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ABSTRACT 

 
With the aim of designing a collimator system to realize Neutron Radiographs using source of 241Am-Be, a 
collimator was designed using two removable modules.  One parameter of merit to be considered in the building 
of a collimator is the intensity of the neutron beam on the image plane.  Therefore, the choice of the inner 
coating material is of utmost importance.  As the scattered neutrons can reduce the resolution of the neutron 
radiographic image, it would be opportune to capture them so that the neutron beam is aligned.  Thus, an 
aligning module made of an absorbent material was designed, to coat the wall end extensions of the collimator.  
Two other parameters are essential to configure a collimator system: the length, L, and diameter of the opening, 
D.   Geometric resolution of the neutron radiographic image is defined by the ratio L/D, as well as the neutron 
flux on the image plane.    
Simulations with code MCNP-4B were conducted to select the geometry of the collimator, the materials for the 
structure and coating and the dimensions for the L and D parameters  and aluminum was chosen as the structural 
material and cadmium for coating.   
 

 
1. INTRODUCTION 

 
 

A collimator is a channel that is built between the source and the sample to be radiographed 
to extract a neutron beam with flux intensity in the image plane, sufficient to sensitize the 
neutron radiographic sensor during an adequate time of exposure, and thereby obtaining a 
better neutron radiographic resolution.     
The choice of the material for the collimator inner coating should take into consideration 
maximizing the neutron flux on the image plane.  It is desirable to use scattering materials 
that moderate the neutron energy coming from the source but do not cause a reduced neutron 
flux.  Absorbent materials could be used to remove the neutrons that have scattered beyond 
the area of the image plane or even into it, but resulting from another direction.  If the 
absorbent material surrounds the outer-most edge of the collimator, it would constitute a 
beam aligning filter.  This improves the spatial neutron radiographic resolution and avoids 
diffused images.  It is fundamental to know the energy spectrums of the incident and 
emergent collimated neutron beams and to reduce the flux of  gamma rays that contribute to 
the formation of diffused images.  [1]. 
 



 

 

It is possible to radiograph a greater inspection area using divergent collimators [2]. Figure 
1(a) displays a divergent collimator, where 0  is the neutron flux at the entrance of the 

collimator; , the emergent neutron flux, on the image plane; D, the diameter of the aperture 
of the collimator near the source; D0, the diameter of the aperture next to the image plane; L, 
collimator length; and , the divergent angle of the collimated beam. From a geometric point 
of view, the parameter that best describes the characteristics of the collimator is the ratio L/D.  
On the image plane, the emergent flux can be expressed by equation 1 [2]. 
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where A is the area of the aperture of the collimator.    
Equation 1, can be re-written in function of the diameter of aperture D, in the form of 
equation 2. 
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In equation 2, an accentuated reduction of emergent collimated neutron flux intensity is 
expected, when length L of the collimator is increased [3]. 

 

                        a) 

 

                                  b) 

Figure 1 – Diagrams of: (a) divergent collimator; b) the shadowed area of a neutron 
radiographic image. 

 

The vagueness (shadow) of the registered image, which is commonly called a “geometric 
resolution”, Ug, is given by equation 3. 
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where X is the distance from the object to the image plane; then, it should be minimized, 
which occurs when the sample is positioned close to the imaging system.  

 
 

 

2. COLLIMATOR DUCT  
 

Using simulations with MCNP-4B code and based on bibliographic study, a divergent 
cylinder, called Collimator Duct, was designed.  It was produced with two movable coupled 



INAC 2009, Rio de Janeiro, RJ, Brazil. 
 

modules [4].  The neutron source adopted to study the neutron radiograph system was 241Am-
Be with 185 GBq activity.    
 
One parameter of merit to be considered in the building of a collimator is the intensity of the 
neutron beam on the image plane.  Therefore, the choice of the material for its inner coating 
is of utmost importance.  Table 1 displays the physical parameters of merit that were 
considered in selecting the most appropriate materials to be used on the collimator walls for 
quick and  epithermal neutron beams, namely, microscopic cross sections: total (σt); capture 
(σc); inelastic scattering (σin); and elastic scattering (σe). 
 
