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Abstract: This paper presents the development of simulated workplace neutron standard 

fields at the Institute for Nuclear Science and Technology with the 
241

Am-Be source 

moderated by polyethylene spheres with diameters of 15 cm and 30 cm. The 

characterization of the standard fields (in terms of neutron fluence rates and neutron 

ambient dose equivalent rates) was performed using Bonner sphere spectrometer system 

together with MAXED and FRUIT unfolding codes. The related quantities such as 

neutron dose equivalent-averaged energies and fluence-to-ambient dose equivalent 

conversion coefficients were also determined. The discrepancies of values are satisfied the 

standard uncertainty criteria as recommended by the International Standard Organization 

12789 series. It implies that the simulated workplace neutron standard fields can be 

applied in the practical works for calibration purposes. 
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I. INTRODUCTION 

In recent years, the utilization of radiations as well as neutron sources has been rapidly 

increased for various applications. Therefore, accurate measurements of radiation dose 

equivalent rate are needed for radiation safety assessment and worker protection, which 

requires the establishment of neutron standard fields for calibration purposes. Recently, the 

Institute for Nuclear Science and Technology (INST), a member in the International Atomic 

Energy Agency (IAEA)/ the World Health Organization (WHO) joint network of secondary 

standard dosimetry laboratory (SSDL) [1], possesses the unique SSDL in Vietnam for 

ionizing radiation dosimetry and calibration.  

The International Standard Organization (ISO) has published the ISO 8529 series 

criteria which define the neutron standard fields with well-known neutron spectra for 

calibration purposes. The spectra of common neutron sources such as 
252

Cf and 
241

Am-Be 

extend in the energy range from 10
-7

 MeV to 20 MeV. However, the neutron spectra 

encountered at workplaces may extend in a wider energy range from 10
-9

 MeV to 20 MeV [2, 

3]. Moreover, the neutron ambient dose equivalent,       , rates measured by neutron survey 

meters are significantly dependent on the incident neutron spectra. Thus, if calibrations of 

neutron measuring devices to be used at workplaces with the ISO 8529 series standard fields 

become less meaningful. Therefore, the simulated workplace neutron standard fields must be 

created to be able to calibrate neutron measuring devices with neutron spectra similar to those 

at real workplaces [3, 4]. 

In this paper, polyethylene (PE) spheres with diameters of 15 cm and 30 cm were used 

to moderate the 
241

Am-Be source to create the simulated workplace neutron standard fields. 

The characterization of these standard fields (in terms of neutron fluence rates and neutron 

       rates) has been performed using the Bonner sphere spectrometer (BSS) system 

combining with the MAXED and FRUIT unfolding codes [5, 6]. Other quantities related to 

the standard fields as well as neutron dose equivalent-averaged energy and neutron fluence-

to-ambient dose equivalent conversion coefficients have been also calculated.    
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II. INSTRUMENT AND METHOD 

II. 1. Neutron calibration facility 

The neutron calibration room constructed of ordinary concrete with the 2.35 g/cm
3
 has 

the inner dimensions of 700 cm × 700 cm × 700 cm. The details of top view and side view are 

shown in a previous work [1]. The construction materials of the room were followed the data 

guided in the Pacific Northwest National Laboratory (i.e., PNNL-15870 Rev. 1 report) [7].  

The radionuclide 
241

Am-Be neutron source of X14 type capsulation supplied by 

Hopewell Designs, Inc., USA was installed in a container at the base center of the calibration 

room. The initial source strength on January 23, 2015 is 1.299 × 10
7
 s

-1
 with the expanded 

uncertainty of 2.9% (k=2), which is traceable to the National Institute of Standards and 

Technology (NIST), USA. The structure of the source is shown in the Fig. 2.1. When 

performing the measurements, the neutron source is pumped up to the center of the calibration 

room by a pneumatic system through a cylindrical aluminum pipe. Fig 2.2 displays the 

neutron calibration room with the experimental arrangement. 

The BSS system consists of a thermal neutron sensitive detector of 
6
LiI(Eu) and a set of 

six polyethylene spheres with the density of 0.95 g/cm
3
. The diameters of six polyethylene 

spheres are 2, 3, 5, 8, 10, and 12 inches, respectively. The thermal neutrons are detected via a 

reaction 
6
Li(n,α)

3
H (Q = 4.78 MeV). Then, the Ludlum 2200 scaler counts the electronic 

pulses from a photomultiplier. The BSS system’s configuration allows detecting neutrons 

from thermal energy up to 20 MeV. The BSS system is basically not sensitive to photons by 

applying an appropriate discrimination level [1, 8]. 

