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Based on Shanon's information theory, a new unfolding method which gives non-negative spectrum values and a relatively low 
variance, is proposed, and a numerical code suitable for application in fast neutron spectroscopy based on proton recoil is 
developed. The principles of maximum entropy and maximum likelihood are jointly applied. According to the principle of 
maximum likelihood, the distribution functions around the mean value of the counts in the MCA channels are assumed to be 
Gaussians. The Lagrange parameter method is applied in the search for an optimal non-negative solution. The nonlinear system of 
equations is solved using the gradient and Newton iterative algorithms. 

1. Introduction 

The accuracy of fast neutron spectra information 
has a large influence on the dose equivalent. The main 
difficulty in usual measurements of fast neutron spec-
tra by scintillation detectors based on proton recoil, is 
the confidence of the unfolding method. 

Former unfolding methods were usually based on: 
a) proton spectrum differentiation by using differ-

ent methods of smoothing and filtering of experimental 
data [1], 

b) application of the maximum likelihood method 
[2], and • 

c) the method of regularization with appropriate 
dumping factors [3]. 

The main difficulty with the unfolding procedures 
in any of these methods was the possible appearance of 
negative values and large variance in the resulting 
spectrum. It means that it could never be known ex-
actly whether the unfolded neutron spectrum was the 
real one. 

A new unfolding method is proposed on the basis of 
Shanon's information theory. It provides a non-nega-
tive spectrum and a relatively low variance. An appro-
priate computer code was developed for application in 
fast neutron spectroscopy based on proton recoil. At 
the same time, the noise originating from detection 
processes, signal conditions and data acquisition, is 
filtered in the above mentioned manner, giving higher 
signal/noise ratio than in the previously used methods. 

2. Formulation of the unfolding method 

The information entropy [4] for a continuous vari-
able x, with probability distribution p(x), is defined as 

tf= fhp(x)in p(x)dx. (1) 
a 

A known mean value of a random variable having 
the form of 

<f(x,y)> = fhp(x)f(x,y)dx, ys(c,d), (2) 
a 

where x is the energy of a neutron, and y is the energy 
of a recoil proton, leads to the optimum probability 
distributions [5] 

£ > , / ( * , ) ) , j = 1 , - , « , (3 ) 

where pf = ф^/ИЈфј are group probabilities defined 
by the number of neutrons belonging to group j( фј) 
divided by the total number of incoming neutrons, and 

E e x p f £ A,./; .(*)). (4 ) 
i-i \(=i / 

The Lagrange multipliers A, are determined from con-
straints in eq. (2). 

Unknown functions of density probability distribu-
tions, considered as desired normalized mean neutron 
flux in each energy group, are constructed using the 
knowledge of the mean value as the only constraint. 
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Fig, 1. Amplitude spectrum from 5 cm X 5 cm NE213 scintillator. 

The obtained distributions are consistent with available 
information (counts in M C A channels from proton 
recoil), being to the maximum possible extent insensi-
tive to all other unknown circumstances. 

For a known response matrix R with components 
Rjj = f ( x h Уј) Д у , group probabilities and m e a n counts 
arc related as 

£ = R p, (5 ) 

where g, = < c , ) / / 3 , and 0 = [1,- • - Д ] ' 
Since the exact number of counts in the channe ls of 

M C A is not known, a good idea would be to combine 

the method of maximum entropy and the method of 
maximum likelihood by means of classical optimization 
theory, assuming that the counts distribution in the 
M C A channels ( c ) around mean value ( c ) can be 
described by means of a Gauss ian distribution proba-
bility function. 

The unconstrained maximum of 

L s = ( c - < e » V ( c - <c>) + ( < c > - J 0 R p ) ' A 

+ ( / ( * ) ( 6 ) 

Fig. 2. P u - a - B e unfolded neutron spectrum 
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where A and f i are the vectors of Lagrange multipliers, 
and 

/ 0 0 = 
exp(R'jr) 

(7) 

give the following system of nonlinear equations with 
unknown vector x 

F(x)=P(x)v(x)=0, ( 8a ) 

/ i = ( R ' H ' c - / J R , H & ) , (8b) 

where P = d iag(p t , - • -,p„\ џ = (џи•• • , / ! „ ) ' and p 
= иЧф>. 

They are solved by means of the gradient and 
Newton iteration method [6]. According to the de-
scribed method, the numerical code E N T R O P Y [7] is 
developed in F O R T R A N 77 for the D E C V A X 785 
computer. 

3. Results of calculation and measurement 

A large number of different cases have been studied 
in the course of validation of the proposed method and 
ENTROPY computer code. As an example, the Monte 
Carlo simulated amplitude spectrum, produced by a 
cylindrical 5 cm X 5 cm NE213 liquid scintillator detec-
tor, originating from a P u - a - B e neutron source, is 
shown in fig. 1. The unfolded neutron energy spectra, 
obtained by the E N T R O P Y computer code and MLM 
computer program [8] based on maximum likelihood 
method, are shown in fig. 2. 

proposed. A new computer code based on the sug-
gested method, is developed and tested by various 
measured and simulated distributions of proton recoil 
amplitude spectra. Satisfactory results of the unfolded 
neutron spectra are obtained with a reasonably in-
crease of computation time. Application of this theory 
guarantees a positive solution and good separation of 
the information/noise ratio in the process of measure-
ment. 
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4. Conclusion 

Based on Shanon's theory of information entropy, a 
new method for unfolding of fast neutron spectra, is 


