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Abstract: The most delicate part of neutron spectrometry, is the unfolding process. The derivation of the spectral in-
formation is not simple because the unknown is not given directly as a result of the measurements. The drawbacks asso-
ciated with traditional unfolding procedures have motivated the need of complementary approaches. Novel methods 
based on Artificial Neural Networks have been widely investigated. In this work, a neutron spectrum unfolding code 
based on neural nets technology is presented. This unfolding code called “Neutron Spectrometry and Dosimetry by means 
of Artificial Neural Networks” was designed in a graphical interface under LabVIEW programming environment. The core 
of the code is an embedded neural network architecture, previously optimized by the “Robust Design of Artificial Neural 
Networks Methodology”. The main features of the code are: is easy to use, friendly and intuitive to the user. This code 
was designed for a Bonner Sphere System based on a 

6
LiI(Eu) neutron detector and a response matrix expressed in 60 

energy bins taken from an International Atomic Energy Agency compilation. The main feature of the code is that as en-
trance data, only seven rate counts measured with a Bonner spheres spectrometer are required for simultaneously unfold 
the 60 energy bins of the neutron spectrum and to calculate 15 dosimetric quantities, for radiation protection porpoises. 
This code generates a full report in html format with all relevant information. 
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1. Introduction 

Neutron spectrometry and dosimetry are of great im-
portance in radiation protection physics [1, 2, 3]. However, 
the dosimetry of neutron radiation is one of the most 
complicated tasks in radiation protection [4]. 

 
Among the many available neutron spectrometry tech-

niques, the Bonner sphere spectrometer (BSS) is the most 
used for radiation protection purposes [5,6], due to ad-
vantageous characteristics as wide energy range (from 
thermal to GeV neutrons), large variety of active or passive 
thermal sensors, good photon discrimination and simple 
signal management [7]. 

 
Disadvantages are the poor energy resolution; the 

weight, and the need to sequentially irradiate the spheres, 
requiring long exposure periods [4]. 

 
From the measured readings of a set of spheres, infor-

mation can be derived about the spectrum of the neutron 
field in which measurements were made [8].  
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However, the derivation of the spectral information is 
not simple; the unknown neutron spectrum is not given 
directly as a result of the measurements [9]. 

 
A discretised numerical form of the Fredholm equation 

of first type is used to describe the phenomena, as is 
showed in equation (1). 
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where Rjk is the response of the j
th

 detector to neutrons 
in the k

th
 energy interval multiplied by the width of the k

th
 

energy interval. M is the number of energy intervals. 
 
Unfolding consists of determining Φ(k) for all energy 

groups, given a limited number of detector measurements 
and an appropriate detector response matrix Rjk [4]. 

 
In general, the desired neutron spectrum is obtained by 

numerically inverting equation (1) using an unfolding algo-
rithm that implicitly defines a solution of this equation [7]. 
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Once Φ(E) has been obtained, the dose Δ, can be calcu-
lated using the fluence-to-dose conversion coefficients, 
δΦ(E), showed in equation 3. 
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Neutron spectrometry and dosimetry are not trivial 

problems; both are ill-conditioned equations with an 
infinite number of solutions, and have difficulties that have 
motivated researches to propose new and complementary 
approaches [10, 11]. 

 
Unfolding the neutron spectrum from BSS measured 

data becomes somewhat complicated as well as tricky and 
thus requires specialized unfolding techniques [6]. 

 
Being the unfolding process the most delicate part of 

BSS-based spectrometry [12], many computerized BSS un-
folding codes have been developed, as for example the 
FRUIT [4], UMG [13, 14] and BUMS [15] codes. 

 
The critical points of these unfolding codes are, in gen-

eral, the complexity in their use, the need of a very expert 
user, and the need of realistic “a priori“ information, such 
as a ”default spectrum“, as close as possible to the spec-
trum to be obtained. These considerations, together with 
those suggested by the experience in radiation protection 
around neutron producing facilities, suggest that an un-
folding code devoted to the operational workplace neutron 
monitoring would be of great help to the radiation protec-
tion community. With this purpose, a new neutron spec-
trum unfolding code, based on ANN technology, known 
as ”Neutron Spectrometry and Dosimetry by means of 
Artificial Neural Networks“ (NSDann), was developed. 

2. Materials and Methods 

An optimized ANN topology, with high performance and 
generalization capability was designed using the ”Robust 
Design of Artificial Neural Networks Methodology“, 
(RDANNM) [16, 17, 18]. The parameters of the optimized 
neural net are: 7 Bonner spheres count rates of a BSS with 
a 

6
LiI(Eu) neutron detector are the ”Input layer“. In order 

to simultaneously solve the neutron spectrometry and do-
simetry problems with the optimized ANN technology, only 
one ”hidden layer” with 10 neurons is needed. 75 neurons 
conform the “output layer“; first 60 values correspond to 
the unfolded neutron spectrum and remaining are 15 do-
simetric quantities. 

