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ABSTRACT 

 
Due to the variability of neutron spectrum within the same environment, it is essential that the spectral 

distribution as function of energy to be characterized. To perform this task, the neutron spectrometer has a 

primary role in determining the neutron flux (E(E)). Precise information allows radiological quantities 

establishment related to that spectrum but it is necessary, however, a series of steps with a spectrometric system 

that can cover a large interval of energy and whose answer is isotropic. The most widely used for accomplishing 

this task is the spectrometric Bonner spheres system. One of the biggest problems related to neutron 

spectrometry is the process of data analysis, known as unfolding. Most of the work undertaken to implement 

new techniques of this process, using data obtained with the scintillator 
6
LiI(I). However, characteristics related 

to the dead time make it not be so effective when used in high flow neutron fields. An alternative to this 

problem is the use of thermoluminescent detectors (TLD), but the codes used do not provide a more specific 

response matrix to unfolding the information obtained through these materials, which makes the development of 

a specific response matrix important to adequately characterize the response obtained by them. This paper 

proposes using a technique of Artificial Intelligence (AI) called Genetic Algorithm (GA), which uses bio-

inspired mathematical models and through the implementation of a specific matrix to unfolding data obtained 

from a combination of TLDs embedded in a system of Bonner spheres, such as thermal neutron detectors, to 

characterize the neutron spectrum as a function of energy. The results obtained with this method were in 

accordance with reference spectra, thus enables of this technique to unfolding neutrons spectra with BS-TLD 

system. 
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1. INTRODUCTION 

 

The neutron flux in an environment is usually obtained through a spectrometer whose 

response is ideally isotropic. Among the most commonly used spectrometric systems is the 

Bonner Sphere Spectrometer (BSS), developed by Bramblett and his colleagues in 1960 [1]. 

This system consists a set of moderating polyethylene spheres with varying diameters, where 

the center of each sphere is able to accommodate a thermal neutron detector, which through a 

process of data analysis appropriate, allows obtaining information such as total fluency 

(E(E)) and average energy (Eave). 
 

One of the problems related to neutron spectrometry is the process of data analysis, known as 

unfolding. Several mathematical methods were developed to perform this task, however, 

most studies use data obtained with the scintillator 
6
LiI(Eu). Characteristics related to the 

dead time of this instrument make it not be so efficient when exposed to high flux fields. An 

alternative solution to this problem is the use of thermoluminescent detectors (TLD). The low 

sensitivity of these detectors allows them to be subjected to irradiation in high flux fields 

without compromising the information and their mobility allows them to be used without the 

need for associated electronic equipment, such as in the vicinity of cyclotrons accelerators.  

 

Alternatives methods commonly used have been presented as the use of artificial neural 

networks (ANN) [2] and genetic algorithms (GA) [3]. These methods are techniques of 

Artificial Intelligence (AI) using mathematical models inspired by biology, such as biological 

neural structures and processes based on natural selection, which induce an evolutionary 

process. However, most unfolding methods used do not provide a specific response matrix to 

the treatment of information obtained by TLDs [4, 5]. 

 

This work aimed the implementation of a GA to perform the unfolding of the neutron 

spectrum, obtained through a combination of TLDs (TLD600 and TLD700), entered into the 

BS system as thermal neutron detectors using a specific response matrix. 

  

2. METHODOLOGY 

 

Three steps were taken: getting a specific response matrix TLD through MCNP5 code [6], 

development and implementation of a GA and finally, validating the unfolding process of the 

neutron spectrum by means of experimental data. 

 

2.1. Simulation of the neutron spectrum 

 

The MCNP5 code is a computational tool widely used in situations where physical measures 

are inconvenient. The main purpose of using it is to study the interactions and transport of 

neutrons, photons and electrons in matter, allowing the analysis of mixed systems [6]. Were 

simulated 7 sets sphere-detector: bare detector, 2” (5.08 cm), 3” (7.62 cm), 5” (12.70 cm), 8” 

(20.32 cm), 10” (25.40 cm) and 12”(30.48 cm) spaced 75 cm from a point source, identified 

in Fig.1 as sensitive volume. In its interior was designed 5 (five) pairs of TLDs (TLD600 and 

TLD700), their dimensions being followed (0.3175 cm x 0.3175 cm x 0.0889 cm) and 

densities (2.635 g/cm
3
 and 2.64 g/cm

3
) respectively [7]. 
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Figure 1: scheme used in the simulation with MCNP5 code. 

