake models (i.e. particle versus fragment model) for this incident. 
All samples were analysed for uranium in urine content at Cameco’s Port Hope Conversion Facility 
laboratory. This lab is used to analyze samples for Cameco’s Port Hope Conversion Facility and Blind 
River Refinery operations as part of their Internal Dosimetry Service License and has a detection limit 
of 0.2 µg uranium/litre. In addition, an attempt was made to measure the thorium-230 content in the 
urine samples, however, given the amount of uranium present, the expected concentration of thorium-
230 in the urine was below the detection limits. While this was expected from the implied level of 
potential intakes from the observed uranium (and the assumption of secular equilibrium) and was not 
useful in narrowing the model selection, it did provide some limited confirmation of the estimated 
intake from the models. 
 
The software package IMBA Professional Plus was used to model the uranium intake using both the 
particle and fragment wound models. Figure 1 presents a visual comparison of the of the expected 
excretion curves for each model to the actual bioassay data. The expected excretion amounts for each 
model are similar, however the actual shape of the curves differ; the particle model decreases initially 
then increases over time while the fragment model peaks and then slowly decreases over time. 
Because the values are similar, it is only after a number of months when the curves begin to diverge 
that it was possible to distinguish between the two. Visually, the bioassay samples appear to follow 
the fragment curve reasonably consistently over the entire period, while the particle model shows a 
trend of underestimating the uranium in urine during the first half of the period and overestimating the 
results in the last half.  
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Figure 1: Comparison of Expected Excretion Curves to Bioassay Samples 

 
 
IMBA can perform curve fitting to data using both least squares and maximum likelihood fitting 
methods. For each a probability of chi-squared parameter (p) is calculated as a measure of goodness 
of fit. The statistical significance of the fit is 1.0 for the fragment model and 0.92 for the particle 
model. It is important to point out that up until August, 2013 both models had essentially identical 
significance values for their fit to the data. As samples from August and September were entered the 
significance values of the fits began to diverge along with the predicted trends, with the fragment fit 
improving slightly to p=1 and the particle fit consistently decreasing in significance as more samples 
were collected. That trend, in combination with the visual trend of the fragment model more closely 
following the actual urine results, supports the conclusion that this wound intake is best estimated 
using a fragment model. 
 
Based on the fragment model the estimated uranium intake from the uranium in urine bioassay data 
was 81.6 mg of U-Nat. This equates to an activity of 2055.6 Bq for U-Nat or 1007.4 Bq for U-238, 
which would be the activity for the rest of the radionuclides in the uranium-238 decay series. 
 
Once the appropriate model was determined for the intake, the dose from the remaining radionuclides 
in the uranium-238 decay series could be calculated. IMBA was used to model the thorium-230 dose. 
However, IMBA does not have biokinetic models for all of the remaining decay products in the series, 
nor is it able to model the short-lived decay products of radium-226 in full equilibrium. The software 
AIDE was used to model the dose from the remainder of the decay series from radium-226 and the 
subsequent decay products. Each of the radionuclides was assumed to have an activity of 1007.4 Bq 
and the radionuclide-specific biokinetic models were used. Table 1 presents the dose associated with 
each of the radionuclides and the software used for each calculation. 
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Table 1: Results of Dose Modelling 
 
Radionuclide Estimated Intake (Bq) Dose (mSv) Software 
Natural Uranium 2055.6 0.18 IMBA 
Thorium 230 1007.4 15.6 IMBA 
Radium 226 – Polonium 210* 1007.4* 0.31 AIDE 
Total Effective Dose 16.1  
*This includes Ra-226, Rn-222, Po-218, Pb-214, Bi-214, Po-214, Pb-210, Bi-210 and Po-210 
 
From this analysis, it was concluded that the total effective dose to the worker as a result of this intake 
was 16.1 mSv and the intake was best estimated by a fragment wound model. The dose from this 
incident was below the regulatory annual dose limit (i.e., 50 mSv/y) and the worker’s total dose, from 
both routine work duties and this wound intake, was 18.7 mSv and is also below the implied five-year 
limit of 20 mSv/y. 
 
3 WOUND CASE #2 
 
3.1 Incident Description 
 
On February 10, 2011, a UF6 operator was performing routine work which involved changing a drum 
dryer blade in the UF6 production building. The blade stuck and while the employee was trying to pull 
the blade out, his hand slipped along the blade’s edge, causing a laceration to the left index finger at 
the inside base of and perpendicular to the left index finger. The employee was wearing PVC gauntlet 
chemical gloves at the time of the incident. The worker stated that a visible amount of UF4 was 
present on the drum dryer blades.  
 
The worker sought immediate first aid, which involved rinsing of the wound and the application of a 
bandage. He was then transported to the local hospital. The wound was rinsed and re-bandaged and 
then after a period of time a physician sutured and bandaged the wound. On March 9, 2011 the worker 
had follow-up surgery to address some nerve damage sustained from the injury. 
 
3.2 Dosimetric Analysis 
 
The dose calculation for the skin from uranium in a wound is an unusual and challenging dosimetric 
problem. The overall approach was to estimate uranium intake and retention as determined by fitting 
the uranium in urine bioassay data to the NCRP Report 156 wound model with software package 
IMBA. Additional modelling of the uranium in wound was done with the assistance of Health Canada 
with the program AIDE. Data from monitoring of the uranium in the wound with Cameco’s lung 
counter and related physical phantoms was also used to validate the modelling results. Finally, the 
dosimetric calculations had to account for the physical situation and ongoing medical developments 
(e.g. size of wound, impact of surgery), which complicated the analysis. 
 
Prior to discussing the dosimetric calculations it is worthwhile to briefly review the main physical 
points of the wound itself. The worker’s left index finger was lacerated by a sharp drum dryer blade 
that had UF4 on it. The cut to the finger was estimated by the worker to be about “one inch across”. 
Subsequent measurements of scar tissue confirmed this estimate with a measured length of 2 to 2.5 
cm; the length of the cut was conservatively set at 2 cm for the purposes of dosimetry. The cut was 
relatively deep and went to the bone or very close to it and severed a nerve, which was the primary 
motivation for the follow-up surgery. Ultrasound measurements of the finger showed the depth of the 
cut, as measured by the skin to bone distance, to be 1.1 cm; for the purposes of dosimetry the depth of 
the cut was conservatively set at 1.0 cm. 
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Figure 2 shows observed uranium in urine data and the various urinary excretions curves using some 
of the NCRP wound models. There are several important points to Figure 2. First it is apparent there 
is a discontinuity in the urine data around March 9. There was reconstructive surgery performed on 
this date and the wound was cleaned out, which led to an immediate and significant decrease in the 
concentration of uranium in urine, which indicates that uranium was physically removed from the 
wound site. While this was a positive development, it did complicate the dosimetric analysis. Because 
of this, theoretical excretion curves were determined for the pre and post-surgery data separately. The 
observed urine data was taken while the worker was placed on work restrictions that minimized the 
likelihood of any exposures to uranium compounds. Upon returning to work at the end of June, after a 
plant shutdown, the worker submitted a urine sample and indicated a strong desire to return to normal 
work duties. As further bioassay data was unlikely to significantly improve the understanding of the 
nature of the intake, he was allowed to return work. Subsequent urine samples indicate that he had 
minor intakes from inhalation of soluble uranium compounds, which masked the signal from the 
uranium from the wound; note that dose from these intakes have been handled as part of Port Hope 
Conversion Facility’s routine internal dosimetry program. 
 
Figure 2: Uranium in Urine Excretion – Observed and Predicted from Wound Dosimetry Models. 

 
 

From Figure 2 it is apparent that three of the models, that is, soluble weak retention, soluble moderate 
retention, and soluble strong retention, provide a reasonable fit to the excretion data. As the form of 
the uranium was a UF4 powder, it is not surprising that fragment, particle, and colloid models do not 
fit the observed urine excretion pattern. In addition, UF4 nominally has a medium solubility in 
simulated lung fluid studies, so it is not surprising that the “soluble avid retention” is also a poor fit to 
the data.  
 
Table 2 provides a summary of the calculated initial intake into the wound from the three models that 
show a reasonable fit to the observed urine data. In addition, the table shows the effective dose for 
each of the models without accounting for the decrease in uranium in the wound post-surgery. This 
was done due to the limitations of IMBA in calculating the effective dose from a wound and provides 
an overestimate of the effective dose. This analysis shows that the effective dose from the wound is 
very small and of little concern. 
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Table 2: Estimated Wound Intakes from Urine Data 
 

Model Name Calculated Intake 
(mg U-Nat) 

Effective Dose 
(mSv) 

Soluble Weak Retention 3.03 0.16 
Soluble Moderate Retention 2.34 0.13 
Soluble Strong Retention 2.94 0.16 

 
There is little statistical difference in the fits of the three models, as calculated by IMBA, with all 
having a probability of Chi-squared parameter at 1.0 (actually p=0.999 for soluble strong retention). 
To determine which of the NCRP wound models should be used, the predictions of the amount of 
uranium in the wound from the program AIDE were compared to measurements taken of the wound 
on February 17 and February 21 with Cameco’s lung counter. 
 
The efficiency of the lung counter for this particular situation was determined with a physical 
phantom of a hand provided by Health Canada [4]. Specifically, the efficiencies of the lung counter 
were determined with a line source of natural uranium and using 5 and 10 mm tissue equivalent 
overlays to assess the impact of varying depths of the contamination in the wound. Note that the 
calibration was done for four low energy peaks present in natural uranium (i.e., 16 keV, 63keV, 92 
keV, and 186 keV) to give a range of predictions shown in Table 3. 
 
Table 3: Predicted and Observed Uranium in Wound on February 19 
 
Predicted Soluble 
Weak Retention 

Predicted Soluble 
Moderate Retention 

Predicted Soluble 
Strong Retention 

Observed Range of U-Nat 
Present in Wound 

0.06 mg U-Nat 0.23 mg U-Nat 1.27 mg U-Nat 0.21 to 0.57 mg U-Nat 
 
The results of Table 3 show that predictions of the soluble moderate retention model fell within the 
range of the observed amount of uranium in the wound. The other two models were well outside the 
observed range of U-Nat that was measured and were therefore rejected. As a further indication of the 
inadequacy of the soluble strong retention model, another detailed measurement of the wound was 
taken on May 20 and no activity in the wound was detected. The soluble strong model predicted that 
there should have been activity in excess of the decision level, but none was detected. This further 
strengthened the conclusion that the soluble moderate retention model was the most compatible with 
the observed data. 
 
The monitoring of the contamination in the wound with the lung counter provided some additional 
insights into the amount of uranium in the wound and its profile. Determining the profile of the 
contamination with depth in the wound is important because the dose to the skin depends upon how 
much uranium was deposited in the sensitive skin layer, which is 1 to 3 mm deep [5] with a nominal 
thickness of 1.25 mm [6]. The cut was 10 mm deep and if all the uranium was deposited deep in the 
cut the skin dose would be essentially zero. Because the efficiency of shielding with depth is a 
function of energy, the different low energy x-ray and gamma peaks can offer insights into how the 
uranium was deposited. Using a hand phantom made with parts supplied by Health Canada, the 
different efficiencies for four low energy peaks from a line source of natural uranium at varying 
depths (i.e. 0 mm, 5 mm, and 10 mm) and a uniform distribution of activity from the surface to 10 
mm depth were determined. 
 
The contamination profiles that yielded the most consistent results for all energy peaks were a line 
source located 5 mm below the surface of the skin and an even distribution of contamination in the cut 
(i.e., from 0 to 10 mm). In addition to Cameco’s monitoring, Health Canada did detailed Monte Carlo 
modelling to see if it was possible to provide greater clarity in the distribution of uranium in the 
wound by looking at relative ratios of low energy peak heights. While there were some fits that 
suggested no contamination may be present to a depth 2 mm, the work also could not exclude the 
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possibility of uranium contamination being present with an even distribution along the cut to a depth 
of 10 mm [4]. Thus, for the purposes of the skin dose calculation the contamination was assumed to 
be evenly distributed throughout the entire plane of the cut. 
 
The amount of the uranium in the wound at the time of the measurements with the lung counter was 
estimated to be 0.37 mg (U-Nat). This was quite close, but somewhat higher than the predicted 
amount of 0.23 mg (U-Nat) by the soluble moderate retention of the NCRP wound model based upon 
urinalysis data. It was reassuring that these two independent approaches yielded consistent results. It 
was difficult to determine which approach was more reliable, as there are considerable uncertainties 
with both (e.g. use of default wound solubility parameters, efficiencies based on assumed depth 
profiles of contamination). Given these uncertainties, it was decided to scale the initial intake so that 
the predicted amount of uranium in the wound on February 19 was the average results of the two 
approaches (i.e. 0.30 mg U-Nat). This increased the initial intake by a factor of 1.3 (i.e. 0.30/0.23), 
which also increased the final dose. This was viewed as a reasonably conservative approach to the 
dose calculation. 
 
The Canadian Nuclear Safety Commission (CNSC) Radiation Protection Regulations [8] require that 
the committed equivalent dose be calculated for skin over an area of 1 cm2. In this case because the 
contamination was natural uranium, the dose was completely dominated by alpha particles due to their 
energy, the use of the radiation weighting factor, and the short range of alpha particles in tissue means 
all the energy will absorbed at the wound site. 
 
To calculate the skin dose it was necessary to model the amount of uranium present in the wound as a 
function of time. The sensitive layer of the skin has a depth of 1 to 3 mm [5] with a nominal depth of 
1.25 mm for reference man [6]. Because the wound and contamination extended beyond the layer of 
sensitive skin tissue, the calculated dose was independent of the exact depth of this layer. The reason 
for this is as the depth of the sensitive layer is increased the volume increases, which would lower the 
dose, but because the contamination extends past the skin layer, the amount of uranium also increases 
proportionally. 
 
The dose was calculated with the following formula. 
 

𝐷𝐷𝐷𝐷 𝑟𝑟𝑟𝑟 = 𝐸�∝ × 20 ÷ 𝑡𝑡𝑡𝑡𝑡𝑡 𝑚𝑚𝑚𝑚 × #𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑 𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠 
 
The average alpha energy was taken from ICRP Publication 107 [7] and the tissue mass based upon a 
tissue depth of 1.25 mm and tissue density of 1.1 g/cm3 [5]. Because the uranium was assumed to be 
uniformly spread over the plane of the cut (2 cm x 1 cm), the amount of uranium in the present was 
scaled to that present in the sensitive volume (i.e., a factor of 0.0625=1/2 x 0.125/1.0). The detailed 
results are in Table 4. 
 
Table 4: Dose Conversion Factor U-Nat Radionuclides 
 
Nuclide Average Energy 

(MeV) 
Bq/mg U-Nat Tissue Mass 

(kg) 
Equivalent Dose Rate per 
mg U-Nat (mSv/s) 

U-238 4.187 1.23E+01 1.36E-04 7.59E-05 
U-234 4.76 1.23E+01 1.36E-04 8.63E-05 
U-235 4.393 5.76E-01 1.36E-04 3.72E-06 

   
Total mSv/s 1.66E-04 

 
To calculate the equivalent dose to the skin the amount of uranium in the wound was modelled as a 
function of time. This is not possible with IMBA, but is an option with the software AIDE, hence it 
was to calculate the wound activity per unit intake for the soluble moderate retention model as a 
function of time. The dose was calculated by the following formula. 
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𝐷𝐷𝐷𝐷 = ∑ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼𝐼𝐼 × 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑝𝑝𝑝 𝑢𝑢𝑢𝑢 𝑡𝑡𝑡𝑡 𝑖
𝑡
𝑖=0 × 𝑡𝑡𝑡𝑡𝑖  × 1.66 × 10−4 𝑚𝑚𝑚/𝑠 (1) 

 
where: time was in seconds.  
 
For the period before the surgery (March 11) the dose calculation is straightforward. As noted 
previously, the initial intake into the wound was estimated to be 2.34 mg and then conservatively 
increased by a factor of 1.3 (i.e. 0.30/0.23) to agree with the average estimate of the amount of the 
uranium in the wound from the urine bioassay modelling and lung counter measurement on February 
19. The equivalent dose for the period from February 10 to March 11 is estimated to be 132 mSv. 
 
After the surgery on March 11, it is feasible that the committed equivalent dose to the skin was zero 
because all the uranium was removed in this zone. The surgery included removing the damaged tissue 
around original cut including some excess skin tissue. Deeper muscle tissue around the cut would not 
have been removed to the same degree and likely retained the uranium. This situation would explain 
the large drop in uranium in urine and hence the modelled uranium intake post-surgery; the intake 
from the post-surgery urine results was modelled to be only 37% of the intake from the pre-surgery 
urine results (i.e. 0.87 mg versus 2.34 mg). Nonetheless, the committed equivalent dose was 
calculated by conservatively assuming there was no preferential removal of uranium in the skin layer. 
This was done by scaling the modelled post-surgery intake from the uranium in urine data by the same 
factor of 1.3. On this basis the committed equivalent dose was calculated to be 178 mSv, which means 
that an additional equivalent dose of 46 mSv could be delivered to the skin over nearly 50 years post-
surgery (i.e. to 2061). These results are summarized in Table 5. 
 
Table 5: Summary of Equivalent Dose Calculation 
 

Time Period Equivalent Dose (mSv) 
Incident to surgery (Feb 11 to Mar 11) 132 
March 11 to 50 years post incident 46 

 
From this analysis it can be concluded that the committed equivalent dose to the skin was well below 
the regulatory dose limit of 500 mSv [8]. The committed equivalent dose was probably less than 178 
mSv, as it is likely most, if not all, of the uranium in the skin was removed during the surgery on 
March 11. This would have limited the committed equivalent dose to 132 mSv. However, to be 
conservative the value of 178 mSv was used for the reported committed equivalent dose to the skin. 
This calculated dose should only be viewed as one that meets specific regulatory requirements. As 
noted earlier, the committed effective dose to the worker is estimated to be 0.2 mSv, which is much 
less than the regulatory annual dose limit of 50 mSv.  
 
4 CONCLUSION 
 
Injuries caused by uranium-contaminated equipment need to be assessed for dosimetric implications. 
Experience to date suggests that only significant injuries have a reasonable potential to cause 
significant doses. The effective dose from natural uranium was found to be small, but the Canadian 
regulatory requirements for the skin dose calculations could result in a more significant committed 
equivalent dose. With regard to uranium ore, the main driver of the dose is Th-230 and substantive 
doses are possible even if the Th-230 is not detected in the urine. In both cases the urine samples were 
collected for several months, which enabled there to be a reasonable level of confidence in the 
modelled results. Finally, it was important to keep the workers informed of the results to ensure their 
ongoing cooperation in the follow-up work.  
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Abstract. Radiation Portal Monitors installed in border areas to detect illicit traffic of radioactive and nuclear 
materials, have the capability of detecting both gamma rays and neutrons. Neutron detection is important for 
homeland security to detect Special Nuclear Materials. Usually, neutron detectors based on 3He pressurized tubes 
have been deployed, but this is being affected by the scarcity in 3He supplies; so alternatives to 3He for thermal 
neutron detection  are under  investigation.  The aim of this work is to study the suitability of  multi-layered 
10B+ZnS(Ag) neutron detectors, as an innovative replacement to 3He detectors. Using the MCNPX code, the 
response  of  these  detectors  was  calculated  from  the  number  of  10B(n,α)7Li  reactions  induced  for  different 
geometries and varying the thickness of the intermediate layers of PMMA used as light guide. Results for a 252Cf 
neutron source at 200 cm distance in free air and in air with ground show that the closer the detector is to the 
ground, and the higher thickness of PMMA, the greater is the detector efficiency. We conclude that 10B+ZnS(Ag) 
detectors could be considered as an alternative to the 3He detectors. 

 
KEYWORDS: neutron detectors; special nuclear materials SNM; radiation portal monitors RPMs; 
3He neutron detectors. 

 
1     INTRODUCTION 

 
Radiation Portal Monitors systems (RPM) usually consist on a set of neutron and gamma-ray detectors, 
normally installed in border areas, with the purpose to intercept illicit traffic of nuclear or radioactive 
materials. Neutron detectors are used for Special Nuclear Material (SNM) detection, like 239Pu, with 3He 
proportional counters being widely used [1, 2]. However, since 2009, the 3He shortage has encouraged 
searching for alternative neutron detectors [3]. 

  
The aim of this  work was to study the features  of 10B+ZnS(Ag) scintillation detectors to detect 
neutrons in RPMs. These detectors have a ZnS(Ag) scintillator mixed with enriched 10B. The neutron 
response of different 10B+ZnS(Ag) detectors, with different arrays, were calculated by Monte Carlo 
methods  using  the  MCNPX  code  [4].  The  neutron  response  was  assessed  from  the  number  of 
10B(n,a)7Li reactions induced, by 29 monoenergetic sources and by a 252Cf neutron source at 200 cm 
distance. 

 
2     MATERIALS AND METHODS 

 
2.1     Description of the N-15 neutron detector of 10B+ZnS(Ag) 

 
The N-15 detection system was manufactured by BridgePort Instruments, LLC [5]. This detector uses 
a mixture of ZnS(Ag) with highly enriched 10B as neutron detector and several intermediate screens on 
polymethyl methacrylate (PMMA or Lucite) acting as guide of light pulses to a photomultiplier tube 
(PTM). The PTM has an embedded high voltage supply and multichannel analyser eMorpho® digital 
electronics. The external size of the bare N-15 detector is 23 x 36 x 4 cm3. 

 
 
 

* Presenting author, e-mail: ingkarenguzman@gmail.com 
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The detector´s sensitive area is composed of five transparent ~0.017 cm-thick layers of a mixture of  
ZnS(Ag) and 10B enriched boron. These layers are arranged in four PMMA plates sizing 23 x 36 x 
0.635 cm3. The PMMA function is twofold, as light guide and as neutron moderator. All the set is 
surrounded by ~8µm thick aluminium Mylar as light reflector. 

 
The detector is covered by an outer moderator made of high density polyethylene (0.94 g cm3), HDPE; 
the moderator thickness is 48 mm in the back and lateral faces, 36 mm in the top and bottom, and 
24 mm-tick in the front (24+48 mm). Figure 1 shows the overall geometry  of inside, bare and 
moderated detector. 

 
Figure 1: N-15 detector; bare and moderated detector. 

 

 
 

2.2 Monte Carlo calculations 
 

Using the MCNPX code [4], a model of the N-15 detector was built including all details such as: the 
sensitive layers ~ 0.017 cm, the four plates of PMMA 0.635 cm-thickness, the PMT as a cylinder of 
5.7Ø x 19.4 cm and the moderator 24+48 mm HDPE. Here, the PMT was modelled as an empty 
cylinder of glass (Figure 2). 

 
Figure 2: N-15 geometry (MCNPX Model) 

 
 
 
 
 
 
 
 
 
 
 
 
 

In a previous work, the detector response was calculated for 29 simulated monoenergetic neutron 
sources with energies ranging from 10-9 to 20 MeV [6], for the bare detector (without moderator) and 
with the HDPE  moderator. The response was  estimated using tally f4  [7]  where the number  of 
10B(n,α)7Li reactions were calculated, using the target 107 for the reaction [8]. 

 
2.2.1     Response evaluation varying PMMA thickness 

 
Using MCNPX different models were made, varying the thickness of the inner PMMA layers [0.1, 
0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.55, 0.60, 0.635, 0.70, 0.75, 0.80, 0.85, 0.90, 0.95, 
1.00 cm-thickness] (Figure 3); these thicknesses will be compared to 0.635 cm-thick PMMA from the 
actual detector thickness. 
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Figure 3:  N-15 geometry  (MCNPX Model);  varying the PMMA-thickness,  bare and  moderated 
detector. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Here the response was estimated in counts per second per nanogram of 252Cf [cps-ng 252Cf] when the 
detector was located at 200 cm from a 252Cf neutron source. In this case, the neutron source was 
modelled from the existing neutron source in the Laboratorio de Medidas Neutrónicas, Universidad 
Politécnica de Madrid, LMN-UPM, as show in Figure 4. 

 
Figure 4: 252Cf neutron source from LMN-UPM and MCNPX model. 

 

 
 
 
 

The response was also calculated using 29 monoenergetic neutron sources, for the bare detector and 
with 24+48 mm HDPE, both for the actual detector with 0.635 cm PMMA layers and for an increased 
PMMA thickness of 0.800 cm. 
 
2.2.2     Response evaluation varying the distance with respect to the ground 

 
Models were made with the N-15 detector positioned 200 cm from the 252Cf source and the response 
was calculated varying the distance between the detector ś centre and the floor at 25, 50, 75, 100, 125, 
150, 175 and 200 cm as it is shown in Figure 5. Here, the 252Cf source was fixed at 100 cm above the 
floor. This response was in the aim to study the room-return effect [9] above ground. 
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Figure 5: N-15 (MCNP Model); varying N-15 distances respect to the ground. 
 
 

 
 
 

2.2.3     MCNPX model of a large detector model N-48 in a RPM 
 

The N-48 detector has an external size of 141.5 x 16.7 x 6.35 cm3 [10]. Using MCNPX code, a model 
was built including all the detector details: the sensitive area, composed of five transparent ~0.017 cm- 
thick layers of a mixture of ZnS(Ag) and 95% 10B enriched boron −the Ag was not included in the 
model−; like in the N-15 detector, these layers are arranged in four plates of PMMA with 1.19 g/cm3 

density, sizing 120 x 15.2 x 0.635 cm3; the photomultiplier tube, modelled as an empty cylinder and 
the aluminium supports. 

 
In this case the detector is installed in a RPM together with a gamma detector of PVT, in similar 
conditions to its normal operation at customs. Two conditions are simulated: outdoors with only air 
and ground and inside of a laboratory with walls around. The response was estimated in cps-ng of 
252Cf of a neutron source of 252Cf  located at 200 cm distance. Figure 6 shows the overall geometry 
according to the MCNPX model. 

 
Figure 6: Radiation Portal Monitor with neutron detector 10B+ZnS(Ag) type N-48. MCNPX models 
of the outdoors and indoors conditions simulated. 
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In all Monte Carlo calculations, the number of histories was large enough to obtain uncertainties less 
than 5%. For the MCNPX calculations, cross-sections were taken from the ENDF/B-VI library, where 
the S(α, β) treatment was included to take into account the thermalized neutron int eractions [7]. 

 
3     RESULTS 

 
3.1.1     Performance of detector (N-15) with varying PMMA thickness 

 
Figure 7 shows the response of both cases of PMMA-thickness: the actual thickness of PMMA N-15 
detector, 0.635 cm, and a greater thickness of 0.800 cm, for 29 monoenergetic neutrons sources; bare 
and moderated detector (HDPE 24+48). 

 
The bare detector clearly points the difference between both cases, showing that the 0.800 cm thick- 
PMMA detector  has  a  similar  response but  with a  greater  efficiency  with respect  to the actual 
0.635 cm-thick detector. In the moderated detector, the response is less sensitive to the change in 
PMMA thickness, due to the moderation effect of the HDPE case; however, it still shows that the 
0.800 cm-thick has a higher response than the actual 0.635 cm-thick detector. 

 
Figure 7: Calculated N-15 detector response as a function of neutron energy, for PMMA-thickness 
0.635 cm (actual detector) and 0.800 cm (comparison model) 
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Table 1 below shows the calculated count rates per ng of 252Cf at 200 in air. The calculated values 
were scaled up to neutron source strength, where 1 ng of 252Cf produces 2340 n/s [11]. Table 1 
includes percent difference in response with respect to the actual detector, showing that an increase of 
the PMMA plates thickness up to 1 cm can increase the efficiency of detection up to ~134% for bare 
detector and up to about ~13% in the case of the moderated detector with 24+48 mm HDPE, Figure 5. 
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Table 1: Calculated count rates per ng of 252Cf and difference in percent respect the actual detector 
(0.635 cm thickness PMMA) 

 
PMMA 

thickness 
[cm] 

Bare detector 
MCNPX cps-ng 

252Cf 

~ % respect 
to the 

0.635 cm 
PMMA 

Detector with 
HDPE MCNPX 

cps-ng 252Cf 

~ % respect 
to the 

0.635 cm 
PMMA 

0.10 0,0056 ± 0.0011 -89,57 0,521± 0.020 -22,31 
0.15 0,0073 ± 0.0013 -86,51 0,530 ± 0.020 -20,95 
0.20 0,0094 ± 0.0016 -82,67 0,546 ± 0.022 -18,50 
0.25 0,0112 ± 0.0018 -79,23 0,567 ± 0.022 -15,35 
0.30 0,0143 ± 0.0022 -73,38 0,575 ± 0.023 -14,29 
0.35 0,0183 ± 0.0024 -66,33 0,597 ± 0.024 -10,89 
0.40 0,0239 ± 0.0031 -55,60 0,619 ± 0.024 -7,70 
0.45 0,0276 ± 0.0033 -48,67 0,625 ± 0.024 -6,82 
0.50 0,0336 ± 0.0037 -37,50 0,635 ± 0.025 -5,30 
0.55 0,0407 ± 0.0042 -24,56 0,654 ± 0.026 -2,46 
0.60 0,0478 ± 0.0047 -10,83 0,670 ± 0.026 -0,091 
0.635 0,0538 ± 0.0050 - 0,671 ± 0.026 - 
0.70 0,0653 ± 0.0057 21,288 0,695 ± 0.027 3,60 
0.75 0,0745 ± 0.0061 38,42 0,708 ± 0.028 5,52 
0.80 0,0816 ± 0.0063 51,57 0,726 ± 0.028 8,23 
0.85 0,0925 ± 0.0068 71,76 0,732 ± 0.028 9,15 
0.90 0,1063 ± 0.0075 97,42 0,736 ± 0.028 9,77 
0.95 0,1139 ± 0.0078 111,45 0,762 ± 0.028 13,66 
1.00 0,1260 ± 0.0084 134,08 0,764 ± 0.029 13,89 

 
 

Figure 8: Calculated N-15 detector response with varying PMMA-thickness; bare and moderated 
detector 
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3.1.2     Detector performance (N-15) varying the position with respect to the ground 
 

Table 2 shows the calculated detectors response, in cps per ng of 252Cf, in free air conditions with the 
centre of the detector located at varying distances from the floor. Uncertainties of these results are 
only those from the Monte Carlo calculations. 

 
Table 2: Calculated count rates per ng of 252Cf, varying the position of detector above ground at 200 
cm from the 252Cf source. 

 
Distance above 

ground (cm) 
Detector 

N-15 

200 0.57 ± 0.04 

175 0.66 ± 0.04 

150 0.70 ± 0.04 

125 0.81 ± 0.05 

100 0.85 ± 0.05 

75 0.86 ± 0.05 

50 0.83 ± 0.05 

25 0.78 ± 0.04 

 
 

The detector efficiency varies depending on the position with respect to the floor. The detector 
receives the largest count rate when its centre is located at 75 cm above floor, probably due the 
amount of scattered neutrons from the floor. 

 
3.1.3     Performance of a large detector (N-48) in a RPM 

 
Table 3 shows the calculated response of a large detector (N-48 type), in a complete RPM as in Figure 
6, in cps per ng of 252Cf, for representative indoors and outdoors conditions with the centre of the 
detector located at 200 cm from the neutron source of 252Cf. Again, the calculated values were scaled 
up to the neutron source strength, where 1 ng of 252Cf produces 2340 n/s [11]. 

 
Table 3: Calculated count rates per ng of 252Cf for the large N-48 detector in the RPM. 

 
MCNPX calculated count rates at 200 cm 

from the 252Cf source [cps-ng 252Cf] 
Detector 

type 
 

Indoors 
 

Outdoors 

N-48 2.14 ± 0.06 1.57 ± 0.04 

 
As it can be observed, the detector efficiency is highly variable depending on the environment 
conditions, with a count rate approximately higher in up to 38% indoors, due to neutron scattering by 
the walls that contributes to the increased count rate in that point. 
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4     CONCLUSIONS 
 

One first conclusion from the simulations presented here is that a cost-effective way to improve 
efficiency  of  multi-layered 10B+ZnS(Ag)  neutron  detectors,  is  to  increase  the  thickness  of  the 
intermediate PMMA layers: its increase from 0.635 cm to 1.000 cm, can amplify up to 13% the 
detection efficiency of the moderated detector, while the cost increase would be not relevant. 

 
Another conclusion is that for this kind of detectors, the position with respect to the ground is an 
important feature, due to the detector response to scattered neutrons [9]. Therefore, the use of these 
detectors in actual RPM should be characterized in situ according to their position above ground. 

 
Finally, it appears that 10B+ZnS(Ag) detectors are an interesting alternative to replace 3He detectors in 
RPMs. By improving their geometry and by increasing the amount of 10B it would be feasible to 
increase the detector efficiency, aiming to reach the target of 2.5 cps/ng 252Cf, considered  as a goal to 
use this type of detectors as an alternative in RPMs [12] that could satisfy the ANSI standard 
requirement[13]. 
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Wrist, finger, and crystalline dosimetry study with radiopharmacists and 
nursing technicians for various applications and tests, using various 
radiopharmaceuticals, for adjustment of a percentage factor between 
difference values obtained at the extremities to optimize the dosimetry in 
nuclear medicine services. 
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A. Buchpiguela, Josefina da Silva Santosa, Adélia Sahyunc  
 
a Centro de Medicina Nuclear – InRadHC- FM Universidade de São Paulo – Brazil. 
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c Empresa Átomo – Brazil.  
 
Abstract. The doses received by nuclear medicine workers, radiopharmacists and nursing technicians, in their 
extremities is a well-known concern. The ring-shaped dosimeter is usually not well accepted by most workers, 
who claim to have trouble adapting. This study gets the dosimetry of the extremities and of crystallines of 
workers who inject or label. Those data was used in finding a correlation factor that fits a ratio of the difference 
between the values obtained at the extremities. Four workers with TLD, ring, and wrist dosimeters, goggles 
without lenses with dosimeters in their temples participated. Radionuclides used: 99mTc, 67Ga, 18F, 131I and 111I. 
They were performed for 99mTc: 20 elutions (504,384 MBq); 49 lables (258,075 MBq) and 199 fractionation 
(143,346.51 MBq). 14 fractionations for 18F (3,885.74 MBq ), 4 procedures with 131I (266.4 MBq), 3 fractioning 
of 67 Ga (886.89 MBq) and 1 for 111In (185 MBq). The ring dosimeter presented a dose of 11 mSv, while the 
pulse dosimeter registered 7.78 mSv on the right and 5.40 mSv on the left, for radiopharmaceutical. The goggles 
used indicated a dose of 0.43 mSv on the left side and on the right side 0.52 mSv. The nursing team showed: 
nurse A: 1.13 mSv in the ring, and 0.23 on the wrist. Nurse B: 1.11 mSv in ring and 0.90 mSv in wrist 
dosimeters, nurse C: 0.73 mSv in ring and 0.56 mSv in wrist. The goggles were worn only by nurse B and it 
indicated 0.19 mSv. The differences between the doses received by workers wrists and rings were from 20% to 
30%. The dose to the crystalline is in accordance with the recommended limits. Finding a factor of reliability 
between wrist and finger dosimetry will facilitate the optimization of this dosimetry and help workers and the 
services.  
 
KEYWORDS: dosimetry; extremity; crystalline; radiopharmaceuticals; optimization. 
 
1 INTRODUTION 
 
For workers in nuclear medicine, especially the radiopharmaceutical and nursing technicians who 
apply the medication to the patients, the final doses they receive is a concern. Although the annual 
equivalent dose limit for these workers extremities is high (500 mSv / year), the doses have to be 
controlled and linked to good practices1. 
Currently in Brazil there are 11 certified laboratories for the provision of external individual 
monitoring service and not all of them provide ring dosimetry. This type of dosimeter is also not well 
accepted by the majority of workers, who claim to feel much difficulty in using both ring and glove. 
Moreover, they also show concern about throwing the ring dosimeter away when disposing the gloves 
in the contaminated waste. 
As an alternative to this situation, there is wrist dosimetry which is also located in the ends of the 
worker. Nevertheless, many radioprotection organizations claim this assessment of equivalent dose 
received by the worker at the ends is not sufficient to evaluate the dose in the final ends. It is said that 
there is a potential difference between these kinds of measurements2,3. 
In order to improve the quality of dosimetry performed in nuclear medicine services, this work focuses 
in the dosimetry of the extremities, fingers and wrists, and eye crystalline of workers. Those workers 
are responsible for injecting in patients (nursing technicians) and withdraw, mark, and distributing 
radiopharmaceuticals (pharmaceutics), and find a correlation factor which set a percentage difference 
between the values obtained in these ends. With these data we can choose between the use of ring 
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dosimetry or the possibility of continuing the pulse dosimetry, therefore known the percentual of this 
difference can optimize dosimetry and thus improve the quality of  measurements.  
 
2 METHODS 
 
They are being studied four workers who directly handle radioactive material and are using each at the 
ends: a dosimeter type ring and a wrist, with the exception of radiopharmaceutical that uses a 
dosimeter on each wrist and a ring. The dosimeters are TL (thermoluminescent), and have been 
adapted for use in finger. Individuals Occupationally Exposed (IOE's), also use the dosimeter chest TL 
in addition to the ends dosimeters. It was also placed in a safety goggle that protects against biological 
material a dosimeter in each rod to measure the radiation that can reach the worker’s crytaline. Each 
team has one goggle, but only a worker uses it in each team. Radionuclides used in the period 
were: 99mTc, 67Ga, 18F, 131I e 111I. 
 
3 RESULTS 
 
The radiopharmacist recorded for the period with respect to 99mTc radioisotope, a total of 20 elutions 
(13,632 or 504,384 MBq mCi); 49 marks (258,075 GBq or 6,975 mCi) and 199 fractioning 
(143,346.51 MBq). Were performed 14 fractioning for radioisotope 18F (3774.74 105.02 MBq or 
mCi;), 4 procedures with 131I (266.4 MBq or 7.2 mCi), 3 fractioning of 67 Ga radioisotope (886.89 
MBq or 23.97 mCi) and 1 to 111In (or 185 MBq 5 mCi). The ring type dosimeter used by the worker 
registered a dose of 11 mSv, while the right wrist showed dose of 7.78 mSv and the left and 5.40 mSv. 
The radiopharmaceutical is right-handed. The goggles presented dose of 0.43 mSv left and right side 
0.52 mSv. The recorded time work carried out by professional was between 30 seconds of removing 
the material and 1 minute in the elutions. 
The nursing staff6, for the same amount of activity, except for the marking and the elutions, showed 
the following results: 

• Nurse A: 1.13 mSv in the ring and 0.23 on the wrist; 
• Nurse B: 1.11 mSv and 0.90 mSv ring pulse; 
• Nurse C: 0.73 mSv and 0.56 mSv in the ring on the wrist. 

The goggles were used only by nurse B and it was registered 0.19 mSv on the right and BG on the left. 
The distance between the position of the eyes of the IOE and the radioactive material to be applied to 
the patient's arm, has approximately between 30 and 40 cm. The application duration is approximately 
1 minute.  
 
Table 1: Presentation of doses obtained to wrist, ring and crystalline measures for a month for 
Individuals Occupationally Exposed (IOE's) in Nuclear Medicine service. 