Code MCNP-4B was used in the simulation aiming to obtain the neutron flux energy 
distribution on the image plane, after collimation, when using the materials cited in table 1.  
The curves that represent these distributions are presented in figure 2.  In order to improve 
visualization of the curves of the desired energy beam, an energy cut of 1.5 MeV was 
performed.  

 
Table 1: Microscopic cross sections relative to non-absorbing neutron materials, 

units barns [5]. 
Material Energy (MeV) σt σc σin σe 

Carbon (C) 

(Graphite) 

4.0 – 6.5 

2.5 – 4.0 

1.45 

2.00 

0.000 

0.000 

0.08 

---- 

1.37 

200 

Aluminum (Al) 
4.0 – 6.5 

2.5 – 4.0 

2.20 

2.70 

0.023 

0.002 

0.75 

0.65 

1.43 

2.05 

Iron (Fe) 
4.0 – 6.5 

2.5 – 4.0 

3.80 

3.50 

0.005 

0.002 

1.35 

1.13 

2.45 

2.37 

Lead (Pb) 
4.0 – 6.5 

2.5 – 4.0 

7.20 

7.50 

0.000 

0.001 

2.10 

1.23 

5.10 

6.27 

 

Considering the spectra displayed in figure 2, aluminum absorbs less neutrons, corresponding 
to the greatest flux on the image plane, on the desired energy band, only beneath the flux in 
the situation of a non-collimated beam (air).  Being that aluminum is easy to cut, easy to 
handle (light material), highly available in the market and having a low cost, it was the choice 
for building the divergent collimator, even if  scattering and moderation of some neutrons 
may occur.     
 



 

 

 

Figure 2 – Flux of emergent neutrons from collimator built with diverse materials. 
 

As scattered neutrons can reduce the resolution of a neutron radiographic image, it is 
opportune to capture them by aligning the neutron beam.  For this, an aligning module 
adhering to the walls of the collimator, as a coating with absorbent material, was simulated.  
Based on the absorption cross-sections for lithium and boron presented in table 2 and for 
cadmium and gadolinium presented in figures 3(a) and 3(b), and supplied by the nuclear data 
of ENDF/B-VI, simulations using the MCNP-4B code were realized.  The results of these 
simulations are presented in figure 4.     

 
 

Table 2: Microscopic cross-sections relative to neutron-absorbing materials, 
units barns [5]. 

 
Material Energy (Mev) σt 

 σc  σin σe 

Lithium (Li6) 
4.0 – 6.5 

2.5 – 4.0 

2.00 

1.90 

0.100 

0.160 

0.25 

0.08 

1.65 

1.66 

Boron (B) 
4.0 – 6.5 

2.5 – 4.0 

1.60 

1.90 

0.30 

0.25 

0.13 

0.06 

1.17 

1.59 
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(a) 

 

(b) 

Figure 3 – Total cross-sections supplied by the ENDF/B-VI library relative to: 
(a) gadolinium; (b) cadmium. 

 

Figure 4 presents boron and cadmium as the most-highly indicated materials for aligning 
neutron beams.  Considering the results displayed in figure 3 and availability in the market, 
easy handling of the material, adherence to the walls of the collimator and low cost, it was 
decided to use cadmium in the aligning module  

 



 

 

 

Figure 4 – Spectra of emergent neutrons of a collimator coated with different 
absorbent materials. 

 
Two parameters are essential in designing a collimator system: the length, L, and the 
diameter of the aperture, D. The geometric resolution of the neutron radiographic images is 
defined by the ratio L/D, as is the neutron flux on the image plane.  Simulations with code 
MCNP-4B were used to select the L/D ratio, considering five different configurations for the 
L/D ratio. Figure 5 shows the neutron spectra obtained on the image plane for the different 
L/D configurations.   

 

 

Figure 5 – Neutron spectra on the image plane for the different collimation ratios. 
 

