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ABSTRACT 
 

This study aims to conduct a computer simulation that will calculate the reactivity of a homogeneous reactor and 
compare the results with the calculations made by the albedo method. The simulation will be developed using 
the MCNPX. The study compared the results calculated for a hypothetical reactor by the albedo method for four 
groups of energy with those obtained by the MCNPX simulation. The design of the reactor is spherical and 
homogeneous with a reflector of finite thickness. The value obtained for the neutron effective multiplication 
factor - keff will be compared. Different situations were simulated in order to obtain results closer to the 
compared method and reality. The was Good consistency could be noticed between the calculated results.  

 
 

1. INTRODUCTION 
 
This study consisted of conducting a computer simulation to calculate the reactivity of a 
homogeneous reactor and compare the results with the calculations made by the albedo 
method. The simulation was developed using the MCNPX, which is a code for nuclear 
radiation transport calculation based on the Monte Carlo method. This is a class of 
computational algorithms based on statistics to carry out stochastic simulations, and used as a 
method to obtain numerical approximations of functions with a high degree of complexity, 
which would be very difficult to solve analytically. The other method compared takes into 
account four energy groups. The design of the reactor is spherical and homogeneous with a 
reflector of finite thickness. The assessed value was the neutron effective multiplication 
factor - keff. 
 
 

2. THEORY 
 
A brief explanation about the employed methods will be made. Only the relevant aspects to 
this study will be mentioned in order to substantiate the conclusions and observations made. 
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2.1. The albedo method 
 
It is a very useful way for applying boundary conditions for reactor core calculations. In its 
origin, albedo is defined as the ratio of diffusely reflected to incident electromagnetic 
radiation. It is a unitless measure indicative of a surface's or body's diffuse reflectivity. When 
applied to reactor analysis, it is defined as the neutron reflection coefficient: the ratio between 
the current exiting the reflection region to the current entering the reflecting region. It can be 
represented by the albedo coefficient: 
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This concept is better understood when thinking about two slabs characterized by different 
media: one with a neutron source and the other with a reflecting medium of thickness a. A 
reflecting shell surrounding a spherical core is a good example to figure. It is used to solve 
the diffusion equation on the reflecting region. Given that the boundary surface between the 
two media is located at the coordinate x=0, it is applied to the diffusion equation as follows 
[1]: 
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This equation can be analytically solved with the solution to the albedo coefficient: 
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Where L is the neutron diffusion length [1]. 
 
The ALBED4G employs the albedo method to perform the criticality calculations. It 
discretizes the neutron energies into four groups as shown in Figure 1: 
 

 
 
 
 

Fast  
neutrons 

 
 
 

Thermal  
neutrons 

 
Figure 1. Energy groups employed by the albedo method. 
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This energy division also implies that the neutron cross section for the energy range inside 
the groups is merged into one. Besides that, it imposes a neutron maximum energy, above 
which interactions are disregarded. 
 
The MCNPX, unlike the albedo method, uses the cross section tables that can be considered 
almost continuous given that the discretization of these values is very small. Furthermore, the 
MCNPX takes into account the scattering anisotropy of neutrons that can be better 
understood by the formulation explained below. 
 
 
2.2. Scattering law: S(α,β) 
 
The scattering of thermal neutrons depends, in a very complex manner, on temperature and 
characteristics of interatomic binding of the scattering material. These effects are more 
significant for neutrons with energies lower than 4eV, due for two main reasons. The first is 
that low-energy neutrons have kinetic energy comparable to thermal energy of atomic 
motion. This implies that the cross section should be estimated by the phonon frequency 
distribution of the nuclei, which is dependent on temperature. So, if one does not consider 
that the target nucleus is at rest, there is a possibility of the incident neutron may be scattered 
with a higher energy than the incident, a phenomenon known as upscattering. The second 
reason is that the energy of the thermal neutron is comparable to the interatomic binding 
energy of the target nucleus. Therefore, the core does not rebound as in a free-gas model, 
there is a probability density function for angle with discrete lines to model Bragg scattering 
and other molecular effects in a coupled energy-angle representation. 
 
The details of these cross sections are described in ENDF (Evaluated Nuclear Data File) 
tables, which are used by the MCNPX. However, it is worth briefly discussing how the cross 
section is biased by this phenomenon. The differential cross section, in terms of the quantity 
S (α, β), is known as the scattering law: 
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Where b is the bound atom cross section, while  and  are related the momentum and 
energy exchange respectively: 
 

  kTEEEE /ˆ'ˆ'2'           , (5) 
 

  kTEE /'            . (6) 
 
And S() depends in a complex way on temperature and the crystalline lattice. 
 
The cross section for inelastic scattering is always calculated by the MCNPX, while the 
elastic scattering is calculated only when scheduled. The correlated energy-angle 
distributions are always provided for inelastic scattering of neutrons and there is a probability 
distribution for the final energy and angle of scattering for a given initial energy [2]. The 
elastic scattering may be caused by a coherent or incoherent approximation. The first is 
tabulated and the second has its angles determined by Bragg energy, derived from parameters 
of the crystal lattice. 
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METHODS 
 
The homogeneous reactor in Figure 2 was modeled using MCNPX, whose composition is 
shown in Table 1. This model had its effective neutron multiplication coefficient calculated 
by the ALBED4G code. The MCNPX was programmed to represent the thermal scattering by 
a probability density function considering coupled energy-angle phenomena.  
 

 
 

Figure 2. Schematic representation of the 
 modeled reactor. 