 

 

Fig. 2.1. 241
Am-Be neutron source 

 
Fig. 2.2. Calibration room with experimental arrangement 

The radionuclide neutron sources can be moderated using a variety of moderators 

surrounding the sources or between the source and the detector in order to create a wider 

range of neutron energies and doses in the fulfillment of the practical demands on neutron 

measuring device calibrations. Two PE spheres with diameters of 15 cm and 30 cm were used 

for moderating the 
241

Am-Be source for establishment of the simulated workplace neutron 

standard fields complying with the recommendations of ISO 12789 series [2, 3].  

II. 2. Experiment 

In the present work, two PE spheres (density of 0.95 g/cm
3
) with diameters of 15 cm 

and 30 cm were used for moderating the 
241

Am-Be source. During the experiments, the BSS 

system is installed along a half diagonal of the room’s central plane which is parallel to the 
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base floor (see Fig. 2.2). The measurements of the total component of neutron fields were 

performed at the distances of 80, 100, 150, 200, and 250 cm apart from the source center. The 

count rates were then used as the input data in the MAXED and FRUIT codes for unfolding 

the total neutron fluence rate spectra at the distances. Once, the neutron fluence rate spectrum 

is available, analysis is carried out to evaluate the related quantities of neutron standard fields 

including neutron fluence rate, neutron        rate, ambient dose equivalent-averaged 

energy, and fluence-to-ambient dose equivalent conversion coefficient (  ). 

II. 3. Unfolding neutron spectrum 

The reading (  ) of the thermal detector combined with each BSS moderator sphere   of 

a set n BSS moderator spheres is the integral over a wide energy range of the product of the 

energy response function,        , of the detector   and the spectral fluence,         at 

energy bin   . The reading    of the     spectrometer can be expressed as Eq.(1): 

   ∑          
                                     (1) 

where,   is the number of energy bin;        is the neutron fluence at the energy bin   . The 

energy response functions,        , were taken from the IAEA compendium [9].  

The MAXED and FRUIT codes were used for unfolding the total neutron spectra from 

the measured data with the moderated 
241

Am-Be sources. These two codes were developed 

based on different unfolding algorithms. Therefore, the results obtained from two codes were 

compared with each other to qualify the characterization process.  

The MAXED code is based on a maximum entropy principle in the inverse problem of 

spectrum unfolding [5]. The iterative algorithm of the MAXED code needs an initial guess 

spectrum which was taken from the MCNP5 simulation [10]. The FRUIT code uses the 

iterative algorithm of Monte Carlo method to vary the parameters and derive the final 

spectrum as the limit of successive spectra which fulfill the established convergence criteria 

[6]. No initial guess spectrum is required in the unfolding process using FRUIT. The number 

of energy bins used in the MAXED and FRUIT code is taken from the publication 74 of the 

International Commission on Radiation Protection (ICRP74) [11] for unfolding neutron 

spectra in the energy range from 10
-9

 MeV to 20 MeV. 

Once the neutron fluence rate spectra are determined from unfolding process, the 

       rates are calculated as Eq.(2):  

       ∑                
 
            (2) 

Where,          is the fluence-to-ambient dose equivalent conversion coefficient in the 

energy bin    which was taken from ICRP74 [11].  

III. RESULT AND DISCUSSION 

III. 1. Neutron fluence rate spectrum 

Fig. 3.1 depicts the neutron fluence rate spectra caused by the total components of 
241

Am-Be neutron standard fields moderated using different PE spheres at various distances 

from the source’s center. At low energy region, the thermal neutron peaks of the spectra are 

appeared as the results of thermalized process. At further distances, the high neutron energy 

peaks decreased rapidly due to the inverse square-distance law while the thermal neutron 

peaks are nearly constant reflecting the constant contributions of scattered components from 

the room’s walls and air. Comparison of the neutron fluence rate spectra obtained from the 

unfolding processes using MAXED and FRUIT codes shows a good agreement (see more in 

Fig. 3.1).  
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Fig. 3.1. Neutron fluence rate spectra (at 100 cm and 200 cm from the source’s center) due 

to the total components of the standard fields of the 
241

Am-Be source moderated by 

PE spheres with diameters of 15 cm and 30 cm. 

III. 2. Neutron fluence rate and        rate 

Once the neutron fluence rate spectra were determined, the        rates can be deduced 

using the Eq. (2). Fig. 3.2 depicts the neutron fluence rate and the ambient dose equivalent 

rates as functions of distances from the source center. The difference in the neutron ambient 

dose equivalent rates and the neutron fluence rates obtained from the MAXED and FRUIT 

unfolding process are less than 8%, which is satisfied the ISO 12789-1 recommendation on 

the standard uncertainty of the integral neutron fluence rate [2]. 