IOE RIGHT 
WRIST 
  
(mSv) 

LEFT 
WRIST 
 
(mSv) 

RING 
 
 
(mSv) 

ROD 
GOGGLES 
RIGHT 
 (mSv) 

ROD 
GOGGLES 
LEFT 
 (mSv) 

 

RADIOPHARMA/ 7.78 5.40 11 0.52 0.43 

NURSE: A  0.23  1.13   

NURSE: B  0.90  1.11 0.19 BG 

NURSE: C 0.56  0.73   
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The difference between the doses received by workers at the wrists and rings was between 20% and 
30%, which already shows a good standard for use of pulse dosimetry using this factor correction if 
future doses are present within these limits adopted in the country. The dosimetry of the crystalline 
stayed with low levels and considerably below the dose limit which is 20 mSv per year4,5. 
 
4 DISCUSSION  
 
The data also show that the workers have a good technical efficiency, since their doses are lower than 
the standards established by current standards in the country and the recommendations made by global 
radioprotection organizations. 
 
5 CONCLUSION 
 
Finding a factor of reliability between wrist and finger dosimetry can facilitate the optimization of this 
dosimetry and help workers and services that find it difficult to adopt this methodology to have greater 
control over their exposure.  
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Direct Surface Contamination Measurement of Low Energy Beta and 
Electron Capture Isotopes 
 
Michael Iwatschenko-Borho*, Reinhard Loew 
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Erlangen, Germany 
 
Abstract. Most surface contamination survey meters have a very low sensitivity for electron capture (EC) and 
low energy (LE) beta emitters. This work proposes the direct measurement of such surface contamination by a 
dual scintillation probe in a new measuring mode as a fast and straightforward alternative to laboratory analysis 
via liquid scintillation techniques. This new mode can be alternatively selected and complements the normal 
usage of a dual probe for beta / alpha discrimination. Compared to most conventional beta/gamma friskers 
an order of magnitude enhancement of detection sensitivity can be achieved. Additionally it is shown, that this 
new operation mode provides an improved detection limit and even more significant improvement of the 
signal to noise ratio for further isotopes such as C-14 (or S-35) under difficult (elevated and/or variable) gamma 
background conditions. 
 
1     INTRODUCTION 
 
A number of neutron activation products, that are relevant during operation or decommissioning 
of a nuclear power plant, are sometimes referred to as “hard-to-detect isotopes” due to the lack of 
energetic radioactive emission. 
 
 
Table 1: Characteristics of some activation products [1] 
  C-14 S-35 Cr-51 Mn-54 Fe-55 Ni-63 

Half-life (a) 5730 0,24 0,08 0,85 2,7 100 
Beta max (keV) 156 168    66 

 
X-ray (keV) 

   
5 

 
5,5 

 
6 

 

Emission probability   22 % 25 % 28 %  

 
Gamma (keV) 

   
320 

 
835 

  

Emission probability   9,8 % 100 %   

 
Some of those isotopes need to be considered as well in hospitals (S-35, Cr-51) or for leakage testing 
of X- ray fluorescence, - diffraction and -scattering devices  (Fe-55) and gas chromatography 
instruments (Ni-63). The  screening  levels  for  clearance  is  typically  rather  high  for  these  
isotopes  (100  Bq/cm²)  with  the exception of Mn-54 where a level of 0,1 Bq/cm² [2] has recently 
been proposed. 
For direct contamination measurement of those activation products it is known that flow type gas 
filled detectors  containing Argon  can  be  used.  Alternatively thin  inorganic  scintillators,  such  as  
CsI(Tl)  or NaI(Tl), preferentially with Beryllium entrance window, can be applied for EC-nuclide   
detection. Unfortunately these detectors are quite fragile and expensive. 
 
This work is investigating the possibility to use the less cumbersome and less expensive large area 
detectors based on ZnS(Ag) coated organic scintillators (Fig. 1). These detectors are well known and  
 
* Presenting author, e-mail: michael.iwatschenko@thermofisher.com 
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established for the measurement of higher energy beta and alpha general purpose surface 
contamination monitoring. The ZnS(Ag) layer provides a high light output compared to the plastic 
scintillator, so any ionizing particles that are stopped in the layer will provide a brighter signal than 
particles stopped in the plastic. This fact is used to  discriminate  alpha  particles  from  high  energy  
beta  particles  and  has  been  used  for  simultaneous alpha/beta measurement for decades. 
 
Figure 1: RadEye SX connected to 100 cm² dual probe DP6 
 

 
 

 
 
2     IMPLEMENTATION OF THE NEW MEASUREMENT CONCEPT 
 
The popular dual scintillation probe DP6AD (or DP6BD) has been in production for more than 2 
decades: Its protective grille has a transmission of 80 % and the mylar entrance window of 1,2 mg/cm² 
provides good transmission for the X-rays of the EC nuclides and decent transmission for low energy 
betas. Using specially selected low noise DP6 probes, indicated by a “+” suffix and suitable and 
proprietary electronic circuitry and algorithms, the principle of signal enhancement for short range 
particles, stopped in the ZnS(Ag) layer, can be applied to EC/ LE-beta isotopes too. For that purpose a 
new measuring mode “Special Mode” (Fig. 2) has been implemented in the general purpose survey 
meter RadEye SX which complements the normal usage of the dual probe for beta/alpha 
discrimination. 
 
Figure 2: Schematic description of the energy ranges (keV) for 2 alternative operation modes 
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The narrow pulse height window for the EC and low energy beta radiation rejects most of the 
normal background events in the plastic scintillator caused by gamma radiation and secondary cosmic 
radiation, since those events mostly deposit much more energy in the plastic scintillator. Thus a win-
win situation arises in respect to the detection of Fe-55 or Ni-63 by the increased signal amplification 
and the reduction of the gamma and  muon background count rate due to the upper threshold of 
the energy window. 
 
3     DUAL VERSUS BETA DETECTOR 
 
Comparison measurements were performed in 3 mm distance  with 10 cm x 15 cm² large area 
sources overlapping the detector area of 6,7 x 15 cm². The same photomultiplier, entrance window, 
window grid and detector housing was used for both sets of measurements in order to exclude any 
individual variance between the instruments that was unrelated to the scintillator and operation mode. 
 
Table 2: Comparison of Background and Efficiency for Dual and Beta Detector 
 

 
It can be seen from table 2 that the ZnS(Ag) layer provides good detection of the low energy X-
rays of Fe-55 and helps to amplify the scintillation signal of the low energy beta radiation of Ni-63. 
Furthermore, the narrow energy window of the EC-channel reduces the gamma back-ground count 
rate in the elevated Cs-137 field and thus provides a significantly improved signal to noise ratio up to 
C-14 compared to the beta detector. Please note that in table 2 the response for Ni-63 is related to the 
surface emission rate of the source (2 Pi efficiency). 
 
Calculation of the minimum detectable count rate Rn  can be performed according to [3]: 
 
 
 
 
 
where R0 is the background count rate (cps), tb is the measurement time (s) and t0 is the background 
count time  (s).  The  parameters  k1-α and  k1-ß   are  set  to  1,645  for  5%  false  alarm rate  and  95%  
detection probability. For t0 = 30s and tb = 10 s (as an example) the minimum detectable count rate of 
2,4 cps at 0,1 µSv/h corresponds to 0,9 Bq/cm² for Fe-55 in the case of the “EC” channel of the dual 
probe versus 3,2 cps and 4,55 Bq/cm² for the beta scintillator. 
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4     DISCUSSION OF FURTHER ADVANTAGES 
 
In order to visualize the superior performance depicted by the numeric information displayed with the 
dual detector in the new “Special Mode”, screen shots are displayed in Fig 3 to 5. 
 
4.1     Impact of Background Radiation for Dual and Beta Probe 
 
Figure 3: Displayed counts rates for background and Fe-55 

 
 
In Fig 3, it can be seen that the EC-channel reading for the Fe-55 contamination is 147 times higher 
than the low background reading and still 23 times larger than the reading at 1 µSv/h background. For 
the beta (BP19) detector the corresponding numbers are just 8,8 times 0,68 times. In other words, 
the confidence of the user in the significance of an elevated reading in the EC-channel to be indeed 
related to a contamination rather than being caused by a slight variation of the background is greatly 
enhanced. 
 
4.2     Impact of Beta Energy on the Count Rate Display 
 
The dual channel concept of the “Special Mode” provides additional insight into the prevailing energy 
of measured beta radiation. I.e. even in the absence of EC-nuclides valuable additional information 
regarding the energy distribution of beta contamination can be gained during routine surveys 
(Fig 4). As it is possible to set 2 different alarm levels for the EC and the BETA-channel. 
 
Figure 4: Dual channel display for different mean beta energies 
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4.3     Quick Discrimination between Electron Capture and Low Energy Beta Nuclides 
 
While the count rates for both electron capture isotopes (Fe-55) and very low energy beta 
emitters (Ni-63) are concentrated in the EC-channel, an easy and instantaneous discrimination can be 
made by slightly increasing the distance of the detector to the contaminated surface (Fig 5). 
 
Figure 5: Dual display for Fe-55 and Ni-63 in different distance to the 150 cm² source 

 
 

 
5     SET-UP, CALIBRATION AND INTERCOMPARISON 
 
The consistent set-up of the instrument and detector combination, e.g. after exchange of a damaged 
mylar window or a damaged photomultiplier requires a few extra steps compared to the set-up and 
calibration in the classic beta/alpha operation mode. 
 
If the probe is to be used in the classic beta/alpha dual mode as well, the “normal” set-up procedure 
should be done first. A high energy beta source (typically Sr/Y-90) is used to determine the beta 
sensitivity and spill-over into the alpha channel, and an alpha source (e.g. Am-241) is required for 
determination of the alpha sensitivity and the alpha into beta spill-over. By verification of the alpha 
sensitivity to be within the allowed tolerances, the thickness of the mylar window is verified and a 
related mistake in the repair process can be ruled out. If this step has been passed successfully, a 
sensitivity measurement using Ni-63 in the new EC/BETA mode is not mandatory and the 
verification of the X-ray response (e.g. using Fe-55) is sufficient. However, if no alpha sensitivity 
measurement can be performed, a measurement using a low energy beta emitter (preferably Ni-63) 
should be performed to verify the thickness of the mylar entrance window and exclude any significant 
dust deposition. The setting of the best operating voltage in the EC/BETA mode is accomplished by 
taking a Fe-55 and background plateau curve and selecting the voltage with the best signal to 
noise ratio, whereas a minimum Fe-55 sensitivity must be achieved and a maximum background count 
rate must not be exceeded. A stringent test for a possible light leak needs to be performed in the 
EC/BETA-mode.  If no Fe-55 large area source is available, the set-up can be performed using a 
Ni-63 source as well. 
 
Since conventional large area sources for EC and low energy beta emitters may have significant 
variations in the homogeneity and self-absorption in the source, the diagnosis of the detector 
performance using different   check   source   specimen   at   different   locations   can   be   
problematic.   It   is   therefore recommended to use a large area test adapter made of natural lutetium-
oxide ceramics (Fig. 6), which provides perfect reproducibility of the particle emission rates and 
energy distribution. Details of the general advantages of using such a “transfer” standard based on 
primordial natural Lu-176 can be found in reference [4]. 
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Figure 6: Large area lutetium oxide test-adapter: 100 cm² of high density Lu2 O3   ceramic tiles 
are mounted to an aluminium backing 
 

 
 
6     CONCLUSION 
 
The direct and sensitive surface contamination measurement of low energy beta and electron capture 
nuclides can be achieved by leveraging the high light-output of the ZnS(Ag) layer of high-performance 
large area dual phosphor detectors even in elevated gamma dose rate fields. This enables both cost 
reduction and time saving when performing contamination surveys of hard to detect radionuclides. 
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Abstract. The Facility of Radiation Standards (FRS) in the Japan Atomic Energy Agency (JAEA) offers 
various kinds of radiation calibration fields for calibration and testing for over three decades. The FRS-JAEA 
offers reliable X-ray, gamma-ray, beta-ray and neutron calibration fields with a vast range of variety. The 
quality and a set of neutron calibration fields are particularly mentioned. Neutron calibration fields with energies 
ranging between 0.025 eV and 19 MeV enable users to check the whole items for performance test required for 
neutron dosimeter. Two different sets of beta-ray calibration fields were established and served for regular 
calibration of dosimeters mainly used in nuclear industries. Resent research accomplishments on gamma-ray 
calibration fields can extend the upper limit of the energy up to 6 MeV. In addition to them, a simulated 
workplace neutron calibration field has been newly established for calibration of neutron dosimeters used inside 
the nuclear reactors. 

 
KEYWORDS: radiation standards; SSDL; mono-energetic neutron; gamma-ray; beta-ray. 

 
1     INTRODUCTION 

 
Any radiation workplace and every radiation worker must be monitored in an appropriate manner, 
using radiation protection instruments. These radiation protection devices also should be well-
calibrated so that they can provide reliable information on exposures to workers and public. Since the 
proper implementation of radiation monitoring to workplace, radiation workers and environments is 
required to secure, safe and sustainable operation of nuclear facility, calibration of radiation protection 
devices are to be properly made at well-defined radiation calibration fields. 

 
For more than three decades, neutron, X, gamma-ray and beta-ray calibration fields have been served 
for radiation protection purposes at the Facility of Radiation Standards (FRS) in Japan Atomic 
Energy Agency (JAEA). After the installation of the 4 MV Van-de-Grraff accelerator in 2000, mono-
energetic neutron calibration fields and the 6-7 MeV high energy gamma-ray calibration field were 
established. As a comprehensive secondary standard dosimetry laboratory (SSDL), the FRS has been 
making contributions  to  provide  reliable  and  various  radiation  calibration  fields  for  radiation  
protection purposes not only in Japan but also in Asian region. 

 
2 OVERVIEW OF NEUTRON, X AND GAMMA RAY AND BETA RAY CALIBRATION 

FIELD AT THE FRS 
 

The  FRS-JAEA  has  been  originally  built  in  1980  and  is  remarkably  contributing  to  regular 
calibrations of radiation protection instruments which are used not only inside JAEA but also other 
institutes, hospitals and nuclear power plants in Japan. The FRS-JAEA is a three-story reinforced 
concrete building, with one basement floors, which has a floor area of 4153 m2 in total. Various 
kinds of sealed neutron, gamma-ray and beta-ray sources, the 4MV Van-de-Grraff accelerator, four 
gamma- ray  irradiators,  two  X-ray  generators  are  equipped  inside  radiation  controlled  areas,  in  
order  to establish various kinds of radiation calibration fields. 
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At the FRS-JAEA, a huge amount of dosimeters are calibrated for their annual calibrations, namely, 
30,000 pieces of personal dosimeters, 2,600 survey-meter type dosimeters and 700 sets of 
installed type dosimeters in total. On 11th March 2011, the FRS-JAEA also had seriously damaged 
from the great-east Japan earthquake and been deeply contaminated due to the consequence the 
Fukushima nuclear accident. However, one month after the accident, the FRS-JAEA resumed its 
operation and offered calibration service, even under contaminated circumstance [1]. 

Figure 1: Overview of the facility of radiation standards in Japan Atomic Energy Agency (FRS) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1 Neutron Calibration field 
 

The FRS has been established and providing the ISO8529-1[2] specified radio-isotope (RI) neutron 
calibration fields, ten different energies of mono-energetic neutron calibration fields ranging from 8 
keV to 19 MeV. The thermal neutron calibration field (0.025 eV) produced by 252Cf sealed RI source 
coupled with the graphite pile with a dimension of 150w × 164d × 150h cm3  was also established and 
operating[2]. The series of well-defined neutron calibration fields with a very wide range of neutron 
energies allows the FRS to provide comprehensive test environments so that manufacturers can check 
the whole energies to be tested for responses of their dosimeters at one laboratory. 
 
There are four sealed RI neutron source available in the neutron-scatter suppressing irradiation room at 
the FRS. Two X3 type encapsulated 241Am-Be sources with nominal activities of 37 GBq and Two X1 
type sealed 252Cf sources with 2 GBq and 199.8 MBq, respectively are installed at the FRS. The 
neutron emission rates are determined by the primary standard laboratory. Anisotropy factors for 
sources  with  their  protection  cases  were  experimentally  determined  using  a  high  precision  long 
counter in accordance with recommendations of ISO 8529-1[2]. When dosimeters are calibrated, bare 
241Am-Be, bare 252Cf and/or D2O moderated 252Cf source is positioned at the centre of a 12.5 × 12.5 × 
11.7 m3 irradiation room using the aluminium source stand on the zinc plated iron grating floor. 
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Table 1: Characteristics of mono-energetic neutron calibration field at the FRS-JAEA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Using the 4 MV Van-de-Grraff accelerator, mono-energetic neutron calibration fields produced by the 
nuclear reactions with ten different energies are also available at the FRS [3-6]. The characteristics of the 
fields are shown in Table 1. Basic quantities of each field was well-determined using a newly developed 
neutron monitoring system coupled with the precision long counter [3-6] and precise acceleration 
voltage control system for ensuring the nuclear resonance reaction of 45Sc(p,n)45Ti [4]. Irradiation 
room is also designed so that scattered neutrons by floor, walls and the ceiling could be reduced at a 
point of test. The irradiation room has 11.5 × 16.5 × 12.5 m3, and at its mid-height has an aluminium-
grating floor to reduce scattered components from floor, wall and ceiling. Mono-energetic neutron fields 
with energies with 144 keV, 565 keV, 5.0 and 14.8 MeV are also traceable to those established in 
the primary metrological laboratory in Japan, the National Institute of Advanced Industrial Science and 
Technology (AIST), by measuring neutron fluence at the point of test using the transfer detector with 
spherical polyethylene moderator. 

 
With regard to the thermal neutron calibration field, a point of test was set at the distance of 40 cm 
from the surface of the graphite pile and thermal neutron fluence rate was determined by gold foil 
activation method [3]. Neutrons with energy above 1 eV might affect the calibration factor of neutron 
dosimeters. Calibration factors of neutron dosimeters to net thermal neutron are also evaluated by 
subtracting readings obtained under the condition that dosimeters are covered with Cd case from those 
obtained by uncovered condition. 

 
2.2     X and gamma-ray calibration field 
 
Two X-ray irradiators and four gamma-ray irradiators with 137Cs and 60Co radioactive sources have 
been installed and operated for generating the wide energy range of X and gamma ray calibration 
fields, with energy ranges between 16.5 keV (for the ISO X ray narrow series) and 1.25 MeV (for 60Co 
gamma-ray). In addition to irradiators, the 6-7-MeV high energy gamma-ray calibration field produced 
by the accelerator can broaden the gamma-ray energy range up to 6-7 MeV. 

 
 
 
 
 
 
 
 
 
 
 
 
 1232

IRPA14 Proceedings



 
Table 2: Characteristics of ISO-narrow series X-ray calibration field at the FRS-JAEA [8] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Using two X-ray generators installed at the FRS-JAEA, X-ray calibration fields are served for radiation 
protection purposes. X-ray calibration fields have been established at the FRS-JAEA, according to 
recommendation of the ISO4037-1 [7] and also recommended by the Japanese Industrial Standards 
(JIS) [9,10].Table 2 shows a comparison of basic quantities of the ISO-narrow series at the FRS-
JAEA. From a series of measurement of spectra and reference air kerma rate for each tube 
voltage condition, ISO-narrow series X-ray calibration fields at the FRS-JAEA have almost the same 
basic characteristics as specified in the ISO [7].  As for the X-ray calibration fields recommended in 
JIS, the Quality Index (QI) which is derived from dividing the effective X-ray energy by the X-ray 
tube voltage is introduced for specifying the characteristics of the X-ray beam. The half-value layer, 
the homogeneity coefficient, the effective X-ray energy and the QI were also determined for each kind 
of X-rays [9, 10]. 
 
Table 3 summarizes the specifications of gamma-ray calibration fields at the FRS-JAEA. There are 
four gamma-ray irradiators available in each irradiation room. One of the irradiator is a panoramic 
gamma-ray irradiator so that users can irradiate through a full 360 degree for periodical checking of 
personal dosimeters. The collimated gamma-ray irradiators and the calibration tables are installed in 
other three irradiation rooms. Irradiators and calibration tables can be operated by remote control 
outside of the room. Each irradiator has thick lead storage and four sealed radiation sources (137Cs 
and/or 60Co) with different activities are stored inside each irradiator. In addition to irradiators, 
collimated gamma-ray calibration fields around 1 μGy h-1  by sources that can be handled with tongs 
were also established. Reference air kerma rates were determined by the reference ionization chamber 
(Exradin type A5, A6 and A8) calibrated by the AIST. 
 
After the tragic Fukushima nuclear disaster, accommodation of demand on calibration of survey 
meters  used  for  the  decontamination  work  was  a  pressing  issue.  In  addition  to  the  increase  of 
calibration of surface contamination density survey meters, calibration of dosimeters used in the 
regions whose dose rate is below 1 μSv h-1 is also increasing. The FRS-JAEA has been making 
significant contributions to accommodate the demand for decontamination and remediation works in 
Fukushima area, by establishing a reliable 137Cs gamma-ray calibration field so that survey meters 
could be calibrated in such a low dose rate. 
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Table 3: Specifications of gamma-ray calibration fields at the FRS-JAEA 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

2.3 Beta-ray calibration field 
 

Two different kinds of beta-ray calibration fields are set up and served for regular calibrations at the 
FRS-JAEA. Table 4 shows the comparison of beta-ray calibration fields produced by two different 
irradiation systems. The Beta-Secondary Standard 2 (BSS2) has been installed so that calibration 
fulfilling the requirement of ISO 6980 [11] can be implemented. The BSS2 is composed of three beta- 
ray sealed sources, 147Pm, 85Kr and 90Sr-90Y, beam-flattening filters, the source stand, and the control 
unit. The nominal activities of sources are 3.7 GBq for 147Pm, 3.7 GBq for 85Kr and 460 MBq for 90Sr- 
90Y, respectively. Reference 70 μm tissue equivalent absorbed dose rate for each source are well 
determined by the German metrological laboratory, Physikalisch Technische Bundesanstalt (PTB). 
The BSS2 is now served for regular calibrations of personal dosimeters. 

    Another beta-ray irradiation system is also available at the FRS-JAEA. The JAEA Beta irradiation 
System (JBS) is composed of alignment apparatus, precise scale and sealed beta-ray sources, 147Pm, 
204Tl and 90Sr-90Y fabricated by the former Amersham Corporation. 70 μm tissue equivalent absorbed 
dose  rate  at  a  point  of  test  for  each  source  was  measured  using  the  extrapolation  chamber 
manufactured by PTW-Freiburg (model 23392). Prior to the determination of the tissue equivalent 
absorbed dose rate for JBS, reference 70 μm tissue equivalent absorbed dose rates were measured in 
the BSS2 and measured results were in quite good agreement with reference values [12]. Comparing 
with the BSS2, sources for JBS have a larger active area of 4.2 cm in diameter and a thinner source 
cover. The JBS is categorized as an ISO 6980 series 2 sources and is mainly used for performance test 
and periodically testing of dosimeters. 

 
Table 4: Comparison of 90Sr-90Y beta-ray calibration fields produced by BSS2 and JBS [12] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 1234

IRPA14 Proceedings



 
3 RECENT RESEARCH ACTIVITIES REGARDING CALIBRATION FIELD AT THE FRS 

 
3.1     Graphite-moderated neutron calibration field using 241Am-Be sources 

 
A simulated workplace neutron field using two 241Am-Be sources and the graphite pile was newly 
developed, in order to accommodate the demand on more proper calibration of neutron dosimeters 
used inside nuclear power plants. Taking advantage of calibration factors of dosimeters obtained in the 
simulated workplace neutron fields would allow to monitor neutron ambient dose equivalent rates for 
proper evaluation of exposures of workers due to neutrons leaking from heavily shielded walls and 
doors inside reactors. 
 
Using the same graphite pile (150w × 164d × 150h cm3) as used for thermal neutron field, a simulated 
workplace neutron field was established by setting two 241Am-Be sources with activities of 37 GBq 
inside the pile. A point of test was set 75 cm from the surface of the pile at the mid height of the pile. 
To reduce unexpected thermal neutron components, thermal neutron shielding sheet is set on the 
surface of the pile. Two different neutron fields can produce at a point of test by changing the position 
of sources inside the pile. Comparing with source position A, one of the 241Am-Be sources is set 
deeper inside the pile at source position B. This leads to increase neutron components with energies 
below 100 keV. 

 
Table 5: Comparison of basic quantities of graphite-moderated neutron calibration fields [13] 

 
 
 
 
 
 
 
Table 5 summarizes obtained basic quantities of the graphite-moderated neutron calibration fields for 
each source position. The neutron spectra obtained at a point of test were expected prior to the 
measurement by Monte Carlo calculations using MCNP-5 and a series of spectrometry using the 
Bonner  Multi-sphere  Spectrometer  (BMS)  at  a  point  of  test  was  performed  to  determine  basic 
quantities of the field [13]. Measured ambient dose equivalent rates for both source positions were all 
in good agreement with those calculated within 4% [13]. 
 
3.2 The 6-7-MeV high energy gamma ray calibration field (the R-F field) 
 
At the FRS in JAEA, the 6-7-MeV high energy gamma-ray calibration field specified as a R-F field 
in ISO4037-1 [7] has been established and operating for regular calibration of personal dosimeters for 
radiation protection [14,15]. Using another beamline with the same accelerator as used for mono- 
energetic neutron calibration fields, protons with an energy of 2.7 MeV bombard a thick CaF2  target 
and 6-7-MeV high-energy gamma rays are produced by the nuclear reaction of 19F(p, αγ)16O. The 
point of test was set 100 cm from the surface of the target chamber. Introducing a PMMA-made build- 
up plate with a dimension of 30 × 30 × 2.5 cm3, air kerma rates at the point of test was experimentally 
determined by direct measurement using an ionization chamber coupled with a conventional thin 
build-up cap for 137Cs and 60Co gamma ray fields. In the table 6, dosimetric quantities of the R-F field 
are summarized and consistent with those obtained in PTB [16], and specified in ISO4037-1[7]. 
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Table 6: Characteristics of the R-F field at the FRS-JAEA 

 
 

 
 
 
 
 
 
 
 
 
 
 
Inter-comparison of reference air kerma rate of the R-F field in PTB was performed. Using the 
reference ionization chamber used for determining the reference air kerma rate at the FRS-JAEA, air 
kerma rates in the R-F field in PTB under the free-in-air condition and the condition that the build-up 
plate was introduced were measured and compared with reference values by PTB. Results were in 
good agreement with each other. 

 
3.3 Inter-comparison between the FRS and the Secondary Standard Dosimetry Laboratory 

(SSDL) in Asian region 
 
With regard to collaborative research work on dosimetry, a series of experiments on measurement of 
radiation fields and calibrations of personal dosimeters has been intensively conducted between Korea 
Atomic Energy Research Institute (KAERI) and the FRS-JAEA for inter-comparison [17]. The aim of 
the inter-comparison is to ensure that reliable calibration service has been provided and to broaden 
knowledge on the radiation calibration fields and the calibration technique. Reference physical 
quantities of radiation standard field that both institute determined independently were compared. Air 
kerma rates in the ISO narrow series X-ray calibration fields was measured each institute and were in 
quite good agreement with each other. Measured dose equivalent per fluence (h*  (10) and h (10)) for 
the D2O-Cf neutron calibration fields indicate that both institutes established reliable fields, taking 
into account the differences in structure of the D2O moderator assemblies [18]. Results from intensive 
studies on calibrations of personal dosimeters also showed that almost identical calibration factors 
could be obtained in RI neutron and beta-ray calibration fields in each institute. Another inter-
comparison in the 137Cs gamma-ray standard field between the Thailand Institute of Nuclear 
Technology (TINT) and the FRS-JAEA has started. As a preliminary phase of the inter- comparison, 
passive type dosimeters (OSL dosimeter) that both institutes use for personal monitoring are irradiated 
with certain personal dose equivalents like 1 mSv in Hp(10) in the 137Cs gamma-ray calibration field. 
Both institutes report the readings from OSLDs that are irradiated at each institute and results of 
reading were satisfactory, taking into the accompanying uncertainties of irradiated doses. 

 
4     SUMMARY 
 

The present status on the X-ray, gamma-ray, beta-ray and neutron calibration fields at the FRS-JAEA is 
given in the paper. The FRS-JAEA has been making contribution to radiation protection sectors by 
offering the reliable calibration fields for more than three decades. By establishing the 6-7-MeV high 
energy gamma-ray calibration field using the accelerator, the upper limit of the energy of calibration 
field was extended up to 6 MeV. In addition to the ISO specified mono-energetic and RI source 
neutron calibration fields, the graphite-moderated neutron calibration fields has been established for 
regular calibration of neutron survey meters used inside nuclear reactors. In the beta dosimetry region, 
the BSS2 that fully satisfies the requirement of the ISO 6980-1 is served for regular calibration of 
dosimeters and another irradiation system called the JBS is also used for performance tests and 
periodical checks for dosimeters. 
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Annual numbers of dosimeters calibrated at the FRS-JAEA are more than 30,000 pieces for personal 
dosimeters, 2,600 survey-meter type dosimeters and 700 sets of installed type dosimeters, respectively. 
It should also be pointed out that a large amount of survey meters used for decontamination and 
remediation works in affected Fukushima areas are being calibrated at the FRS-JAEA. 
 
One of the missions of the FRS-JAEA is to play a role as a leading SSDL in Asian region. Some of 
preliminary studies collaborating with SSDL in other Asian countries got started for a couple of years. 
All the calibration fields at the FRS-JAEA are open to the business and research domains in Asian- 
Pacific region. Sharing the knowledge on the radiation calibration field and calibration techniques is 
always welcoming and rewarding us. 
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Abstract. The Large Hadron Collider (LHC) is the most recent accelerator constructed at CERN, the European 
Organization for Nuclear Research. The LHC accelerates and collides proton beams but also heavier ions. It is 
installed in a 27 km circumference tunnel, about 100 m underground. The operation of high-energy accelerators 
unavoidably leads to the activation of the accelerator components and tunnel infrastructure. The evaluation of the 
radiological conditions of the underground beam areas has to be done after beam stop before workers can enter 
the accelerator tunnel. Thus, whenever the accelerator switches from Beam Mode to Access Mode, the CERN 
Radiation Protection (RP) group is in charge to give clearance for any access requested. The clearance is based 
on the radiological risk assessment, which requires results from dose rate measurements. These are performed by 
about 180 fix installed radiation monitors and by technicians performing detailed measurements either in situ, 
when accompanying the worker or prior to the access of the workers. The radiological measurements relying on 
human intervention involve the exposure of personnel and is time consuming. This study aimed to replace part of 
this task by an automatic device (RP-TIM) and this solution should be of benefit for machine operation (reduced 
down time) and for the RP personnel (reducing individual dose and exposure to any risk linked to the machine 
tunnel, i.e. oxygen deficiency, cryogenic, fire). 
The detector installed on the TIM is required to measure ambient dose equivalent rates in a gamma field reliably 
in short time intervals over a large dynamic range. As the detector is continuously moved alongside the 
accelerator, the device has to be capable to work in scanning mode with a high read out rate and with no time lag 
in the response to changing radiation levels. The device has to be robust and insensitive to mechanical shocks or 
temperature variations. Scintillation detectors deliver a good statistical output, can be relatively robust but need 
to be adapted to measure ambient dose equivalent rates over a large dynamic range. We have performed 
radiometric and dynamic tests on three different scintillation detectors, evaluating and comparing them against 
the requirements. While the radiometric results fit the needs, the dynamic response behaviour has turned out to 
be more difficult to achieve. 
 
KEYWORDS: TIM; LHC; dynamic measurements; ambient dose equivalent rate measurement; 
ATOMTEX BDKG-24; THERMO SCIENTIFIC FH40 FHZ672. 
 
1 INTRODUCTION 
 
At CERN, the European Organization for Nuclear Research, physicists and engineers are probing the 
fundamental structure of the universe. They use the world's largest and most complex scientific 
instruments to study the basic constituents of matter – the fundamental particles. Founded in 1954, the 
CERN laboratory sits astride the Franco-Swiss border near Geneva. It was one of Europe's first joint 
ventures and now has 21 member states. 
 
The Large Hadron Collider (LHC) is the most recent accelerator constructed at CERN. The LHC 
accelerates and collides proton beams, but also heavier ions. It is installed in a 27 km circumference 
tunnel, about 100 m underground.  
 
The TIM (Train Inspection Monorail) train was developed at CERN to allow remote inspections in the 
LHC tunnel outside beam operation periods. The train travels battery powered on mono-rail installed 
at the tunnel ceiling at speed of up to 5 m/s. Before an intervention can take place in the accelerator 
tunnel, Radiation Protection (RP) needs to give clearance. The clearance is based on a radiological risk 
assessment which includes results from radiation and radioactivity measurements. Measurements 
relying on human intervention lead to radiation exposure of RP personnel and are time consuming. 
Replacing part of the measurement task by an automatic device should benefit the machine operation 
because of reduced down time and the RP personnel through the reduction of individual doses and 
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reducing the risk of travel-related or ODH accidents. Automation will allow more frequent and 
reproducible survey measurements without accessing the tunnel. This measurement data is useful for 
the forecast of the evolution of residual dose rate levels. 
 
2 REQUIREMENTS 
 
To map the dose rates in the LHC tunnel in a reasonable time, the TIM train should pass an LHC 
sector of 3.4 km length in less than 45 minutes. Accounting for slowdowns due to obstacles and doors, 
a maximum target speed of 1.5 m/s was chosen. For a spatial resolution of 50 cm, the resulting 
minimum readout frequency for a detector would be 3 Hz. Most commercial devices are limited to a 
readout frequency of 1 Hz. Consequently, the maximum speed was relaxed to 0.5 m/s in the long 
straight sections and to 1.5 m resolution in the arc sections. The internal data treatment is required to 
be sufficiently fast and with an appropriate filtering to reduce the cross-influence between 
measurement points. 
 
It is challenging to identify commercially available devices, which can measure ambient dose 
equivalent rate over a large dynamic range, with a fast response and a high readout frequency. Further 
important factors to be met are weight and size, readout and remote power switching capabilities. The 
detectors should cover a common energy range and have a good isotropic response in at least one 
plane. The required large dynamic range comes from potential dose rate ranges, which are expected in 
the different LHC sectors throughout its life time. While the largest levels are to be found in the 
focusing and collimator regions, the arc sectors may only show levels in the order of the natural 
background.  
 
Table 1 summarises the most important identified detector requirements. 
 
Table 1: Identified detector requirements 
 

Parameter Requirement 
Measured quantity H*(10) 
Energy range 60 keV – 1.3 MeV 
Angular response Isotropic response in one plane 
Sensitivity Min. 20 cps for 0.1 µSv/h (137Cs) 
Dynamic range 0.1 µSv/h – 100 mSv/h 
Readout frequency (f) min. 1 Hz 
Response time 
Weight 

1/f to reach 0.9 x final value 
< 5 kg for the probe 

Power Battery operation and automatic 
startup on powering 

 
3 DEVICE SELECTION 
 
Three devices were selected to test against the defined requirements.  
 
The SAPHYMO PCMx detector was initially developed and adapted for the TIM train. The rather 
bulky device provides a readout rate of 4 Hz and covers are large dynamic range. This detector is no 
longer commercially available at reasonable cost; however, for comparison reasons the detectors was 
included in this study. In order to equip further TIM trains with detectors, two commercial devices 
were identified which could potentially comply with the requirements derived in the previous 
paragraph. 
 
One instrument consists of two detectors to cover the full dynamic range. The Thermo Scientific FH40 
and FHZ672 each provide each data readout capabilities. According to the measured level, an 
algorithm would need to be implemented in order to choose the output of the corresponding detector. 
In this study, the performance of each detector was tested separately; no algorithm had been chosen 
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and tested at this stage. The BDKG-24 detector offered the radiometric properties according the 
manufacturers specifications with a single detector. A number of other detectors had been considered 
but excluded due to non-compliance with the requirements according their technical specifications. 
 
The PCMx and BDKG-24 probes are based on organic scintillators of very different size, achieving a 
high dynamic range by switching between counting and current mode. The combined device consists 
of an organic scintillator for the low dose rate range (FHZ762) and a proportional counter for the high 
dose rate range (FH40). The selected detectors are shown in Figure 1. 
 
Figure 1: Detectors studied for their suitability to be implemented on the TIM train.  
Left: ATOMTEX BDKG-24, Centre: Thermo Scientific FH40 & FHZ762, Right: Saphymo PCM-X 
 

   
 
 
4 MEASUREMENTS 
 
Two sets of measurements were performed to qualify the performances of the different detectors. 
 
The radiometric properties such as energy dependence, angular dependence and dynamic range, were 
measured in the CERN Calibration Facility using the standard reference radiation fields 
for 241Am, 137Cs and 60Co. Figure 2 shows the irradiator used in the calibration facility. 
 
The dynamic properties, readout frequency and response time, were determined using a 6 m linear rail 
system and a moving radioactive source. A 137Cs source of sufficient activity was mounted on the rail 
and moved with speeds of up to 3 m/s alongside the different detectors, generating a time varying 
radiation field. Figure 2 shows the linear rail system. 
 

 
Figure 2: CERN Calibration Facility with irradiator (left) and linear rail test bench (right). 
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5 RESULTS 
 
5.1 Radiometric properties 
 
The angular dependence was determined for all detectors in vertical and horizontal orientation for 
three different source energies. In the most suitable orientation – around the central axis of the 
cylindrical detectors, the deviation over 360 degrees was less than <10% compared to the reference 
direction for all detectors. The angular dependency is not shown here. 
 
The energy dependence was determined for lateral radiation incidence for three different energies. 
Figure 3 shows the results for the four different detectors. 
 
The BDKG-24 showed the most linear response. The deviation compared to the reference energy 
of 137Cs is only of a few percent for 241Am and 60Co. Both detectors, FH40 and FHZ672, show a 
deviation at lower energy. For the FHZ672 one would need to adapt spectrum weighting factors as the 
radiation incidence is different compared to the manufacturers specification. The PCMx shows an 
underestimation for higher energies as no energy compensation is done. 
 
Figure 3: Energy dependence for lateral incidence at three different gamma energies 
(241Am, 137Cs, 60Co) 

 
 
For the dynamic range, the PCMx shows a strong non-linearity and does not reach the full range. The 
BDKG-24 covers the full range and shows an excellent linearity, with a small stop for very high dose 
rates. The combined FH40 and FHZ672 detectors would cover the full dynamic range. It is clear that 
both detectors need to be combined to meet this requirement. At lower dose rate, the FH40 will 
provide only reliable results at very long integration times due to the low sensitivity of the 
proportional counter. Figure 4 shows the relatives response over the dynamic range between 1 μSv/h 
and 100 mSv/h. 
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Figure 4: Linearity over the dynamic range from 1 μSv/h to 100 mSv/h ambient dose equivalent rate 
(137Cs). 