 
The alpha-beta thermal scattering treatment [2] carried out the thermal neutron scattering by 
molecules and crystalline solids. Two processes were described: inelastic scattering and a 
coupled energy-angle representation derived from an ENDF S(α,β) scattering law, and elastic 
scattering with no change in the outgoing neutron energy for solids with cross section σel and 
an angular treatment derived from lattice parameters. This thermal scattering treatment also 
allowed the representation of scattering by multiatomic molecules (for example, H2O). 
 
Although the MCNPX code has tables containing detailed information about the cross section 
of the different elements, the results were shown divided into four groups of energy in order 
to make the comparison more precise. It was made a simulation with an energy cutoff at 10 
MeV to better reproduce the result obtained by the albedo method. Moreover, it was also 
made a simulation with no energy cutoff aiming to compare the difference between the 
outcomes.  
 
The study consisted basically of the development of a model that reproduces the same 
situation previously calculated by a different method. Then, a detailed analysis was 
conducted to compare the results obtained from the model developed in MCNPX. The 
simulated model consisted of a spherical core with a reflector of water, whose composition is 
described below. 
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Table 1. Composition of the reactor [3] 
 

Region Material Atomic density*  
U-235 0,12200 x 10-3 

U-238 0.59700 x 10-2 
O-16 0.34420 x 10-1 

Chrome (natural) 0.93460 x 10-3 
Mn-55 0.94200 x 10-4 

Iron (natural) 0.33470 x 10-2 
Nickel (natural) 0.47110 x 10-3 

Core 

H-1 0.44470 x 10-1 
Reflector Water 0.33430 x 10-1 

*In (atoms/barn . cm). 
 
 
 

RESULTS 
 
The results were obtained by running computer simulations using MCNPX. The results are 
accompanied by the associated errors, since all were derived from probabilistic methods. The 
results of calculations with the other method were also provided in order to compare them. 
 
 

Table 2. Results calculated by MCNPX for the different configurations. 
 

 No energy cutoff Energy cutoff 
at 10 MeV 

Without 
S() 

treatment 
keff  = 1.00801     0.00008 keff  = 1.00753     0.00009 

With S() 
treatment keff  = 1.00644     0.00007 keff  = 1.00624     0.00002 

          
 
 

Table 3. Compared methods results 
 

Method keff Deviation (%) 
MCNPX 1.00644 
ALBED4G 1.00390 0.25 

 
 
 
Although the closest situation between the methods is the one that does not take into account 
the S() treatment and has an energy cutoff at 10 MeV, the result compared in Table 3 
belongs to another situation. The result compared is the one that better represents the real 
situation, exploring all the features provided by the MCNPX code. 
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CONCLUSIONS 
 
The results calculated are in very good agreement. The deviation between the results is quite 
small. Different result for a different method is expected. This fact has different origins, 
starting with the way the interactions between the particles were calculated. The Albedo 
method is based on a diffusion model, which assumes some mathematical simplifications that 
the Monte Carlo method does not have to carry out. The considerations regarding the 
diffusion model are: neutron flux with low angular dependence, also understood as linearly 
anisotropic; the neutron sources are considered isotropic; and the rate of change in neutron 
current density is taken as much smaller than the rate of collision. In MCNPX, all reactions 
and phenomena observed to date and present in the ENDF were considered on the 
calculation. 
 
The way the fission occurs is independent of the manner the compound nucleus was formed. 
Since the mode of disintegration of the nucleus is independent of the mechanism of formation 
of the compound nucleus, the fission cross section presents a structure similar to that of 
resonances which characterizes the radiative capture. The U-235 has a high cross section for 
thermal neutrons, which behaves inversely proportional to neutron speed (~1/v) for this 
energy range. So it can be understood that the cross section is decreased with increasing 
neutron energy. This kind of nuclide is said to be fissile. But the U-238 presents a very 
different behavior [4]. There is an energy threshold below which no fission occurs (~ 1 
MeV). Then the cross section increases until a maximum of approximately 35 MeV when it 
starts to decrease, as shown in the Figure 2. Therefore, when the neutron maximum energy in 
the system is limited to 10 MeV, the possibility of fission of uranium-238 is diminished. This 
factor may explain the reduction of keff in simulations with the energy cutoff at 10 MeV. 
 

 
 

Figure 2. U-238 calculated fission cross section in comparison  
with experimental data by Carlson [5], Eismont et al. [6] 

 and Donets et al. [7]. 
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The S scattering treatment changed the reactor’s effective multiplication coefficient keff. 
The decrease in its value may be due to the upscattering phenomenon. This causes a 
reduction on neutron population within thermal energy range. Since the fission cross section 
behaves inversely proportionally neutron’s speed, raising the neutron’s average energy leads 
to a reduction of neutron capture by the uranium nucleus, thus decreasing the number of 
fissions and keff. 
 
Moreover, considering the scattering law implies that the neutron will have a preferential 
scattering direction. This direction is determined by the incident neutron trajectory before the 
collision. Notice that a spatial variation on neutron density will give rise to a net current 
flowing from regions of high to low density. This is the same as saying that there is a 
tendency for neutrons to scatter more often toward outside the reactor nucleus. This factor 
may have caused a decreased keff in simulations with the S scattering treatment. 
It is important to emphasize that the methodology used by the compared method employed 
combined calculation for the preparation of the group constants. It used the another nuclear 
code for that task. Nevertheless, with the MCNPX code it was not necessary to do this, since 
this code will covered all the necessary steps to perform the calculations. 
 
Suggestions for future developments are the calculation of the core variables coefficients - 
absorption and reflection; reflector coefficients - absorption, reflection and transmission to 
the vacuum; the fractions of total absorption in the core and reflector and transmission to the 
vacuum. In addition, the calculation of the group constants with the MCNP would be very 
relevant. 
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