 
This optimized neural net architecture is capable to solve 

the neutron spectrometry and dosimetry problems, with-
out using the fluence-to-dose coefficients or an initial 

guess spectrum. The ANN use as the only entrance data, 7 
Bonner spheres count rates for solving the Fredholm’s 
equation using the knowledge stored at synaptic weights, 
after network was trained. 

 
In this work the ”Neutron Spectrometry and Dosimetry 

by means of Artificial Neural Networks“ (NSDann) unfold-
ing code, based on ANN technology and developed under 
the LabVIEW programming environment was updated to 
version 3.0. 

 
The knowledge stored at synaptic weights of designed 

ANN was extracted in order to develop this customized 
software, which is proposed to be used in the neutron 
spectrometry and dosimetry fields. 

 
First step in the design process was to build the basic 

block of an ANN, the neuron. A neuron output Yi, is a func-
tion of the weighted input that can be expressed by equa-
tion 3: 
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where Wi,j are the weights associated with the i

th
 neuron, 

n is the number of neurons and Yj are the inputs to the 
neuron. Yi is the output of the i

th
 neuron. 

 
As is showed in figure 1, the general design process of 

the new NSDann unfolding code was to extract the 
knowledge stored at synaptic weights of the optimized 
ANN. Then, using the 7-10-75 architecture, a framework 
under the LabVIEW programming environment was build. 

 
 
 
 
 
 
 
 
 
 

Figure 1.  General design process of NSDann neutron spectrum unfold-
ing code. 

 
After extracting the ANN’s knowledge, the next step was 

to embed this information on the ANN framework. 
 
The next stage was to design the main interface of the 

application. Finally, the final step was to design a pro-
gramming routine for generating a full report in html for-
mat. Figure 2, shows the main interface of the NSDann 
unfolding code Ver. 3.0. 
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Figure 2.  Main window of the NSDann unfolding code, Ver.3.0. 

 
 
In NSDann code Ver. 3.0, the BSS count rates are saved 

in a TXT file writing the count rates of Balls 0, 2, 3, 5, 8, 10 
and 12 in a single column. Once the user calls the TXT file, 
by clicking the folder icon, the unfolding process begins by 
pressing the “Spectra Unfold” button. 

 
From figure 2, can be seen that opposite to classical ap-

proaches, the NSDann code just requires as entrance data, 
seven count rates coming from a BSS, for calculating in 
parallel 60 energy bins of the spectrum unfolded and 15 
dosimetric quantities, using the knowledge stored at syn-
aptic weights of the optimized ANN, not being needed re-
cursion approaches for solving the ill-conditioned discrete 
Fredholm equation, as in the classical unfolding codes. 

 

3. Results 

In this work, the NSDann unfolding code, Ver. 3.0, was 
used for unfolding the neutron spectrum of three Lineal 
Accelerators (LINACs): 10 MV MEVATRON, 10 MV PRIMUS 
and an 18 MV Varian 21EX Platinum Plus. 

 
The BSS rate counts were used as the only entrance data 

to the code. Figure 3 through 5, shown the unfolded neu-
tron spectra with the NSDann code, where can be seen the 
graphical shape of the neutron spectrum unfolded with the 
embedded ANN as well as 15 dosimetric quantities. 

 
The numerical value of the total flux φ is showed in the 

main interface of the code. 
 

In order to generate a full report in html format with all 
relevant information regarded with the neutron spectrum 
unfolding carried out, the user should clicking in the “Gen-
erate Report” button 

 
 
 
 
 

 

 

Figure 3.  Neutron spectrum of a Mevatron Linac with NSDann. 

 

 

 

 

 
 
 
 
 
 
 

Figure 4.  Neutron spectrum of a Primus Linac with NSDann. 

 

 

 

 

 

 

 

 

 

Figure 5.  Neutron spectrum of a 18 MV Linac with NSDann. 

 

4. Conclusions 

The use of ANN to unfold neutron spectra from the 
count rates measured with the Bonner sphere spectrome-
ter is an alternative procedure in neutron spectrometry. 

The systematic and experimental strategy named 
RDANNM was used to determine the “best“ ANN design 
parameters of an ANN which operate consistently with 
high performance and generalization capability. 
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Using RDANNM was possible the identification of a set 
of architectural and design parameters that enable the 
ANN to produce much better performance than achieved 
with the conventional trial and error approach. The ANN 
topology obtained with the RDANNM was: 7:10:75. 

 
In this work, the version 3.0 of the neutron spectrum 

unfolding code, based on ANN technology and called 
NSDann was designed. Using the synaptic weights stored in 
the neural net embedded in this code, each of the 60 en-
ergy bins of the neutron spectrum and 15 dosimetric quan-
tities are calculated in parallel without using an initial guess 
spectrum or fleunce-to-dose conversion factors, overcom-
ing the problems associated with the solution of the 
ill-conditioned Fredholm equation. The ANN use as the 
only entrance data 7 Bonner spheres count rates. 
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