 
 
5.2 Dynamic properties 
 
The dynamic properties were determined at different speed of a radioactive source passing by the 
detectors. A reference dose rate profile was measured at a very low speed of 0.05 m/s, with dose rates 
ranging between about one μSv/h up to a few hundred μSv/h. Dose rate profiles then measured at 
increased speed from 0.5 m/s up to 3 m/s were compared with the reference profile. The profiles were 
compared how well they could reproduce the reference profile. Both for the maximum measured value 
and the position shift of the peak value in the profiles were determined. 
 
Figure 5 shows the normalised reference profiles and the profiles at 1.5 m/s for all devices, acquired 
over multiple source passages. With exception of the PCMx, which offers a readout rate at 4 Hz and 
was designed for that purpose, none of the devices was capable to reproduce the reference profile at 
the required speed.  
 
Figure 5: Dose rate profiles measured at reference (0.05 m/s) and operational speeds (0.5-1.5 m/s) by 
the different detector types. 
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After the first tests, the BDKG-24 detector, which offered very good radiometric properties, was 
modified by the manufacturer to increase the readout rate to 10 Hz and to shorten the response time. 
The dynamic properties of the modified BDKG-24 detector are shown in Figure 6. The changes in the 
maximum value and peak can be described by a simple linear model in the range between 0 and 3 m/s. 
The maximum value is reduced by 8% per m/s and the peak is shifted by a lag of 20 cm per m/s. It 
must be noted that these dynamic properties measurements were performed at a maximum dose rate of 
about 600 µSv/h lacking stronger radioactive sources. Hence, no conclusion can be drawn for fast rate 
changes to higher levels or in higher ranges. 
 
Figure 6: Dose rates profiles measured with an improved version of the BDKG-24 detector at 
different speeds up to 3 m/s. 
 

 
 
 
6 CONCLUSION 
 
We could identify and test a detector with promising properties to satisfy the requirements for the use 
on the TIM. The BDKG-24 detector offers a large dynamic range, a low angular and energy 
dependence and a low weight and small size. The improved version shows satisfactory dynamic 
properties in terms of readout frequency and response time within the tested range. The BDKG-24 will 
be now integrated into four TIM trains in the LHC tunnel for further testing and to allow precise and 
accurate remote ambient dose equivalent rate measurements. 
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Abstract. The radiation dose distribution in a computed tomography fluoroscopy (CTF) room has been 
investigated using Monte Carlo N-Particle eXtended (MCNPX). The aim of the study was to identify zones in the 
room with reduced radiation doses in order to indicate preferred positions for staff during CTF procedures. Dose 
distribution in the CTF room with and without phantom on the couch, with and without scatter radiation from the 
surroundings (walls, roof and floor) were simulated through energy deposition mesh tally at a height of 138.3 cm 
from the floor of the room. Radiation dose contours were drawn from the obtained mesh tallies using GNUPlot. 
Without phantom on the couch the radiation dose levels in the CTF room were low as compared with the scenario 
employing a phantom. The radiation dose levels in the room were also low when the amount of scatter radiation 
from the surroundings was deactivated. The sides of the CTF gantry parallel to the patient couch were identified to 
be the zones with the lowest dose levels in the room for all the scenarios considered. 
 
KEYWORDS: Monte Carlo; staff dose; scatter radiation; computed tomography; fluoroscopy. 
 
1 INTRODUCTION 
 
Medical interventional procedures have improved due to the introduction of Computed Tomography 
Fluoroscopy (CTF) [1] in medical radiology.  The influence of patient breathing and motion on image 
formation during radiology has reduced due to the intrinsic functionality of the CTF [2]. The efficient 
application of CTF for interventional procedures requires the presence of a medical staff in the room. 
For this reason, the medical staff is exposed to scatter radiation from the patient, CTF gantry, patient 
table [3, 4], and walls of the room [2]. 
 
Radiation exposure to staff have been observed to be high as reported in other studies [5-7] and due to 
the high current application of CTF, doses are high compared with conventional fluoroscopy [2]. The 
medical staff is expected to protect themselves with lead aprons, goggles, thyroid shield, and gloves 
where applicable and necessary to minimise the radiation exposure.  
 
This paper presents Monte Carlo investigations into radiation dose reduction techniques to the medical 
staff when in the CTF room. The dose distributions in the room are investigated with different phantoms 
(voxel phantom and Perspex) including the influence of CTF room surroundings. Recommendations of 
possible advantageous standing positions for medical staff are given. 
 
2 MATERIALS AND METHOD 
 
2.1 Modelling 
 
A CTF X-ray tube (represented by 36 point sources at 10o intervals), bowtie-filter, and collimator for a 
Toshiba Aquilion One 640 slice Computed Tomography (CT) scanner at Korle-Bu Teaching Hospital, 
Accra [8] were modelled using methods reported by Figueira et al [9] and Gu et al [10]. An ionisation 
chamber was also modelled using specifications as given by Gu et al [10]. The CTF gantry block, 
patient table, protective equipment and CTF room were modelled using SimpleGeo [11]. 
Computational supine mesh phantom of height 175.6 cm according to Cassola et al [12], Perspex 
phantom of height and diameter of 15 cm and 32 cm, respectively, were employed.  

* Presenting author, e-mail: frank.becker@kit.edu  # Corresponding author, e-mail: pgyekye@yahoo.com 
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All the individual models were spatially put together on one platform using VOXEL2MCNP [13] as 
shown in Fig. 1. The models on the VOXEL2MCNP platform were exported to MCNPX input files 
for simulation. 
 
Figure 1: Scenario with voxel phantom (A) and Perspex (B) on the patient couch  
 

  
 
2.2 Spectrum Generation 
 
The photon energy spectrum was generated using SpekCalc [14]. The following specifications of 120 
kVp, a tungsten anode angle of 12 degrees, and a 2.5 mm thick aluminium filter were chosen for 
SpekCalc to generate the necessary spectrum for diagnosis. The mean energy of the spectrum 
amounted to 54.45 keV. The MCNPX [15] radiation transport code with mesh (PEDEP) tally results 
for photon was used for the simulations. One billion five hundred million (1.5x109) number of 
particles were tracked in order to have a good compromise between relative error and reasonable 
computational time. 
 
2.3 Verification of Computed Tomography Fluoroscopy 
 
The modelled computed tomography fluoroscopy machine was verified by measuring computed 
tomography dose index (CTDI) value at 120 kVp, 100 mA, collimation of 40 mm, tube rotation time 
of 1 s (full 360 degree tube rotation) from the Toshiba Aquilion One 640 slice CT scanner using a 
Perspex body phantom (32 cm diameter) and a CT Dose Profiler probe connected to a Barracuda X-
ray multimeter, running the Ocean software on a computer [16]. The conversion factor to change the 
PEDEP: p mesh tally results from MeV/cm3/particle to mGy/100mA in a specified medium of density 
was calculated using the ratio of measured CTDI100 in air per 100mA to simulated CTDI100 in air per 
particle [9,10]. 
 
2.4 Scatter Radiation Distribution in the Room 
 
The investigation of the scattered radiation in the CTF room was done by modeling the CTF machine 
in the room with no object (voxel or Perspex phantom) on the couch. The same model was used again 
but with voxel and Perspex phantom on the couch alternatively. The energy deposition per unit 
volume for photon particles in the CTF room in each of the scenario was tabulated. To investigate the 
effect of the CTF room walls on the scatter radiation in the room, the energy deposition per unit 
volume for a photon particle in the room was found using the model of the CTF machine with a voxel 
phantom on the couch in a room with no surroundings (walls, roof and floor). The results of the energy 
deposition per unit volume at 138.3 cm from the floor in the room for all the scenarios considered 
were tabulated and converted to mGy/100mAs using the verified conversion factor. Dose contours 
were eventually drawn using GNUPlot 5.0 [17].        
 
 
 
 
 

A B 

Y 

X 

Y 
X 

1246

IRPA14 Proceedings



3 RESULTS AND DISCUSSIONS 
 
The measured CTDI100 in air was 27.01 mGy/100mA and the simulated energy in ionisation chamber 
in air was 5.97x10-8 MeV/g/particle. The calculated conversion factor was 4.52x108 
mGy.g.particle/100mA/MeV. Using the conversion factor, the simulated CTDI100 was 5.96 
mGy/100mAs compared with the measured weighted CTDI100 5.94 mGy/100mAs at 120 kVp. The 
measured and simulated CTDI100 is comparable since the percentage deviation is 0.36 %. The relative 
error associated with the simulation of energy deposition per unit volume in air in the room varied 
from 0.009 to 0.515, depending on the proximity of the volume of air to the source of radiation. 
 
The radiation dose distribution in air in the CTF room when there is nothing on the patient couch is 
illustrated in Fig. 2. The radiation dose distribution in air in the CTF room when a Perspex phantom is 
placed on the patient couch to give scattering effect is shown in Fig. 3. The radiation dose distribution 
in air in the CTF room when a voxel phantom is placed on the couch to give scattering effect is 
illustrated in Fig. 4. The radiation dose distribution in air in the CTF room when a voxel phantom is 
placed on the patient couch in a room with no surroundings is shown in Fig. 5. The Fig. 2 - 5 show 
room length and breadth on a linear scale representing x and y axis while the dose distribution 
(mGy/100mAs) was obtained on a log scale representing the z-axis. The z-axis was plotted on a log 
scale to clearly show the radiation distribution pattern for the low doses in the room. All the figures 
show a high dose in the magnitude of about 1x1011 mGy/100mAs on the log scale (representing actual 
value of 1.58 MGy/100mAs). This high dose represents the modelled point source of radiation. The 
lowest dose of Fig. 2, 3, 4, and 5 are in the magnitude of about 1, 10, 100, and 10 mGy/100mAs on the 
log scale respectively (representing actual value of 0.78, 1.88, 18.40, and 2.89 mGy/100mAs, 
respectively).  
 
Comparing the lowest doses of Fig. 2, 3 and 4, it can be seen that an object on the patient couch 
contributes more scatter radiation in the room. The lowest dose in air in the room with Perspex on the 
couch is about 2.4 times that with no phantom on the couch. Also, the lowest dose in air in the room 
with voxel phantom on the couch is about 23.5 times that with no phantom on the couch. The size of 
the voxel phantom is bigger than that of the Perspex phantom and hence the lowest dose distribution 
by voxel phantom is more than that of Perspex phantom by a factor of 9.8.  Additionally, the material 
composition of both phantoms is not the same and hence would interact with radiation differently. The 
surroundings (walls, roof and floor) of the CTF room contribute more scatter radiation in the room as 
illustrated by comparing the lowest dose in air of Fig. 4 and 5 by a factor of 6.4. This suggests that 
scatter radiation distribution in the room is influenced by its surroundings and hence the room size 
matters. 
 
The scatter radiation patterns in the room for all the scenarios are not the same. From all the Figures, it 
can be seen that the highest dose distribution in air is at the source of the radiation (yellow colour) 
whilst the lowest dose in air (indicated by the darkest colour) is at the sides of the CTF gantry parallel 
to the patient couch. This is because there is shielding of the radiation by the CTF gantry. By this 
observation, occupancy in the room is recommended to be on the sides of the CTF gantry if possible 
for reduced radiation exposure. Alternatively, engineering techniques at the manufacturers’ level 
should be explored to enable the staff stand at this position during the procedure.   
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Figure 2: Dose distribution in air in the CTF room with no object on the patient couch 

 
 
Figure 3: Dose distribution in air in the CTF room with a CTDI Perspex phantom on the patient couch 
 

 
 
Figure 4: Dose distribution in air in the CTF room with a voxel phantom on the patient couch 
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Figure 5: Dose distribution in air in the CTF room with a voxel phantom on the patient couch in 
boundless surroundings 
 

 
 
 
4 CONCLUSION 
 
The scatter radiation pattern and dose distribution in the CTF room has been investigated. The 
presence of a phantom on the patient couch has been found to increase the lowest dose in air in the 
room by a factor of 23.5 and 9.8 for voxel and Perspex phantom, respectively. The CTF room 
surrounding (wall, floor and roof) has also been found to increase the lowest dose in air in the room by 
a factor of 6.4. The dose distribution patterns in the room were not the same for the scenario with no 
phantom on couch, scenario with phantom (Perspex and voxel) on couch, and scenario with no 
surrounding.   
 
The staff in the CTF room is recommended to stand on the sides of the CTF gantry if possible for 
reduced radiation exposure. Engineering techniques at the CTF manufacturers’ level are also 
recommended to be explored to make standing on the sides of the CTF gantry by the staff possible.   
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Abstract. Although receptors may be in a variety of postures when they are exposed to radiation fields, 
dose coefficients and dose reconstructions have largely been carried out with the computational phantoms in 
positions with arms straight and attached to the torso and legs straight and joined together. Since 2007, the 
U.S Nuclear Regulatory Commission funded Oak Ridge National Laboratory to address this issue by 
developing a phantom capable of articulating limbs through a software platform entitled “Phantom wIth 
Moving Arms and Legs” (PIMAL). Using a graphical user interface (GUI), PIMAL generates a stylized 
phantom model for use in the Monte Carlo N-Particle (MCNP) code simulation to determine organ 
equivalent doses. The latest version PIMAL 4.0 has recently been launched as part of the United States 
Nuclear Regulatory Commission’s Radiological Protection Computer Code Analysis and Maintenance 
Program (RAMP). The capabilities, functionality, and recent updates of the PIMAL software will be 
discussed. Validation of the PIMAL phantom model, as well as case studies contrasting vertical and 
customized (articulated) human body geometry will be presented. 

 
KEYWORDS: anthropomorphic phantoms; Monte Carlo simulation; MCNP; dose reconstruction; 
International Commission on Radiological Protection (ICRP). 
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1  INTRODUCTION 
 

Historically, phantoms for radiation protection applications were and largely continue to be 
developed in an upright standing position [1][2][3]. While upright phantoms are sufficient for 
standard reference positions and irradiation geometries, the estimation of doses for receptors in 
non-standard configurations requires customizable phantoms to accurately reproduce the body 
position vis-à-vis exposure to the radiation source. For realistic scenarios, a phantom with limbs in 
positions corresponding to the receptor’s actual posture is therefore preferred. 

 
Since its initial development in 2007, ORNL has recently updated, expanded, and released1 the 
software package, “Phantom wIth Moving Arms and Legs” (PIMAL) [4][5]. Using a graphical 
user interface (GUI), PIMAL enables the user to adjust the limbs of the phantom in articulated 
positions to better customize the position of the phantom for estimation of radiation doses. By 
using the GUI to adjust the limbs, PIMAL creates an file in the format of a Monte Carlo N-Particle 
(MCNP) transport code [6] input with a geometry corresponding to the phantom whose limbs are in 
the same configuration as the one modeled in the GUI [4][5]. 

 
* Corresponding author, e-mail: dewjisa@ornl.gov 
** Presenting author, e-mail: nolan.hertel@me.gatech.edu 
1 PIMAL is available through the United States Nuclear Regulatory Commissions’ (NRC) Radiological 
Protection Computer Code Analysis and Maintenance Program (RAMP) website. Upon registration approval, 
PIMAL should be free of charge for most entities / users. Registration for PIMAL is available on the following 
website: https://www.usnrc-ramp.com/content/registration-pimal-code. PIMAL is currently available only for 
Windows systems. 
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Figure 1:  PIMAL phantom (a) Upright 3D visualization; (b) Articulated 3D visualization; (c) 
Vised in seated configuration with multiple phantoms2. 

 
 
 
 
 
 

 

 
 

In its current version 4.0, PIMAL updates made to the software included an updated Java 3D 
interface; sliders; incorporation of International Commission on Radiological Protection (ICRP) 
Publication 110 reference adult male and female voxel phantoms [2], source display, organ dose 
output table, and updated save/load functionality. Capabilities, functionality, and recent updates 
will be discussed, in addition to a case study comparison comparing PIMAL upright and in an 
articulated position. 

 
 
 

1.1  PIMAL Operations 
 

Figure 2 shows a screenshot of the PIMAL GUI. The left section of the screen visualizes a 
rendered image of the phantom, while the right section houses a series of tabs that permit the user 
to customize PIMAL, including sliders that allow the user to set the angles of the joints (“Sliders” 
tab). Alternatively, the angles of the joint can also be entered in text boxes (“Text” tab). 

 
Figure 2: PIMAL GUI interface. 

 

 
 

Figure 2 shows the “Simulation” tab in the right plane that allows various parameters to be set for 
the simulation. This allows the novice MCNP user to insert various source configurations to the 
input file, and permits experienced MCNP users to manually modify the generated input file with 
custom preferences. 
 
 
 
 
 

 

 
2 Note that PIMAL 4.0 can only create the output for a single articulated phantom. Advanced MCNP users may 
combine two PIMAL output files to customize and create their own array of articulated phantoms. See [10][11] 
for examples. 
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Following MCNP source settings can be made via the GUI (Figure 3): 
• MODE card: Neutron or neutron and photon source particle 
• ERG (energy) card: 

o Monoenergetic source with user defined source particle energy (MeV) 
o 60Co, 131I, 134Cs radionuclide source 
o X-ray sources between 80 and 120 kVp 
o AmBe or PuBe neutron source. 

 
Several external source irradiation geometries can be set, including: 

• Point source (centered at X, Y, Z coordinates) 
• ICRP Publication 116 [7] specified geometries 

o AP (anterior-posterior),  
o PA (posterior-anterior),  
o LLAT (left lateral), 
o RLAT (right lateral) 
and 
o ISO (isotropic). 

 
Internal source organ volume sources can be set within organs of the body, including many of the 
ICRP 103 [8] organs employed in the computation of effective dose. 

o Brain 
o Thyroid 
o Heart Wall/Content, 
o Stomach Wall/Content 
o Liver 
o Left/Right/Both Lungs 
o Left/Right Kidney 
o Pancreas 

 
Once parameters have been set within the GUI, an MCNP input deck is generated. This file can 
either be edited/run outside of PIMAL via the MCNP command prompt or run natively within 
PIMAL (which calls upon MCNP to run). If run within PIMAL, an organ dose table is displayed 
within PIMAL upon completion of the MCNP run (Figure 4). 

 
1.2  PIMAL in peer-reviewed literature 

 
Applications of PIMAL in peer-reviewed literature include a study on a glovebox worker 
comparing an upright phantom with a worker in a realistic posture, using PIMAL to create the 
phantom [9]. This study shows organ dose differences between the upright vertical and the 
realistic phantom setup of approximately 20- 50 %. 

 
Another study investigates the Estimated External Doses to Members of the Public from Patients 
with 131I Treatment [10][11]. Various configuration like a release patient sitting in a bus next to a 
member of the public (Figure 1c) a patient sitting in the bed wall to wall with a member of the 
public or a patient lying in a nursing home with a caregiver next to the bed are studied. For 
distances of the patient and the member of the public under 1 m, differences in the whole body 
dose between an upright phantom and the phantom in a realistic configuration of more than a factor 
of 10 are possible. 
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Figure 3: Simulation parameters in PIMAL.  Figure 4: Organ dose output table in PIMAL. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

2  METHODOLOGY 
 

In the calculation of gender averaged effective dose, ICRP Publication 103 defines effective dose as 
[8]: 

 

𝐸 =  ∑ 𝑤𝑇 [
𝐻𝑇
𝑀+𝐻𝑇

𝐹

2
 ]  𝑇           (1) 

where 
𝐻𝑇𝑀  is the equivalent dose to organ, T, of the male phantom 
𝐻𝑇𝐹  is the equivalent dose to organ, T, of the female phantom, and  
𝑤𝑇  is the tissue weighting factor 
 
The equivalent dose (𝐻𝑇) to the organ or tissue, T, is given as [8]: 
 

𝐻𝑇 =  ∑ 𝑤𝑅 ∗ 𝐷𝑇 ,𝑅𝑅           (2) 
 
where 
 
𝑤𝑅 is the radiation weighting factor, and 
𝐷𝑇 ,𝑅 is the absorbed dose in tissue, T, by radiation type, R. 
 
The inability to reproduce a phantom in a realistic articulated position can potentially misrepresent 
organ doses (and hence effective dose) compared to that of the standard upright phantom. As a 
result, a case study was developed for the adult male PIMAL phantom to compare the organ doses 
for the phantom upright (Figure 5) compared to in a 90 degree bent over position (Figure 6). The 
phantom was irradiated by a monoenergetic AP source, 200 cm wide x 200 cm height plane at 100 
cm distance from PIMAL center, consistent with ICRP Publication 116 standard irradiation 
geometries. For both the upright and bent phantoms, AP simulations were conducted with 
monoenergetic photon sources at 0.05 MeV, 0.1 MeV, 0.5 MeV, 1.0 MeV and 5.0 MeV. 
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Figure 5: The adult male PIMAL stylized phantom in upright position with AP source (side 
view). 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: The adult male PIMAL stylized phantom bent in fully bent articulated (90 degree) 
position: (A) PIMAL phantom software visualization; (B) PIMAL shown in VisEd with AP 
source (side view); (c) PIMAL shown in VisEd with AP source (aerial view). 

 
 

 
 
 
 
 
 
 
 
 
 
Organ doses were estimated in the exposed individual using the kerma approximation. The kerma 
approximation was implemented in the Monte Carlo simulations using the volume-averaged 
track-length fluence estimator along with the kerma factors from the MCNP6 nuclear data tables. 
Electrons were not tracked in these simulations, but bremsstrahlung photons were generated and 
tracked. 

 
3  RESULTS AND CONCLUSIONS 

 
The ratios of the organ doses of the male PIMAL in the bent to the upright position with an AP 
irradiation source are given in Figure 7. The organs constituting the ICRP Publication 103 [8] 
remainder organs have been removed from Figure 7. These PIMAL results do not adopt the ICRP 
Publication 116 skeletal fluence-to-dose response functions [7] (but can be added manually by the 
user in the MCNP input deck). Simulations were run with 1x109 source particles, resulting in 
errors < 2.7% in the adrenal glands. 

 
As expected, the brain exhibited the highest variance when in the bent position, compared to the 
upright position, given the location of the AP source, as a function of energy. In cases where tissue 
or organ doses are estimated to be higher in the articulated position compared to the upright 
position, the dose to the tissue or organ is underestimated using the upright phantom, resulting in 
inaccurate organ doses as a function of phantom geometry. The brain is underestimated (by using 
upright) vis-à-vis bent AP by as much as 76% at 0.05 MeV and 9% at 5.0 MeV, hence 
underestimating equivalent dose and contribution to effective dose. 
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In cases where the tissue or organ doses are estimated to be lower in the articulated position 
compared to the upright position – the upright position overestimates the organ dose, which 
results in calculated higher effective doses than actually received in a given exposure scenario. 
The testes and bladder exhibited the highest variation as underestimation of dose when bent over, 
followed by the colon, stomach, esophagus, bone surface, skin, bone marrow, lungs and breast. 
Remainder organs disregarded. Testes and urinary bladder are over estimated (by using upright) 
vis-à-vis bent AP by as much as 88% and 96%, respectively, hence overestimating the equivalent 
dose and contribution to effective dose. Overall, adequate consideration is not given to organ 
position relative to the irradiation field if the receptor is exposed while in a non-upright position. 

 
Figure 7: Ratio of organ doses of articulated PIMAL (90 degree bend) to upright PIMAL with 
AP source at energies ranging from 0.05 MeV to 5 MeV. 
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Abstract. In order to investigate how neutron dosimeters respond in the continuous neutron fields in workplaces, 
we performed performance test of four widely-used neutron survey meters at various simulated workplace neutron 
calibration fields established in two calibration facilities (the FRS and the ICF) in JAEA. As a result, we found 
that neutron survey meters represented good performance at the fields which have spectral components in the 
energy range above 1 MeV. On the other hand, survey meters significantly over or underestimated neutron dose 
equivalent at the fields which have spectral components only in the energy range below 1 MeV. 
 
KEYWORDS: simulated workplace neutron calibration fields; neutron survey meter. 

 
1     INTRODUCTION 

 
Reliable measurement of neutron dose still has difficulties in workplaces. Neutron dosimeters,  which 
are used for radiation protection purposes, are geneally calibrated in the field produced by 252Cf and 
241Am-Be RI neutron sources, as recommended  by International  Organaization  for  Standardization 
(ISO) [1]. However, neutron spectra observed in actual workplaces are, in most case, significantly 
different from those by RI neutron sources. Therefore, dosimeters often over- or under-estimate neutron 
dose equiavalent in workplaces due to their imperfect energy responses. In the EVIDOS project [2], the 
responses  of  commercially  aveilable  area  monitors  and  personal  dosimeters  were  systematically 
evaluated in various workplaces and calibration fields. As a results, the response of area monitors 
dsitributed  between  0.5  and  1.5  in  term  of  ambient  dose  equivalent,  H*(10),  however,  personal 
dosimeters significantly over- or under-estimated neutron dose equivalent especially in the fields with 
soft spectra. Saegusa et al. mentioned the importance of the fields-specific calibration of neutron 
dosimeters, by evaluating relationship between predicted readings of dosimeters and actual dose 
equaivalent using calculated energy responses of dosimeters and neutron spectra data of various 
workplaces [3]. 
 
For the fields-specific calibration of neutron dosimeters, a lot of simulated workplace neutron 
calibration fields have been developed at the calibration facilities in the word. In Japan Atomic Energy 
Agency (JAEA), several different types of simulated workplace neutron calibration fields have been 
established and operating at the Facility of Radiation Standards (FRS) and the Instrument Calibration 
Facility (ICF). These fields show different neutron spectra whose fluence-averaged energies range from 
several tens of keV to a few MeV. However, it is not systematically understood how the responses vary 
when the same neutron dosimeter is calibrated at different types of simulated workplace neutron fields. 
 
In this paper, we show H*(10) responses of some neutron survey meters obtained in various simulated 
workplace neutron calibration fields in the FRS and the ICF, collilating with characteristics of neutron 
fields, and give fundamental policy for calibrations of neutron survey meters used in workplaces with 
continuous neutron spectra. 
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2     NEUTRON CALIBRATION FIELDS ESTABLISHED AT THE FRS AND THE ICF 
 
In the FRS and the ICF, two calibration facilities in JAEA, four kinds of simulated workplace neutron 
calibration fields have been constructed, in addition to reference neutron calibration fields using 
252Cf and 241Am-Be sources, and thermal neutron calibration field authorized in ISO 8529 series [1]. 
Calibration fields used in the study are summarized in Table 1. The characteristic of simulated 
workplace fields are briefly described below; 
Graphite-moderated 241Am-Be fields (FRS): Moderated neutron calibration fields using two 241Am- 
Be sources and a graphite moderator (150 cm(W) × 164 cm(D)× 150 cm(H) ) [4]. The sheet containing 
gadolinium with a thickness of 1 mm is put on the surface of graphite moderator in order to decrease 
an amount of thermal neutrons. Two fields with different neutron spectra are available by changing 
positions of neutron sources. The spectra are similar to those in workplaces of nuclear fuel processing 
facilities. 
D2O-moderated 252Cf field (FRS): Moderated neutron calibration field using 252Cf sources and a 
spherical D2O moderator (30 cm in radius) [5]. The field is authorized in ISO8529-1 [1]. D2O sphere is 
covered by a cadmium shell with a thickness of 1 mm, in order to decrease an amount of thermal 
neutrons. The spectrum is similar to those in workplaces of nuclear reactors. 
PMMA/steel-moderated 252Cf field (ICF): Moderated neutron calibration fields using 252Cf source 
and PMMA and/or steel moderators [6]. Twelve fields with different neutron spectra are available by 
changing combination and dimension of moderators. The fields simulate spectra given in workplace of 
MOX fuel facilities. 
D2O-moderated 241Am-Li field  (ICF): Moderated neutron calibration fields using two 241Am-Li 
sources and a cylindrical D2O moderator (27 cm(φ)×30 cm(H) ) with/without PMMA(15 mm in thick). 
The neutron energy distribution is limited only in the energy range below 1 MeV, because 241Am-Li 
source hardly emits neutrons with energy higher than 1 MeV. The fields simulate spectra in workplace 
near a shipping cask of spent nuclear fuel. 

 
Table 1: Fluence-averaged energies and reference ambinent dose equivalent rates of neutron 
calibration fields established in the FRS and the ICF. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Neutron spectra and Reference dose equivalent rates 
The simulated workplace neutron calibration fields at the FRS and the ICF have been established 

independently in different periods. However, simulated workplace neutron calibration fields are 
basically established in accordance with the recommendation of ISO12789 series [7],[8] that provide 
the guideline for producing and characterizing simulated workplace neutron fields. 
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Φ 

The neutron energy spectra at the point of test are evaluated experimentally using the Bonner Multi- 
sphere Spectrometer (BMS). The BMS used in the FRS consists of a spherical BF3–filled proportional 
counter (5.1 cm in diameter, 0.26 atm) and polyethylene moderators with 8 different thicknesses of 1, 
2, 3, 4, 6, 8, 10 and 14 cm, respectively. The BMS used in the ICF, meanwhile, consisits of a spherical 
3He–filled proportional counter (5.1 cm in diameter, 5 atm) and polyethylene moderators with 8 
different thicknesses of 1.5, 2.3, 3, 4, 5, 7, 9 and 11.5 cm, respectively. The response functions of 
BMSs were independently evaluated. The thermal neutron fluence was measured separately by the 
cadmium  difference  method  if  needed.  The  spectra  were  unfolded  using  SANDII code  [9]  in 
conjunction with initial guess spectra calculated by the Monte-Carlo simulation code MCNP [10]. 
With  regards  to  D2O-moderated  252Cf  and  D2O-moderated  241Am-Li  fields,  the  spectra  of  direct 
neutrons are evaluated by the shadow-sheeld method. On the other hand, as for graphite-moderated 
241Am-Be and PMMA/steel-moderated  252Cf fields, angle-integrated energy spectra containing room- 
scattered neutrons are evaluated. Some representative spectra are shown in Figure 1. 
 
Reference  ambient  dose  equivalent  H*(10)  rate  was  determined  from  neutron  energy  spectra 
measured using the BMS, as below, 

 

H * (10) = ∑Φ(E) ⋅ h* (10; E) 
E 

where Φ(E) is neutron fluence, h* (10; E) is conversion coefficients from neutron fluence to dose 
equivalent, taken from ICRP Publication 74 [11]. 

 
Figure 1: The representative energy spectra of simulated workplace neutron calibration fields at the 
FRS and the ICF [4]-[6]. The spectra are normalized so that a total fluence equals to 1. 

 
 

Graphite-moderated 241Am-Be 
 
 
 

D2O- 241Am-Li 

D2O- 252Cf 

 
 
 
 
 
 
 
 
 
 

PMMA/steel-moderated 252Cf 
 

 
 
 

 
3     EXPERIMENT AND RESULTS 

 
We  carried  out  the  performance  tests  of  four  different  neutron  survey  meters  in  the  neutron 

calibration fields at the FRS and the ICF, in order to understand the relationship between the response 
of neutron survey meters and the energy spectra of neutron fields. The survey meters to be tested, 
Studsvik 2202D, ALOKA TPS-451C, Fuji elec. NSN1 and Fuji elec. NSN3, are widely used in 
nuclear facilities in Japan. The appearance and characteristics of those are shown in and Figure 2 and 
Table 2. It should be pointed out that the principles of neutron detection are different between the 
former three and the latter one. The former is moderated-neutron detecting type using BF3 or 3He 
detector with polyethylene moderator. And the latter, that is NSN3, is a recoil proton-detecting type 
using mixed gas (CH4 + N2), moreover the effective area for low energy neutrons is compensated by 
14N(n,  p)14C  reactions.  NSN3  is  much  lighter  (~2  kg)  than  others  because  it  does  not  require 
moderators. 
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The quantity to be evaluated in the test is H*(10) response (hereafter RH*(10)), which is defined as a 
reading of survey meter divided by the reference ambient dose equivalent H*(10) rate of the fields. 
Note that RH*(10) (> 1) and RH*(10) (< 1) mean over and underestimation of neutron dose, respectively. 
Moreover, RH*(10)  given at each calibration fields is normalized by the RH*(10)  given at 252Cf fast 
neutron calibration field, to make comparison easy. 

 
Figure 2: The appearance of neutron survey meters to be tested. 

 
(a) (b) (c) (d) 

 
 
 
 
 
 
 
 
 
 
 

Table 2: The characteristics of neutron survey meters to be tested. 
 

Instruments  Characteristics Type of detection 
shape: cylindrical , weight: 10.5 kg 

(a) Studsvik 2202D 

(b)   ALOKA TPS451C 

(c) Fuji elec. NSN1 

detector: BF3, 2.5 cmφ × 12.6 cm 
moderator: 21.5 cmφ × 23 cm 

shape: cylindrical , weight: 9 kg 
detector: 3He, 2.5 cmφ×15.5 cm 

moderator: 21 cmφ×23 cm 
shape: spherical , weight: 7 kg 

detector: 3He, 5.2 cmφ 
moderator: 21 cmφ 

moderated neutron: 10B(n, α)7Li 

moderated neutron: 3He(n, p)3H 

moderated neutron: 3He(n, p)3H 

shape: cylindrical , weight: 2 kg 1 1
 

 

(d) Fuji elec. NSN3 detector: mixed gas (CH4+N2) recoil proton: H(n, n) H 
 

size: 16.4 cmφ×29.0 cm moderated neutron: 14N(n, p) 14C 
 

 
 

The RH*(10) values of survey meters given at each calibration field are shown in Figure 3 as a function 
of  fluence-averaged  energies  of  the  calibration  fields.  The  uncertainties  of  RH*(10)   derived  from 
statistical uncertainties in measurements are less than about 3%, though they are not shown in the 
figure for simplification. The trend of RH*(10) distribution significantly changes at around the fluence- 
averaged energy of 0.4 MeV. In the fields whose averaged energies are greater than 0.4 MeV, 252Cf , 
241Am-Be, D2O-252Cf, graphite-moderated 241Am-Be and PMMA/steel-moderated 252Cf fields (shown 
in the Figure 3 as (A)), RH*(10)  of all survey meters distribute within 1.0±0.3, except RH*(10)=1.5 of 
NSN1 given at the D2O-252Cf field. Moreover, RH*(10) values weakly correlated with fluence-averaged 
energy  of  fields.  The  correlation  is  represented  as  RH*(10)=a(EΦ － EΦ,cf)+1,  where  EΦ  is  fluence- 
averaged energy and a is a proportional constant. If the correction factor is provided, a dispersion of 
RH*(10) is settled within 1.0±0.1. On the other hand, the fields whose averaged energies are less than 
about 0.4 MeV, 241Am-Li, D2O-241Am-Li and thermal neutron fields (shown in the Figure 3 as (B)), 
RH*(10) were significantly dispersed especially at D2O-241Am-Li fields. RH*(10) reached up to 2.5 (NSN1) 
and down to 0.3 (NSN3). Furthermore, RH*(10) shows significantly different trends depending on type 
of detection; moderated neutron-detecting type shows most overestimated value at D2O-241Am-Li 
fields, however, recoil proton-detecting type shows most underestimated value at the same fields. 
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h* 

h* 

Φ 

Φ 

Figure 3: The relationship between RH*(10) values of survey meters and fluence-averaged energies of 
the calibration fields. 
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Between (A) and (B) -fields shown in the figure 3, calibration fields categorized in the (B) have no 
neutron components with energy range above 1 MeV. On the other hand, calibration fields designated 
as  (A)  have  neutron  components  with energies  above  1  MeV  in  the  spectra. This  was  a  rather 
important feature than the fluence-average energy of the fields. Neutron survey meters is designed 
whose response function could reproduce fluence-to-ambient dose equivalent conversion coefficient 

Φ(10; E) in the whole energy region. In Figure 4, the energy responses of neutron survey meters 
(taken from [12]-[14]) are shown together with h*  (10; E) taken from ICRP Publication 74 [11]. The 
each response function is normalized by that for 252Cf source. In the energy range above 1 MeV, 

Φ(10; E) is much higher than those in other energy ranges. Therefore, in most survey meters, the 
response function is optimized in the energy range of 1 MeV to a few MeV, so as to give an accurate 
dose in this range. On the other hand, the response of survey meters in the energy range below 1 MeV 
doesn’t match h*  (10; E) so much. The RH*(10) distribution given in this work would be then explained 

Φ  

as follows: If the fields has spectral components in the energy range above 1 MeV, the contribution of 
this range would be dominant to expected total dose. At the same time, response in below 1 MeV 
hardly affect to total dose. On the other hand, if the fields has spectral components only in below 1 
MeV, response that is so far from the ideal h*  (10; E) is to be directly reflected in expected total dose. 
The response function of NSN3 in energy range below 100 keV is quite contrary to others. This is the 
reason why RH*(10) for NSN3 showed quite different tendency. 

 
Figure 4: The energy response of neutron survey meters. A Fluence-to-dose equivalent conversion 
coefficient h*  (10; E) is overwritten in the figure. 

 
 

Studsvik 2202D (Tanner 2006) 
ALOKA TPS451C (Saegusa 2004) 
Fuji elec. NSN1 (Saegusa 2004) 
Fuji elec. NSN3 (instruction manual) 
h*

φ(10; E) (ICRP Pub.74) 
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4 CONCLUSION 
 

In this work, we experimentally revealed the responses of neutron survey meters in the continuous 
neutron fields, using simulated workplace neutron fields in the FRS and the ICF. As a result, we found 
that neutron survey meters significantly over or underestimate neutron dose equivalent at the fields 
whose neutron energy distribution is limited in the energy range below 1 MeV. Therefore, we must be 
careful for radiation protection at, for example, workplaces near transfer casks for nuclear fuel (or 
debris), or workplaces of Boron Neutron Capture Therapy (BNCT) using accelerators, in which 
neutrons with energy below 1 MeV are dominant. 

 
For more exact measurements of neutron dose equivalent at workplaces, a fundamental policy for 
calibration of neutron survey meters are suggested as below. For the survey meters used in the 
workplaces which have spectral components in the energy range above 1 MeV, the calibration using 
252Cf or 241Am-Be source recommended in ISO 8529 series is appropriate. However, for the survey 
meters used in the workplaces which have spectral components only in the energy range below 1 MeV, 
the field-specific calibration using simulated workplace calibration fields is strongly required. 
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Estimation of basic characteristics about scintillation type survey meter 
using multi pixel photon counter 
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Japan 
 
Abstract. Survey meters are portable radiation detection and measurement instruments used to check personnel, 
equipment and facilities for radioactive contamination, or to measure external or ambient ionizing radiation fields 
to evaluate the direct exposure hazard. Detectors based on scintillation are known as scintillation detectors and 
belong to the class of solid state detectors. Scintillating phosphors include solid organic materials such as 
anthracene, stilbene and plastic scintillators as well as thallium activated inorganic phosphors such as NaI(Tl) or 
CsI(Tl). A photomultiplier tube (PMT) is optically coupled to the scintillator to convert the light pulse into an 
electric pulse. Recently, some survey meters use photodiodes in place of PMTs. The photodiode calls multi pixel 
photon counter (MPPC). In this study, the basic characteristics of the three kinds of survey meter using MPPC 
were estimated. We used C12137 (Hamamatsu Photonics K. K., Japan), T-GMK2-S(TAC Inc., Japan), and 
iMetry(Seeed Technology Ltd.,China) as scintillation survey meter using  with MPPC. Both CsI(Tl) is used as a 
scintillator. TCS-172(Hitachi aloka Co. Ltd., Japan) which was NaI(Tl) scintillation survey meter using with PMT, 
was used to compare with MPPC survey meters. We used three radioisotope point sources (Cobalt-60, Cesium-
137, and Barium-137). Dose rate characteristics, direction characteristics, energy characteristics were estimated. 
The linearity of the dose rate were confirmed from 0.1 μSv/h to 100 μSv/h with TCS-172B and C12137, from 0.3 
μSv/h to 100 μSv/h with T-GMK2-S and from 0.1 μSv/h to 20 μSv/h with iMetry. 
 