Figure 5 displays the curves of the emergent collimated neutron spectra on the image plane 
relative to the different collimation ratios.  The green curve corresponds to a configuration 
where the divergent part of the collimator is made of aluminum and the interior of the parallel 
part is cadmium-coated, in a length of 50 cm, for an aperture diameter of 2.5 cm, resulting in 
a L/D ratio of 20.  In the blue curve, the divergent part of the collimator is made of aluminum 
and the parallel part is coated with cadmium, with a length 42.5 cm and an aperture  diameter 
of 2.5 cm, resulting in a ratio L/D=17.  The yellow curve represents the configuration of a 
collimator in which the divergent part is made of aluminum and the parallel part coated with 
cadmium with a length of 35 cm and aperture diameter of 2.5, resulting in an L/D ratio=14.   
In the red curve, the collimator is entirely divergent, made of aluminum, having a length of 
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27.5 cm and an opening diameter of 2.5 cm, resulting in the ratio L/D=11.  As can be 
observed, the greatest neutron flux corresponds to the red curve, approximately 7000 n/s in 
energy band between 2 MeV and 4 MeV, nonetheless, this configuration results in the 
smallest collimation ratio, L/D, corresponding to the smallest geometric resolution.    

 
Another condition of merit to obtain a good NR is the availability of a homogenous neutron 
flux spatial distribution on the image plane.  In figure 6, this distribution is practically 
constant, except for the ratio L/D=11, where an expected  slight drop of the neutron flux can 
be seen in the extremities, being that the distances relative to the L dimensions are nearer in 
the other situations considered.   
 

 

 

Figure 6 – Spatial Distribution of neutron flux emerging from collimator, on 
the neutron radiographic image plane, for the different collimation ratios, L/D. 

 

 
3. CONCLUSIONS 

 

A neutron radiographic system was designed with a collimator duct, composed of two 
modular collimators that allow varying the L/D ratio, one divergent and made of aluminum, 
as can be seen in figure 7(a); the other, seen in figure 7(b), consists of an aluminum-
structured aligning module and internally cadmium-coated.  The first module can be used for 
quick neutron radiographic inspections demanding a high neutron flux on the image plane, 
which can be obtained with a low L/D ratio, in other words, for a low geometric resolution.  
The second module is movable, can be coupled or uncoupled, and has the function to increase 
the L/D ratio from 14 to 20, which results in an increase of the geometric resolution of the 
image.  Furthermore, the module can align the neutron beam, absorbing the diffused 
neutrons, those which, upon interacting with the collimator walls, would deviate from the 
primary direction and reach the detector in another direction, causing noise on the expected 
image.   
 



 

 

  
a)                                                                              b) 

Figure 7 – Collimator duct: a) Divergent module; b) Aligning module. 

 

ACKNOWLEDGEMENT 

We owe a debt of gratitude to CNPq, for the financial support, and to SEREA/DIRE/IEN-
CNEN for their collaboration in this work. 
 

REFERENCES 
 

[1] DA SILVA, A. X. and V.R.CRISPIM. Neutrongrafia Aplicada no Controle ao 

Narcotráfico e ao Terrorismo, Revista de Física Aplicada e Instrumentação, vol. 14, ano 1, 

1999. 

[2] DOMANUS, J. C., Pratical Neutron Radiography, Commission of the European, 

Communities Neutron Radiography, Working Group, Kluwer Academic Publishers, 1a ed, 

1992. 

[3] NUNES, W. V., Uso da Inteligência Artificial para Identificação de Explosivos Plásticos 

em Ensaios Não Destrutivos com Nêutrons Térmicos, Tese de Mestrado, PEN/COPPE/UFRJ, 

RJ, 2001. 

[4] DE OLIVEIRA, A. E. R. P., Projeto de um colimador modular para Neutrongrafia, 

Projeto de Iniciação Científica, PEN/COPPE/UFRJ, Rio de Janeiro, 1998. 

 

[5] BONDARENKO. I. Group constants for Nuclear Reactor, c/b Consultants Bureau, New 

York, 1964. 

 

 