 

The simulations were made considering an environment limited by 31 cm x 91 cm x 33.5 cm 

dimensions, which was considered a point source and the set sphere-detector. This 

environment is designed in a vacuum and instruction to generate 1x10
8
 events (nps) and to 

determine of fluency used the tally card F2. These events were aimed at the sensitive volume 

of the sphere (detector), which are positioned pairs of TLDs. In developing the response 

matrix, the energy spectrum was divided into 100 intervals, distribute in the range 2x10
-8

 and   

20 MeV. 

 

2.2. Development and implementation of the Genetic Algorithm 

 

At first a genetic algorithm can be developed and implemented using any programming 

language such as C, Java or others, and on any operating system. Thus, for convenience, it 

was used language C to implement the Genetic Algorithm Laboratory of Neutron (AGLN). 

 

2.2.1. Coding 
 

In the GA is necessary to codify a candidate configuration, that is, one must make the 

representation of a candidate to solution of the problem. Individuals are represented by 

vectors, consisting of 100 genes that can take a real number in the range of 1 and 1.10
5
 n/cm

2
. 

  

2.2.2. Population 
 

The population size directly influences the processing speed of information, due to the 

number of generations needed to find a solution that is optimal or near-optimal problem. This 

is due to the characteristics of candidate solutions that belong to the initial population, which 

are transferred to their offspring in subsequent generations. Each individual represents a 

possible candidate to solve the problem or the fluency spectrum vector for each BS-TLD set. 

 

 

)1(,,,, 100321  jjjjij   
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The code randomly generates the first set of individuals, ij, this represents the solution 
vector of the jth sphere in the ith energy interval, the coefficient i varies in 100 energy 

intervals pre-established and coefficient j can take one of 7 sets used. 

 

 

2.2.3. Selection Method 
 

In each generation, two individuals were selected, referred to as "parents", and submitted to 

the genetic operator of crossover, so that new individuals are generated, now known as 

"children". The "fathers" were selected used the tournament selection, this method allows all 

individuals in the population, have the opportunity to be selected and their characteristics 

transferred to the offspring of the next generation. 

 

Ten individuals are selected randomly and divided into two groups, A and B, respectively. 

Each group is a competition where he performed with the highest fitness is indicated as group 

winners. Winners have the genes crossed and a new individual is created.  

 

2.2.4. Genetic Operators 

2.2.4.1.  Crossover 
  

The crossover of individuals is accomplished by means of an arithmetic operation between 

the selected parents. The vectors have their elements added and the average between them 

determined by generating a new vector. The arithmetic representation of crossover operation 

can be seen in Equation (2) [8]: 

 

 

)2(
2

' jiij

son


  

 

where son is the new gene of vector son, ij is the gene of the father 1 in position j, i'j is the 

father 2 in the same position j. This operation minimizes the possibility that values of the 

genes of the individual-child are very different from the genes of individual-parents, allowing 

the algorithm to improve accuracy and convergence to the best individual. 

 

The child generated as a result of the crossover operation has its fitness evaluated and 

compared with the parent. If the child has a better assessment of a parent, it will be inserted 

into the population replacing the parent with bad assessment and this in turn will be dropped 

from the initial population. As the evaluation of parents than that of the generated son, the 

child will be dropped, parents reinserted into the population and another generation started 

with the selection of new individuals to continue the process of crossing. 

 

2.2.4.2.  Mutation 
 

The mutation rate is related to the diversity of the current population, established in the 

algorithm the mutation probability by 4%. This value is consistent with the indications given 

in the literature, which show that the mutation rate values are between 1 and 10%. 
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To ensure the randomness of the process, a draft was conducted to determine the occurrence 

of mutation. If the number drawn is between 0 and 4, there will be mutation, if the number 

drawn from a different range is no mutation. This condition guarantees a 4% probability of 

occurrence of mutation. Set to take place in which gene mutation and it will work, is made a 

change in the value of the gene. For this, the value of the gene can be added or decreased by a 

percentage of their own value. This percentage is also determined randomly for this, the 

algorithm makes a draft more to setting attribute percentage. The attribute is then drawn from 

a range of integers [-100, 100]. The value of the gene will be changed according to the link 

below: 

 

New gen value = old value ± (number drawn /100) x old value                   (3) 

 

The new value of the gene replaces the old value and the genotype is composed of the new 

individual, this being reinserted into the population to be reevaluated. 

 

2.2.5. Fitness 
 

An individual randomly selected (ij) is assigned in Equation (4), which through a vector 
operation with the response matrix (Rij), determine a response value for the sphere 

investigated, this response is called Calculated Count (Ccal). 