KEYWORDS: survey meter; multi pixel photon counter. 
 
1 INTRODUCTION 
 
Survey meters are portable radiation detection and measurement instruments used to check personnel, 
equipment and facilities for radioactive contamination, or to measure external or ambient ionizing 
radiation fields to evaluate the direct exposure hazard. The hand-held survey meter is probably the most 
familiar radiation measuring device to society owing to its wide and highly visible use. The most 
commonly used hand-held survey meters are ionization type, Geiger-Muller (GM) type and scintillation 
detector type. The choice of detector depends on the type of radiation going to measure, energy, and 
quantity to be measured. The above-mentioned type survey meters are available in portable meters with 
capable of measuring radiation count rate in μSv/hr.  
 
Detectors based on scintillation (light emission) are known as scintillation detectors and belong to the 
class of solid state detectors. Certain organic and inorganic crystals contain activator atoms, emit 
scintillations upon absorption of radiation and are referred to as phosphors. High atomic number 
phosphors are mostly used for the measurement of gamma rays, while plastic scintillators are mostly 
used with beta particles. Scintillating phosphors include solid organic materials such as anthracene, 
stilbene and plastic scintillators as well as thallium activated inorganic phosphors such as NaI(Tl) or 
CsI(Tl). A photomultiplier tube (PMT) is optically coupled to the scintillator to convert the light pulse 
into an electric pulse.  
 
Recently, Multi-Pixel Photon Counter (MPPC) as the photodetector which using semiconductor has 
been developed 2). MPPC is an aggregate of avalanche photodiode which did each pixel size small up 
to tens micrometer. MPPC can be used by low voltage, and it does not undergo influence in a magnetic 
field, therefore MPPC is expected to apply in the wide range of areas 3,4). It's used for PET-MRI at the 
medical field 5). The survey meter for using MPPC was used is sold from several manufactures. 
 
In this study, basic characteristics of three kind of survey meter for which using MPPC were estimated. 
The utility on the radiation management was considered by comparing with the scintillation system 
survey meter of the conventional PMT type. 
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2 MATERIALS AND METHODS 
 
2.1 Detectors 
 
We used C12137 (Hamamatsu Photonics K. K., Japan), T-GMK2-S(TAC Inc., Japan), and 
iMetry(Seeed Technology Ltd.,China) as scintillation survey meter using  with MPPC. Both CsI(Tl) is 
used as a scintillator. TCS-172(Hitachi aloka Co. Ltd., Japan) which was NaI(Tl) scintillation survey 
meter using with PMT, was used to compare with MPPC survey meters. 
 
Table 1: Specifications of survey meters. 

 
 
 
 
 
 
 
 

 
Figure 1: Photographs of detectors. Left upper: iMetry, Right upper:c12137 and Right middle: T-
GMK2-S. 

 
 
2.2 Radiation source 
 
We used three radioisotope point sources (Cobalt-60 with 1173 keV and 133 keV, Cesium-137 with 
662 keV, and Barium-133 with 81 keV, 303keV and 356 keV). 
 
2.3 Dose rate characteristics 
 
We estimated dose rate characteristics using Cesium-137 radiation source with detector to source 
distance change from 5cm to 60 cm. 
 
2.4 Direction characteristics 
 
We estimated direction characteristics for horizontal axis and vertical axis using Cesium-137 radiation 
source. The geometry of estimations are shown in Fig.2. 
 
3 RESULTS 
 
3.1 Dose rate characteristics 
 
The linearity of the dose rate were confirmed from 0.1 μSv/h to 100 μSv/h with TCS-172B and 
C12137, from 0.3 μSv/h to 100 μSv/h with T-GMK2-S and from 0.1 μSv/h to 20 μSv/h with iMetry.  
 

Product name Scintillator 
crystal 

Volume of 
scintillator [cm3] 

Photon detector MCA 

TCS-172B (ALOKA) NaI(Tl) 12.87 (φ2.54×2.54) Photomultiplier No 
C12137 (Hamamatsu 
Photonics) 

CsI(Tl) 4.5 (2×1.5×1.5) MPPC Yes 

iMetry (Seed studio) CsI(Tl) 2 (2×1×1) MPPC Yes 
T-GMK2-S (TAC) CsI(Tl) 0.5 (2×0.5×0.5) MPPC Yes 
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3.2 Direction characteristics 
 
All survey meters of the energy characteristic sensitivities were less than ±20% with the theoretical 
value. Scintillation survey meter using MPPC could measure gamma-ray energy spectrum. 
Scintillation survey meter using MPPC can be useful in radiation management.  
 
4 CONCLUSION 
 
Scintillation survey meter using MPPC were shown good responses. These surveymeters can be useful 
in radiation management. 
 
Figure 2: The geometry of direction characteristics estimation. 

 
a) Horizontal direction                          b) vertical direction 

 
Figure 3: Count rate and dose rate characteristics of MPPC surveymeters. 

 
Figure 4: Direction characteristics of MPPC surveymeters. 

  
a) vertical direction                       b) horizontal direction 
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Abstract. The control of rooms and areas where nuclear or radioactive material is stored or used is often 
performed with the use of commercially available hand-held gamma detectors using their dose or dose rate 
measurement capability. These devices are also often used by policemen or firemen. Reliable dose rate values 
are of great importance for the personal safety of the user in case of an elevated radiation field or generally for a 
first estimation of the threat generated by the radiation source. Therefor dose rate measurements were performed 
at Fraunhofer INT with the available hand-held gamma detectors under identical conditions. Seven hand-held 
gamma detectors of different type and size were investigated. The results of the dose rate measurements were 
compared among each other. For an assessment of the quality of the dose-rate measurements with hand-held 
gamma detectors a comparison with a calibrated dose rate measuring device for radiation protection FH 40 was 
made. It was seen that each hand-held gamma detector gave reproducible results for the gamma dose rate. 
However, the measured mean of the dose rate measurements with each hand-held device differed considerably, 
at a maximum by a factor of 3. Normally the measurement values were in the same order of magnitude. Except 
one all devices were not calibrated for radioprotection purposes. Taking into account that in Germany even for 
devices intended for radioprotection purposes only a precision of the dose rate of +/- 30 % is required the 
measurement results with hand-held devices can be regarded as reasonable good. Dose rate measurements with 
hand-held gamma detectors should be handled with care but in general the values obtained are good enough for 
personal safety and a first threat estimation although in general first responders would be required to carry a 
special radiation protection dosimeter in addition. 

 
KEYWORDS: hand-held gamma detector; dose rate; comparison. 

 
1     INTRODUCTION 

 
The control of rooms and areas where nuclear or radioactive material is stored or used is often 
performed with the use of commercially available hand-held gamma detectors using their dose or dose 
rate measurement capability. These devices are also often used by policemen or firemen. Reliable dose 
rate values are of great importance for the personal safety of the user in case of an elevated radiation 
field or generally for a first estimation of the threat generated by the radiation source. 

 
Therefore dose rate measurements were performed at Fraunhofer INT with the available hand-held 
gamma detectors under identical conditions. Seven hand-held gamma detectors of different type and 
size were investigated. The results of the dose rate measurements were compared among each other. 
For an assessment of the quality of the dose-rate measurements with hand-held gamma detectors a 
comparison with a calibrated dose rate measuring device for radiation protection FH 40 was made. 

 
2     HAND-HELD GAMMA DETECTORS 

 
Tab. 1 shows the basic characteristics like detector type and crystal size of the hand-held gamma 
detectors which were tested. We included devices which are primarily intended to measure dose and 
dose rate as well as devices which are intended for identification of nuclides. Detectors with different 
types and sizes of scintillators and low resolution semiconductors as well as proportional counters 
which are in common use were selected for testing. The FH 40 radiation protection dose rate meter 
was used as reference instrument. 

 
 
 
 
 

*Presenting author, e-mail: theo.koeble@int.fraunhofer.de 
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3   

Table 1: Basic characteristics of the hand-held gamma detectors 
 
 

Detector Name Manufacturer Detector Type Crystal Size [mm] 
 

FH 40 Thermo Proportional Counter - 
 

InSpector 1000  Canberra LaBr3 (Ce)  38 (Ø) x 38 (Length) 

RadEye PRD Thermo  NaI(Tl) 18 (Ø) x 31 (Length) 
IdentiFINDER  FLIR   NaI(Tl)  36 (Ø) x 51 (Length) 

Interceptor Thermo CZT 7 x 7 x 3.5 

Raider FLIR CZT Eight Crystals: 
  each has size of 1 cm 

STORA-TU Ecotest Proportional Counter - 
 

TERRA Ecotest Proportional Counter - 
 
 
 

According to the manufacturer’s data sheet information the used gamma detectors were designed for 
the  following  purposes.  The  FH 40  is  a  digital  survey  meter  designed  for  radiation  protection 
measurements. It is a stand-alone unit with an internal proportional detector [1]. The InSpector 1000 is 
a hand-held LaBr3 (Ce) spectrometer with a built in GM detector (high dose rate) for use primarily in 
first responder, customs, homeland security, and health-physics applications [2]. The RadEye PRD is a 
NaI(Tl)-detector designed for detection and localization of radiation sources and for dose rate 
measurements conducted by security forces, steel and recycling industry or first responders [1]. The 
IdentiFINDER is a hand-held digital gamma spectroscopy and dose rate system with an integral 
NaI(Tl) scintillation detector and a GM detector. It is suited for homeland security, industrial, medical, 
nuclear power generation and nuclear fuel cycle applications. The main features are nuclide 
identification,  spectrum  analysis,  dose  and  dose  rate  calculation,  and  source  finding  [3].  The 
Interceptor is a Spectroscopic Personal Radiation Detector (SPRD) with a large volume CZT detector. 
It is an instrument for personal safety, screening for nuclear materials, for localization of sources and 
is capable of categorizing and identifying of radionuclides [1]. The Raider is a hand-held high 
resolution   semiconductor  CZT   radiation   detector  and   identification   unit  designed   for   rapid 
identification and verification of radioactive materials [3]. The STORA-TU detector is a hand-held 
proportional counter designed for measurement of gamma and X-ray radiation equivalent dose rate 
[4]. The TERRA hand-held detector has a built-in gamma, beta sensitive Geiger-Muller counter for the 
measurement of gamma and X-ray radiation equivalent dose and equivalent dose rate [4]. 

 
3     MEASUREMENT SETUP 

 
The measurements were carried out with calibrated test sources. The sources were positioned in a 
distance of 10 cm from the reference point of the detector as indicated by the manufacturer. For each 
measurement the device was restarted and the reading of the display was recorded 60 sec after the 
restart to take care of the integration time which some of the detectors use. For each device and source 
five measurements were performed and mean and variance calculated. Fig. 1 shows the devices and 
the principle set-up. The sources used for the measurements are listed in Tab. 2. 
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Figure 1: Measurement setup with hand-held gamma detectors 
 

 
 

Table 2: Used Sources 
 
 

Source name Isotope Activity [kBq] 
 

Cs1 137Cs 249.8 

Cs2 137Cs 42.0 

Co1 60Co 206.1 

Co2 60Co 2.0 

Ba1 133Ba 76.7 
 
 

Eu1 
152Eu 
154Eu 
155Eu 

5.2 
3.3 
2.0 

U1 238U 460.0 
 

4     RESULTS 
 

As an example the results for all detectors under test with the 137Cs source No. 1 are shown in Fig. 2. 
The reference dose rate obtained with the FH 40 is drawn as a solid line. The reference dose rate 
obtained with the FH 40 is drawn as a solid line. Taking into account the error bars the measured 
values of all detectors agree with the +/- 30 % range around the FH 40 reference value indicated by the 
dashed lines. It should be noted that the +/- 30 % for the reference instrument has to be regarded as a 
possible systematic deviation, not as a statistical one. 

1270

IRPA14 Proceedings



Figure 2: Results for the source Cs1 
 

 
 

Figure 3: Dose rate results for different detection systems depending on used sources 
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In  Fig. 3  the  measurement  results  of  all  detectors  and  all  sources  are  shown  together  with 
measurements of the ambient background. All measurement results were normalized to the FH 40 
reference   measurements  after   subtracting  the   background.   In   general   the  variations   of   the 
measurements of a single device for each source are small although the confidence intervals for 
different detectors for the same source in general do not overlap well. The confidence interval in 
general also does not overlap well with the confidence interval of the reference instrument FH 40. If 
the possible deviation of +/- 30 % from the true value of the dose rate allowed for radioprotection 
instruments in German legislation is also take into account most of the measurement results for the 
detectors are acceptable. Exceptions are for the Interceptor and Inspector1k results which are tending 
to be systematically low and one not understood large outlier for the STORA-TU for Uranium. 

 

5     DISCUSSION 
 

It was seen that each hand-held gamma detector gave reproducible results for the gamma dose rate. 
However, the measured mean of the dose rate measurements with each hand-held device differed 
considerably, at a maximum by a factor of 3. Normally the measurement values were in the same 
order of magnitude. Except one all devices were not calibrated for radioprotection purposes. Taking 
into account that in Germany even for devices intended for radioprotection purposes only a precision 
of the dose rate of +/- 30 % is required the measurement results with hand-held devices can be 
regarded as reasonable good. This compares well to results Pebida et. al. [5] found in their tests of 
radiation detectors used in homeland security applications where hand-held radiation detectors were 
directly compared to calibrated air-kerma rates according to the ANSI N42.34 standard which requires 
also +/- 30 % for 137Cs. 

 
6     CONCLUSION 

 
Seven hand-held gamma detectors with different detector types not primarily intended for dose rate 
measurements for radiation protection purposes were tested with common sealed radioactive sources 
and compared to the dose rate determined by the dose rate meter FH40. For the hand-held devices 
tested the indicated dose rate values can be regarded as reasonable. However, dose rate measurements 
with  hand-held  gamma  detectors  should  be  handled  with  care.  Although  in principle  the  values 
obtained are good enough for personal safety and a first threat estimation in general first responders 
would be required to carry a special radiation protection dosimeter in addition. 
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Abstract. In this study, Using cadmium zinc telluride (CdZnTe) semiconductor detector and thallium-doped 
sodium iodide (NaI(Tl)) scintillation detector, detective efficiency of two detectors were calculated 
experimentally. Then using Monte Carlo Code PHITS, detective efficiency of two detectors was calculated. 
CdZnTe detector was GR-1 made by Kromek Group plc., NaI(Tl) scintillation detector was made by EMF Japan 
Co.. We used three radioisotope point sources (60Co, 137Cs and 133Ba), detective efficiency for each photo peak of 
two detectors were calculated experimentally. In Monte Carlo simulation, shapes of radioisotope point source 
and detecting elements were constructed. The number of electrons which generated in detector elements counted 
using [t-deposit] section, and energy spectrum of electron was calculated. Comparison of measurement and 
calculation was good agreement in GR-1, however Comparison in EMF211 did not match, because scintillation 
light must be considered. 

 
KEYWORDS: detective efficiency; measurement; Monte Carlo simulation; PHITS. 

 
1 INTRODUCTION 

 
Compact medical cyclotron is used to obtain positron-emitting radionuclides, such as 18F. While 
operating cyclotron, neutron is produced secondarily. The neutron cause activation of vicinity the 
target and inside vault room. The thermal neutron fluences can be measured by using gold foil 
activated method. In this method, detective efficiency of detector is one of the most important factor to 
calculate activity of gold foils correctly [1]. However, estimating detective efficiency manually is 
difficult. 
 
Calculating detective efficiency using Monte Carlo simulation is a method to estimate detective 
efficiency automatically. In Monte Carlo simulation, the number of electron deposited at detector can 
be calculated. Detective efficiency calculated using MCNPX code showed good agreement with the 
calculation data [2, 3]. 
 
In this study, we used cadmium zinc telluride (CdZnTe) semiconductor detector and thallium-doped 
sodium iodide (NaI(Tl)) scintillation detector, detective efficiency of two detectors were calculated 
experimentally. Furthermore, we used Monte Carlo code PHITS [4], detective efficiencies of two 
detectors were calculated. 

 

 
 

2     MATERIAL AND METHOD 
 

We used EMF211 (EMF Japan Co., Ltd., Japan) as NaI(Tl) scintillation detector and: GR-1 (Kromek 
Group plc, United Kingdom) as CdZnTe semiconductor detector. The shape of NaI(Tl) crystal was 
cylinder, and its size was 7.62 cm (in diameter) × 7.62 cm (in height). The shape of CdZnTe crystal 
was cube, and its size was 1 × 1 × 1 cm3. Both detector have Multi Channel Analyzer. EMF211 have 
2048 channels, and GR-1 have 4096 channels. Radioisotope point source and its activity at 
measurement day were below: 133Ba 73.3 kBq (half-life: 10.51 years), 137Cs 7.27 kBq (half-life: 30.1 
years), and 60Co 39.6 kBq (half-life: 5.271 years) [5]. 
 
Particle and Heavy Ion Transport Code System (PHITS) version 2.80 (Japan Atomic Energy Agency, 
Japan) was used as Monte Carlo simulation code. 

 

 
* Presenting author, e-mail: rikigakuga@gmail.com 
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2.1 Measurement of detective efficiency using radioisotope point source 
 

Gamma-ray  energy  spectrum  emitted  from  each  radioisotope  point  source  were  measured  using 
NaI(Tl) scintillation detector and CdZnTe semiconductor detector. In measurement of CdZnTe 
semiconductor detector, lead shield was used to reduce back ground radiation. Measurement time was 
600 seconds. Distance between detector and radioisotope point source was changed 0 cm and 5 cm. 
Measurement system are shown in Fig.1 and Fig. 2. 
 
After measurement, net counts at each photo peak was calculated. Photo peak energies were 81 keV 
and 356 keV of 133Ba, 662 keV of 137Cs, 1172 keV and 1333 keV of 60Co. 
Detective efficiency at each energy was calculated based on equation (1), 

 

ε =  Cnet 

A × R × 0.5 × t 
 

      (1) 

 
where, ε (non-unit) was detective efficiency, Cnet (counts) was net counts of photo peak, R (%) was γ- 
ray emitting rate each radioisotope energy. A (Bq) was radioactivity of radioisotope point source, 0.5 
was solid angle from radioisotope point source to detector, t (seconds) was measurement time [6]. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
2.2 Calculating efficiency using PHITS 

 
Detector element and shape of radioisotope point source was constructed on PHITS. X-ray image of 
detector element was used as a reference. X-ray images of two detectors are shown Fig. 3 and Fig. 4. 
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[t-deposit] section was used to calculate the number of electrons which were deposited in detector 
crystal, and its energy spectrum. Calculated energy spectrum was compared with the measurement 
data. Cutoff energies of photon and electron were set 1.0 keV respectively. Energy resolution of 
electron counted in the detector was adjusted “dresol” parameter in [t-deposit] section. This parameter 
set to fit the photo peak at each energy. Calculation was carried out to satisfy enough relative error: 
less than 1.0%.   Fig. 5 and Fig. 6 are shown the structure of two detector element constructed on 
PHITS. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

3 RESULTS 
 

3.1 Measurement of detective efficiency 

 

 
Results of detective efficiency are shown Fig. 7 and Fig. 8.  Detective efficiency of GR-1 became 
smaller as energy increased. However detective efficiency of EMF211 at 356 keV was almost the 
same as that of EMF211 at 662 keV. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2 Comparison of energy spectrum between measurement and calculation 
 

Comparison of energy spectrum of 137Cs between measurement and calculation are shown Fig. 9 and 
Fig. 10. Each results was normalized in count at 622 keV. Around the photo peak, measurement result 
and calculation result showed good agreement. 
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3.3 Calculation of detective efficiency 

 
Calculation results of GR-1 and EMF211 are shown in Fig. 11 and Fig. 12.  Both results showed lower 
as energy increased. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
3.4 Comparison between measurement and calculation of detective efficiency 

 
Comparison between measurement and calculation of detective efficiency are shown in Fig.13, Fig.14, 
Fig.15, and Fig.16. Comparison of GR-1 showed good agreement, but that of GR-1 did not correspond 
with the results at 662 keV. 
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4      DISCUSSION 
 

In comparison measurement and calculation results, results of GR-1 showed good agreement 
between measurement and calculation. Maximum difference of GR-1 at 0 cm was 7%, and that at 
5 cm was 15%. However, the results of EMF211 did not show good agreement between 
measurement and calculation. The maximum difference of EMF211 at 0 cm was 48%, and that at 5 
cm was 32%. The difference between measurement and calculation of EMF211 was large, because 
scintillation light was not considered in calculation. Accuracy of calculation increase when 
scintillation light take into account [7]. 
 
In the measurement, activity of 137Cs was lower than other radioisotope point sources. In 
measurement of detective efficiency, enough intensity of radioisotope point source was needed to 
get good counting statistic, otherwise wrong detective efficiency may be calculated. Therefore, using 
radioisotope point source which have more higher activity should be used.  Moreover, energy 
spectrum of 60Co and 133Ba have an effect of sum peak. Detective efficiency measured by EMF211 
was affected by this effect, so effect of sum peak should be compensated, or detective efficiency was 
measured using another radioisotope point source which was not affected sum peak effect [2, 8]. 

 
5        CONCLUSION 
 
Calculation of detective efficiency matched measurement detective efficiency, so detective 
efficiency of CdZnTe semiconductor detector can be calculated using Monte Carlo simulation. 
However, comparison of detective efficiency did not match between measurement and calculation, 
especially NaI(Tl) scintillation detector. Scintillation light must take into account to increase 
accuracy of calculation. 
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Abstract. For radiation workers, radiation dose management is important. Especially medical staff working in 
fluoroscopy-guided procedures such as interventional radiology can be exposed to high dose. Low-cost dosimeter 
named Pocket Geiger has developed for ordinary people to own a radiation detector following Fukushima Daiichi 
Nuclear Power Plant accidents. The dosimeter combines a PIN photodiode detector and a smartphone. In our study, 
in order to utilize the Type 1 of the Pocket Geiger series in medical X-ray examination, optimal metal filters for 
energy compensation were examined using a Monte Carlo calculation code PHITS. And an appropriate threshold 
level to eliminate the background noise was considered. As a metal filter, aluminum, copper, brass, and tin were 
used. Tube voltages were set from 50 to 110 kV. The variance of the absorbed dose ratio of silicon to air was ±7% 
from 70 to 110 kV of the tube voltage with an aluminum filter, with 23 keV for the cutoff energy in the calculation. 
The aluminum filter was found to be the appropriate metal filter for energy compensation of the Pocket Geiger. 
Moreover, the relative response ratio of some commercial active personal dosimeters to DDX6-WLwas measured. 
To examine an appropriate threshold level for the Pocket Geiger Type 1, the threshold of 5%, 4%, and 3% were 
set. As a result, 5% was found to be an appropriate threshold level. The Pocket Geiger with suitable energy 
compensation can be useful tool for dose monitoring of medical staff during fluoroscopy-guided procedures. 
 
KEYWORDS: semiconductor detector; personal monitoring; energy compensation filter; threshold 
setting; Monte Carlo calculation; interventional radiology.
 
1 INTRODUCTION 
 
With the increasing use of X-ray fluoroscopic examinations, management of radiation dose has become 
increasingly important for medical staff during fluoroscopy-guided procedures such as interventional 
radiology (IVR). The tube voltage commonly used in IVR ranges from 60 to 120 kV. With increasingly 
complex procedures and fluoroscopy time, the staff is often exposed to high dose rates during 
procedures. 
 To reduce exposure doses, medical staffs wear protective aprons and use a personal dosimeter, such as a 
Glass Badge, to monitor exposure doses. The Glass Badge is the most popular dosimeter for personal 
monitoring in clinical practice. However, it cannot measure exposure doses in real time. Individual 

* Presenting author, e-mail: kento.terasaki@gmail.com 
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monitoring in real time is helpful for knowing exposure doses at first sight during IVR. A system to 
measure and display the exposure dose in real time has been developed and sold [1]. However, this 
system is very expensive. We previously produced a wireless dose monitoring system using an 
inexpensive semiconductor detector and evaluated the basic characteristics for pulse radiation in 
diagnostic X-rays [2]. However, there were some issues with this method, such as the system could not 
accurately measure doses in high-dose-rate areas and the improvement of sensitivity of the detector in 
the energy range of diagnostic X-rays was required. 
 
In this study, to utilize a semiconductor detector (Pocket Geiger) in medical X-ray examination, a 
suitable metal filter and the threshold level were examined for the energy compensation by a Monte 
Carlo calculation and measurement.   
 
2 MATERIALS AND METHODS 
 
2.1 Pocket Geiger 
 
After the Fukushima Daiichi Nuclear Power Plant accident in 2011, an inexpensive and open-sourced 
mobile radiation detector named Pocket Geiger (POKEGA; Radiation-Watch JAPAN, Miyagi, Japan) 
was developed for public use by volunteer scientists and engineers [3–5]. The POKEGA is a 
semiconductor detector, not a Geiger-Müller counter, which was developed for gamma-ray 
measurement. To reduce costs, a combination of a PIN Si photodiode detector connected to a 
smartphone was adopted. Moreover, various types of POKEGA were developed with modifications, 
such as to the smartphone OS or to the sensor. In this study, we used the POKEGA Type 1 (Fig. 1). 
 
Figure 1: Pocket Geiger Type 1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2 Energy dependence 
 
Chen et al. examined the energy response of the PIN Si photodiode and filter compensation in the 
measurement and Monte Carlo calculation using the EGS4 code. Moreover, they also studied the 
effect of the threshold level and the dimension of the active volume of the photodiode. The 
measurement was performed in the X-ray field with effective energies ranging from 46 to 202 keV and 
by using Cs–137 and Co–60 gamma-ray sources [6].  
 
In this study, the optimal metal filter for energy compensation and threshold setting were investigated 
in the measurement and a Monte Carlo calculation using the PHITS code (ver. 2.80) was performed 
[7]. The sensor was composed of silicon and sandwiched by front and back metal filters. The source of 
radiation exposure was scattered X-rays from the ICRU slab phantom with a tube voltage setting of 50 
to 110 kV. The spectra of scattered X-rays were calculated using a free software program [8]. To 
examine the optimal metal filter for energy compensation of the POKEGA in diagnostic X-rays, we 
simulated the response of the detector with four metal filters of aluminum, copper, brass, and tin. 

Metal filter 
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Moreover, to eliminate the background noise caused by thermal excitation within the detector, 
threshold or cutoff energy values were set.  
 
For determining the cutoff energy values, the relationship between the energy and the threshold level 
was examined in the following way. First, the pulse height distribution was obtained using the 
multichannel analyzer in the POKEGA. Fig. 2 shows the pulse height distribution for each tube 
voltage. Here, the tube voltage was regarded to be equivalent to the maximum energy, and the 
corresponding relationship between the maximum energy and the channel for each tube voltage was 
examined.  
 
Figure 2: Measured pulse height distribution for each tube voltage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The energy dependence with the previous optimal metal filter was compared with some commercial 
active personal dosimeters (APDs). These dosimeters were located on a worker-phantom to take into 
account backscatter from a human body, and the scattered X-rays from a patient-phantom were 
measured simultaneously. The following dosimeters were selected for this study: (1) EPD-G (Thermo 
Fisher Scientific K.K., Kanagawa, Japan), (2) PDM-107 (Hitachi Aloka Medical, Ltd., Tokyo, Japan), 
(3) PDM-122B-SHC (Hitachi Aloka Medical, Ltd., Tokyo, Japan), (4) PDM-127-SZ (Hitachi Aloka 
Medical, Ltd., Tokyo, Japan), (5) DDX6-WL (Radcal Co., California, USA), and (6) POKEGA Type 
1. 
 
The fluoroscopic conditions in the energy dependence experiment were 50–110 kV and 1.2 mA. The 
dosimeters was irradiated until DDX6-WL reached 10 μGy. We examined the relative response ratio 
of 1 cm personal dose equivalent Hp(10) measured by the APD to air kerma measured by DDX6-WL. 
Moreover, to examine an appropriate threshold level for the POKEGA Type 1, the threshold of 5%, 
4%, and 3% were set. And an appropriate threshold level was determined as the relative response ratio 
approached 1. 
 
3 RESULTS AND DISCUSSION 
 
Fig. 3 shows the relationship between the photon energy and the channel. The cutoff energy value 
corresponding to a threshold of 5% (Channel 100) was 23 keV and that corresponding to a threshold 
of 13% (Channel 260) was 41 keV.  
 
Fig. 4 shows the result of the energy dependence in the calculation when the cutoff energy value was 
set to 23 keV with each metal filter. The vertical axis shows the absorbed dose ratio of silicon to air. 

Channel 100 
(5%) 

Channel 260 
(13%) 

1281

IRPA14 Proceedings



The nearly equal responses were found between copper and brass filters because the brass consisted of 
70% of copper and 30% of zinc. As shown in this figure, the ratio was the most constant when using 
an aluminum filter. The variance of this ratio was ±7% from 35.2 to 41.2 keV when 23 keV was set as 
the cutoff energy value. The sensitivity decreased in the low-energy region when using copper, brass, 
and tin filters. Because these metal filters are composed of high-atomic-number materials, high 
absorption was observed in the low-energy region.  
 
Fig. 5 shows the relative response ratio of some commercial active personal dosimeters (APDs) to 
DDX6-WL. As shown in the figure, the response ratio of POKEGA Type 1 to DDX6-WL approached 
1 when the threshold level of 5% was set. Therefore, 5% was found to be an appropriate threshold 
level for the POKEGA Type 1. An appropriate setting of the threshold level is important since the 
response of the detector changes significantly. 
 
 
Figure 3: Relationship between the photon energy and the channel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Energy dependence in the calculation. (Cutoff energy = 23 keV) 
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Figure 5(a):  Relative response ratio (Threshold = 5%) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5(b):  Relative response ratio (Threshold = 4%) 
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Figure 5(c):  Relative response ratio (Threshold = 3%)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4 CONCLUSION 
 
In this study, the optimal metal filter and the threshold level to improve the energy dependence of the 
POKEGA Type 1 were determined. The POKEGA may become a useful tool for dose monitoring of 
the medical staff in clinical practice. 
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Determination of fission radionuclides activities in a real fission 
gamma-ray field 
 
Žlebčík P. a,b*, Malá H.a,  Huml O.b 

 
aNational Radiation Protection Institute (SÚRO), Prague, Czech Republic  
 

bDepartment of Nuclear Reactors, Czech Technical University, Prague, Czech Republic 
 
Abstract. The goal of the presented work was to identify short-lived fission products (half-lives from hours to 
days) and determine their activities in a real complex gamma-ray radiation field that can be encountered in case 
of nuclear power plant accidents. For the measurements, a semiconductor HPGe detector with a relative 
efficiency of 35% was used. Gamma-ray fields with various levels of dose rates were created by an irradiated 
fuel elements in a reactor core at the VR-1 reactor. In some cases difficulties can be experienced with 
measurements, detection and evaluation of radioisotopes because of the large number of gamma-ray energy 
lines. Detected gamma lines depend on the measurement start time and decreases rapidly with time after the 
irradiation. Energy lines of selected fission radionuclides that were not detected at the beginning can be found in 
the later acquired spectrum, which relates to the decrease of the Compton continuum in time. For automatic 
acquiring and evaluation of spectra in different time after an irradiation REXX language script was created. In 
the first step, MCNP burnup calculations consist of isotopic compositions and activities of the fuel elements 
were calculated. In the second step, MCNP model of the HPGe detector was created. After that, detector 
efficiency calibrations of the fuel elements were simulated by the MCNP and used for estimation of selected 
fission products activities from spectra.  
 
KEYWORDS: HPGe detector; fission products; gamma-ray spectra; Monte Carlo calibration; 
MCNP. 
 
1 INTRODUCTION 
 
Detection systems with semiconductor HPGe detectors are commonly used for a broad range of 
applications. In this work, the use of the HPGe detector in real fission gamma-ray fields is described. 
To provide the fields, fuel elements were irradiated in the core of the VR-1 reactor situated at the 
Czech Technical University in Prague. For determination of selected fission products activities (I-131, 
Te-132, I-135 and Xe-135) two approaches were chosen. First, with use of burnup calculations in the 
MCNP, activities of selected fission products in the fuel elements after the irradiation were calculated. 
Secondly, the MCNP detailed model of the HPGe detector and fuel elements have been prepared.   
The Pulse High Distribution (PHD) and a point efficiency curve of the HPGe detector were simulated 
by the MCNP [1] and compared with experimental measurements in order to validate the model of the 
HPGe detector. After successful comparison for more precisely estimation of radionuclides activities 
in the fuel elements, efficiency curves were created for them by the MCNP. In this kind of 
measurements, materials of the fuel elements cause the extreme absorption especially of low-energy 
photons. For these purposes, the Monte Carlo technique is very useful to determine influence of the 
geometry and material on the detector efficiency.  
 
2 METHODOLOGY  
 
2.1 Detector and sources 
 
A conventional coaxial HPGe detector [2] and LYNX digital signal analyser has been used for 
experimental measurements. The main specifications of the detector are as follows: the crystal 
diameter is 61 mm, the length is 56.5 mm, the crystal to window front distance is 6 mm, relative 
efficiency is 35 %, FWHM at 1.33 MeV is 1.8 keV, FWHM at 122 keV is 0.875 keV, and the 
peak/Compton ratio is 60:1. Number of channels was set to 8192 and the energy range between         

                                                 
* Presenting author, e-mail: pavel.zlebcik@suro.cz 
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30 keV - 3000 keV. The experimental efficiency calibrations of the HPGe detector were performed by 
measuring standard point sources prepared by the Czech Metrological Institute for 3 geometries:       
on the endcap of the detector (Eff_0 cm), at the 25 cm distance from the front of the detector     
(Eff_25 cm) and at the 100 cm distance from the front of the detector (Eff_100 cm), see the Fig.1.  

 
Figure 1: Experimentally determined point source efficiency curves of the HPGe detector 

 
2.2 Experimental measurements 
 
The HPGe detector was used for measurements in real gamma-ray fields generated by the fuel 
elements irradiated at the VR-1 reactor. For the irradiation two types of fuel elements were          
chosen – pellet UO2 enriched to 4.3 % U-235 and EK-10 fuel pin enriched to 10 % U-235. The pellet 
diameter in the form of UO2 is 7.61 mm with central hole diameter of 0.75 mm and 12.72 mm height. 
The EK-10 fuel pin in the form of UO2 dispersed in magnesium has a diameter and height of 7 mm 
and 160 mm, respectively. Cladding material is aluminum. For the irradiation dry vertical channel C6 
in the reactor was chosen (Fig. 2). After the irradiation the fuel elements were transported to the 
reference measurement position. The distance of the HPGe detector to the fuel element was set to    
100 cm. Time between pulling out the fuel elements from the reactor core to placing to the reference 
position was approximately 10 minutes. Gamma-ray spectra of the UO2 pellet and EK-10 fuel pin in 
various times after the irradiation were acquired and analyzed by the GENIE™2000 software. For 
automatic acquisition and evaluation of spectra script in REXX language was created.  

 
2.3 Monte Carlo simulations 
 
MCNP model of the VR-1 reactor was used for burnup calculation of the fuel elements generating 
complex gamma-ray fields. The parameterized model of the VR-1 reactor in the MCNP was generated 
by APOBAB system [3] developed at the Czech Technical University in Prague, Department of 
Nuclear Reactors. Simulation of the depletion process in the MCNP uses internal CINDER90 module 
[4]. Parameters of the irradiation were set up by the BURN card describing time of irradiation, reactor 
power level and other depletion parameters. The EK-10 fuel pin and UO2 pellet in a polyethylene box 
were prepared and implemented to the model of the VR-1 reactor, see the Fig. 2. For the above 
descripted fuel elements activities of the selected fission radionuclides after the irradiation were 
calculated. 
 
MCNP models of the HPGe detector and the fuel elements were prepared. For estimation of selected 
fission products activities efficiency calibration curves of the HPGe detector for both types of the fuel 
elements and point source (at the 100 cm distance from the front of the detector) were simulated by the 
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MCNP. To get the shape of the Gaussian photopeaks, GEB (Gaussian Energy Broadening) card was 
used in simulations.  The experimental value of the FWHM, was fitted with formula (1): 

 

                                                     2cEEbaFWHM ++=  (1) 
 

where a, b, c are input parameters for MCNP and E is the photon energy in MeV.  
 
Figure 2: MCNP models of the VR-1 reactor core, EK-10 fuel pin and UO2 fuel pellet [4] 

 
3 RESULTS 
 
The created MCNP model of the HPGe detector was validated by comparison of experimentally 
determined and simulated efficiency curves. For illustration, comparison of efficiency curves for point 
source on the endcap of the detector is shown in Fig. 3. In addition measured and calculated spectra of 
radionuclides used for calibrations were compared. Simulated and measured spectrum of Co-60 is 
shown in Fig. 4. Experimentally determined efficiency curves and measured spectra are in good 
agreement with the simulations carried out in the MCNP. The difference between experimental and 
simulated efficiencies was not greater than 6 %. With use of burnup calculations, activities in the fuel 
elements after the irradiation were calculated. Results are shown in Fig. 5 and Fig. 6 
 
Figure 3: Experimental and simulated efficiency curves for point source on the endcap of the HPGe 
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Figure 4: Experimental and simulated spectrum of Co-60 point source on the endcap of the HPGe 

 
Figure 5: MCNP estimation of all fission products activities in the EK-10 fuel pin and UO2 pellet for   
                variety irradiation conditions  

 
Figure 6: MCNP estimation of selected fission products activities in the EK-10 fuel pin and UO2  

pellet after the 120 min. irradiation for various powers         
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The fuel elements for 120 min at the power of 8 Watts were irradiated. The EK-10 fuel pin was 
removed from the reactor core on 4th February 2015 at 12:20. Spectra of the EK-10 were acquired for 
3600 s by REXX sequence after 85 min (Spectrum 1), 218 min (Spectrum 2) and 345 min     
(Spectrum 3), see the Fig. 7. The UO2 fuel pellet was removed from the reactor core on 5th February 
2015 at 12:18. Spectra of the UO2 were acquired after 55 min (Spectrum 1), 176 min (Spectrum 2) and 
298 min (Spectrum 3), see the Fig. 8. The number of peaks detected in spectra by spectrometry 
analysis is listed in Table 2. 
Efficiency curves of the HPGe detector for both types of the fuel elements and point source               
(at the 100 cm distance from the front of the HPGe) calculated by the MCNP were used for the 
activities estimation (Fig. 9). The activities of selected fission products calculated from the acquired 
spectra were compared with the MCNP burnup calculation, as can be seen in the Tab. 3 and 4. The 
activities in the column A were determined by using the simulated point source efficiency without 
self-absorption correction while the activities in the column B were estimated by using the simulated 
efficiency of the fuel elements with self-absorption and geometry correction. In addition the activities 
of the short-lived I-135 and Xe-135 determined by spectroscopy analysis had to be corrected for decay 
of I-135 and growth of Xe-135 by K1 factor. The activities of I-135 and Xe-135 were divided by 0.65 
and 2.89 respectively.  
 