III. 3. Neutron dose equivalent-averaged energy and fluence-to-ambient dose equivalent 

conversion coefficients 

Once the neutron fluence rates and        rates are available, the neutron ambient dose 

equivalent-averaged energy,  ̃, and the fluence-to-ambient dose equivalent conversion 

coefficients,   , can be respectively calculated as Eqs.(3)-(4): 

 ̃  
∑          

 
   

      
           (3) 

   
      

∑       
 
   

           (4) 
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Fig. 3.2. Neutron fluence rate and neutron ambient dose equivalent rate obtained from different unfolding code (MAXED, FRUIT) as functions 

of the distances from the source moderated by PE spheres with diameters of 15 cm and 30 cm. 

Fig. 3.3 show the values of  ̃ (left side) and        rates (right side) obtained from the MAXED unfolding code as functions of different neutron 

sources (horizontal axis). The values of  ̃ vary in the range of 4.4 - 3.1 MeV while        rates reduce a factor of 3.2 from the bare source to 30 cm 

PE moderated source. 

Fig. 3.4 depicts the values of fluence-to-ambient dose equivalent conversion coefficients,    (left side), obtained from the MAXED and FRUIT 

unfolding codes. It can be seen that the values of    vary in the respective ranges of 176-271 pSv.cm
2
 (for 15 cm PE moderated sphere) and 145-220 

pSv.cm
2
 (for 30 cm PE moderated sphere). The ratio of    between the values obtained from the MAXED code to that obtained from FRUIT code is 

also depicted in Fig. 3.4. The ratio varies in the range of 0.97-1.12 that means the discrepancy of    obtained from two codes is within 12%, which is 

satisfied with the ISO 12789-2 recommendation on the standard uncertainty of    within 15% for the characterization process using the BSS system 

[3]. 
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Fig. 3.4. Fluence-to-ambient dose equivalent conversion coefficients and their ratios between 

MAXED and FRUIT values as the functions of distances from the 
241

Am-Be neutron 

source moderated by PE spheres with diameters of 15 cm and 30 cm. 

IV. CONCLUSIONS 

The simulated workplace neutron standard fields of a 
241

Am-Be source moderated by 

the PE spheres of 15 cm and 30 cm in diameter have been developed and characterized using 

the BSS system together with MAXED and FRUIT unfolding codes. The neutron fluence 

rates and neutron ambient dose equivalent rates were derived at five different distances from 

 

Fig. 3.3. Neutron ambient dose equivalent rates and dose equivalent-averaged energy  at the 

distance of 100 cm for the bare 
241

Am-Be source and that moderated by two PE 

spheres with diameters of 15 cm and 30 cm. 
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the source with the discrepancies within 8%. Neutron fluence rate spectra were determined at 

various distances. The moderation process leads the change in neutron ambient dose 

equivalent-averaged energy in the range of 4.4-3.1 MeV while the neutron fluence-to-ambient 

dose equivalent conversion coefficients vary in the range of 145-271 pSv.cm
2
. The 

characterization process of neutron standard fields was verified using two unfolding codes. 

The results show the satisfaction with criteria recommended by ISO 12789 series. The 

simulated workplace neutron standard fields can be applied in the practical works for direct 

calibrations. 
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Tóm tắt: Bài báo này trình bày việc nghiên cứu, phát triển trường chuẩn liều 

neutron mô phỏng thực tế bằng cách nhiệt hóa nguồn Am-Be bởi hai quả cầu 

polyethylene đường kính 15 cm và 30 cm tại Viện Khoa học và Kỹ thuật Hạt nhân. 

Việc xác định các đặc trưng trường chuẩn liều neutron này (suất thông lượng 

neutron và suất tương đương liều neutron môi trường) được thực hiện qua việc sử 

dụng hệ phổ kế cầu Bonner cùng các chương trình tách phổ MAXED và FRUIT. 

Các đại lượng liên quan như năng lượng neutron trung bình trên toàn dải tương 

đương liều và hệ số chuyển đổi thông lượng sang liều cũng được xác định. Sự 

chênh lệch giữa các giá trị thỏa mãn các điều kiện sai sô chuẩn được khuyến cáo 

bới ISO 12789. Điều này chỉ ra rằng trường chuẩn liều neutron mô phỏng thực tế 

có thể được áp dụng trong các công việc thực tế cho mục đích hiệu chuẩn. 

Từ khóa: Thông lượng neutron, tương đương liều môi trường, trường chuẩn liều 

neutron mô phỏng thực tế, hệ số chuyển đổi. 

 