 

)4(ijijcal RC   

 

The fitness attribute is determined through a relationship between the counting obtained by 

each BS-TLD set called Experimental Count (Cexp) and the value calculated by the algorithm 

(Ccal), which evaluate how close is the value calculated by the algorithm at value 

experimentally obtained, as shown in Equation (5). 
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The number 100 in this equation ensures that evaluation belongs to the set {f = 0 <ℝ ≤ 100}. 
Fitness is assigned to all individual generated by the algorithm and its value is stored to be 

given the best individual in the population or total fluency (tot) of the spectrum investigated. 

 

The best individuals of each set will also be evaluated in relation to the experimental value 

obtained by all BS-TLD set. Was defined as the quality factor of the response,  (%), the 
ratio in percentage terms of difference between the Calculated Count (Ccalc) by AGLN and 

the data obtained with the BS-TLD system (Cexp) [9]. 
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2.2.6. Stop Condition 
 

Considered as stop condition of algorithm when the best individual was determine or when 

was reached maximum number of generations (interactions) previously established. The 

determination of stop condition is related to problem difficulty, or computational cost of 

conclusion of all generation proposal in algorithm. Therefore, was tested some possibilities, 

has been observed that generation number present more stable values, however, without 

substantially increase time of processing, that was 30.000 generations, this being the only 

stopping criterion of the algorithm. 

 

2.2.7. Presentation 

 

At the end of input data processing, algorithm presents output interface to on following 

information: fitness values of the best individuals (f) and quality factor of response (%) for 

any detector set, total fluency of spectrum (tot), that it is summation of the best individuals 

(E(E)) obtained for any detector set, represented algebraically  by Equation (7), and average 
energy (Eave) of investigated spectrum (Equation 8). 

 

)7(
1





n

i
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To determine average energy of spectrum, algorithm indicates gen that influence amplitude 

of spectrum in determined detector set. The positioning of gen it is correlated with 

correspondent position to element of energy vector. 
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Other pointed quantities at the end of the unfolding process AGLN is the ambient dose 

equivalent [H
*
(d)], determinate through Equation (9). 

 

)9(**

tothH   

 

where h
*
 is conversion coefficient of fluence to ambient dose equivalent and tot is total 

fluence calculated by algorithm. Conversion coefficient of fluence for ambient dose 

equivalent (h
*
) has its values available in ISO 8529 [10]. 
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2.2.8. Output 

 

AGLN code allows analysis spectrum of the environment investigated by means of an output 

file called FLUENCIA.TXT, which is presented the behavior of fluence (n/cm
2
) for each 

energy interval investigated. The data contained in this file are converted to fluence/lethargy 

(n/cm
2
/Leth), in order to improve spectrum visibility. 

 

3. Validation of the genetic algorithm 

 

To validate the ulfolding code, the system BS-TLD was exposed in two neutron spectra in 

different fields. The first spectrum was obtained in a field known through a source 
241

AmBe 

and other in an unknown neutron field, obtained inside a bunker cyclotron accelerator. 

 

The BS system used in this work composed of six moderating spheres, made of high density 

polyethylene (0.95 g.cm
-3

), whose dimensions are 2” (5.08 cm), 3” (7.62 cm), 5” (12.70 cm), 

8” (20.32 cm), 10” (25.40 cm) and 12”(30.48 cm) allowing the formation of 7 detector-sphere 

set (considering bare detector). 

 

3.1.  
241

AmBe Spectrum 
 

Were inserted inside the spheres 5 (five) pairs of TLDs TLD700 and TLD600 type. However, 

when the TLDs used in mixed fields generally indicate an overlap of readings due to the fact 

that the neutron field generally consists of two components of radiation, neutrons and gamma 

rays. For the information of the spectrum is restricted by the neutron component, some 

corrections are needed by a factor of proportionality k [11]. 

 

The BS-TLD system sets were exposed to a source 
241

AmBe with activity 7.4x10
4
 GBq (2 Ci) 

and whose emission rate was (4.46 ± 0.08) x 10
6
 n/s 15/03/2006. The center of each set was 

positioned at a height (150 ± 1) cm from the floor and kept at a distance of (75 ± 1) cm from 

the source, this distance being a recommendation in ISO 10647 [12]. 

 

3.2. Neutron spectrum obtained inside the bunker cyclotron accelerator 

 

The second spectrum was obtained inside the bunker of a cyclotron accelerator, located in 

Section Radiopharmaceutical Production at Development Center of Nuclear Technology 

(CNEN-MG/CDTN/SECPRA). 