 Figure 7: Spectra of the EK-10 fuel pin acquired in various times after the irradiation 

 
Figure 8: Spectra of the UO2 pellet acquired in various times after the irradiation 
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Table 2: The number of detected peaks in acquired spectra  
 

Fuel element Spectrum Number of peaks 

EK-10 fuel pin 
Spectrum 1 356 
Spectrum 2 316 
Spectrum 3 279 

UO2 pellet 
Spectrum 1 249 
Spectrum 2 182 
Spectrum 3 177 

 
Figure 9: MCNP efficiency curves of sources at the 100 cm distance from the front of the HPGe 

 
Table 3: Estimated activities of the selected fission products in the EK-10 fuel pin 
 

Nuclide 
Energy 
[kev] 

Intensity
[%] K1 

A  
Activity [Bq] 

B  
Activity [Bq] 

C         
Activity [Bq] 

I-131 364.5 81.2 
- 

2.04E4 
2.08E4 

3.47E4 
3.51E4 3.74E4 

I-131 637.0 7.30 4.21E4 5.23E4 
Te-132 228.2 88.2 - 6.82E4 6.82E4 1.69E5 1.69E5 3.19E5 
I-135 546.6 7.20 

0.65 

1.55E6 

2.29E6 

2.04E6 

2.88E6 5.19E6 

I-135 836.8 6.70 1.59E6 1.84E6 
I-135 1038.8 8.00 1.82E6 2.08E6 
I-135 1131.5 22.7 1.63E6 1.84E6 
I-135 1260.4 28.9 1.62E6 1.83E6 
I-135 1457.6 8.70 1.78E6 1.99E6 
I-135 1678.0 9.60 1.59E6 1.75E6 
I-135 1791.2 7.80 1.61E6 1.77E6 

Xe-135 249.8 90.0 
2.89 

3.55E6 
1.23E5 

8.20E5 
2.74E5 5.07E5 

Xe-135 608.2 2.90 7.33E6 1.05E6 
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Table 4: Estimated activities of the selected fission products in the UO2 fuel pellet  
 

Nuclide 
Energy 
[kev] 

Intensity
[%] K1 

A  
Activity [Bq] 

B  
Activity [Bq] 

C         
Activity [Bq] 

I-131 364.5 81.2 
- 

8.92E2 
8.92E2 

1.91E3 
1.91E3 3.12E3 

I-131 637.0 7.30 - - 
Te-132 228.2 88.2 - 7.79E3 7.79E3 1.85E4 2.11E4 2.67E4 
I-135 546.6 7.20 

0.65 

1.05E5 

1.19E5 

1.5E5 

1.68E5 4.33E5 

I-135 836.8 6.70 7.28E4 8.41E4 
I-135 1038.8 8.00 1.39E5 1.56E5 
I-135 1131.5 22.7 1.01E5 1.13E5 
I-135 1260.4 28.9 9.90E4 1.11E5 
I-135 1457.6 8.70 9.91E4 1.13E5 
I-135 1678.0 9.60 8.51E4 9.86E4 
I-135 1791.2 7.80 1.03E5 1.20E5 

Xe-135 249.8 90.0 
2.89 

1.11E4 
3.84E3 

3.84E4 
1.33E4 4.22E4 

Xe-135 608.2 2.90 - - 
 
4 CONCLUSION 
 

Several gamma-ray spectra of the irradiated fuel elements were acquired and evaluated at the     
100 cm distance from the fuel elements. The spectra of the HPGe detector changed significantly in 
time. Therefore, energy lines of selected fission radionuclides that were not detected well in the 
beginning can be found in the later acquired spectrum due to, the decrease of the Compton continuum 
in time – typically in this case I-131 (364.8 keV). The activities of selected fission products (I-131,   
Te-132, I-135 and Xe-135) in the fuel elements were determined by several ways as can be seen in 
Tab. 2 and 3. First, for a rough estimation of the activities (column A), simulated efficiency calibration 
curves for point source at the 100 cm distance from the front of the detector were used. Secondly, for 
more precisely estimation of the activities, models of the fuels and the HPGe detector were created. 
Efficiency curves for the both type of the fuels were calculated and used for estimation of the activities 
(column B). Activities calculated by the MCNP burnup calculation (column C) are in good agreement 
with the activities determined from the acquired spectra (especially column B). The ratios of the 
activities are shown in Tab. 5. Activities estimated from the spectra are in all cases lower than 
calculated by the MCNP burnup calculation.    

 
Table 5: Ratios of the estimated activities 

 

Nuclide 
EK-10 fuel pin UO2 pellet 

A/C B/C A/C B/C 
I-131 0.5 1 0.3 0.7 

Te-132 0.2 0.5 0.3 0.8 
I-135 0.4 0.6 0.3 0.4 

Xe-135 0.2 0.5 0.1 0.3 
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Radiation-induced Color Bleaching of Methyl Red in Polyvinyl Alcohol 
(PVA) Film Dosimeter 
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cMedical  Imaging    Department, Faculty of Allied Health Sciences, Hashemite University, 
Zarga, Jordan 

Abstract. Radio-chromic  film based  on polyvinyl  alcohol  (PVA)  containing  different  concentrations  of 
methyl red (MR) dye for 0.25 and 0.5 mM has been introduced as high dose dosimeter. The dosimeters  
were irradiated  with gamma  ray from 60Co source  at doses  from 5 to 60 kGy. UV/VIS 
spectrophotometry was used to investigate the optical density of unirradiated and irradiated  films  in  terms  
of  absorbance  at  424  nm. The  dose  sensitivity  of  MR-PVA  film dosimeter increases gradually with 
increases of concentrations of MR dye.  The effects of irradiation  temperature,  relative humidity,  dose rate 
and the stability of the response  of the films after irradiation were investigated and found that these films 
could be used as routine dosimeter in industrial radiation processing. The useful dose range of developed 
MR-PVA film dosimeters is in the range of 5-60 kGy. 
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Characterization of HPGe Detectors using Computed Tomography 
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Abstract. Computed   Tomography (CT)   high-resolution   imaging   have   been   used   to   investigate 
differences in detector parameters when cooling a small n-type HPGe detector and a medium sized  p-type  
HPGe  detector  to  operating  temperatures.  The  findings  were  compared  to calculated  linear  
temperature  expansions  of  different  parameters  inside  the  detector  and detector dimension data made 
available by the manufacturer.  Parameters investigated  were e.g. the air gap between crystal and end 
cap. The air gap increased by (0.38±0.07) mm for the n-type detector and by (0.40±0.15) mm for the p-
type detector when the detectors were cooled  compared  to  at  room  temperature.  Monte  Carlo  
calculations  indicate  that  these differences  have a significant  impact on the efficiency  in close 
geometries  (< 5 cm). In the energy range of 40-700 keV with a source placed directly on endcap, the 
change in detector efficiency with temperature is 1.9-2.9% for the n-type detector and 0.3-2.1% for the p-
type detector. The measured air gap thickness when cooling the detector was 1.1 mm thicker than 
manufacturer  data for the n-type detector and 0.2 mm thicker for the p-type detector. In the energy 
range of 40-700 keV and with a source on endcap, this result in a change in detector efficiency of 5.2-7.1 
% for the n-type detector and 0.2-1.0 % for the p-type detector, i.e. the detector efficiency is overestimated 
using data available by the manufacturer. 
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Optimized  Detector  for  in  Situ  Low  Energy  Gamma  Spectrometry  
in  Close Geometries 

Angelica Hedmana,b,  Göran Ågrena,  Lennart Johanssonb, Jalil Bahar  Gogania,   
Henrik Ramebäcka,c 

aSwedish  Defence  Research  Agency,  Umeå,  Sweden 
bUmeå  University,  Umeå,  Sweden 
cChalmers University of Technology, Göteborg, Sweden 

Abstract. In situ gamma spectrometry is a fast, important and reliable method for measurements of 
radionuclide  contaminated  surfaces.  The  aim  of  this  work  was  to  find  the  best  possible detector   for   
contamination   measurements   of   low   energy   gamma   radiation   in   close geometries. Simulations 
have been made using MCNP (Monte Carlo N-Particle code) where different detector parameters e.g. window 
material and crystal size, have been varied to find the   best   combination   from   a   sensitivity   point-of-
view   for   close   measurements   of   a contaminated surface with a background spectra of natural 
radionuclides. The detection limit and the minimum detectable activity (MDA) was calculated. The 
detection limit increases with larger  crystal  diameter  and  thickness  while  the  MDA  decreases  with  
larger  diameter  and thinner crystal. 
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Delineation   of   Radiation   Dose   Pattern   in   Radiation   Workers   and   
Dose Optimization Using Dose Reduction Methodologies 

Ajai Kumar Shukla, Dhiraj Kumar Tewari 

Department of Nuclear Medicine,Sanjay Gandhi Postgraduate Institute of Medical Sciences, 
Lucknow,Uttar Pradesh, India 

Abstract. Medical exposures contribute to about eighty per cent of the total population exposures and hence  
pose  a major  challenge  to not only optimize  them  but also make  the justified  from radiation safety 
viewpoint. The present study was undertaken to analyse and delineate the radiation dose pattern in radiation 
workers of this institute engaged in handling of radiation sources and radiation generating machines including 
CT and fluoroscopic X-rays located in various departments. The data was analysed five year block wise starting 
from year 2005 to 2013. In  the  initial  block   of  2005-2009,   the  institute   had  234  radiation   workers   in  
various departments whereas this figure registered a significant increase gradually over the years and became 
288 in 2013. The cumulative radiation dose was observed to be 421.80 mSv with an average  dose of 1.80 mSv. 
In order to further  optimize  these doses  the radiation  workers were  asked  to undergo  rigorous,  
comprehensive  and  continuous  training  related  to safety aspects and dose reduction methods were deployed 
in diagnostic as well as therapeutic uses resulting into extremely positive results from radiation safety view 
point. The cumulative dose had reduced to 115.95 mSv in the block year 2009-13 even though the number of 
radiation workers increased from 234 to 288 and work load also substantially enhanced.  Further  analysis  
revealed  that  in  the  block  year  2005-09  a  large  fraction  of radiation workers i.e. 213 (93.16%) fell in the 
dose range of 0-5 mSv with an average dose of 3.04 mSv whereas only 2(0.85%) radiation workers were 
observed to have fallen in the dose range of 20mSv and above with an average of 23.05 mSv. This trend 
continued even in the block year 2009-13 except for the fact that the number of radiation workers falling in the 
dose range of 5-10 mSv increased to 184 (63.88%). Continuous  and  comprehensive   training  on  safety  
aspects,  implementation   of  adequate quality assurance procedures, safety culture and appropriate use of dose 
reduction methodologies  resulted  into  drastic  reduction  of  both  cumulative  and  average  doses  to radiation 
workers of the institute. 
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Establishment of a National Dose Register in South Africa 

Alan Muller, Nthabiseng Mohlala 

National Nuclear Regulator, Cape Town, South Africa 

Abstract. The IAEA Safety Standards require Regulatory Bodies to make provisions for establishing, 
maintaining   and  retrieving   records   of  occupational   exposure.   Several   countries,   have established a 
central register for occupational exposures. In South Africa, the nuclear industry and   radiation   sources   
applications   are   regulated   by  two   Regulatory   Bodies.   Several Dosimetry Service Providers and 
reporting systems exist, with no central registry for the management of all occupational exposures. The  
Regulatory  Bodies  proposed  the  use  of  the  IAEA  Regulatory  Authority  Information System  (RAIS),  
software  developed  by  the  IAEA  to  assist  Member  States  in  managing regulatory  control  
programmes.  RAIS  is  a  web  application  which  is  installed  on  an  SQL Server. The necessary technical 
support from the IAEA was obtained for the establishment of a National  Dose Register  (NDR)  in South  
Africa  at one of the Regulatory  Bodies.  A NDR Steering Committee was formed consisting of some of 
the major Dosimetry Service and Data Providers covering all nuclear and radiation technologies to oversee 
the identified activities to be implemented in designing and operationalizing the NDR. The establishment  of 
the NDR was progressed  in accordance  with approved  Project Plans with assistance from IAEA Experts. 
A phased approach was followed in the execution of the project,  and an IAEA  Expert  Mission  was 
associated  with each  phase.  Some  of the main activities included a feasibility study to determine  the 
scope of the work to be performed,  a review   of  the  designs   of  existing   stakeholder   databases,   an  
analysis   and   proposed mechanisms of data exchange and formats between Data Providers and the NDR, 
drafting of the legal  and regulatory  basis,  continuous  customizing  of the template  and NDR  solution, 
training  to  Data  Providers,  Pilot  Studies  to  import  occupational  exposure  records,  access control as well 
as the upload of historical data. It has been demonstrated that a NDR can be established in a country with 
more than one regulatory entity, and which is accessible  to various Dosimetry Service and Data 
Providers. The  IAEA  RAIS  has  been  shown  as a viable  tool to efficiently  establish  and  maintain  an 
integrated system of occupational dose records which assists in increased confidence in the record keeping 
of occupational exposures. 
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Public In Vivo Thyroid Monitoring for Dose Estimation after 
Accidental Intake of I-131. Experiences from Scandinavia 

Asser Nyander Poulsena, Henrik Roeda, Lilián del Risco Norrlidb, Mats Isakssonc, 
Bjorn Lindd, Óskar Halldórson Holme, Jussi Huikarif 

aStatens Institut for Strålebeskyttelse (SIS), Copenhagen, Denmark 
bStrålsäkerhetsmyndigheten (SSM), Stockholm, Sweden 
cThe Salgrenska Academy, Univ of Gothenburg, Göteborg, Sweden 
dNorwegian Radiation Protection Authority (NRPA), Østerøs, Norway 
eIcelandic  Radiation  Safety  Authority  (GR),  Reykjavik,  Iceland 
fFinnish  Radiation Safety Authority (STUK), Helsinki, Finland 

Abstract. Release  from  nuclear  accidents  includes  short-lived  I-131,  which  is a major  contributor  to 
dose received by exposed individuals. Due to the biological role of iodine, I-131 accumulates in the thyroid 
gland on the front of the neck - a fact that allows rapid screening for I-131 intake with handheld instruments 
(triage). Selected individuals may subsequently be appointed to a calibrated measurement, and estimation 
of dose. Public monitoring can help delimit and substantiate health risk and may alleviate fear. A calibrated 
measurement will typically take place at a laboratory or clinical setting with instruments calibrated against a 
neck-like phantom with a certified I-131 or long-lived “mock- iodine” source in place of the thyroid. The 
thyroid gland is the organ mostly affected by I-131 and dose estimation may be based on single organ dose 
only. However, for the sake of standardization and substantiation of risk, I-131 intake and organ dose-
distribution  can be estimated using ICRP biokinetic models and dose-coefficients. The outcome of a 
coordinated Scandinavian proficiency test conducted in 2012-13 (NKS THYROID, 5 countries, 30 locations, 
96 detectors and gamma cameras) is presented along with conclusions from a stakeholder meeting held 
afterwards. Identified future tasks include evaluation of the following: organization of national internal 
dosimetry expertise; regional capacity and setup/response time; national standardization of procedures and 
instrumentation; instrument detection limits and compatibility with Ba-133+Cs-137 “mock iodine”; 
practicability of I-131 calibrations; strategies for registration, record-keeping, health-risk communication; 
key uncertainties affecting measurement and dose-estimate; development of a report template and validated 
data analysis tool; implementation of relevant standards (ISO-28218, ISO-11929, IDEAS 2013, JCGM 
100:2008 “GUM”).  
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Comparison of Radiation Dose Assessment Methodology used for the 
Public Living in the Area Contaminated with Radioactive Materials 

A Ra Go, Min Jun Kim, Kwang Pyo Kim 

Kyung Hee University, Yongin-Si, Gyeonggi-Do, Republic of Korea 

Abstract. After Fukushima Daiichi NPP accident, Japanese government has continued to remediate the 
large  contaminated  area.  Japanese  authority  used  measured  air  dose  rate  to  estimate radiation  dose.  
However  the  radiation  doses  might  be  overestimated  using  the  method. Therefore, it is necessary to 
accurately estimate radiation doses received by residents of evacuation  directive  lift  area.  The  objective  
of  this  study  was  to  select  the  proper  dose assessment  methodology  by  comparing  various  dose  
assessment  methodologies.  In  this study, three dose assessment methodologies were considered; Japan 
Atomic Energy Agency (JAEA)  methodology,  Jacob  methodology,  and  RESRAD.  To compare  the  
methodologies, dose assessment  was conducted  for indoor  worker  who lived in evacuation  directive  
lifted area.  In addition,  radiation  dose  was  estimated  over  time  to predict  radiation  dose  to the general 
public by the daily life. For the evaluation of radiation dose, information of radioactive material 
concentrations  in soil was collected by National Regulation  Authority Japan survey data between 2013 
and 2014. As a result of comparing the three dose assessment methodologies, annual effective dose ranged 
from 0.22 to 4.95 mSv/y by JAEA model (mean of 1.43 mSv/y), from 0.09 to 0.31 mSv/y by Jacob model 
(mean of 0.91 mSv/y), and from 0.07 to 2.89 mSv/y by RESRAD (mean of 0.77 mSv/y). JAEA model 
results were two times higher than Jacob and RESRAD model results. Jacob model results were 14% higher 
than RESRAD results.  JAEA  model  was  assessed  conservatively  than  the  other  models.  JAEA  
model estimate   radiation   dose  to  the  public  based  on  measured   air  dose  rate  rather  than 
radionuclide  concentrations  (Cs-134, Cs-137) in soil. Comparing  the predictive  dose values by Jacob 
model and RESRAD, the difference in radiation doses increased with calendar time. It can be explained that 
Jacob model considered vertical migration of radioactive materials in soil using attenuation function. 
Comparing different dose assessment models, radiation doses varied depending on model. The results of 
this study can be used to select the proper dose assessment  methodology  for  the  public  living  in  the  
area  contaminated  with  radioactive materials. *This study is supported by Grant 20141510101630 from the 
Energy Technology Development Project of Korea 
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Argentinian Intercomparison Exercise on Internal Dosimetry: 131I  
Thyroid Monitoring 

Ana Rojo, Nancy Puerta, Sebastian Gossio, Ines Gomez Parada 

National Regulatory Authority, Buenos Aires, Argentina 

Abstract. The Internal Dosimetry  Laboratory  (LDI) of the Nuclear Regulatory  Authority (ARN) has the 
task of promoting  national  exercises  with the aim of verifying  the technical  capabilities  on internal 
dosimetry of Technical Support Officers (TSO) in Argentina. With that object in 2014, a national 
intercomparison  exercise was organized, including direct measurements of activity organ  burdens  and  the  
interpretation  of  them  in  terms  of  intake  an  effective  dose.  The national TSOs were called to 
participate.  The LDI provided  a neck phantom  with a 133mBa standard, a specific protocol to perform the 
measurements and a description of a simulated exposure scenario for estimating the intake and the effective 
dose. The participants included two TSOs from Argentinian nuclear power plants, two from atomic 
centers, one from nuclear medicine center and one from ARN. This paper presents the analysis of the 
results reported by these six TSOs. The analysis of participant performance included the study of the 
reported detection   limit,   activity   trueness   and   repeatability   based   on   ISO   28218   and   it  was 
complemented with a study of the reported activity and uncertainty applying En-score method. The dose 
assessment results were analyzed according IDEAS Guidelines criteria. It could be confirmed that 100 % 
of the laboratories fulfilled the trueness and precision criteria and 67 % of  the  reported  activity  and  
uncertainty   were  satisfactory.   Five  out  of  six  participants completed the dose assessment. Four out of 
six reported intake and E(50) with a relative bias less than 10 %. 
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Performance Comparison of OSLD (Al2O3:C) and TLD (LiF:Mg,Cu,P)   
in Accreditation Proficiency Testing 

Alexander Romanyukha, Mathew Grypp, Anthony Williams 

Naval Dosimetry Center, Bethesda, Maryland, USA 

Abstract. The  U.S.  Navy  uses  a  dosimetric  system,  which  employs  the  LiF:Mg,Cu,P 
thermoluminescence    dosimeters   (TLDs),   developed   and   produced   by   Thermo   Fisher Scientific. 
The dosimeter consists of four LiF:Mg,Cu,P  chips, mounted on an aluminum card and placed in a plastic 
holder. The holder contains a unique filter for each chip, which make possible   to  determine   shallow,   
deep,   and  neutron   dose   equivalents.   The  TLD-based dosimetric system is nationally accredited and 
is used by the Navy for dose of record. Every two years,  the Naval  Dosimetry  Center  (NDC)  performs  
proficiency  testing  to maintain  its national accreditation. Since 2007, the U.S. Navy has started testing 
InLight Basic - OSLN Optically  Stimulate  Luminescence  dosimeters  (OSLD) manufactured  by Landauer.  
A OSLD slide has four Al2O3:C discs inserted in a case. The case contains a unique filter for each disc, 
e.g. copper,  aluminum,  ABS,  and polyamide  film. The case  and slide  assembly  go into a clamshell  
holder.  Similar  to  the  TLDs,  OSLDs  are  able  to  determine  shallow,  deep,  and neutron  dose  
equivalents.  In  2011  and  2013  NDC  performed  proficiency  testing  for  both systems.  Here  we  
present  a  comparison  of  the  performance  of  TLD  (LiF:Mg,Cu,P)  and OSLDs (Al2O3:C)  in five 
categories of proficiency testing in 2011 and 2013. Irradiation of the dosimeters for proficiency testing was 
conducted under controlled conditions and includes irradiation with photons, neutrons, beta particles and 
selected mixtures of these radiations. All irradiations  were  performed  at  the  Pacific  Northwest  National  
Lab  (PNNL).  The  delivered doses were not reported to the NDC. The official comparison of delivered 
and reported doses was conducted by PNNL in terms of dose bias and its standard deviation for each 
category of accreditation. In total, the NDC reported to the PNNL doses for 162 dosimeters of each type 
(TLD and OSLD). Both NDC tested dosimetric  systems have passed the established  limits. The 
comparison of OSLD and TLD system performance in each category will be discussed. 
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Test of Ring, Eye Lens and Whole Body Dosemeters for the Dose 
Quantity Hp(3) to be used in Interventional Radiology 

Agnieszka Szumska, Renata Kopeć, Maciej Budzanowski 

Institute of Nuclear Physics PAN, Krakow, Poland 

Abstract. In  its  statement   on  tissue   reactions   approved   on  21st   April   2011,   the   International 
Commission on Radiological Protection (ICRP) reviewed its recommendation  concerning the equivalent 
dose limit for the eye lens and reduced the dose limits for occupationally exposed persons to 20 mSv in a 
year, averaged over defined periods of 5 years, with no single year exceeding 50 mSv. This limit was 
approved and written down in the new EURATOM directive 2013/59 and in the IAEA BSS of July 2014. 
For that reason, the necessity  to monitor the eye lens may become more important  than it was before. 
However, specially dedicated dosemeters for the dose quantity Hp(3) are using very rarely. Commonly 
use are only whole body personal dosemeters for the personal dose equivalent  quantities  Hp(10)  worn  on  
the  trunk  and  ring  dosemeters  worn  on  finger  to measure the quantity Hp(0.07). First of them are 
calibrated on a slab phantom and seconds one on rod phantom while a cylindrical phantom much better 
represents the head and is recommended to calibrated the eye lens dosimeters. Therefore,  in  this  work  
firstly  it  was  investigated  whether  dosemeters  from  routine  use calibrated on a slab and rod phantom 
can be used as an eye lens dosimeter, worn close to the eyes - on the thyroid collar and could deliver 
correct results. Secondly  it  was  also  investigated  what  is  the  difference  between  dose  readouts  if  
we calibrated this dosimeters on a standard phantoms and on a cylindrical phantom dedicated to eye lens 
dose assessment. 
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From Filter Swipe Test to Bioavailability:  A Rapid Experimental  
Approach  to Assess Actinide Behaviour Following Internal 
Contamination 

Anne Van der Meerena, Agnès Moureaua, Sylvie Couderta, Pierre Larocheb, Jaime 
Anguloa, Nina Griffithsa 
aCEA, Bruyeres le Chatel, France 
bAREVA NC, Paris, France 

Abstract. Following  exposure  to radioactive  elements,  distribution  from the contamination  site to the 
tissues results from the transfer across biological barriers. This depends primarily on the physicochemical   
properties  of  the  contaminant.  In  the  case  of  accidental  or  intentional dispersion of radionuclides  a 
first approach is to characterize  the contaminants.  Filter swipe tests are commonly used to adsorb 
radioactive materials of the surrounding environment prior to different  analyses.  The present work 
describes  the uptake of different  actinide  elements and forms onto filters “swipe test” followed by 
solvent dissolution  of the filter. The resulting solution  was  then  incorporated  into  agarose  gels  in 
culture  wells  in order  to evaluate  the transfer of the radionuclide from the static gel phase into a 
biological medium representative of plasma or interstitial fluid (dynamic fluid phase).  Transfer of 
radionuclide from static to fluid phase   reflects   contaminant   bioavailability.   Actinide   recovery   was  
determined   by  liquid scintillation  counting,  alpha  spectrophotometry   or  external  counting  using  a  
germanium detector.  The  first  test  was  to  determine  the  best  solvent  in  order  to  maximize  actinide 
recovery.  Plutonium  (Pu) recovery was some 15 % and Americium  (Am) 10 % using filters soluble in 
dimethyl formamide.  When included  in the agarose gel the transfer of Pu or Am from this resulting 
filter-solvent-agarose  mixture was similar to that using actinide in solvent but  without  the  filter  after  2h  
incubation.  In  addition  Am  transfer  was  greater  than  Pu  in agreement  with  the  known  solubility  of  
each  element.  Addition  of  DTPA  to  the  external medium  led  to  enhanced  transfer  of  both  actinides.  
The  results  indicate  that  actinides “recovered” from swipe test filters behave in a similar way to the 
control form and as expected considering  individual solubility properties.  These data indicate that it is 
possible to gain an insight not only on the physical properties but also on the biological behavior of the 
radiocontaminant   associated   with  a  “filter  swipe  test”.     This  test  is  simple,  rapid  and inexpensive 
and could be potential resource for the nuclear industry in conjunction with other measurements.  This 
approach  could  provide  an insight  for possible  decorporation  therapy and may be of particular importance 
given the different compositions of actinides or other radioelements  during  decommissioning   procedures.  
Financial  support  from  Areva  NC  is gratefully acknowledged. 
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Microphotonics Approaches to Nuclear Forensics Analysis 

Bobby Bhatt, Hudson Angeyo, Alix Dehayem-Massop 

University of Nairobi, Nairobi, Kenya 

Abstract. Nuclear terrorism has been identified as one of the most serious security threats facing the 
world today. Nuclear  security  aims at the prevention  and detection  of and response  to the theft,  
sabotage,  unauthorized  access,  illegal  transfer  or  malicious  acts  involving  nuclear material. As a 
response to combat illicit trafficking of nuclear and radiological material (NRM), a  relatively  new  
discipline,  Nuclear  Forensics  (NF)  emerged.  NF  is  an  important  tool  for analysis  and  establishing  the  
relationship  between  NRM  and  their  attribution  to  monitor nuclear  security.  Traditional  nuclear  
forensic  science  makes  use  of  analytical  techniques (Gamma spectroscopy, alpha spectrometry, mass 
spectrometry, profilometry and electron microscopy), which were developed for applications related to the 
nuclear fuel cycle. Unfortunately,   most   of  these   techniques   used   in   the   nuclear   forensics   analysis   
are destructive, invasive, time-consuming and destroy the integrity of the sample. Photonics overcomes  these  
limitations  to  a  great  extent.  Laser-ablation,  inductively  coupled-plasma mass  spectrometry  (LA-
ICPMS),  optical  microscopy,  tunable  diode  laser  absorption spectroscopy (TD-LAS), light detection and 
ranging (LIDAR) and ultra-violet visible near infra- red  (UV-Vis-NIR)  spectrophotometry   are  among  the  
few  photonic  techniques  which  are already  in use  in NF analysis.  However,  these  techniques  are 
faced  with  challenges  with regard to analyzing NRM for quantitative information in limited size non-
destructively, non- invasively and rapidly. The critical challenge in NF at the moment is the lack of 
direct, rapid and non-invasive analytical techniques for detection, microanalysis and imaging of NRM. This 
necessitates the development of techniques for rapid analysis (qualitative and quantitative) of NRM.  
Microphotonics,   which  deals  with  directing  light  on  a  microscopic  scale  has  the requisite ability to 
perform NF microanalysis non-invasively, non-destructively and with high sensitivity. We are employing 
machine learning (ML) based microphotonic techniques namely laser induced breakdown spectroscopy 
(LIBS) and laser Raman spectromicroscopy  (LRS) for NF analysis. LIBS is a spectroscopic technique, in 
which the radiation emitted by the micro plasma on focusing a powerful laser beam onto the sample is 
used to fingerprint the element associated with the spectral peaks. LRS uniquely identifies and images 
samples based on molecular vibrations following little or no sample preparation. Although these techniques 
have a huge potential to identify and quantify at standoff distance the elemental, molecular, microstructural 
and isotopic composition of trace NRM their practical utility is limited by the complexity   of the samples   
and  (multivariate)   data  interpretation.   We overcome   these limitations   by c ombining   the techniques   
with  ML  techniques   to  help  reduce  the  data dimensionality and extract subtle NF signatures from the 
spectra and images in aid of nuclear security. We report here the progress made in using the outlined 
microphotonic approaches for NF analysis and attribution in support of nuclear security and safeguards. 
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Determination  of Scattering  Factors  Associated  to the In Vivo 
Monitoring  of Iodine-131 in the Thyroid 

Bernardo  Dantasa,  Fabiana  Limab,  Ana  Letícia  Dantasa,  Eder  Lucenaa,  Rodrigo  
Gontijoc, Carlaine Carvalhod, Clovis Hazinb,d 

aInstituto  de Radioproteção  e Dosimetria,  Rio de Janeiro,  RJ, Brazil 
bCentro  Regional  de Ciências   Nucleares,   Recife,  PE,  Brazil 
cUniversidade   Federal  de  Minas  Gerais,  Belo Horizonte, MG, Brazil 
dUniversidade Federal de Pernambuco, Recife, PE, Brazil 

Abstract. The internal dose due to intake of radionuclides by humans can be estimated by in vivo direct 
measurements  in  the  human  body  and  in  vitro  analysis  of  biological  indicators.  In  vivo techniques  
consist  on  the  identification  and  quantification  of  radionuclides  present  in  the whole body and in 
specific organs and tissues. Activities measured in organs should present uncertainties   within   pre-set   
limits   in   monitoring   programs   for   occupationally   exposed individuals. This study aims to evaluate 
the sources of uncertainty associated with the results of in vivo monitoring of iodine 131 in the thyroid. 
The reference values adopted in this study are based on the criteria suggested by the General Guide for 
Estimating Effective Doses from Monitoring Data (Project IDEAS/European Community) for high-energy 
photons (>100 keV). Besides  the  parameters  presented  by  the  IDEAS  Guide,  it  has  also  been  
evaluated  the fluctuation of the counting due to phantom repositioning, which represents the 
reproducibility of   the   counting   geometry.   Measurements   were   performed   at   the   In Vivo   

Monitoring Laboratory  of  Institute  of  Radiation  Protection  and  Dosimetry  (IRD)  and  at  the  Internal 
Dosimetry Laboratory of Regional Center of Nuclear Sciences (CRCN-NE), braches of the Brazilian  Nuclear  
Energy  Commission  (CNEN).  In  both  institutions,  the  experiment  was performed using a NaI(Tl)3"x3" 
scintillation detector and a neck-thyroid phantom developed in IRD. Scattering factors were calculated and 
compared in different counting geometries. The results show that the technique present reproducibility  
equivalent to the values suggested in the  IDEAS   Guide   and   measurement   uncertainties   comparable   
to  international   quality standards for this type of in vivo monitoring. 
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µ-TPC: A New Recoil Nuclei Telescope for Low Energy Neutron Fields 
characterization 

Benjamin Tampona,  Daniel Santosb, Olivier Guillaudinb, Jean-François Murazb,   
Lena Lebretona, Thibaut Vinchona, Nadine Sauzetb 

aIRSN/PRP-HOM/SDE/LMDN,  Saint  Paul  Lez  Durance,  France 
bCNRS/IN2P3/LPSC, Grenoble, France 

Abstract. To measure  both energy  and fluence  of neutron  fields, with energy  ranging  from 8 keV to 1 
MeV, a new recoil nuclei telescope is under development at IRSN, in collaboration with the  LPSC  
(CNRS/IN2P3/Grenoble).  The  measurement  strategy  requires  the  track reconstruction  of  recoiling  nuclei  
down  to  a  few  keV,  which  can  be  achieved  with  a  low pressure gaseous detector using a micro-pattern 
gaseous detector. A mixture of gas is used as an n-p converter to detect neutrons within the detection 
volume. Then, electrons produced by the ionisation of the gas by the proton recoil, are collected by the 
pixelised anode (2D projection).  A  self-triggered  electronic  able  to  perform  the  anode  readout  at  a  
50  MHz frequency  gives the third dimension  of the track. The scattering  angle is deduced from this 
track using algorithms. The proton energy is determined taking into account the ionisation quenching 
factor. The  system  will be shortly  presented  with  the associated  methods  used  to determine  the energy 
and fluence. This article will emphasize the proton energy calibration procedure and the quenching  factor 
measurements.  The ion source  COMIMAC,  dedicated  to the measurements  of these factors will be 
shown. This source, developed  by LPSC, is able to produce protons and electrons with an accurate energy 
ranging from 1 keV to 50 keV.  
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A Passive Neutron Dosemeter for Measurement in Mixed Neutron-
Photon Fields 

Sören Mattsson, Maria Christiansson, Christian Bernhardsson 

Medical Radiation Physics Malmö, Department of Translational Medicine, Lund 
University, Malmö, Sweden 

Abstract. Despite great efforts to develop environmental and personal passive dosemeters for neutron 
radiation, there is to date no equipment that can be considered as a solution to the problem. Dosemeters   
that  are  available   today   have   shortcomings   in  their   properties,   and  the combination  of different 
dosemeter types that would be needed often turns 1) so expensive that the cost will be a barrier  to their 
use, and 2) their use is so complex  that only a few experts in radiation protection can fully use the 
methodology. The aim of the present project is to develop a simple, effective and inexpensive neutron 
dosemeter for determination of ambient dose equivalent and personal dose equivalent from neutrons in mixed 
photon/neutron fields. This project  combines  the highly  sensitive  salt (NaCl)-OSL  dosemeter  for photon  
radiation with a neutron converter in the form of thin gadolinium foils enclosing the salt. This dosemeter 
registers  neutron-  as well as photon  dose contributions.  Using  an identical  salt dosemeter without 
gadolinium cover determines the photon contribution. With this twin dosemeter, both photon and neutron  
dose contributions  can be estimated.  This report describes  the design and  optimization  of  the  
construction  as  well  as  tests  and  a  preliminary  calibration  of  the dosemeter  for estimation  of neutron  
dose  equivalent  in mixed  neutron  and photon  beams from a 252Cf-source.  Currently,  the lowest dose 
equivalent  possible  to quantify  is around  1 mSv  for  neutrons  and  0.1  mSv  for  the  photon  component.  
The  current  study  shows  the potential of the developed neutron dosemeter and encourages to continued 
studies within the area. 
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The Russian Human Radiobiological Tissue Repository: A Unique 
Resource for Studies of Plutonium-Exposed Workers 

Christopher Loffredoa,  David  Goerlitza,  Svetlana  Sokolovab,  Leonidas  
Leondaridisa,  Mariya Zakharovab, Valentina Revinab, Evgeniya Kirillovab 

aGeorgetown University, Washington, DC, USA 
bSouthern Urals Biophysics Institute, Ozersk, Chelyabinsk Oblast, Russia 

Abstract. The  Russian  Radiobiological   Human  Tissue  Repository  (RHTR)  at  the  Southern  Urals 
Biophysics Institute in Ozersk, Russia, was established to maintain and expand a collection of biological 
samples that are critical to supporting the overall mission of deepening the understanding   of  the  long   
term   health   consequences   of  chronic,   low  dose   radiation exposures.    RHTR  facilitates  a  wide  
range  of  basic  and  molecular  epidemiology  studies designed to assess the relationship between radiation 
exposure and multiple health outcomes and cellular responses.  Two main groups of subjects have been 
enrolled from 1951 to the present time: exposed  workers  at the Mayak facilities,  and residents  of 
Ozyorsk  who were never occupationally exposed to ionizing radiation (controls). Tissues and biospecimens 
are collected with signed, informed consent of participants, and all specimens are annotated with 
demographic, occupational, dosimetry, and medical information including pathology data. Protocols  for  
specimen  collection,  processing,  storage,  and  quality  control  at  RHTR  are continually updated and 
brought into compliance with international best practices guidelines. To  date,  surgical  and/or  biopsy  
tissues  have  been  collected  and  stored  from  over  800 individuals, and autopsy tissues and whole 
organs are available from nearly 1,000 individuals. A  second  major  capacity  of  the  RHTR  is  the  
collection  and  storage  of  blood  samples, consisting  of  suspensions  of  leukocytes,  lymphocytes,  
immortalized  B-cells,  erythrocytes, plasma, serum, and blood DNA from workers and controls. Familial 
blood DNA is available from  parent-offspring  triads  where  at  least  one  of  the  parents  was  an  
exposed  worker. Additional  collections  in the RHTR include oral epithelial cells, saliva, induced 
sputum, and bone marrow from selected individuals. The biological materials and their annotated data are 
available  to and have been shared with interested  scientists  worldwide,  via the RHTR web site, which 
enables the sharing of information with the scientific community and application processes. Examples will 
be described to illustrate the role of RHTR in facilitating state-of-the- art radiobiological research, using this 
unprecedented and unique resource.
 
Radiation Protection Dosimetry (2017), Vol. 173, No. 1-3, pp. 10–15 
doi:10.1093/rpd/ncw303 
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Characterization and Measurement of Dosimetry X-ray Bean on Kenya 

Collins Omondi, David Otwoma 

Kenya Bureau of Standards, Nairobi, Kenya 

Abstract. The  need  for  the  specification  of  X-Ray  beam  quality  arises  from  the  fact  that  several 
parameters  required  for the determination  of absorbed  dose, depend  on the X-Ray source energy.  The  
aim  of  the  presentation   is  to  analyze  the  performance   of  X-Ray  source (Dosimetry) by indirectly 
specifying the radiation beam quality through measurements  of half value layer (HVL), tube potential and 
air-kerma. This involve determination of qualitative and quantitative  of  X-Ray  beam,  physical  
characteristic,  energy  deposition  and  calibration  of photon. The quantity air kerma is used for calibrating 
the reference photon radiation fields and Ionization chamber as reference instrument. The charge collected 
by the ionization chamber is measured with an electrometer, and corrections are applied to account for the 
effects of air temperature, air pressure, ionic recombination and other influence parameters. The 
measurements  are  carried  out  in  Secondary  Standard  Dosimetry  Laboratory  (SSDL)  that have X-ray 
beams. Different HVL beams measurements results are obtained by introducing different  added  filtration.  
The  HVL  increases  with  increasing  filter  thickness  as  the  beam become increasingly harder because  it 
contains a greater proportion of  higher-energy photons. 
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International  Standards  on  Radioactivity  Measurement  for  Radiological 
Protection: Status and Perspectives 
 
Dominique Calmeta, Roselyne Ameonb, Aude   Bombardc, Stephane Bruna, Francois 
Byrded, Jing Chene, Jean-Marie Dudaa, Maurizio Fortef, Marc Fournierg, Ales Fronkah, 
Thomas Haugi, Margarita Herranzj, Amir Husaink, Simon Jeromel, Martin Jiranekm, 
Steven Judgel, Sang Bog Kimn, Pieter Kwakmano, Jeanne Loyeng, Montse LLauradop, 
Rolf Michelq, David Porterfieldr, Andry Ratsirahonanaa, Anthony Richardss, Katerina 
Rovenskah, Tetsuya Sanadat, Christoph Schuleru, Laurence Thomasv, Shinji Tokonamiw, 
Andrey Tsapalovx, Takahiro Yamaday

 
 
aCommissariat à l’énergie atomique et aux énergies alternatives, 92265 Fontenay aux Roses 
Cedex, France, bALGADE, 1 Avenue du Brugeaud - BP 46 - 87250 Bessines sur Gartempe, 
France, cTrisKem International, Campus de Ker Lann, Parc de Lormandière, Rue Maryse 
Bastié, 35170 Bruz, France, dGruppe  Radioaktivität,  Eidgenössisches  Departement  für  
Verteidigung,  Bundesamt  für Bevölkerungsschutz, 3700 Spiez, Switzerland, eRadiation 
Protection Bureau, Health Canada, 775 Brookfield Road, Ottawa, Ontario, K1A 
1C1, Canada, fARPA Lombardia, Centro Regionale di Radioprotezione, Via Juvara 22, 20129 
Milano, Italy, gAutorité de sûreté nucléaire, 15 rue Louis Lejeune, 92541 Montrouge Cedex, 
France, h National Radiation Protection Institute, Bartoškova 28, Praha 4 140 00, Czech 
Republic, iEberhard  Karls-University  of  Tuebingen,  Isotope  lab  &  radiation  protection,  
Auf  der Morgenstelle 24, 72076  Tübingen, Germany,  jDepartment of Nuclear Engineering 
and Fluid Mechanics, alda Urquijo s/n, 48013 Bilbao, Spain, kKinectrics Inc. 800 Kipling 
Avenue, Unit 2 Toronto, Ontario, M8Z 5G5, Canada, lThe National Physical Laboratory, 
Queens Road, Teddington, Middlesex TW11 0LW, United Kingdom, mFaculty of Civil 
Engineering, Czech Technical University, Tha´kurova 7, 166 29 Praha 6, Czech Republic,  
nEnvironmental Technologies Branch, Chalk River Laboratories, Station 51A, Chalk River, 
Ontario, K0J 1J0, Canada,  oRIVM, Laboratory for Radiation Research, PO Box 1, 3720 BA 
Bilthoven, The Netherlands, pDepartamento Quimica Analytıca, Laboratori de Radiologia 
Ambiental, Facultat de Quımica- Universitat de Barcelona, Martı i Franques, 1-11, 08028 
Barcelona, Spain, qStrahlenschutz und Radioökologie Wilh.-Henze-Weg 14; D-31303 
Burgdorf, Germany, rLos Alamos National Laboratory, PO Box 1663, MS G740, Los Alamos, 
NM 87545, USA, sBSI, 389 Chiswick High Road, London W4 4AL, UK, tHokkaido 
University of Science, Department of Radiological Technology, Faculty of Health 
Sciences, Sapporo, Japan, uPaul Scherrer Institut, CH-5232 Villigen PSI, Switzerland, 
vAFNOR, 11 rue Francis de Pressensé, 93571 La Plaine Saint-Denis cedex, France, 
wDepartment  of  Radiation  Physics,  Institute  of  Radiation  Emergency  Medicine,  Hirosaki 
University, Hirosaki City, Aomori 036-8564, Japan, xLaboratory of Radiation Safety in 
Building, Research Institute of Building Physics, Russia, Academy of Architecture and 
Building Science, Moscow, Russia, yJapan  Radioisotope  Association,  28-45,  
Honkomagome  2  ,Bunkyo-ku,  Tokyo1138941, Japan 
 
Abstract. Radiological protection is a matter of concern for members of the public and thus national 
authorities are more likely to trust the quality of radioactivity data provided by accredited laboratories using 
common standards. Normative approach based on international standards aims to ensure the accuracy or validity 
of the test result through calibrations and measurements traceable to the International System of Units. This 
approach guarantees that radioactivity test results on the same types of samples are comparable over time and 
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space as well as between different testing laboratories. Today, testing laboratories involved in radioactivity 
measurement have a set of more than 150 international standards to help them perform their task. Most of them 
are published by the International Standardization Organization (ISO) and the International Electrotechnical 
Commission. This paper reviews the most essential ISO standards that give guidance to testing laboratories 
at the different stages from sampling planning to the transmission of the test report to their customers, 
summarizes recent activities and achievements and present the perspective on new standard development of the 
ISO Working Groups dealing with radioactivity measurement in connection of radiological protection. 
 
KEYWORDS: international standard; radioactivity   test   method; environmental   and   food 
monitoring; radioprotection.
 

RadiationProtectionDosimetry(2017),Vol.173,No.1-3,pp.55–62
doi:10.1093/rpd/ncw342 
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A Method for Response Time Measurement of Ionization Chamber Type 
Survey Meter 

Dehong Lia, Bin Guoa, Jianwei Wanga, Di Wua,b, Xingdong Lia 
aNational Institute of Metrology, Beijing, China 
bUniversity of South China, Hengyang,Hunan, China 

Abstract. Ion current chambers  have responses  that are proportional  to absorbed  energy and hence are 
widely  used  in measurement  of dose.  The ions  generated  in the chamber  are collect through external 
circuit. The  measuring  process  of  the  survey  meter  can  be  seen  as  a  charging  process  of  the 
capacitor through the load resistance. The response time depends on the load resistance and the capacitance 
of the chamber and its associated circuitry. In generally, the response time of ionization chamber dosimeter 
changes from a few seconds to tens of seconds, which leads the  displayed  value  of  instrument  
significantly  different  from  the  actual  dose  rate  during measuring  a short  pulse  of radiation.  The  
actual  dose  rate  can  be obtained  by using  the measured  value  and  response  time.  The  different  
radiations  for the  same  dose  rates  but different exposure times were measured and corrected by using 
the response time given by the instructions of the Model 451B ionization chamber survey meter. It was 
found that the correction  values were increased with the increase of the exposure time, so the conclusion 
that the response time is longer than 8s which is given by the instructions could be gotten. To obtain a 
more accurate  response  time of the survey,  an experience  formula  based on the circuit  theory  and  the  
response  time  was  established,  and  verified  with  experiment  data. According  to  this  method,  the  
response  time  of  the  first  range  of  model  451P  ionization chamber  survey meter which is (0-5) uSv/h 
is about 13.2s that is longer than 8s. And the response time of the model 451P is about 7.3s, but not the 
5 s mentioned in the instructions. Therefore, the response time of the instrument which is used for 
correcting the actual dose rate should be obtained at first when dose rate of a short pulse radiation is 
measured using an  ionization  chamber  type  survey  meter.  It  should  be  noted  that  the  response  time  
is different for the different ranges, because the survey meter has several ranges accomplished by varying 
the value of resistance. 
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The Primary  Standard  for Air Kerma at the NIM for the Gamma  
Radiation  of 137Cs 

Dehong Lia, Peiwai Wanga, Jianwei Huanga, Bin Guoa, Di Wua,b 
aNational Institute of Metrology, Beijing, China 
bUniversity of South China, Hengyang, China 

Abstract. At  the  National  Institute  of  Metrology  (NIM)  a  cylindrical  cavity  ionization  chamber  was 
designed  and constructed  as primary standard  to measure  air kerma for 137Cs γ rays. This instrument  was 
used mainly for radiation protection  calibration  purposes.  Ground protection structural and the collector 
of the chamber were optimized through theoretical calculations of the electric field distribution. The applied 
correction factors for air density, recombination loses, humidity, stem scattering, wall effect (wall 
attenuation wall scattering mean origin of electrons) axial   non-uniformity   and   radial   non-uniformity   are   
described.   The   physical   constants, correction factors, results of measurements and estimated 
uncertainties for the determination of the ionization  current are summarized.  Monte Carlo simulation  
studies  were also made, using EGSnrc. A direct comparison of the standards for air kerma of the NIM and 
of the Bureau International des Poids et Mesures (BIPM) was carried out in September 2014 in the 137Cs 
radiation beam at the BIPM. The comparison result, evaluated as a ratio of the NIM and the BIPM 
standards for  air  kerma,  is  0.9967  with  a  combined  standard  uncertainty  of  0.0021.    An  indirect 
comparison using one transfer chamber belonging to the NIM was also made. A similar result was obtained 
when evaluating the comparison using the calibration coefficients of a transfer chamber.  The results  are 
analyzed  and presented  in terms  of degrees  of equivalence  for entry in the BIPM key comparison 
database. These studies intend to characterize the radiation field and ionization chamber by simulation and 
experiment and to obtain correction factors for the cylindrical cavity ionization chamber. Further work is 
needed to obtain more accurate correction factors. 
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Dosimetry for Radiological Protection at the New Research Facility, ELI-
NP 

Elena Iliescu, Sorin Bercea, Iani Mitu, Aurelia Celarel, Constantin Cenusa 

“Horia Hulubei” National Institute for R&D in Physics and Nuclear Engineering (IFIN-
HH), Magurele, Romania 

Abstract. ELI will be the only European and International Center for high-level research on ultra-high 
intensity laser, laser-matter interaction and briefness will go beyond the current state-of-art by several order 
of magnitude. The third pillar of this project, ELI-NP, is going to be finalized in Magurele (near 
Bucharest, Romania) and will focus on laser-based nuclear physics. The radiation beams and fields that will 
be produced in the ELI-NP are strongly different from all the applications of dosimetry developed in 
Romania until now. In the ELI-NP White Book, the main types of radiation are given and their 
characteristics  (of these beams/fields). In  order  to  identify  the  adequate  technical  solutions  for  the  
dosimetric  and  radiometric instruments for radioprotection in different areas of the ELI-NP facility, different 
calculations (based   on  simulations)   were  performed.   These  estimations   of  the  source-terms   were 
necessary  to establish  the  main  technical  and  metrological  characteristics  of the  different classes of 
instrumentation to be used for the dosimetry for radioprotection. These instruments must cover the main four 
of dosimetry for ELI-NP: i. personnel dosimetry, ii. area dosimetry ( monitoring), iii. environment dosimetry 
(monitoring). The  devices  dedicated  to the  above  first  three  items  must  fulfill  the  regular  requirements 
regarding the radiological protection of the personnel and environment and will serve to obtain the licenses 
by the Romanian Nuclear Authority (CNCAN). In  the  Radiation  Protection  Dosimetry,  according  the  
regulations  and  the  practice,  the following kinds of measurements are needed: 1. area measurements: fixed 
instruments (monitors), mobile instruments (monitors), portable instruments; 2. personnel dosimetry: 
portable  dosimetric systems/instruments : dosimetric films, TLD, personnel electronic (dose rate meters). 
The aim of this paper is to present which are the specific requirements for the dosimeters to be used at 
ELI-NP and the solutions established at this moment for the individual monitoring. 
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Determination   of   a   Urine   Reference   Level   for   an   Individual   
Monitoring Programme for Uranium 

Frik Beeslaar 

NESCA, Pretoria, South Africa 

Abstract. Introduction:  Individual monitoring for exposure to uranium can be complicated, especially for a 
multi physiochemical  environment where parameters such as enrichment, solubility and AMAD vary 
significantly. Bioassay monitoring based on urine analyses is used to monitor an individual’s intake of uranium. 
Urinary reference levels are used as a trigger for further investigation following a positive urine result. The 
reference level, based on a predetermined committed effective dose (CED) will vary with changes in the 
physiochemical  characteristics of the uranium and the exposure scenario. Objectives and Methodology:  The 
aim of the study is to determine a single reference level for uranium in urine. This level should be at a level that 
is low enough to ensure doses above 1 mSv is not overlooked, but also high enough in order to prevent 
unnecessary investigations. The  aim  is  to  quantify  the  sensitivity  of  the  CED  calculation  for  changing  
parameters. Simulated bioassay measurements  are generated in order to evaluate the effect of changing input 
parameters. Results:  Acute intake results in an overestimation  between 5% to 40% in comparison  with chronic. 
An error in the route of intake can lead to a 20 times under- or overestimation of the CED.  The CED is 
significantly less dependent on AMAD. The over/under estimation is ~ 4%. The total activity decreases  for low 
enrichments  where after it increases  as the enrichment increases  per  unit  235U  measured  in  urine.  Changes  
in  absorption  type  can  lead  to  an underestimation or over estimation of several orders in the CED. 
Conclusion:  Chronic intake was found to be the most realistic exposure scenario, however acute intake  was 
assumed.  Inhalation  was found to be the most probable  route of intake. AMAD does not need to be considered 
and the ICRP default value of 5 µm can be used. A default  enrichment  of  30%  is  assumed  for  all  exposures,  
implying  a  maximum underestimation of 2% at 10% enrichment and maximum overestimation of 17% at 50% 
enrichment.   Based on the prevailing  exposure  scenario  a default of Type M was decided. The sensitivity of 
the various input parameters has been quantified and a decision was made on  the  most  adequate  assumptions.  
A  reference  level  of  40  ng  235U/l  was  determined, representing a dose of approximately 0.5 mSv. 
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Data Recording Regarding the Dose Assessment due to X-ray Generator 
Sources and the 241Am Calibration Curve Usefulness 

Felicia Mihai, Ana Stochioiu, Catalina Tuca 

Horia Hulubei National Institute for Physics and Nuclear Engineering, IFIN-HH, Magurele, 
Romania 

Abstract. The   dosimeter   survey   services   assures   radiation   monitoring   for   persons   which   are 
occupational  exposed  at different  sources  that emitting  beta, gamma  and x rays radiation. The 
occupational exposed workers from the medical or industry areas use x-ray generators applying different 
voltages, current intensity and metallic filters in order to obtain clear images considering the investigation 
reason. The individual dosimeters are more or less influenced by type of radiation sources, more exactly by 
the energy of the source. Halide film dosimeter is influenced considerable by radiation energy or by the 
applied voltage on the x-ray generator. This feature can be an advantage or disadvantage depending on the 
interest of application. In this  work  are  presented  the  influence  of the  applied  voltage  on the  halide  
film  dosimeter response  in  order  to  obtain  the  dose  assessment  for  occupational  exposures  with  good 
accuracy.  In this way, two or three halide film dosimetrs were exposed to the x-ray generator at the 
following voltages: 40 kV, 80 kV, 130 kV maintaining  the same current intensity and using an Al filter 
of 3.0 mm. The conventional true dose values were 0.50 ± 0.023 mSv and 1.00  ± 0.022  mSv.  On  the  
other  hand,  halide  film  dosimeter  were  exposed  to the  241Am standard  source  on the 0.10 ÷ 10.00  
mSv dose range  in order to establish  the correction between doses given by x-ray generator and those 
calculate with the 241Am  calibration curve. The greatest differences were obtained in case of 40 kV at the 
dose of 1.00 ± 0.022 mSv and 130  kV  with  0.50  ±  0.023  mSv  dose,  almost  |0.17|  mSv  and  |0.10|  
mSv  respectively. Otherwise, the differences were under |0.08| mSv. But the ratios between optical densities 
recorded  on the halide  film under  plastic  and metallic  filters of the dosimeter  badge  show exactly 
which was the voltage applied during the investigation procedure. The optical density ratios of the 
plastic/Pb filters were 7.11 ÷ 7.44 for 40 kV, 6.5 ÷ 5.5 for 80 kV and 4.6 ÷ 3.5 kV for 130 kV. 
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Integrated Operational Dosimetry System at CERN 
 
Gérald Dumont, Fernando Baltasar Dos Santos Pedrosa, Pierre Carbonez, Doris Forkel- 
Wirth, Pierre Ninin, Eloy Reguero Fuentes, Stefan Roesler, Joachim Vollaire 
 
CERN, CH-1211 Geneve 23, Switzerland 
 
Abstract. CERN upgraded its operational dosimetry system in March 2013 to be prepared for the first 
Long Shut-down (LS1) of CERN’s facilities. The new system allows the immediate and automatic checking 
and recording of the dosimetry data before and after interventions in Radiation Areas. A total of 66 operational 
dosimeter readers were installed near each access point. The readers are connected to a central server allowing 
direct data transmission and recording via a dedicated database. To facilitate the analysis of the data in context 
of CERN’s approach to ALARA (“As Low As Reasonably Achievable”), this new system is interfaced to the 
Intervention Management Planning and Coordination Tool (IMPACT). IMPACT is a web-based tool widely 
used in all CERN’s accelerators and their associated technical infrastructures for work planning, i.e. 
coordination and approval of interventions (work permit principle). It constitutes a centralized repository for the 
intervention information  on  all  facilities  (accelerators,  experiments,  etc.).  For  Radiation  Areas,  the  
IMPACT  tool  also integrates processes related to the application of the ALARA principle, including the Work 
and Dose Planning and the radiological work permit (“Dossier d’intervention au milieu radioactif”, DIMR). The 
coupling of the operational dosimetry database with the IMPACT repository allows a direct and almost 
immediate comparison of the actual dose with the estimations, in addition to enabling the configuration of 
alarm levels in the dosimeter in function of the intervention to be performed. This integration was paramount in 
maintaining, and even improving, the follow-up of activities ensured by the Radiation Protection Group 
during LS1 in 2013-2014. During this period, 2,837 different users intervened in Radiation Areas to perform 
4,598 activities identified in IMPACT resulting in 128,368 entries in the operational dosimetry database. 
 
KEYWORDS: ALARA; CERN; DMC; LDM; dosimetry; DOSISERV; IMPACT; RP.
 

RadiationProtectionDosimetry(2017),Vol.173,No.1-3,pp.233–239
doi:10.1093/rpd/ncw327 
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Biodosimetry of in Vitro Human Lymphocytes exposed to 60Co γ-rays 
and DNA Incorporated 123I 

Hein Fouriea, Jacobus Slabbertb, Richard Newmana, Philip Beukesb, Neil Rossouwb 

aStellenbosch   University,   Stellenbosch,   Western   Cape,   South   Africa 
biThemba   LABS, Somerset West, Western Cape, South Africa 

Abstract. Biodosimetry is  a  measurement  of  a  biological  response  and  is  used  as  a  surrogate  for 
radiation   dose  measurements.   The  cytokinesis-block   micronucleus   assay  is  one  of  the biodosimetry 
assays recommended by the IAEA and ICRU to be used in response to radiation emergencies. For example, 
it was one of the dosimetry methods employed shortly after the Fukushima  Daiichi  nuclear  disaster  in  
2011  and  also  in  long-term  studies  of  health  risks following the radiation exposure. 123I is a short-lived 
isotope commonly utilized in Nuclear Medicine, along with 125I and 131I. Apart from its administration  in 
diagnostic medicine, it also poses an uptake  risk during the production  and dispensing  of the 
radionuclide.  The iodine isotopes  emit  Auger  electrons  during  their  radioactive  decay.  Auger  electrons  
have  been shown  to  cause  significant  damage  to  cellular  DNA,  similar  to  that  of  high  linear  energy 
transfer (LET) particles  such as neutrons,  protons and alpha particles,  if absorbed  into the nucleus of 
the cell. We wish to make use of the Geant4 Monte Carlo toolkit, an open-source code used for high-
energy  particle simulations  at CERN, to estimate  the absorbed  dose in lymphocytes  due to the 
radioactive  decay  of 123I since  direct  dose  measurements  are not possible.   Ultimately,   we  aim  to  
produce  micronuclei   dose-response   curves  for  human lymphocytes exposed to 60Co γ-rays and DNA 
incorporated 123I. The 60Co γ-ray induced micronulei   showed  a  linear-quadratic   dose  response,   
characteristic   of  low-LET  photon exposures.   An   inter-donor   variation   in   the   responses   was   
observed,   a   well-known phenomenon due to the inherent radiosensitivity unique to each person. Making 
use of the microdosimetry calculations, the Auger electron exposures showed a linear response to the 
amount of incorporated 123I. This is characteristic of high-LET particle exposures. A reduction in the 
inter-donor variation of the responses was observed, also characteristic  of exposures by  high-LET  
particles.  The  microdosimetry   results  using  Geant4  differed  slightly  when compared  to similar  
calculations  by other  Monte  Carlo  codes.  Regardless,  dose-response curves were obtained for isolated 
human lymphocytes exposed to 60Co γ-rays and Auger electrons  from  DNA  incorporated   123I.  These  
curves  may  be  used  in  prospective   and retrospective biodosimetry studies. 
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Development   of   Radiation   Portal   Monitoring   System   based   on   
Energy Weighted Algorithm for Gamma Spectroscopy 

Hyuncheol Leea, Wook-Geun  Shina, Han Rim Leeb, Chang-Il Choic, Chang-Su 
Parkc, Hong- Suk Kimc, Chul Hee Mina 

aYonsei  University,  Wonju,  Republic  of  Korea 
bHanyang  University, Seoul, Republic of Korea 
cKorea Institute of Nuclear Safety, Daejeon, Republic of Korea 

Abstract. Polyvinyl toluene (PVT) plastic scintillator has been employed for a radiation portal monitoring 
(RPM)  system  installed  in an  airport  or port  to prevent  illicit  trafficking  of special  nuclear material. 
But due to the poor energy resolution of the plastic scintillator detector, RPM system is suffer from the 
false alarms with the naturally occurring radioactive material (NORM). The  purpose  of  this  study  is  to  
demonstrate  the  new  algorithm  distinguishing  the  illicit radioactive  materials  from  NORM  based  on  
the  energy-weighted   count  with  the  plastic scintillation detectors of the low energy resolution. The 
proof-of-principle  RPM system  of 5×100×5  cm3  plastic scintillator  was developed.  The signal 
generated in the PVT with the incident gammas was processed with the pre-amplifier and amplifier, and 
then the energy spectra was analysed with LabVIEW program. The spectra were re-calculated  with the 
energy-weighted  algorithm  to remarkably  increase the Compton edge and to determine the original energy 
of the incident gammas. Our results show that the optimal parameter for the in-house developed RPM 
system is 1.0 kV of high voltage, 100 pF of input capacitance, 0.5 µsec of shaping time and 160 gains 
for amplifier.  The  energy  spectra  of 133Ba, 137Cs  and 60Co  (>  80  µCi)  were  measured  with detection 
distance of 1 m for 2 min, and the energy weighted spectra showed Compton edge peak on 0.204, 0.485 
and 1.065 MeV, respectively, while the theoretical Compton edge was 0.207, 0.477 and 1.041 MeV, 
respectively. For those isotopes, the maximum difference was assessed as 2%. The current study 
successfully  demonstrated  with the development  of the proof-of-principle RPM  system   that  the  
radioisotope   could  be  accurately   distinguished   with  the  plastic scintillation  detector  by  employing  
the  energy  weighted  algorithm  notably  increasing  the Compton edge. 
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Results of the EURADOS Intercomparisons IC2014 on Whole Body 
Dosemeters for Photons 

Hannes  Stadtmanna,  Tom  Grimbergenb,  Andrew  McWhanc,  Ana  Maria  
Romeroe,  Markus Figeld, Christian Gärtnera 

aSeibersdorf Labor GmbH, Seibersdorf, Austria 
bNuclear Research and Consultancy Group (NRG), Individual Monitoring, Arnhem, The 
Netherlands 
cCavendish  Nuclear  Limited,  Berkeley,  UK 
dHelmholtz  Zentrum  München, München, Germany 
eCentro de Investigaciones Energéticas, Medioambientales y Tecnológicas (CIEMAT), 
Madrid, Spain 

Abstract. EURADOS, the European Radiation Dosimetry Group, has now been performing international 
intercomparisons for whole body dosemeters for individual monitoring services (IMS) for more than 17 
years. Since 2008, these whole body intercomparisons  have been performed  on a regular basis every two 
years. In the most recent whole body dosemeter intercomparison, IC2014, there was total of 96 participating 
monitoring services from 35 countries with 112 dosimetry systems. The irradiation plan consisted of nine 
irradiation setups with five different photon radiation qualities (S-Cs, S-Co, RQR 7, W-80, and W-150) and 
two different angles of radiation  incidence  (0°  and  60°).  Selected  aspects  of  dose  linearity,  energy  and  
angular response  were  tested  and  analysed  for  all  participating  dosimetry  systems.  This  paper 
describes  the  individual  results  for the  personal  dose  equivalent  quantities  Hp(10)  and,  if supplied,  for 
Hp(0.07)  for all participating  systems  and  compares  these  with  the  “trumpet curve” performance 
criteria set out in ISO 14146. In addition, the new data is compared with the results of the previous 
intercomparisons. 
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Improving Potential in a Retrospective Dosimetry using Common 
Plastics by Extracting Inorganic Materials 

Insu Chang, Jang-Lyul Kim, Jungil Lee, Tae-Hyoung Kim, Seung-Kyu Lee, Bong-
Hwan Kim 

Korea Atomic Energy Research Institute, Dajeon, Republic of Korea 

Abstract. Optically stimulated luminescence (OSL) has been applied in a variety of radiation dosimetry 
fields, such as personal  dosimetry,  environmental  radiation  monitoring,  dating,  and retrospective 
radiation dosimetry from radiation accident. In retrospective radiation dosimetry, recently, many researches 
have been carried out for dose reconstruction using personal electronic   devices  such  as  mobile  phones,  
IC  card.  Possibilities  of new retrospective materials are continually investigated. Plastics is one of 
investigated retrospective materials It is cheap and a widely used in human life.  Basically,  plastics  is  
consisted  of  organic  or  inorganic  compounds.  In  some  plastics, inorganic   fillers   (SiO2,   alumina   etc.)   
are  added   to  make   unique   properties   for  their applications. These inorganic fillers have suitable OSL 
properties for retrospective dosimetry. However,  inorganic  fillers are mixed with other compounds,  it 
makes lower OSL sensitivity and weak heat resistance. This study investigated that how to improve the 
potential use in a retrospective dosimetry using common plastics. We have applied chemical extracting 
method to  extract  inorganic  materials  from  common  plastics. It improves the potential of use of common  
plastics  in retrospective accident dosimetry. Therefore, we suggest that the extracting inorganic materials could 
be a method for improving retrospective dosimetric properties of common plastics material. 
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Performance of Eye Lens Dosemeters in use in Europe 

Isabelle Clairanda, Merce Ginjaumeb, Filip Vanhaverec, Eleftheria Carinoud, Josiane 
Daurese, Marc Denozieree, Edilaine Honorio da Silvac, Maria Roigb, Sara Principib, 
Laurent Van Rycheghema 

aInstitute  for  Radiological   Protection  and  Nuclear  Safety  (IRSN),  Fontenay  aux  
Roses, France 
bUniversitat  Politcnica  de  Catalunya  (UPC),  Barcelona,  Spain 
cBelgian  Nuclear Research  Centre  (SCK-CEN),  Mol,  Belgium 
dGreek  Atomic  Energy  Commission  (GAEC), Athens,  Greece 
eCEA-LIST  Laboratoire  National  Henri  Becquerel  (CEA-LNHB),  Gif-sur- Yvette, 
France 

Abstract. Due to recent epidemiological  evidences of radiation induced opacities and cataracts to the eye 
lens, ICRP has recommended an equivalent dose limit of 20 mSv in a year for the lens of the eye, averaged  
over defined periods of 5 years, with no single year exceeding  50 mSv. Medical staff, in particular, those 
involved in interventional radiology and cardiology can be exposed to doses close to the new limit and will 
thus require monitoring of the lens of the eye. Within this framework, the European Radiation Dosimetry 
Group (EURADOS) has organized in  2014  an  intercomparison   exercise  for  eye  lens  dosemeters.  A  
total  of  20  European Individual Monitoring Services from 15 different countries participated. All 
participants used thermoluminescent  detectors with various types of filters and holders. Nine provided the 
Eye-DTM system and the rest provided different systems of various designs. The irradiations were carried 
out with 10 photon fields chosen to cover the energy and angle ranges encountered  in medical workplaces.  
Participants  were asked to report the doses in terms of Hp(3) using their routine protocol. The analysis of 
the results has been based on ISO 14146 standard. Results are globally satisfactory since 17 participants 
provided 90% of their response within the standard required limits. For a minority of participants some 
discrepancies compared to reference  doses  were  observed  for  the  irradiations  setups  characterized  by  
large  angles and/or low energies. 
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Contemporary Radiation Protection Trends – Do we need a New Yype of 
Digital Personal Dosemeters to be used in Medicine, Homeland Security, 
Environmental Protection and Emergencies? 

Ivica Prlica, Marija Suric Mihica, Mladen Hajdinjakb, Tomislav Mestrovica, Zdravko 
Cerovacc 

aInstitute  for  Medical  research  and  Occupational  Health,  Zagreb,  Croatia 
bHaj_Kom  Ltd, Zagreb, Croatia 
cALARA Instruments Ltd, Zagreb, Croatia 

Abstract. Legal personal dosimetry is based on the use of passive dosemeters such as film, thermoluminiscent   
(TLD)  or  optically  simulated   (OSL)  dosemeters.   Modern  technology, special  use for security  
purposes,  emergencies  and extensive  use of radiation  imaging  in medicine  and  industry  imposes  use  
of  upgraded  dosimetric  devices  which  could  provide additional  information  on radiation  exposure  such  
as information  on exposure  dose  rates, data on the exposure occurance, duration of the exposure, etc. 
Majority of available active electronic personal dosemeters (AEPD), due to a type of detector used, are not 
suitable for measurements  in pseudo-pulsed  or pulsed  radiation  fields  used  in interventional  radiology 
(IR) and cardiology  (IC) or border cargo inspections.  An AEPD type ALARA OD, based on GM  tube,  
was  used  to measure  the  levels  and  structure  of the  occupational  exposure  of workers that are 
predominantly  exposed  to scattered  X-ray radiation  of the continuous  and pulsed radiation fields. The 3D 
H*´(10) isodose patterns were constructed. Second set of measurements  was  performed  at  border  crossings  
during  the  regular  customs  x-ray  and LINAC cargo screening procedures. A time varying dose pattern 
was investigated. 
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Rare-earth Doped Silica Fibres for Dosimetry Applications in Medicine 

Ivan Veronesea, Mauro Fasolib, Norberto Chiodinib, Eleonora Monesc, Cristina De 
Mattiaa, Eduardo D'Ippolitoa, Marie Claire Cantonea, Anna Veddab 

aUniversità degli Studi di Milano, Dipartimento di Fisica, Milano, Italy 
bUniversità degli Studi di Milano  Bicocca,   Dipartimento   di  Scienza   dei  Materiali,   
Milano,  Italy 
cMedical  Physics Department, Azienda Ospedaliera Maggiore della Carità, Novara, Italy 

Abstract. Scintillating optical fibre   sensors   have   shown   promising   results   for  ionizing   radiation 
monitoring and therefore can be useful for dosimetry applications in the medical field. In fact, they may 
enable a remote, punctual and real-time dose assessment. This work aims to review the recent progresses  
in the development  and characterization  of rare-earth doped silica fibres. The radioluminescent  and 
dosimetric properties of Ce, Eu and Yb-doped fibres are described in terms of sensitivity, reproducibility, 
and linearity of their responses. Moreover, the advantages and challenges in the use of these fibres for 
radiation therapy  dosimetry  are shown.  For such application,  an effective  approach  to deal with the stem 
effect contribution,  that is a spurious luminescent  signal originated in the passive fibre as a consequence 
of the exposition to ionizing radiations (e.g. Cerenkov light and intrinsic fluorescence) must be considered. 
The stem effect mainly occurs in the UV-VIS, therefore, the opportunity to use a dopant like Yb, emitting 
in the near infrared region, suitable for an optical discrimination of the dosimetric signal, is presented and 
discussed. 
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DosiKit, Innovative Solution for On-site External Radiation Biodosimetry 

Julie  Bensimona,   Caroline   Bettencourta,   Sandrine   Altmeyerb,   Arnaud   
Tupinierb,   Nicolas Ugolinb, Sylvie Chevillardb 

aAcubens, Antony, France 
bCEA, Fontenay-aux-Roses,  France 

Abstract. The  efficient  management  of  a  nuclear  accident  or  attack  requires  the  identification  of 
irradiated   individuals,   and  the  estimation   of  absorbed   dose  to  optimize  medical  care. Numerous 
approaches have been developed to quantify the radiation dose absorbed by an individual.  However,  none of 
these methods  can be used directly on site after an accident since they require both a dedicated 
laboratory and specialized staff. Furthermore, they do not provide information about the localization of 
irradiation and results can only be available D+1 or D+2 after receipt of biological samples. To  develop  
appropriate  emergency  management  tools,  we  invented  a  new  operational, portable and noninvasive 
radiation biodosimetry device, allowing the measurement of external irradiation, either global or localized, 
directly on the field of a radiological accident. This device -concretely two portable suitcases, one 
containing individual kits and the other containing all the equipment  necessary  for the analysis-  allows  
the classification  of irradiated  individuals into three groups (<0.5 Gy, 0.5-3 Gy, >3 Gy). Results are 
provided in less than 45 minutes, and analysis  can be performed  up to 10h hours after irradiation  by 
non-specialists  after a simple training. Our technology relies on the quantification of radiation-induced  or -
modified proteins proportionally  to the radiation  dose received,  taking  into account  individual  
radiosensitivity. The diagnosis is obtained after biological material sampling (blood drop from the fingertip, 
hair bulbs sampled over different parts of the body) followed by protein extraction  and analysis. The  
proteins  quantification   allows  the  assessment   of  radiation  dose  absorbed   by  the individual and of 
the time of exposure as well. Results obtained from the blood indicate the whole body average dose, 
whereas results obtained from hair bulbs allow the detection and quantification of partial body irradiation, 
thus giving a map of body irradiation. This technology is protected by two patents. 
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Analysis of Photon Energy Distribution at the Working Places in Nuclear 
Power Plants Using In-situ CZT Detectors 

Jeongin Kim, Seokon Kang, Meeseon Jeong 

Radiation Health Institute, Korea Hydro & Nuclear Power, Seoul, Republic of Korea 

Abstract. Radiation field information in nuclear power plants should be provided for optimal job planning 
and radiation dose management  for workers. Photon energy distribution  information  can be used to design 
proper shielding for high dose jobs or to reconstruct specific organ doses of workers. So it is important to 
monitor the radiation source terms to analyze the radiation field. Generally, portable scintillation 
spectrometers  or high purity germanium detectors with in-situ object counting system can be used to 
measure the radioactivity directly for the assessment of photon energy field characteristics in the working 
places. However, both devices cannot be easily applied to the detection of source terms in reactor coolant 
systems(RCS)  because of the low energy resolution and the inconvenience with liquid nitrogen cooling 
respectively. Radiation detectors using CdZnTe(CZT)  can overcome these weak points. A CZT has much 
higher resolution than NaI and not need additional cooling devices. The CZT detectors have been  applied  
to radiation  protection  tools  at several  nuclear  power  plants  and the reports show good results. CZT 
detection systems, however, still need in-situ calibration process for proper measurement conditions before 
application. In this study, three different sizes of CZT element were used for various dose rates at major 
working places during refuelling outage periods of nuclear power plants. For the proper calibration, 3D 
geometrical modelling of main RCS pipe-lines with a Monte-Carlo radiation transport code was carried out. 
Results showed that the mean photon energy was lower than standard energy for personal dosimeter  
calibration.  Also, the time fluctuation  of major radio-nuclides  such as Co-60 and Co-58 was well agree 
with extracted coolant measurements. From  the  results,  CZT  detection  system  shows  the  possibility  of  
application  to  radiation source term analysis in reactor coolant systems and used to obtain the proper 
information of major radiation source to workers for establishing pre-job dose planning. 
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Monte Carlo Approach to Accidental Dose Reconstruction Based on the 
EPR Measurements of Absorbed Dose to Human Teeth 

Jeongin Kim, Hoon Choi, Byoungil Lee 

Radiation Health Institute, Korea Hydro & Nuclear Power, Seoul, Republic of Korea 

Abstract. EPR(electron  paramagnetic  resonance) is well known accidental dose estimation technology 
using  a  part  of  human  body  or  personal  belongings  like  teeth,  nails  and  mobile  phones. However, the 
absorbed dose to teeth measured by EPR devices cannot always represent the whole  body  dose  to  the  
victim.  In  most  cases,  the  EPR  dose  estimation  results  can  be referred to the reconstruction  of 
accidental exposure situation. So it is important to estimate the relation between absorbed dose to teeth 
and equivalent doses to critical organs or whole body dose for various situations. In this study, a voxelized 
mathematical human phantom with Monte Carlo radiation transport code and a real physical phantom were 
used to estimate the dose relation between the teeth and the whole body for some simple irradiation 
geometries and medical radiation treatment conditions.  The  teeth  inside  the  mathematical  phantom  were  
additionally  modelled  and personal  TLDs(thermo luminescence   dosimeter)  on  chest  and  TL  chips  
inside  the  real phantom were located. Results showed that there was not much difference between teeth 
dose and whole body dose in most whole body irradiation geometries except some extreme cases and 
enough possibility for rapid whole body accidental dose assessment for wide gamma irradiation conditions. 
However, the dose response relation by the EPR systems for teeth dose estimation should be established for 
various irradiation conditions for accurate dose assessment due to the tissue attenuation of incident low 
energy photons and localized irradiations. 
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Development of  two  new  single-exposure, multi-detector neutron 
spectrometers  for  radiation protection applications in workplace 
monitoring 
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M. Lorenzolic, G. Mazzitellib, M. Moraledaa, A. Polac, D. Saccob,e 
 
aCIEMAT, Av. Complutense 40, 28040 Madrid, Spain 
bIFNF – LNF Laboratori Nazionali di Frascati, via E. Fermi n. 40, 00044 Frascati, Italy 
cPolitecnico di Milano - Dipartimento di Energia, Via Ponzio 34/3, 20133 Milano, Italy 
dUAB, Physics Department, 08193 Bellaterra, Spain 
eINAIL-DIT, Via di Fontana Candida 1, 00040 Monteporzio Catone, Italy 
 
Abstract. The measurement of neutron spectra is an essential issue for the accurate determination of radiation 
protection quantities whose dependence on fluence varies nearly two orders of magnitude depending on neutron 
energy, according to the variation in the quality factor Q values with neutron energy. This communication 
describes the main features and applications of two new instruments (Gómez-Ros et al. 2017), based on multiple 
active thermal neutron detectors located within a single moderator, that permit to unfold the neutron spectrum 
(from thermal to hundreds of MeV) and to determine the corresponding integral quantities (total fluence, 
ambient dose equivalent) with only one exposure. This makes them especially advantageous for neutron field 
characterization and workplace monitoring in neutron-producing facilities. One of the devices has spherical 
geometry and nearly isotropic response, the other one has cylindrical symmetry and it is only sensitive to incident
 neutron from a given direction. In both cases, the used active detectors have been specifically developed looking
 for the criteria of miniaturization, high sensitivity, linear response and good photon rejection. The response matrix,
calculated with MCNPX, has been validated by experimental irradiations in neutron reference fields with a 
global uncertainty of 3%. The measurements performed in realistic neutron fields (around radionuclide sources, 
medical LINACs, research accelerators) have permitted to determine the neutron spectra and the integral quantities 
mentioned above, in particular H*(10). These real-time online spectrometers have been developed in the framework
of a collaboration between five European laboratories and can be available for replication and distribution
to other institutions under collaboration agreement. 
 