 

This equipment is capable of accelerating hydrogen ions (H
-
) up to 16.5 MeV or deuterium 

ions (D
-
) up to 8.4 MeV, where maximum current for the production of isotopes is 80 μA for 

protons and 60 μA for deuterons [13]. 

 

The neutron spectrum was obtained within the bunker of the cyclotron accelerator, each set 

positioned at a distance (100 ± 1) cm from the principal target of the accelerator. Because the 

approach of the experimental apparatus in the primary target of the accelerator and amount of 

active material existing in that environment as a result of radiation scattered by collision of 

particle beam with the target, the irradiation of each set BS-TLD lasted 5 min on a current of 
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4 μA. It was found that longer intervals would not add the measures against the risk due to 

high levels of background radiation into that environment.  

 

4.  RESULTS 

 

4.1. Development and implementation of the Genetic Algorithm 
 

Genetic Algorithm of Neutron Laboratory (AGLN) was developed in C++ language, utilizing 

a visual ambient for development of application object oriented Borland C++Builder. 

Algorithm could be compiled on any computer, since it has minimum configuration of        

256 MB, 550 MB of HD, 400 MHz or AMD X2. 

 

When compiled, the code showed displays screen where select the sets that are used in 

unfolding process. Once selected, simply click the "START" to process data, with the final 

result, the fluency total (tot) values, ambient dose equivalent (H
*
), average energy of 

spectrum (Eave), with their deviations and the best fitness for each set-sphere detector. 

 

The code also shows the quality factor of the response, (%), and this term determines the 

deviation between the experimental measurement and the value calculated by AGLN at the 

end of convergence. 

 

In order to verify the information submitted by the code AGLN, the same experimental data 

were also unfolded and compared with the BUNKI/UTA code [14]. The result of the 

unfolding process with BUNKI and AGLN codes to spectra tested in LN/CRCN and 

SECPRA/CDTN, are presented in Tab. 1 below: 

 

Table 1: Comparison of data obtained by unfolding process using the codes 

BUNKI/UTA and Genetic Algorithm (AGLN). 

 241
AmBe cyclotron 

Parameters 
AGLN BUNKI/UTA AGLN BUNKI/UTA 

tot (n.cm
-2

) 657.29 ± 101.22 714 ± 188 (1.10 ± 0.17)x10
4
 (1.11 ± 0.03)x10

4
 

Eave (MeV) 1.53 ± 0.24 1.19 ± 0.32 1.74 ± 0.25 1.72 ± 0,04 

 

Relation to the output file FLUENCY.TXT, the data showed are related to fluency per energy 

interval, and to provide a better view of the spectrum, they were converted for 

fluency/lethargy (/Ln[E/E0]). Fig. 2 shows the spectra obtained by AGLN code and the 
reference spectrum of 

241
AmBe source presented in ISO 8529. 

 

 

 



INAC 2011, Belo Horizonte, MG, Brazil. 

 

 
Figure 1: Neutron spectrum obtained in the Neutron Laboratory (CRCN-NE) unfolding 

by AGLN code and compared with the BUNKI/UTA code. 

 

 

 
Figure 2: Neutron spectrum unfolding by AGLN code and compared to the 

241
AmBe 

reference spectrum. 
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The data obtained from the spectra into the cyclotron bunker SECPRA/CDTN-MG allowed 

us to obtain the result shown in Fig 3. 

 

 

Figure 3: Unknown spectrum obtained in the cyclotron bunker. Comparison between 

the AGLN and BUNKI/UTA codes.  

 

Due to the spectrum presented by the TRS 403 is an accelerator with energy different from 

that used in this work, cannot compare with the spectrum obtained, however, compared to the 

spectrum of the two codes unfolding. It is observed that for being use 26 energy ranges by the 

BUNKI code, this does not present a good definition of the neutron spectrum, while the 
AGLN code, with 100 energy ranges proposed for carrying out the unfolding process, allow a 

better definition of spectrum investigated. 

 

5.  CONCLUSION 

 

The results obtained from use of genetic algorithms in the unfolding spectra process showed 

considerably appropriate, confirming the use of this method in the unfolding process. 

Although only two spectra have been tested by AGNL implemented, the results present 

consistent when compared with the code BUNKI/UTA. 

 

The work showed the potential use of genetic algorithms in solving complex problems 

existing in nuclear processes, such as in neutron spectrometry. Other spectra are obtained to 

confirm the use of AGNL code processes in unfolding neutron spectra. 
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