RadiationProtectionDosimetry(2017),Vol.173,No.1-3,pp.104–110
doi:10.1093/rpd/ncw349 
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The Influence of the Dose Calculation Resolution of VMAT Plans on the 
Calculated Dose for Eye Lens and Optic Apparatus 

Jong Min Parka, So-Yeon Parka, Jung-in Kima, Hong-Gyun Wub, Jin Ho Kima 

aDepartment  of Radiation  Oncology,  Seoul National  University  Hospital,  Seoul, 
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bDepartment  of Radiation  Oncology,  Seoul National  University  College  of Medicine, 
Seoul, Republic of Korea 

Abstract. The effect of dose calculation grid size on the accuracy of calculated doses in the treatment 
planning system (TPS) for each eye lens and optic apparatus was investigated. A total of 20 patients  who 
received  volumetric  modulated  arc therapy  (VMAT) for head and neck (H&N) cancer located at nasal 
cavity were selected retrospectively for this study. All patients were treated with VMAT technique and the 
treatment plans were generated with the Eclipse system using 6 MV photon beams. For dose calculation,  
the sizes of calculation  grids were varied from 1 mm to 5 mm at intervals of 1 mm. After that, dose 
calculations with various calculation resolution  were performed  maintaining  same number  of monitor  
units (MUs). The planning risk volume (PRV) for each eye lens, each optic nerve and optic chiasm were 
defined with a 2 mm margin from each structure. The calculated maximum dose delivered to left and right 
eye lens increased from 14.9 Gy ± 19.1 Gy to 16.6 Gy ± 17.8 Gy and from 7.5 Gy ± 3.1 Gy to 9.8 Gy ± 
3.9 Gy, respectively, as increasing the size of dose calculation grid from 1 mm to 5 mm. Those values for 
PRV of each lens also increased from 17.1 Gy ± 19.6 Gy to 19.9 Gy ± 18.1 Gy and 9.7 Gy ± 3.8 Gy to 
13.2 Gy ± 4.8 Gy, respectively. For left and right optic nerves, the calculated maximum delivered doses 
increased from 47.5 Gy ± 15.1 Gy to 48.6 Gy ± 15.0 Gy and from 47.7 Gy ± 11.8 Gy to 48.9 Gy ± 11.5 
Gy, respectively. Those values for PRV of each optic nerve increased from 51.7 Gy ± 13.3 Gy to 52.0 Gy 
± 13.9 Gy and from 51.8 Gy ± 10.0 Gy to 52.4 Gy ± 10.9 Gy, respectively. In the case of optic chiasm 
and its PRV, those values increased from 44.0 Gy ± 12.6 Gy to 45.0 Gy ± 12.8 Gy and from 49.6 Gy ± 
11.4 Gy to 49.7 Gy ± 12.0 Gy, respectively.  For eye lens, differences in the maximum dose delivered to 
left and  right  eye  lens  were  11.6%  and  31.4%,  respectively,  as  increasing  the  size  of  dose 
calculation grid from 1 mm to 5 mm. To evaluate exact delivered dose to eye lenses as well as optic 
apparatus,  of which volumes are small, the size of dose calculation  grid should be small when 
calculating dose distributions with patient CT images. 
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Dosimetry  Aspects  for the Development  of an Irradiator  for Cross-
linking  of Cables using 60Co Gamma Rays 

Jain Reji George, B K Pathak 

Board of Radiation & Isotope Technology Department of Atomic Energy, Navi Mumbai, 
Maharashtra, India 

Abstract. Cross-linking  provides  significant  commercial  benefits  to wire and cable insulation.  Ionizing 
energy is an efficient means of cross-linking the polymers to improve many cable properties including 
insulation. In this process chemical bonds are formed between layers of polymer molecule  to  produce  three-
dimensional  insoluble  network.  The  present  methods  of cross- linking are thermal/chemical/e-beam from 
accelerators. E-beam cross-linking is the latest and improves properties like fire resistance, flame properties, 
abrasion resistance, stress crack resistance etc. However there is a limitation of e-beam penetration in large 
diameter cables (>0.030  m dia.) restricting  its application.  Therefore  the feasibility  of processing  multi 
core cables of large diameters  with gamma  rays was explored.  The insulation  jacketing  of multi core  
cables  are  made  of  PVC  or  PE.  The  dosimetric  aspects  were  studied  for  a  cable irradiator- design 
which has been made in such a way that the cable will move through a pipe housed  in Gamma  Irradiation  
Cells (GICs)  each of which have 60Co source  pencils  (BRIT made BC-188) of 7.4PBq arranged around 
the pipe in a suitable diameter (PCD). The pipe can  accommodate  cables  of diameters  up  to  0.072m.  
The  cells  have  effective  irradiation lengths (~1m) and lead shielding of adequate thickness. The objective of 
the study was to evaluate the dose profile in cables when irradiated in a gamma irradiation cell and to 
optimize the PCD of source pencil arrangement to get the appropriate Dose Uniformity Ratio with the 
specified target dose of 100kGy & to arrive at no. of irradiation cells required for a suitable through-put.  
Based  on  the  results  of  the  study  a  gamma  irradiator  with  multiple  number  of irradiation  cells is 
under development  in BRIT, a unit of the Department  of Atomic Energy, India. 
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Development and Applications of Super Monte Carlo Simulation 
Program for Advanced Nuclear Energy Systems 

Jing Song, Liqin Hu, Pengcheng Long, Tao He, Lijuan Hao, Mengyun Cheng, 
Huaqing Zheng, Shengpeng  Yu, Guangyao  Sun,  Tongqiang  Dang,  Qi Yang,  Bin  
Wu,  Chaobin  Chen,  Ling Fang, Yican Wu, FDS Team 

Key Laboratory of Neutronics and Radiation Safety, Institute of Nuclear Energy Safety 
Technology, CAS, Hefei, China, China 

Abstract. The  Monte  Carlo  (MC)  methods  have  been  broadly  adopted  in  design  and  analysis  of 
advanced nuclear energy systems. However, there are still great challenges in the current MC methods 
including the calculation modelling of complex geometries, simulation of deep penetration problem in 
radiation shielding, slow convergence of complex calculation, lack of experimental validation for new 
physical features, etc. SuperMC  is a general  purpose,  intelligent  and multi-functional  program  for the 
design  and safety analysis of nuclear systems. It is designed to perform the comprehensive neutronics 
calculation,  taking the radiation  transport  as the core and including  the depletion,  radiation source 
term/dose/biohazard,  material activation and transmutation,  etc. It supports the multi- physics coupling 
calculation including thermo-hydraulics,  structural mechanics, biology, chemistry,  etc.  The  main  
technical  features  are  hybrid  MC-deterministic  methods  and  the adoption of advanced information 
technologies. The main usability features are automatic modelling of geometry and physics, visualization 
and virtual simulation and cloud computing services. The latest version of SuperMC  can accomplish  the 
transport calculation  of n, γ and can be applied for criticality and shielding design of reactors, medical 
physics analysis, etc. SuperMC has been verified by ~ 2000 benchmark cases. The ICSBEP and the 
SINBAD were used to verify   the  correctness.   The   fusion   reactors   (International   Thermonuclear   
Experimental Reactor ITER reference  models, FDS-II, etc.), fast reactors (IAEA-BN600,  IAEA-ADS,  
etc.), PWR (BEAVRS, HM, TCA, etc.) and cases from the IRPhEP were employed for validating the 
comprehensive   capability  for  reactor  applications.  The  benchmarking  results  have  been compared 
with MCNP, demonstrating higher accuracy and calculation efficiency of SuperMC, and  also  significant  
enhancement   of  work  efficiency  due  to  its  functions  of  automatic modelling  and  visualized  
analysis.  As the  supplementary  of validation  experiments  of MC software for advanced nuclear energy 
systems applications, experiments of Dual Functional Lithium  Lead (DFLL)  blanket,  variance  of 
reactivity  coefficiency  were conducted.  SuperMC has  been  applied  in the  nuclear  design  and  analysis  
of ITER  and  the  China  Lead-based Reactor (CLEAR). 
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Study of Eye Lens Dose at the Nuclear Industries in Sweden 

Lisa Bäckströma, Karin Andgrenb 
aVattenfall, Gothenburg, Sweden 
bVattenfall, Solna, Sweden 

Abstract. The nuclear industries in Sweden have performed a joint study regarding equivalent dose to the 
lens of the eye. Vattenfall engineering organised the activities and among the participating sites were nuclear 
power plants, a nuclear fuel factory and waste workplaces. The project was a result of requirements  from 
the Swedish Radiation  Safety Authority,  and the outcome of the project has been reported to the authority. 
The study was divided into four parts: Calculations of equivalent dose to the lens of the eye: The sites  
identified  situations/professions  where  the whole  body  dosemeter  was  not good enough  for  estimation  
of  the  eye  lens  dose.  Critical situations are  when  the  whole  body dosemeter is shielded and/or when 
beta particles with energies above 700 keV are present. Eye lens doses were estimated using MicroShield 
(for photon radiation) and MCNP5 (for beta radiation). Testing of headband dosemeter measuring Hp(3): 
Reference irradiations for a TLD headband dosemeter from Public Health England, PHE was performed at 
PTB in Germany. The purpose of the testing was to study the fulfilment of performance requirement for 
personal dosemeters set up by the Swedish Authority. Measurements of equivalent dose to the lens of the 
eye: 140  workers  used  the  headband  dosemeter  from  PHE  during  their  work  at  radiological 
controlled  area. The doses registered  by the headband  dosemeters  were compared  to the doses registered 
by the whole body dosemeters. Shielding factors for protective eye eyewear: Shielding factors for eight 
different protective eyewear were studied. 
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Direct Ion Storage Dosimetry Roadmap 
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Abstract. Introduction:  The Direct Ion Storage (DIS) technology  for personal passive Dosimetry  has 
been in use for more than 20 years.   The DIS-1 dosimeter is in high use throughout Europe and the 
Instadose dosimeter is currently being used by over 100,000 people world-wide. However, how and why did 
Mirion see the need to create a new electronic dosimeter for the market?  This paper will analyse the 
technology roadmap of the DIS dosimeter family and compare/contrast  it with the standard types of 
Dosimetry on the market today (i.e. Film, TLD, OSL, RPL) and will include some test data. Roadmap 
Review Summary: DIS technology:   the main emphasis of all DIS dosimeters is to allow the 
hospital/power plant/industrial site to have immediate access to dose data that they would otherwise have to 
wait because of shipping back to a processor or loading into a large reader. DIS-1:   Badges can be read 
throughout facility using readers connected to network. Administrator in Dosimetry office can review all 
results. Military  DIS:   Badges  can be read  remotely  using  battery  operated  hand-held  reader. Reader 
data downloaded into computer and analysed back in Dosimetry office. Instadose  1:   Badge  read  on-line  
using  secure  program  via  a USB  contained  on the dosimeter  and  USB  port  on  a  standard  computer.     
Service  based  model  where  a Dosimetry  service  analyses  all  readings  and  reports  exceptions  to  the  
end user/administrator. Instadose 2:  Similar to instadose 1, but transmits its dose information via blue 
tooth and smart phones, iPads, BLE adaptable computers, or a stand alone Wifi compatible “reader”. Service  
based  model  where  a  Dosimetry  service  analyses  all  readings  and  reports exceptions   to  the  end  
user/administrator.      Readings   are  performed   via  a  manual pushbutton on the dosimeter or using an 
electronic calendar. 
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Implementation of a New BeOSL Dosimetry Platform Utilizing Lean 
Manufacturing Tools 

Kip Bennetta, Mike Lantza, Joel Whitea, Gordon Sturma, Reiner Esserb, Timo 
Wiedenmannc, Jay Thomasd 

aMirion  Technologies   (DSD),  Irvine,  CA,  USA 
bDosimetrics   GmbH,  Munich,  Germany 
cCreados GmbH, Munich, Germany 
dNext Level Partners, Naples, FL, USA 

Abstract. Introduction: Late in 2014 Mirion Technologies made a decision to implement a new BeOSL 
Dosimetry platform from Dosimetrics GmbH.  In order to perform an implementation of such magnitude  in 
a short amount  of time lean manufacturing  processing  events/tools  including kaizen, 3P, standard work, 
and cell building were performed.  In early 2015 Mirion completed the  implementation  of  the  BeOSL  
Dosimetry  platform,  passed  NVLAP  accreditation,  and started badging over 70,000 wearers with the 
new dosimeter. Methods:  Implementation of the BeOSL platform was performed using lean techniques: 
Kaizen – Japanese term for “change for the better”, 3P  –  Production  Preparation  Process  detailing  steps  
and  poke  yokes (error proofing) into the process, cCreation of Standard Work playbook – based on 
demand and capacity of the equipment this playbook is used to determine staffing levels and machinery 
needed to meet the demand. Results:    Using  the  lean  tools  Mirion  was  successful  in  launching  its  
BeOSL  Dosimetry system for a July 1, 2015 wear date.  There are over 70,000 active wearers of the 
dosimeter. Utilizing  the  lean  tools  kept  all  groups  (technical,  operations,  IT,  sales)  on  task  for  a 
successful  completion  of the  project.    There were  roadblocks  along  the  way,  but  without utilizing lean 
manufacturing it would have been much worse. 
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Monte Carlo calibration of the whole body counting detection system for 
In Vivo measurement of people internally contaminated with 90Sr 
 
Karin Fantínováa,b, Pavel Fojtíka, Irena Malátováa

 
 
aSÚRO, Bartoškova 28, Prague 140 00, Czech Republic 
 
bCzech Technical University in Prague, Břehová 9, Prague, 114 19, Czech Republic 
 
Abstract. This paper is focused on calibrations of an HPGe whole body counting (WBC) detection system for 
measurement of pure beta emitters through the produced bremsstrahlung radiation. Calibrations were 
performed with the use of UPh-02T block whole body phantom and Lawrence Livermore National Laboratory 
(LLNL) realistic  torso  phantom.  Neither  of  these  physical  phantoms is  appropriate for  such  calibrations; 
therefore, specific 90Sr sources which can account for recent as well as previous contaminations have been 
manufactured to be used with the UPh-02T phantom. Calibrations with the LLNL torso phantom were 
carried out using Monte Carlo (MC) technique. Different scenarios of the 90Sr distribution in the human tissues 
were considered for the spectrometer calibrations – very recent contamination, when 90Sr is distributed in soft 
tissue, previous contamination, when the radionuclide is distributed mostly in bone, and their combinations. 
This work is dealing mainly with 90Sr, which can be considered as a main potential source of internal 
contamination caused by pure beta emitters, and marginally also with other pure- or practically pure-beta 
emitters such as 32P and 89Sr. 
 
KEYWORDS: 90Sr/90Y bremsstrahlung; internal contamination; In Vivo measurement; HPGe 
whole body counter; Monte Carlo calibration; MCNP6. 
 

RadiationProtectionDosimetry(2017),Vol.173,No.1-3,pp.111–117
doi:10.1093/rpd/ncw324 
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Backscatter Response of Different Personal Dosimeter Detectors for Water 
Slab and Cylindrical Calibration Phantoms 

Kristine Marie Romallosaa, Hiroshi Yoshitomib 

aPhilippine Nuclear Research Institute, Quezon City, The Philippines 
bJapan Atomic Energy Agency, Tokai, Japan 

Abstract. Calibration of dose rate meters are in terms of the ambient dose equivalent H*(d) measured in-
air while calibration  of personal  dosimeters  are in terms of the personal  dose equivalent Hp(d) measured 
at the surface of a phantom that simulates the backscatter and attenuation effects of the human body. 
However, backscatter from the tissue tends to be higher at low energies. That is, for low energy photons and 
depending on the body part exposed, the actual dose deposited to the tissue is higher than the dose of the 
incident radiation. In addition, for the same incident dose, the dose deposited to the human torso is also 
higher than the other body parts. Although the dose equivalent quantities were based on the ICRU tissue, 
it is not practical to use it in the routine calibration of personal dosimeters. ISO phantoms such as the water 
slab, water  pillar  and  PMMA  rod  phantoms  are  typically  used  but  by  doing  so,  a  different 
backscatter response is obtained. Common calibration procedures however do not apply correction factors 
when using the ISO phantoms primarily because the acceptable uncertainty in the assessment of 
occupational personal doses is in the order of +30%. However, this still could affect the accuracy of 
calibrations particularly for low energy photons. This study investigates the backscatter response of various 
personal dosimeters on two types of water phantoms and how it is affected by incident photon energy. 
Personal dosimeters are made  of  various  types  of  detectors  which  in  turn  have  different  response  
characteristics. During calibration, a portion of the dosimeter response will be from the backscattered 
photon. However,  the  backscattered  photon  at  the  phantom  surface  will  have  a  different  energy 
spectrum  from  that  of  the  incident  photons.  Depending  on  the  energy  dependence  and detector size it 
is expected that different dosimeters will have a different response even if the same  calibration  phantom  is 
used.  Hence  correction  factors  maybe  necessary  for a more accurate calibration of personal dosimeters. 
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Dosimetric Uncertainty Analysis of the Optically Stimulated Luminescence 
Dosimeter System in the Philippines 

Kristine Marie Romallosa, Marianna Lourdes Grande, Estrella Caseria 

Philippine Nuclear Research Institute, Quezon City, The Philippines 

Abstract. When the occupationally exposed workers wear personal dosimeters,  several factors affect the 
accuracy of the measured dose received in the workplace. Unlike in a laboratory where all the measurements 
conditions are known, factors such as radiation beam orientation, beam uniformity, and overall dosimeter 
performance will introduce uncertainties in the evaluated personnel dose. In this paper, uncertainty analysis 
of the reported the personal dose equivalent, Hp(10), of the optically stimulated lumiscence dosimeter 
system used by the Philippine Nuclear Research Institute in monitoring the occupationally exposed personnel 
in the country is investigated. Influence factors such dosimeter reading, fading, energy dependence, nonlinear 
and angular dependence  and its effect in the reported dose are calculated. The result is then compared 
with the acceptable combined expanded uncertainty based on the ICRP recommendation  for individual 
monitoring.  This is essential in ensuring that the dosimeter  system used is within the  acceptable  limits  
and  hence  suitable  for  use  in  the  protection  of  occupationally exposed workers. 
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Development of the Electronic Personal Dosimeter Based on Scintillator 
for a Mobile Phone Application 

Kyeongjin Parka, Daehee Leea, Hyunjun Yooa, Eunjoong Leea, Hyunduk Kima,  
Hojong Changa, Gyuseong Choa, Alexander Solodovb 

aKorea Advanced Institute of Science and Technology, Daejeon, Republic of Korea 
bKhalifa University, Abu Dhabi, United Arab Emirates 

Abstract. After  the Fukushima  nuclear  power  plant  accident,  concern  of the radiation  exposure  has 
been  dramatically  increased.  Thus,  demand  for  Electronic  Personal  Dosimeter  (EPD)  is constantly on 
the rise and there is an expectation of increase in usage of EPD in the future. The existing EPD is 
specialized to radiation experts also, it costs few thousands USD and it is not efficient to carry due to the 
large size. Reliability of the measurement is low for radiations except the radiation from Cs-137 which is 
standard source. Therefore, high reliable EPD and easily accessible device for the public is needed. The 
purpose of this study is development of the scintillator based EPD which is portable, high sensitive and able 
to connect to the mobile phone for the general people. Module of the EPD sensor is consisted of 
scintillator, photodiode  and signal processing  circuit. To minimize the price, we used CsI(Tl) scintillator, 
PIN diode and signal processing ASIC in this research. The proposed EPD sensor is spectral dependency.  
Thus, it can detect not only Cs-137 but also wide energy range of the radiation for various fields including 
industry and medical fields. The developed EPD was using lower amount of output channel than current 
EPD by low bit ADC for decrease of power consumption.  Obtained spectrum by low bit ADC was 
converted from spectrum  to  dose  by  using  the  self-developed  dose  conversion  algorithm  for  
monitoring system. The sensor module was made of CsI(Tl) size of 3x3x3 mm3  and PIN diode size of 
3x3 mm2 and the spectrum  was obtained  by check source.  It was determined  that proposed  sensor was 
able to separate the radiation energy from 122 keV to 1.33 MeV. The energy resolution of Cs-137  (662  
keV)  was  12 %. In addition,  error  range  of dose  assessment,  which  was acquired by 6 bit ADC, was 
satisfied to IEC standard 61526. From this result, it was confirmed that  proposed   sensor   can  provide   
efficient   battery   usage   and  memory   management. Currently, assembly of the sensor module is 
completed and ASIC chip is on the test. In  this  conference,  we  will  present  status  of  the  module  
development,  contents  of  the research and results of the experiment. 
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Salty Nuts and Snacks for Retrospective Dosimetry 

Maria Christiansson, Christian Bernhardsson, Therese Geber-Bergstrand, Sören 
Mattsson, Christopher Rääf 

Medical Radiation Physics, ITM, Lund University, Malmö, Sweden 

Abstract. In retrospective dosimetry for emergency dose assessments the method of using optically 
stimulated luminescence (OSL) in common crystalline materials accessible in the public surroundings has 
proven to be very useful. Furthermore, laboratory studies have shown that salt for alimentary use (NaCl) 
has a high sensitivity to ionizing radiation when read-out with OSL. However,  to use ordinary  salt for 
retrospective  individual  dosimetry  requires  salt that has been kept close to the exposed individual. For this 
reason the OSL response of different kinds of salty snacks have been investigated since they are more 
likely to be found close to man, e.g. in handbags, backpacks or pockets. Snacks, such as nuts and potato 
chips, are normally  stored  in  aluminum   or  cardboard   packages  to  preserve  the  crisp  and  taste. 
Especially  one of the investigated  packages  provides  very good  conditions  for storing  the induced  OSL 
signal after exposure  to ionizing  radiation.  By using different  kinds of snacks and then exposing either 
the salt alone or the salt mixed with parts of the snack to ionizing radiation,   the   dosimetric   properties   of   
commonly   available   salty   snacks   have   been investigated.   The  OSL-response   for  the  salt  was  
investigated   using  a  TL/OSL  reader (TL/OSL-DA-15;   Technical   University   of  Denmark,   Risø   
Campus,   Roskilde,   Denmark) equipped  with a 20 MBq (2009-04-09) 90Sr/90Y source. Irradiations  were 
performed  using a 60Co source at a distance of 5.5 m. The internal 90Sr/90Y source was used to give 
calibration doses.  A  common  household  salt  brand  previously  being  found  to  be  highly  sensitive  to 
radiation was also used as a reference. This study shows that some of the snack packages  available in the 
Swedish supermarkets may well sustain  a radiation  induced  OSL-signal  in the salt without  significant  
loss due to optical fading. Furthermore, salt scraped off from almonds and from cashew nuts showed the 
highest sensitivity of the investigated snacks, with a minimum detectable dose (MDD) as low as 1 mGy. 
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Dosimetric Evaluation of a Radiological Accident involving a 
Gammagraphy Industrial Source of 192Ir (44 Ci)-Multidisciplinary 
Approach 

Marina Di Giorgioa, Analía Radla, Adrian Discacciattia, Diana Dubnera, Sebastian 
Gossioa, Francois Trompierb, Ezequiel Soppea, Adriana Coppolac, Mayra Demingea, 
Julieta Reartea, Ana  Molinaria,  Ignacio  Menchacaa,   Fabio  Lopeza,  Gaston  
Castroc,  Mariana  Eganc, Mercedes Portasc 

aNuclear Regulatory Authority, Buenos Aires, Argentina 
bInstitut de radioprotection et de sûreté nucléaire (IRSN),  Fontenay  Aux  Roses,  France, 
cHospital de  Quemados GCBA, Buenos Aires, Argentina 

Abstract. A radiological  accident  with a 192Ir source  (44 Ci; 1.63  TBq)  occurred  in a Thermoelectric 
Power Station located in Río Turbio (Santa Cruz) on August 27th, 2015, due to an industrial radiography  
operation  carried  out by two operators  (workers  A and B). On September  8th, 2015  the  Argentinean  
Nuclear  Regulatory  Authority  (ARN)  was  reported  on  this  matter. According to the operators’ 
statements, two gammagraphy shots were performed. At the time of the removal for the first shot, the 
source got stuck. In order to achieve the projection they proceeded with the total removal of the source, but 
it was actually retreated back to the equipment. As operators believed that the source was outside the 
shielding, they waited until the exposure time finished and made the source store operation. As the source 
was already inside  its  shielding,  it  was  thence  removed  therefrom.  Worker A  entered  the  irradiation 
enclosure  and performed  the plate change and guide tube positioning  for the second shot. Such operation 
was conducted with the source outside its shielding, being the moment of maximum exposure of worker A. 
Objective:  Describe  a multidisciplinary  approach  performed  for the evaluation  of the whole and/or  
partial  body  absorbed  dose  by both  operators  through  clinical  dosimetry  (including kinetics of depletion 
of lymphocytes, neutrophils and platelets), biological dosimetry (dicentric assay), physical and 
computational dosimetry (conventional-MicroShield-MCNP/3Dosim) and EPR on fingernails. The 
radiographer (worker A) was derived to the Burns’ hospital for diagnosis and treatment of the localized  
lesion:  dry epithelitis  on his left hand  index  finger,  which  evolved  into  moist epithelitis. A favourable 
response was observed with early local recovery after treatment. Estimation  of  eye  lens  dose  was  
conducted  and  future  risk  of  developing  cancer  was assessed. The expression of the adhesion molecules 
as well as changes in the subpopulation of  Regulatory T  lymphocytes   and  the  level  of  C-reactive   
protein  were  determined   to characterize the inflammatory response. The event was classified level 3 
according INES scale. Conclusion: Multidisciplinary  dose estimation allowed to guide the medical 
treatment and to support radiation protection decisions within the regulatory frame. 
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In  Light Optically Stimulated Luminescence Dosimetry for Occupational 
Workers in the Philippines 

Marianna Grandea, Kristine Romallosaa, Estrella Caseriaa, Ahmad Bazlieb 

aPhilippine Nuclear Research Institute, Quezon City, Manila, The Philippines 
bMalaysian Nuclear Agency, Bangi, Selangor, Malaysia 

Abstract. In the Philippines,  the Radiation  Protection  Services  Section  (RPSS)  under  the Philippine 
Nuclear  Research  Institute  (PNRI)  currently  offers  dosimetry  services  to  occupationally- exposed  
workers.  Since the late quarter  of 2012, the PNRI-RPSS  had started  offering  the OSL Dosimetry 
Service in order to replace the previous Film Badge Dosimetry Service which served about ten thousand 
(10,000) workers. Currently, the OSL Dosimetry Service monitors about  five  thousand  (5,000)  workers.  
In  this  study,  photon  deep  dose  validation  was performed  through  a comparison  method.  A sample  
of pre-exposed  PNRI OSL dosimeters were  sent  to  the  Secondary  Standards  Dosimetry  Laboratory  of  
the  Malaysian  Nuclear Agency (SSDL-MNA)  which was read with the laboratory’s manual reader, and a 
set of pre- exposed MNA OSL Dosimeters were sent to PNRI which was read with the two (2) PNRI OSL 
manual readers. The output of each reader was plotted in an accuracy graph and it was found out that all 
photon deep dose values were within +10% of the delivered doses. 
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Particle Size Distributions of Radioactive Aerosols in the Atmosphere 

Miroslav Hýža, Petr Rulík, Helena Malá, Vera Beckova 

National Radiation Protection Institute (SÚRO), Prague, Czech Republic 

Abstract. The radiological importance of radioactive aerosol particles depends not only on the kind of 
radionuclide  and its chemical  form but also on the aerodynamic  properties  of the particles, mainly  on  
their  size.  This  work  presents  size  distributions  of a radioactive  aerosol  in the boundary layer of 
atmosphere. The samples were taken continuously in 2015/2016 at SÚRO laboratory  in Prague.  In the 
past,  size  distributions  were  analyzed  in the Czech  Republic during radiation events (Chernobyl 1986; 
Fukushima 2011) or at industrial facilities such as uranium mines. The aim of this study was to establish 
reference "background"  aerosol size distribution  associated  with natural  radionuclides 7Be, 210Pb and 
artificial 137Cs based on a longer time series, which would take into account natural variations. Size 
distributions of 222Rn and 220Rn decay  products  and their potential  use for coagulation  studies  of an 
associated aerosol are also discussed. In several samples, 210Po was also determined, which allows estimating  
its residence  time.  The  samples  were  taken  using  three  six-stage  high-volume cascade impactors with 
cut-offs between 0.39–10.2 µm (flow rate 34 m3/h) and a nine-stage cascade impactor with cut-offs 
between 0.16–18 µm (flow 7 L/min). The radionuclide activity was determined using the HPGe gamma 
spectrometry and radiochemical separation followed by  alpha  spectrometry  analysis  in the  case  of 210Po. 
Resuspended 137Cs distribution  was compared to distributions obtained during the Chernobyl and 
Fukushima NPP monitoring and natural 226Ra distribution was compared to distributions measured in the 
mines. 
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Optical Stimulated luminescence from Citrine for High-Doses Dosimetry 

Maria Ines Teixeiraa,b, Linda V.E. Caldasa 

aInstituto de Pesquisas Energéticas e Nucleares, IPEN – CNEN/SP, Sao Paulo - Sao 
Paulo, Brazil 
bCentro Universitário SENAC - Tiradentes/SP, Sao Paulo - Sao Paulo, Brazil 

Abstract. In the sterilization of medical and pharmaceutical products, food and flower preservation, and 
treatment of electrical cables and al-treatments of different materials is used the irradiation process   by  high-
doses   because   it  presents   advantages   varies.Several   Brazilian   stone samples were already studied at 
IPEN for use in radiation dosimetry, using the techniques of thermoluminescence   (TL),  optical  absorption  
(AO)  and  optically  stimulated  luminescence (OSL). Different kinds of glasses and sand from Brazilian 
beaches were studied at IPEN and showed favorable characteristics for their use for high-dose dosimetry. 
The possibility of using semi-precious stones from Brazilian as topaz, amethyst and jasper, and jade samples 
from different parts of the world, have been studied and tested at IPEN, using the technique of 
thermoluminescence.   The objective of this work was to study citrine samples for application in high-dose 
dosimetry, using the OSL technique. The thermal treatment for reutilization of the materials  was 300oC 
during 1h in an unsealed  oven. The samples were irradiated  using a Gamma Cell-220 system of 60Co 
(dose rate of 1.47 kGy/h), with doses from 50 Gy up to 300 kGy. The reproducibility  of the OSL response  
presented  a maximum  variation coefficient  of 5.7%. The lower detection limit was obtained as 350 mGy 
for the citrine pellets. The results show  that  the  OSL  detectors  based  on  citrine  may  be  useful  for  
high-dose  dosimetry  in industrial processes and in the sterilization process of materials in hospitals. 
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Performance Data of a new Active Personal Dosimeter in Respect to 
Gamma, Beta and Pulsed X-ray Radiation 

Michael Iwatschenko-Borhoa, Alan Laingb,  Ling Luoc, Cassidy  McKeec,  Greg  
Nelsonc,  Ralf Pijahna, Norbert Trosta 
aThermo Fisher Scientific Messtechnik GmbH, Erlangen, Germany 
bThermo Fisher Scientific RMSI, Ferndown, UK 
cThermo Fisher Scientific RMSI, Oakwood, OH, USA 

Abstract. Like its predecessor, the Thermo Scientific EPD Mk2+, the Thermo Scientific EPD TruDose is a 
personal dosimeter that uses a PIN diode to quickly and accurately measure the personal dose and dose 
rate of ionizing radiation. The EPD TruDose maintains the compact, rugged design of the Mk2+ while 
incorporating  several durability and performance  improvements.  It also offers significant incremental 
enhancements that are highly important for the operational performance, such as integrated wireless 
communication  modules, vibration alarm, durability in    harsh    environments     and    radically    
improved    clarity    of    the    user    interface. This  paper  will  briefly  go  through  a  few  of  these  
features,  but  focus  on  the  radiation measurement  performance  and  dosimetry  related  improvements  
of  the  instrument  which allow the usage in a even wider range of work place fields, including any 
pulsed medical X- ray fields. The instrument features a new fast scan mode, which drastically increases the 
frequency at which detector counts are read and analyzed for dead time correction and over- range 
detection. This allows the EPD TruDose to closely follow the intensity modulations  of modern medical 
X-ray devices. The instrument can thus provide the correct integrated dose and  dose  rate,  and  will  alert  
the  user  if  a  peak  dose  rate  exceeding  the  instrument's measuring range is detected. Dose-rate 
calculations in the EPD TruDose are done by a new Advanced Digital Filter, which has a much faster 
response to rapidly changing radiation levels than the Mk2+, providing a shorter response to sudden 
changes of the radiation field. Thus, provided a proper dose rate alarm has been set, the new EPD 
TruDose can contribute to a personal dose reduction by providing the wearer with an instantaneous 
audible, visual and/or vibration alarm, so that he can react accordingly. 
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Calibration of Conventional Survey Meters for Soft X-ray Below 5 keV 

Masahiro Katoa, Tadahiro Kurosawaa, Toshihiko Hinob, Yoshinori Inagakib 

aNational   Institute   of   Advanced   Industrial   Science   and   Technology,   Tsukuba,   
Japan 
bHamamatsu Photonics K.K., Iwata, Japan 

Abstract. Soft x-rays with the photon energy below 5 keV have been widely used in the research and 
development fields such as the elemental analysis, materials evaluation, basic process of radiation physics 
and chemistry, and so on. Generally, soft x-rays with several keV are used in synchrotron radiation 
facilities, or built in an equipment. In these cases, the several keV x- rays hardly make a problem about the 
radiation protection because operators are shielded perfectly from the radiations. In these years, the several 
keV x-rays produced from small x-ray generators have been utilized for removing the static electricity and 
measurement about the aerosol. Since soft x-rays with the energies have only weak penetrating power, they 
may be handled without shielding if they are under atmospheric pressure. However, it is important to 
measure the dose rate around the actual work space or in the vicinity of the x-ray source. The soft x-rays 
with several keV have been mainly measured in the term of particle fluence (in the unit of m-2) or power 
(in watt), but the measurement  standard in the term of dose equivalent (in Sv) has not been available. In 
this study  we have  measure  the dose  equivalent  for soft x-ray  with  the photon  energy below 5 keV 
produced  from an electrostatic  remover (L12536, Hamamatsu  Photonics  K.K.) using  an  extrapolation  
chamber  (C112-A,  Applied  Engineering  inc.),  which  is  use  as  the primary standard for beta dosimetry 
in National Metrology Institute of Japan. The uncertainty of the dose equivalent measurement was 2.9 % 
with the coverage factor k=2. Besides, two conventional survey meters have been calibrated against the 
extrapolation chamber. In this calibration  measurement,  the  uniformity  of  the  soft  x-ray  field  is  
measured  using  a  small volume  ionization  chamber  (23344,  PTW).  The  mass  attenuation   coefficient  
has  been estimated  using  a spectra  of the x-ray  measured  using  a CdTe  detector  (XR-100T-CdTe, 
SEIKO EG&G CO.,LTD.). The uncertainty of the calibration constant of the survey meter was 4.2 % 
(k=2). 
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Retrospective Review of Dosimeter Film Processing 

Mirela Kirr, Christopher Passmore 

Landauer, Glenwood, Illinois, USA 

Abstract. Dose monitoring records and accuracy in dose measurement  are continuously tested during the 
dose reconstruction or epidemiological studies. While reconstructing data for dosimeters analyzed in modern 
times is achieved with relative ease, performing analytical measurements for  dosimeters  dating  as  far  
back  as  to  1954,  has  proven  to  be  more  challenging.   Film dosimeters  from 1954 to 2002 reside deep 
in the salt mines outside in Hutchinson,  Kansas and were recently retrieved for reanalysis in support of the 
Million Worker Study (Boice, 2012) that  is being  conducted  in the  United  States  of America.  The  
purpose  of the  study  is to provide scientifically evidence of effects radiation risk when exposures are 
received gradually over time (Bouville et al. 2015). Since most of the film dosimeters were analyzed in the 
early days of Dosimetry, way before1983, when the performance testing standards were introduced in  the  
United  States,  the  desire  was  to  verify  the  accuracy  of  the  reading  and  the  dose calculation  that  was  
reported  initially.  A  sample  of  participants  was  selected  and  their associated film dosimeters were 
retrieved from archive (Underground  Vaults & Storage, Salt Mine). The dosimeters were reanalyzed using 
current Macbeth TD 931 reader, and compared to the results of the past to determine the accuracy of the 
process. In this study the accuracy of  the  measurement  data  and  dose  calculation  was  within  10%.  
Being  able  to  retrieve historical  records  and  film  dosimeters  to  provide  validation  of  recorded  doses  
is  a  true testament to the foresight of Dosimetry Pioneers to institute quality throughout the analytical 
process and preserving these records well before regulations required their preservation. 
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Design of Long Counter Having Flat Response from Few keV up to 150  
MeV 

Mohamed Mazungaa,b, Taosheng Lib, Yanan Lib, Jieqiong Jiangb, Yican Wub 
aUniversity of Science and Technology  of China,  Hefei, Anhui,  China 
bInstitute of Nuclear Energy Technology, CAS · FDS Team, Hefei, Anhui, China 

Abstract. We have designed an extended range neutron long counter on the basis of work optimized 
using  Super  Monte  Carlo  (SuperMC  2.3.2  Professional  Edition)  code.  The problem  of the existing 
traditional long counters is that their response function falls rapidly above 5 MeV. We proposed a new 
designed by adding two layers of converter material inside the polyethylene moderator.  The relatively  low 
density  chromium  and high density  lead metals  converted  a single high energy neutron to two lower 
energy neutrons  by the (n, 2n) spallation  reaction. This slow down the incident high energy neutron to a 
region where the moderating  cylinder and 3He  counter  responded  well.  The  response  function  at  lower  
neutron  energies  were improved  by  inserting  small  polyethylene  cylinder  in  front  of 3He  counter,  
together  with thermal neutron absorber materials and small air holes drilled in polyethylene  moderator. 
In this design we achieved to extent the flat response function of the long counter from few keV up to 150  
MeV.  The  total  fluctuation  of response  curve  is less  than  ±9%  over  the  entire energy range. The 
angular response of the designed long counter was calculated at various neutron energies, it confirmed that 
the long counter is less affected by scattered neutron. The designed long counter is suitable to be used as 
standard neutron monitor for measurement of neutron fluence at high-energy neutron source. 
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Measurement of Occupational Doses of Ionising Radiation to the Whole 
body of Diagnosis Radiologists 

Maryam Pourkaveh 

Hamadan University of Medical Sciences, Hamadan, Iran 

Abstract. Background   and   purpose:   To   present   the   results   of   occupational   radiation   doses 
investigated through a diagnosis radiologists at Hospitals of Mazandaran Medical Science Universities in 
north of Iran at 2015. This research was carried out to determine measurement of occupational doses of 
ionising radiation to the whole body of diagnosis radiologists. Materials  and Methods:  This study was 
done in order to determine  personnel  operation  in the units of hospitals radiologist related to University of 
Mazandaran Medical Science in 2015. Five group were issued with a series of TLD dosimeters to wear 
during their routine position work. These dosimeters were worn at defined positions on the whole body 
and the absorbed dose to each position was measured. It was concluded that the use of dosimeters attached 
to the inside arms of protective whole body is the optimum solution for surface body dosimetry. Data  
collection  tools are  made  of a  researcher  check  list  that  was  used  after obtaining suitable letter and 
validity indexes. Results: The measured natural radiation background  was 0.08 mSv, and the 
measurement range  for annual  absorbed  dose  was  0.28  mSv  to 5.98  mSv.  The  largest  to the smallest 
radiation exposure was observed in the following worker groups respectively: technologists, physicists,   
radiologists,   nurses  and  officer  staff.  Comparison   of  these  three  scores  in technical,  protective  and  
technological   operation  fields  showed  a  meaningful  difference (p<0.05). Conclusion: The overall 
quality of personnel  operations  were nearly desirable  and in need of continuous   education,   supervision   
and  evaluation.   Also,  a  representative   sample   of occupational exposures personnel was surveyed in an 
effort to determine levels of radiation exposure in diagnosis radiologists at Hospitals of Mazandaran Medical 
Science Universities in north of Iran. This study found that annual exposure levels ranged from 0.28- 7.98 
mSv. Technologists were in the upper in this radiation exposure within five groups. Also, This study found    
before  technologists,  physicist  upper  in  this  radiation  exposure.  Furthermore,  this study  showed,  the  
maximum  dose  is  radiology  staff  and  data  for  the  application  of  the principles of radiation protection 
this section is important.

 
KEYWORDS: occupational doses; ionising radiation; diagnosis radiologists; whole body; hospital 
personnel.  
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Calculation of 2D Dose Distribution in an Inhomogeneous Phantom using 
Artificial Neural Network with Best Training Method 

Mahdi Saeedi-Moghadama, Banafsheh Zeinali-Rafsanjania,b, Kamal Hadadc, Sepideh 
Sefidbakhta 

aMedical Imaging Research Center, Shiraz University of Medical Sciences, Shiraz, Iran 
bNuclear Medicine and Molecular Imaging Research Center,  Shiraz University of Medical 
Sciences, Shiraz, Iran 
cNuclear Engineering Department, School of Mechanical Engineering, Shiraz University, 
Shiraz, Iran 

Abstract. Treatment planning systems were developed in order to facilitate treatment planning in 
radiotherapy. Beam dose distribution data is one of the requirements of these systems, but it is very time 
consuming  to measure  or calculate  these data. Artificial neural network (ANN) can be one of the fast 
calculation methods which help to reduce the time of dose calculation but it needs to train well, in order 
to have more accurate calculations. In this study ANN was trained by the data which was calculated by 
MCNP5. The objective of this study is finding the best  method  of training  the  ANN  using  MCNP5  
modelling.  A simulated  linear  accelerator beam was used in this study. An inhomogeneous phantom was 
modelled using MCNP5. The phantom was a water phantom with a 1-cm-thick cork layer in the depth of 5 
cm. To verify the model the experimental measurements  and calculations of PDD in inhomogeneous  
phantom compared   with   together.   Multilayer-perceptron   network   with   back-propagation   learning 
algorithm was used in order to design the neural network. ANN was trained by the model calculations.  
Different  kinds  of  training  methods  were  tested  to  find  the  best  method  for training  the model.  In 
order  to check  the accuracy  of ANN  the results  of PDD  and beam profiles in the field of 15×15 cm2  
were predicted by ANN with different training methods and compared with the MCNP5 calculations. A 
good agreement was seen between the result of MCNP5 and experimental measurements. Trainbfg training 
method had the least error in inhomogeneous  region for PDD calculations, around 0.6% and max error of 
0.86%. Trainbfg training  method  was  also  the  most  suitable  method  for  beam  profile  calculations.  
The percentage differences in summit and tail regions for this training method were 4.50 and 1.10 
respectively.  This study revealed  that the best training method is Trainbfg and this method can perform  
accurately  in both PDD and beam  profile  calculations.  The test results  of the ANN in the field size of 
15×15 cm2 were shown that the ANN model is completely accurate in 2D dose calculations, so that this 
model can accurately use for dosimetric calculations and its other advantage is decreasing the time of 
calculations to the reasonable level for clinical use. 
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Photoneutron Secondary Cancer Risk Estimation by a Novel Position-
Sensitive Detection Method 

Mehdi Sohrabi, Amir Hakimi 

Department of Energy Engineering and Physics, Amirkabir University of Technology, 
Tehran, Iran 

Abstract. Photoneutron (PN) secondary cancer risk (PN-SCR) estimation of patients undergoing radiotherapy 
is highly important when high-energy X-ray beams of medical accelerators are applied. For accurate 
estimation of the PN-SCR, a position-sensitive  method is required since the PN dose varies from point to 
point in any location in and out of the treatment beam. The methods  applied  so far in the literature  for 
PN-SCR  estimation  mostly  provide  PN dose at single points such as at the isocentre  or at similar 
points. In this paper a position-sensitive method  is  introduced  for  the  first  time  based  on  using  mega-
size  polycarbonate  (MSPC) detectors which make one capable to determine the PN-SCR estimation at 
any point on any organ desired in and out of the beam. The method also provides dose profile and isodose 
distribution  for different single X-ray doses and field sizes in a Siemens ONCOR Linac. The MSPC  
detectors  with an area of 50 x 50 cm2  are processed  in mega size electrochemical etching  chambers  
making  the  PN-induced  recoil  track  images  observable  by  the  unaided eyes.  The  PN  dosimetry  
method  introduced  is  high  position-sensitive  with  a  high  spatial resolution and highly insensitive to 
high energy X-ray doses in addition to a number of other advantages. The method provides superior 
characteristics for PN-SCR estimation studies and other similar applications. 
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A  New  Method  for  Effective  Dose  Calculation  based  on  the  
Ambient  Dose Height Distribution 

Niroojiny Sangarapillaia,b, Mario Liebmanna,b, Bjoern Poppea, Heiner von 
Boetticherb 

aCarl von Ossietzky University, Oldenburg, Germany 
bKlinikum Links der Weser, Bremen, Germany 

Abstract. The effective dose is a widely used quantity to assess the ionizing radiation related risk and 
can  be  of  value  for  comparing  the  relative  doses  from  different  exposures.  In  radiation protection  
practice,  it is usually  estimated  based  on measurements  of the depth  personal dose equivalent which 
“is taken as an assessment of the effective dose under the assumption of a uniform whole body exposure” 
(ICRP 103, par. 144). Radiology  is  the  area  of  occupational  exposure  in  which  most  of  the  radiation  
exposed personnel  is employed  and where this assumption  generally  is not fulfilled, because only a part 
of the body is protected by the protective clothing. To solve  the difficulties  with  the highly  
heterogeneous  exposure  of the medical  personnel during  radiologic  interventions  for monitoring  
measurements  different  techniques  to assess the effective dose using one or two dosemeters were 
suggested. With  this  work  an offline  method  is presented  which  allows  the effective  dose  calculation 
through measurement of a height distribution of ambient dose. Therefore, this method can be used for 
analyzation  and optimization  of working places in a faster and more accurate way than through 
analyzation of monthly readout dosemeters. Using   voxelized   anthropomorphic    phantoms   a   height   
distribution   of   gender   specific conversion factors and correction factors from ambient dose to effective 
dose is developed, enabling  a  direct  conversion  of  a  measured  or  even  manufacturer  given  ambient  
dose distribution to effective dose. This model already includes different radiation protection clothing and 
the effects of beam hardening of the radiation field through different thicknesses of protection clothing. 
Additional radiation   protection   equipment   such   as  permanent   ceiling   or  patient   couch   mounted 
protection shields is included in the ambient dose distribution - measured at the personnel position. For a 
first application of this new method, effective dose for the examiner at interventional computed tomography 
examinations was calculated for two different clinical scanners with different gantry angulations and a male 
and female examiner phantom wearing radiation protection   vests  of  three  different   Pb  equivalent   
thicknesses   and  a  thyroid  protector. Expanding to this example of usage for radiology, this method is 
universally applicable. 
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Development of a New Optical Reading Technique for Dosimetric Gels 
based on the Analysis of the Scattering Light 

Olivier Bleusea,b, Régine Gschwinda, Yannick Baillyb 

aUniversity of Bourgogne Franche Comte - laboratory Chrono Environnement - IRMA 
team, Montbeliard, France 
bUniversity of Bourgogne Franche Comte - laboratory FEMTO ST - MIE team, Belfort, 
France 

Abstract. Chemical  dosimetry,   is  a  promising   metrology   technic  for  ionizing  radiations.   By  their 
constitution, dosimetric gels represent real tridimensional detectors that can be adapted for all volumes,  
where  radiation  responses   and  metrological   characteristics   are  dependent   of reagent concentrations of 
the gel. They are mainly composed of water (like the human body), which  gives  to  gels,  a  very  good  
water/tissue  equivalence.   Used  as  such  a  detector, dosimetric gels are of interest in a lot of areas, 
especially in the medical domain. Firstly, this presentation  will summarize  the theoretical  approach  about 
dosimetric  gels and their reading technics. We focus on polymer gels: their chemical aspects and the 
creation of microdomains. Their characteristics of microdomains were studied and are function of the 
absorbed dose (size, number). Secondly,  we  will introduce  our  new  optical  reading  method,  based  on 
the  Lorenz  – Mie theory to determine the correlation between microdomains  and the absorbed dose. 
Different optical parameters were studied: the scattering angle, the wavelength of the source, the polarization 
ratio and the refractive index of gels. Consequently,  dosimetric gels can be read with a high spatial 
accuracy (less than 10 µm) and with a great sensitivity (less than 0,25 Gy) depending  of gel’s reagents  
concentrations  The influence  of these parameters  will expose and demonstrate in clinical conditions for 
the quality control in radiation therapy. Our  innovative  approach  could  become  the  reference  reading  
technic  for  polymer  gels because  of  its  low  cost  and  high  accuracy  in  comparison  with  MRI  and  
others  readings strategies. To conclude,  we will illustrate  different  applications  of this method  as a 
radiation  detector. One clinical example will be shown in the case of a radiotherapy treatment quality 
control. 
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Performance  Assessment  of the Criticality  Dosimetry  System  at The 
Belgian Nuclear Research Centre SCK•CEN 

Olivier Van Hoeya, Filip Vanhaverea, Marcel Reginattob 
aThe Belgian  Nuclear  Research  Centre  SCK-CEN,  Mol, Belgium 
bPhysikalisch-Technische Bundesanstalt PTB, Braunschweig, Germany 

Abstract. In places where fissile materials are being handled, human error or failure of the safeguards 
system could lead to a criticality accident. Although such accidents almost stopped occurring as a result of 
the high level of today's safety technology, the risk of a criticality accident can never be absolutely 
eliminated. Criticality dosimetry systems must be able to measure neutron doses in the range between 
0.25 and 10 Gy with dose rates up to 105  Gy/s. Since the sensitivity  of neutron  detectors usually 
depends strongly on the neutron energy, the system must be able to reconstruct the energy  spectrum  or  at  
least  estimate  the  average  energy.  According  to  IAEA recommendations, the system must allow a quick 
separation of exposed and non-exposed persons immediately after the accident. Within 48 hours the dose 
must be reconstructed with an uncertainty of less than 50% and less than 25% four days later. The  
criticality  dosimetry  system  at  the  Belgian  Nuclear  Research  Centre  SCK•CEN  is accredited  
according  to ISO17025  by the Belgian  accreditation  body BELAC  and monitors about 4000 nuclear 
workers. The system is based on four activation detectors: gold with and without cadmium  shielding,  
indium and sulphur. Indium allows quick separation  of exposed and non-exposed  persons  using a 
gamma  survey meter. The 198Au and 115mIn activities  of respectively the two gold detectors and the indium 
detector are determined with gamma spectrometry  using a germanium  detector, the 32P activity of the 
sulphur detector with liquid scintillation beta counting. The four activities are then inserted in a self-
developed program calculating the neutron energy spectrum – and thus any dose quantity of interest – 
based on an iterative algorithm starting with a user defined spectrum. Participation in an international 
intercomparison  at the SILENE reactor (CEA Valduc), yearly tests  at the  BR1  reactor  (SCK•CEN)  and  
theoretical  performance  studies  using  reference criticality spectra have shown compliance  of the 
SCK•CEN  criticality dosimetry  system with the  IAEA  recommendations.   Comparison   of  the  current  
iterative  algorithm  and  a  new Bayesian  algorithm  showed  good  agreement.  Further,  an  MCNP  
model  of  the  criticality dosemeter  has  been  developed  to investigate  the effect  of the human  body,  
the detector holder and the neutron impact angle. 
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PROCORAD’s International Proficiency Testing for Radio-Bioassays 

Robert Fottorinoa, Bernadette Peleaub, Christian Hurtgena 
aPROCORAD, Fontenay Aux Roses, France 
bAREVA, Beaumont Hague, France 

Abstract. In France, some specific Medical Biology Laboratories (MBL) are in charge of the monitoring 
of nuclear workers. These MBL, specialized in radiotoxicological tests, must be accredited according to ISO 
15189 and have ministerial certification. The  accreditation   of  radiobioassay   analyses   requires   notably   
Proficiency   Testing   (PT) between  laboratories  and,  in  the  field  of  radiotoxicology,  one  of  the  most  
important  PT providers is PROCORAD, a non-profit making association – law of 1901 - that works  for 
the promotion of quality control of radiotoxicological analysis since 1995. Its specifications are to provide 
real biological samples spiked with various radionuclides and to send them around the world to 
environmental or medical laboratories, involved in radiotoxicological   analysis.   Ten  comparison   exercises   
are  annually   organized:   Tritium, Actinides (except Uranium), Uranium, Carbone 14, Sulphur 35, 
Strontium 90, Gamma – X emitters,  Surprise  test  and  Polonium  in  urine  and  Actinides  in  fecal  ashes.  
The  results obtained by all the laboratories are both statistically and anonymously  exploited, thanks to a 
homemade software entitled Procostat which is in conformity with the requirements of the standard  ISO  
13528.  This  conformity  is  the  first  step  of  an  accreditation  of  PROCORAD according to the standard 
17043. Procorad PT’s program answers to a definite demand from laboratories in charge of radiotoxicological 
analysis. For some years, more than 70 participants from all over the world have signed up to participate in 
these comparison exercises. Apart from an assessment of the different  laboratories  performance,  the  
comparison  exercises  organized  by  PROCORAD enable the laboratories to evaluate the techniques 
implemented in terms of accuracy, reproducibility and specificity. 
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Assessment of Dose Calibrators Performance in Nuclear Medicine 
Department in Sudan 

Suhaib Alameen 

College of Medical Radiologic Science, Khartoum, Sudan 

Abstract. Nuclear  medicine  uses  many  different  radioactive  isotopes  for  radiation  diagnostics  and 
therapy.  The  amount  of radioactivity  has  to  be  determined  exactly  before  it is  applied  to patients. The 
dose calibrators have to measure the radioactivity of gamma and beta with the different energies precisely 
for high quality imaging and for applying and the right amount of radiation to treat disease. This study was 
carried out to assess the performance of dose calibrators with work in nuclear medicine  departments  in  
Khartoum  state.  two  department  were  included  in  this  study  , Radiation  and Isotopes  Centre  of 
Khartoum  (RICK)   and Nilein  Medical  Diagnostic  Centre (NMDC), four Quality Control were carried 
out  using two standard radionuclides “137CS and 57CO” which were accuracy , constancy , linearity and 
geometry. All results that obtained from this study has been compared  with the international  standard 
(±5%) and the results showed that the dose calibrators has good performance and there is no need for any 
correction tables or factors or maintenance. 
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A Simple,  Reliable  and Inexpensive  Microscopy-Based  Method  for 
Radiation Biodosimetry 

Sudhir Chandna, Shwetanjali Nimker, Kanupriya Sharma, Vijaypal Singh 

Institute of Nclear Medicine and Allied Sciences, Delhi, India 

Abstract. A major systemic effect of whole-body  or partial body irradiation includes suppressive  effect 
on haematopoiesis observed at relatively lower doses around 1Gy-2Gy whereas effects on gastrointestinal  
(GI)  and  nervous  system  appear  at relatively  higher  doses  in   that  order. Blood  cells  may  get  
depleted  after  radiation  exposure  depending  on  the  extent  of  dose received.   Current   methods   for   
peripheral   blood   based   radiation   biodosimetry   include assessment of lymphocytopenia as well as 
radiation-induced chromosome aberrations in circulating blood lymphocytes. In this study, we used a new 
and simple method for assessing response of immature red blood cells containing high RNA content in mice 
after total body irradiation at doses ranging from 25cGy-10Gy irradiation. We devised a simple microscopy 
technique involving whole blood smears processed suitably and stained with propidium iodide (PI)  to  
distinguish  reminiscent  RNA-containing  young  erythrocytes  from  mature  red  blood cells.  The  
technique  proved  to  be  far  simpler  and  user-friendly  as  compared  to  other microscopy-based   
methods  including  acridine  orange  and  methylene  blue  staining,  even though we performed validation 
with these latter methods. Using this new procedure, mouse polychromatic  erythrocytes  (PCEs)  were  
found  to  be  partially  depleted  within  24h-48h  at doses  2Gy  onwards,  3Gy-10Gy  causing  depletion  
of  PCEs  below  0.5%  by  48h  post- irradiation.  Similar  results  were  obtained  with  conventional  
microscopy  techniques  using acridine orange and methylene blue for reticulocyte analysis of mice following 
total body irradiation.  With  a  dose-dependent  delay,  recovery  of  these  immature  red  blood  cells  to 
normal levels could be observed by PI staining within 2-4 weeks following irradiation at 3Gy-7.5Gy. 
Animals irradiated at 10Gy suffered irreversible depletion in PCEs by 48h that failed to recover.  Also, 
Kaplan Meier analysis  of animal population  survival  was in good agreement with  the  response  of  this  
new  assay.  The  propidium  iodide  based  microscopy  technique proved to be reliable, inexpensive and easy 
for quantitation of reticulocytes/PCEs. Its major strength  lies  in  its  ability  to  unequivocally  detect  young  
erythrocytes  and  to  assess  the radiation-induced suppression of erythropoieisis in a user-friendly manner 
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Secondary  Neutron  Dose  Assessment  from  Proton  Therapy  Using  
Passive Scattering at The National Cancer Centre (NCC) 

Sang Eun Hana,c, Se Byeong Leeb, Gyuseong Choc, Kyeongjin Parkc 

aKorea  Institute  of Nuclear  Safety,  Daejeon,  Republic  of Korea 
bNational  Cancer  Center, Goyang, Republic of Korea 
cKorea Advanced Institute of Science and Technology, Daejeon, Republic of Korea 

Abstract. Proton therapy is one of the advanced option for cancer treatment nowadays. But secondary 
neutrons during treatment is not a few and being a potential risk to human health. The purpose of the study 
is to assess secondary neutron dose in the treatment space during proton therapy at NCC. Passive scattering 
beam mode was considered because it is the most neutron generating condition. MCNP (ver. 6) Monte 
Carlo simulation was conducted based on the precise modelling with CAD drawings and architectural  
information  of NCC. Five proton beam settings from 190MeV to 230 MeV were selected from the 
conventional treatment plan. Through  the simulation,  three dimensional  neutron flux and dose profile 
over the treatment room was acquired with dense detector arrays, and neutron doses were acquired on the 
basis of ICRP74 ambient dose equivalent conversion factors. As a result,  we could  figure  out three  
things.  First,  neutron  is dominant  risk in secondary radiation field and photon contribution was less than 
2% except for target position. Second, predominant neutron energy bands were near 500 keV, 2 MeV and 
50 MeV from the neutron energy spectrum analysis, and these high energy neutrons mainly contributed to 
total neutron dose  equivalent.  Finally,  Continuous  secondary  neutron  dose  profiles  were  acquired  and 
values were varied from 3.90 ± 0.03 mSv at end of the field to 0.33 ± 0.01 mSv at 100cm lateral 
distance per one Gray (Gy) proton beam absorbed dose in target. Also, Measurement with He-3 neutron 
detector were done in the treatment  room to support the simulation  and result was lower than simulation 
up to 13%. 
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Traceable Measurements for Radiation Protection Industry in South 
Africa 

Sibusiso Jozela 

National Metrology Institute of South Africa, Pretoria, South Africa 

Abstract. The  recommendations   regarding   dosimetric   quantities   and  units  in  radiation  protection 
dosimetry  are  set  forth  by the  International  Commission  on Radiation  Units  and Measurements (ICRU). 
The recommendations  on the practical application of these quantities in  radiation  protection  are  
established  by  the  International  Commission  on  Radiological Protection  (ICRP).  The Radiation  
Protection  and Safety of Radiation  Sources:  International Basic Safety Standards (BSS) requires that 
monitoring and measurements  be conducted on the quantities necessary for the verification of compliance 
with the safety standards. The BSS also  requires  that  equipment  used  for  this  purpose  be  properly  
maintained,  tested  and calibrated,  at  appropriate  intervals,  against  standards  that  are  traceable  to  
national  or international  reference  standards.  In South Africa, according  to the Hazardous  Substances 
Act, 1973 (Act No. 15 of 1973), the regulatory body requires the authority holders to ensure that their 
monitoring equipment is calibrated by the approved body. An approved body should maintain  reference  
radiation  fields  that  are  traceable  to  a  national  standards  body.  This traceability chain provides quality 
assurance of the equipment used in industry where the lives of users (radiation workers) and patients are at 
risk. Through  the  measurement  units  and  measurement  standards  act  No.  18,  of  2006,  the National 
Metrology Institute of South Africa (NMISA) was mandated to provide South African industry and 
environmental, health and safety sectors with fit-for-purpose measurements and measurement  standards.  
This is achieved by keeping and maintaining  the national measurement  standards  and units to an 
acceptable  international  standard;  and by disseminating traceability to the South African industry. The 
latest developments and services provided by the radiation dosimetry laboratory of NMISA in ensuring a 
high quality of life and good radiation safety practice through accurate measurements are presented. 
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Development of the Performance Testing Procedure for the New 
Proposed Portable Gamma Irradiation System 

Seung  Kyu Lee, Hyungjoon  Yu, Insu Chang,  Hyoungtaek  Kim, Jungil Lee, Jang-
Lyul  Kim, Bong-Hwan Kim 

Korea Atomic Energy Research Institute, Daejeon, Republic of Korea 

Abstract. Radiation  monitors  are  widely  used  to  measure  dose  levels  in  nuclear  facilities.  These 
monitors must be calibrated by using reference radiation fields. However, it is difficult and inconvenient  to 
remove  the fixed radiation  monitors  or gamma  zone monitors  for checking their  calibration  and  to  
reinstall  them.  The  calibration  of  these  monitors  needs  portable gamma-ray  sources.  The  use  of  
potable  gamma-ray  sources  is  limited  by  the  available distance from the monitors and the 
intensities/dose rates of the sources. In the present study, a  2169  MBq  (reference  date:  2015.11.25) 
137Cs  gamma-ray  source,  housed  in  a  lead container with a narrow collimation to provide a cone beam, 
was used. Several attenuators (different thickness of metal filters, such as aluminium, copper, and tin 
filters) were made to obtain  varying  dose  rates.  The  reduced  dose  rates  were  measured  by  using  
ionization chamber  (PTW  LS01).  Monte  Carlo  N-Particle  extended  (MCNPX)  simulations  were  also 
performed for all the attenuators. Excellent agreement was found between the experimentally measured  
dose  rates  and  the  respective  simulated  values.  In  a  further  study,  testing procedures and a 
protocol for new proposed techniques by using different attenuators will be developed for the future use, 
and this method of simulation and experimental  verification  of dose rates is planned to be carried out for 
several gamma monitoring systems. 

1359

IRPA14 Proceedings



Development of the Probabilistic Internal Dosimetry Code 

Siwan Noha, Jai-Ki Leea, Jong-Il Leeb, Jang-Lyul Kimb 

aHanyang University, Seoul, Republic of Korea 
bKorea Atomic Energy Research Institute, Daejeon, Republic of Korea 

Abstract. In  internal  dose  assessments,   many  biokinetic  models  and  parameters   are  used  and 
necessarily, each model and parameter have uncertainties. These uncertainties is propagated through internal 
dose assessment,  which results in significant uncertainties  in the estimated dose.  In  addition,  
uncertainties  also  occur  in  the  intake  activity  estimation  from  multiple bioassay measurement data. 
Nevertheless, the point estimation which do not consider uncertainties are widely used in internal dose 
assessment because of simplicity. However, the interval estimation (i.e. probabilistic  assessment)  is 
required for accidental internal exposure or sensitivity analysis. Internal dosimetry from bioassay data is 
dived into two parts: intake estimation using measured activity and intake retention function, and dose 
estimation using internal  dose coefficients.  Probabilistic  estimation  for the intake  retention  fractions  and 
the internal dose coefficients can be implemented using Monte Carlo analysis that propagates uncertainties in 
biokinetic models. Bayesian estimation is used to estimate interval of intake activity  from bioassay  data. 
From  these  two methods,  comprehensive  probabilistic  internal dose assessment can be performed. In this 
study, we developed the probabilistic internal dose assessment code using MATLAB language.  In this code,  
users  can select  which  factors  and parameters  are considered  as having uncertainties or not and use 
default uncertainty data in NCRP publication 164 or input use-defined  data based on GUI. Then, the code 
calculates  the probabilistic  distribution  for intake retention and excretion fractions using the Monte Carlo 
method. Next, the code repeats the Bayesian  estimation  with sampled  fractions  from the distribution  to 
obtain set of intake activity  distributions   and  combine  into  one  distribution.   Finally,  the  code  
calculate  the probabilistic distribution for internal dose coefficient using Monte Carlo method and 
combine with the intake activity distribution. Also, this code provides sensitivity test function to identify 
which factors are important or not to reduce the uncertainty of internal dose. We expect that this  code  
can  be  used  usefully  for  accidental  internal  exposure  situation  and  academic purpose. 
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Effect of Radon Progeny on Real Time Alpha-CAM Monitoring in 
Uranium Facility 

TaeHyoung Kim, JunBok Lee, Jong Il Lee, Bong Hwan Kim 

Korea Atomic Energy Research Institute, Daejeon, Republic of Korea 

Abstract. Alpha-CAM technology has been developed and has evolved over a period several decades in 
response  to the need for an instrument  that is continuously  sampling workplace  air. The real-time 
Alpha-CAM has advantage of continuous sampling, monitoring and alarm capability when  detection  of  a  
significant  accumulation  of  specific  radionuclides  of  concern  occurs. When   using   the  real-time   
Alpha-CAM   measurement,   it  is  most   important   to  remove extraneous  counts  due  to  radon  and  
radon  progeny(radon  progeny)  alpha  emissions  will increase sensitivity and reduce the false alarms. The 
sensitivity of the Alpha-CAM methods is highly dependent on the accuracy of the background 
compensation method. The background issue for using Alpha-CAM monitoring is that typically radon 
and its progeny (radon  progeny) are often found in elevated concentrations in indoor environments. In this 
Study, to evaluate the radon compensation performance of actually used Alpha-CAM in uranium treatment 
facility in KAERI(Korea Atomic Energy Research Institute), we installed additional radon detector(RAD7) 
near by the Alpha-CAM(i-CAM), and compared the radon concentration  from  RAD7  with the gross  alpha  
concentration,  compensated  radon,  from  I- CAM. i-CAM radon compensation  method was very well 
worked removal the radon progeny more than 100 times compared with radon concentration from RAD7. 
But the trend of I-CAM measurement  result  was  similar  to  radon  progeny  behavior.  It  seems  to  not  
completely removal the radon progeny. In uranium facility, It is possible to occur the malfunction by radon 
progeny because uranium has very low DAC(Derived Air Concentration). Thus, in order to set the alarm 
level or DAC when using real time Alpha-CAM, there is a need to reflect the characteristics of the facilities 
by radon progeny effect. 
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PoCAMon – All in one Personal Online Continuous Air Monitor, 
Gamma Dose Meter and Gas warner 

Thomas Streil 

SARAD GmbH, Dresden, Saxony, Germany 

Abstract. The PoCAMon  combines a very compact design with a high flow rate and long battery life. Its 
size and weight are still acceptable for carrying by one person. The unit measures long-lived aerosols  as  
well  as  short-lived  Radon/Thoron  daughters  by  alpha  spectroscopy  and  beta counting.  The  radioactive  
aerosols  and  particles  are  collected  on  the  surface  of  a  high resolution membrane filter. The alpha 
and beta decays on the filter are measured by a high- end  semiconductor  radiation  detector  (400  mm2).  
This  allows  a  perfect  separation  of  the different decay products. The increased pump rate (more than 3 
l/ min) is suitable for lower detection  limits.  The low noise  rotary  van pump  is processor  controlled  
and guarantees  a constant  flow  rate  over  the  hole  measuring  time.  A  sensor  measures  permanently  
the pressure  drop on the filter in order to recognize  an exhausted  or perforated  filter instantly. With the 
3.8 Ah NiMH battery pack the PoCAMon achieves an operation time of more than 30 hours.  The  quality  
control  is  a  main  issue  of  any  radiation  measurement.  Therefore  the PoCAMon records a complete 
alpha spectrum for each measured value. This allows the monitoring  of the device’s perfect operation  in 
each moment of the measurement.  Optional can be integrated   a  10 cm3 LaBr Scintillator coupled with a 
Silicon Photo Multiplier as high sensitive  Gamma Dose meter including nuclide Identification by an  
Energy resolution of 4 %. There  are  options  for  additional  sensors  for  carbon  monoxide  and  
combustible  gases  as needed in underground mines to warn the staff and switch off the device in case of 
dangerous explosive concentrations. All measured data are stored in a 2GB memory card and can be accessed 
with a PC or laptop via a USB interface. Data transmission and device control can also be done via 
wireless ZigBee network or via a server for stationary operation with network access. A barometric pressure 
sensor and a GPS receiver are further optional features of the device. 
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Implementation of ICRP 116 Dose Conversion Coefficients for 
Reconstructing Organ Dose in a Radiation Compensation Program 
 
Timothy Taulbeea, Keith McCartneyb, Richard Traubb, Matthew Smithb, and 
James Netona

 

 
aCenters  for  Disease  Control  and  Prevention  (CDC),  National  Institute  for  
Occupational Safety and Health (NIOSH), 1150 Tusculum Ave, Mail Stop C-45, 
Cincinnati, Ohio, 45226 USA 
 
bDade Moeller and Associates, 1835 Terminal Drive, Richland, Washington, 99354 USA. 
 
Abstract. Under the U.S. Energy Employee’s Occupational Illness Compensation Program Act (EEOICPA) 
of 2000, the National Institute for Occupational Safety and Health (NIOSH) is responsible for reconstructing 
worker radiation doses that are subsequently used to determine the probability that a worker’s exposure caused a 
specified cancer.  Since 2000, NIOSH has used dose conversion coefficients published by the International 
Commission on Radiation Protection in report 74 (ICRP 74) to determine organ dose from external sources of 
radiation.  In 2010, the ICRP issued publication 116 that used more realistic models than ICRP 74, included 
separate values for both males and females, and provided conversion coefficients for 14 additional organs.  
NIOSH has developed a Monte Carlo  method  to  sample  the  energy/organ specific  distribution of  the  ICRP  
116  conversion coefficients to determine the uncertainty in the organ dose.  In addition, the development of 
irradiation geometry factors (IGFs) was required to convert a dosimeter dose measured at various wear 
positions (center chest, pocket, and collar) on the front of the body to values that are compatible with ICRP 
116 organ dose conversion coefficients.  Using Monte Carlo methods, IGFs were developed for both neutrons 
and photon exposures to male and female workers for rotational (ROT) and isotropic (ISO) exposure 
geometries.  The IGFs range from 1.2 to 2.1 for photons in the rotational geometry (ROT) depending on 
gender, dosimeter location and photon energy.   The final component considered in worker dose 
reconstruction is the measured dose and its associated uncertainty.  Each of the components and their 
uncertainty distributions are combined using Monte Carlo methods to compute the mean organ dose and the 
combined total uncertainty used in the probability of causation calculation. 
 
KEYWORDS: dose reconstruction; probability of causation; organ dose; ICRP 116; Monte 
Carlo modelling; MCNP; exposure geometry.
 

RadiationProtectionDosimetry(2017),Vol.173,No.1-3,pp.131–137
doi:10.1093/rpd/ncw305 
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Tracking  System  for  Radiation  Works  Using  Passive  RFID  
Technology  to Enhance Radiation Protection 

Yunjong Leea, Jin Kyu Kima, Jinwoo Leea, Young-Hwan  Ryub,e, Ho-Sung Kimc,e, 
Kyung-Rae Dongd,e, Eun-Jin Choif 

aKorea   Atomic   Energy   Research   Institute,   Jeongup,   Jeollabuk-do,   Republic   of  
Korea 
bDepartment of Radiology, Seoul Medical Center, Seoul, Republic of Korea 
cDepartment of Nuclear   Medicine,   Asan   Medical   Center,   Seoul,   Republic   of   
Korea 
dDepartment   of Radiological  Technology,  Gwangju  Health College  University,  
Gwangju,  Republic  of Korea 
eDepartment   of  Nuclear  Engineering,   Chosun  University,   Gwangju,   Republic   of  
Korea 
fDepartment of Public Health and Medicine, Dongshin university, Naju, Jeonnam, 
Republic of Korea 

Abstract. An  advanced   Radio   Frequency   Identification   (RFID)   system   capable   of  tracking   and 
monitoring  a  wide  range  of  materials  and  components  has  been  developed.  This  paper describes the 
design of an RFID Radiation works Tracking System. It is designed to track a moving person in a wide 
area, such as laboratories or nuclear power plants, using the RFID technology. Radiation workers need to 
be moved from office to Radiation zone and vice versa every day. For radiation safety officers, obtaining 
a safe action for their workers is a critical issue. At times, many radiation workers are tirelessly 
employed without realizing that they’ve been   contaminated.   Contaminated   areas   are   increasing   
because   of  those   situations. Radiation officers had difficulty finding the cause and solving the 
problems. Radiation officers can   easily   recognize   the   person   who   accesses   the   area   and   the   
place   which   are contaminated by using a tracking system and can prevent them from additional 
pollution. The proposed   system  has  hardware   and  software   components.   The  hardware   architecture 
consists of an RFID passive tag, an RFID tag reader, a web server and a database server. The database 
server is located in the office of the radiation safety officer. The tag readers are distributed  around  the 
laboratory.  The tags are programmed  with Radiation  work’s  profiles and are worn by the Radiation 
works. Communication between the tag reader and the server is done via LANs. These experiments showed 
that the RFID tags were effective and stable enough  to be used for successfully  tracking  and monitoring  
radiation  workers.  The worker safety system developed in this research utilized the passive RFID tracking 
technology whose advantages are its efficient tracking capabilities, low cost, and easy maintenance. 
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Capability Study of Multi-function Dose Rate Meter Based on 
Hemisphere CdZnTe Detector 

Ying Wang, Wenjun Xiong, Zhiping Luo, Jizeng Ma, Ling Chen  

China Institute of Atomic Energy, Beijing, China 

Abstract. The common dose rate meter mainly detects γray with energy above 50keV. The hemisphere 
CdZnTe detector has good detective efficiency and energy resolution for low energy X ray andγray.  The  
capability  of  multi-function  dose  rate  meter  based  on  hemisphere  CdZnTe detector was discussed from 
aspects including detectable energy range, energy resolution, environmental  applicability and angle response. 
Except angle response, other aspects show that multi-function dose rate meter based on CdZnTe detector has 
more advantages than common dose rate meter(such as the ionization chamber,etc.) in area monitoring. The 
hemisphere CdZnTe not only can measure ambient dose equivalent rate but also can identify nuclides.  In  
order  to  improve  the  angle  response,  the  solution  by  using  two  hemisphere CdZnTe detectors to share 
anode was given in this paper. 
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Combination of  Automated Chromatographic Separation and  Off-line 
Cherenkov Counting in Determination of Low Level Activity of Sr-90 

Željko Grahek, Ivana Coha 

Rudjer Boskovic  Institute, Zagreb, Croatia 

Abstract. Radiostrontium as an high yield fission product with long physical (28.75 years) and biological 
half-life (~12 years), is one of the most hazardous radiocontaminants in the environment. Therefore, almost 
all environmental  radioactivity monitoring programs include its quantitative determination. Due to its 
radiochemical properties standard procedure for its determination is complicated and time consuming. (ima 
ga u rečenici prije) In recent years fully automated approach for monitoring pure beta emitters has been 
developed. However, there is a lack of prompt  and  reliable  methods   for  determination   of  low-level   
activities   in  environmental samples.  In our  laboratory  semi-automated  procedure  for determination  of 
89,90Sr in liquid waste was established. Procedure includes separation of strontium from matrix on Super 
Lig 620 column followed by off line on column detection via Cherenkov counting on commercially 
available instrument. The goal is further development of mentioned method for monitoring environmental 
occurrence of 90Sr and determination of low level actvity of 90Sr by Cherenkov detection. Nowadays,  
Cherenkov  counting can be successfully  used for quantitative determination of 90Sr in wide range of 
activities by using modern commercial LSC. In addition, several  years  ago  first  commercially  available  
TDCR  (triple-to-double   coincidence  ratio) instrument was released by Hidex Company. It uses TDCR 
technique, which is an absolute counting  method  for  obtaining  counting  efficiency  without  external  
or  internal  standard sources. However, in open literature only few papers were published about using TDCR 
for quantitative determination of 90Sr by Cherenkov counting. Therefore, in this paper semi- automated 
procedure for determination of low level activity of 90Sr which includes separation of strontium from matrix 
on chromatgraphic  column followed by off line on column detection via Cherenkov  counting  will be 
presented.  As quantitative  determination  requires  accurate and precise determination of the detection 
efficiency it will be shown how Cherenkov counting efficiency  (double  and  triple  to double)  for  
strontium  isotopes  depends  on  type  of media, volume,  color,  etc.,  and  how  detection  limit  can  be  
improved  by  optimization  of  these parameters. 
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