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ABSTRACT 
 
We used the neutron diffusion equation with external neutron sources, in cartesian geometry and the two groups 
of energy, to verify the influence of external neutron source locations in the reactivity 
calculation. For this, a coarse mesh finite difference method was developed for the adjoint flux calculation 
and simplifies reactivity calculation in PWR type reactor, which uses the output of the nodal expansion 
method. The results were obtained for different locations on the two-dimensional plane, as well as for 
different types of fuel elements in the reactor core. 
 
 

1. INTRODUCTION 
 
The main objective of this paper is to verify if the location of the external neutron source 
directly affects the calculation of the reactor core reactivity. We know that the external 
neutron sources are extremely important during the reactor start-up, because in this 
subcriticality range they are responsible for signal fluctuation reduction of source and 
intermediary range detectors. Sources can be classified as primary sources such as 252Cf  
(Californium), generally used on the first nuclear reactor loading, with a neutron emission 
rate of approximately 2,3 x 1012 neutrons/s/g and a relative high half-life of approximately 
2,65 years and secondary sources as 124 Sb  (Antimony) and 9

4 Be  (Beryllium), generally used 
after the first cycle for neutron generation in the reactor that emit approximately 2,7 x 109 
neutrons/s/g with relative low half-life of approximately 60 days. 
 
In order to evaluate the influence of the location of the external source we used different 
positions in the core two-dimensional plane. The Nodal Expansion Method (NEM) was used 
to obtain the neutron flux for a known configuration of control rods banks. Reactivity was 
obtained from the results of NEM method used as input in the Coarse Mesh Finite Difference 
Method (CMFD). 
 
 

2. NEUTRON DIFFUSION EQUATION WITH EXTERNAL NEUTRON SOURCE 
 
The neutron diffusion equation [1], in the condition of stationary regime, for two energy 
groups, in a subcritical system with external neutron source, can be represented as follows 
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where g  is the neuron flux of group g and ', Σ , and νΣ g g

g rg s fgD   are the average nuclear 
parameters, namely, the diffusion coefficient, macroscopic removal cross section, 
macroscopic scattering cross section and the average number of neutrons emitted by fission 
multiplied by the macroscopic fission cross section respectively and gS  the external neutron 
source of group g . 
 
This equation can be written in the following matrix form 
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The neutron flux in reactor   and the external source S  are expressed as column vectors in 
the following way: 
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Specifying the intensity of the external neutron source, the neutron flux in a subcritical 
system can be obtained from the solution of Eq. (1). This calculation is usually known as 
"fixed source problem" [2]. 
 
 

3. METHOD FOR REACTIVITY DETERMINATION 
 
In a subcritical system, distant from criticality, as the control rods banks partially inserted in 
the reactor core, Eq. (2) is re-written as follows, 
 
 ( ) ( ) ,A A F F S        (3) 

 
where A  and F  represent the perturbations due to the insertion of the control rods banks 
of matrixes A  and F . 
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Multiplying Eq. (3) by the transpose adjoint flux of the critical problem †T  and integrating 
over the entire reactor volume we have, 
 
 † † †, ( ) , ( ) , .T T TA F F A S               (4) 

  
After certain algebraic manipulations [3] we obtain the following definition of reactivity [4]: 
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where   is the reactivity calculated for the system for different configurations of control rods 
banks inserted in the reactor core, †T  the mathematical transpose adjoint flux, F  neutron 
fission term and A  and F  represent the perturbations due to the insertion of the control 
rods in the reactor core. 
 
 

4. ANALYSIS OF RESULTS   
 
In this section we present the results obtained from the calculation of the neutron flux using 
the neutron diffusion equation defined as a fixed source problem. 
 
We use the configuration of a PWR reactor core with 3D geometry and 1/4 core symmetry. 
Figs 1 and 2 respectively show the core configuration with symmetry on the xy plane of the 
reactor core, without and with the control rods banks, as well as the dimensions of the nodes. 
 

 
 

Figure 1. 1/4 Core configuration with fuel element and reflector. 
 
The core was divided in the x and y direction, as shown in Fig. 1 with nodes of fission 
materials (nuclear fuel) and reflector. The core was divided in the z direction into 19 layers 
where the first and the last are reflectors (sized 20 cm) and the remaining layers are formed 
by fission material, as shown in Fig. 1, each one sized 20 cm. In this case, the total number of 
nodes in the entire reactor core is of 1387 nodes. 
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The average multigroup nuclear parameters in the nodes as used in the calculation of the 
neutron flux, as well as the definition of the external nuclear source can be found in reference 
[3]. 
 
Fig. 2 shows the positions used in the calculations for evaluation of the influence of the 
external source location on reactivity calculation. 
 
 

 
 

Figure 2. 1/4 Core configuration with CRB. 
 

Table 1 shows the results obtained for reactivity calculations for different configurations of 
Control Rods Banks (CRB) withdrawn from the reactor core and different locations of the 
external sources used in those calculations. In this table, the letters (A, B, C and D) represent 
the control rods banks followed by the number of steps removed from each bank, where the 
total number of steps is 225. Observe that the positions of the external sources that present 
1/8 core symmetry, have the same reactivity values, for the same type of element, as 
illustrated in Table 2. 
 

Table 1.  Subcritical reactivity 
 

Configuration Steps  (pcm)  
CRB  P1 P2 P3 P4 P5 P6 .. 

A000B000C000D000 0 -2900.10 -2471.57 -2349.27 -2240.29 -2212.02 -2900.10 .. 
A100B000C000D000 100 -2686.32 -2289.54 -2215.34 -2090.03 -2041.96 -2686.32 .. 
A200B072C000D000 200 -2097.48 -1801.52 -1817.75 -1671.71 -1543.04 -2097.48 .. 
A225B172C044D000 300 -1544.99 -1378.19 -1448.00 -1298.93 -1052.14 -1545.00 .. 
A225B225C144D016 400 -947.77 -941.19 -1025.71 -896.38 -632.95 -947.77 .. 
A225B225C225D116 500 -332.58 -354.11 -402.05 -340.68 -251.74 -332.58 .. 
A225B225C225D166 550 -207.85 -216.19 -246.30 -208.04 -165.33 -207.85 .. 
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 (pcm) 

.. P7 P8 P9 P10 P11 P12 P13 

.. -2212.02 -2322.86 -2322.86 -2292.56 -2471.57 -2292.56 -2240.29 

.. -2041.96 -2142.40 -2142.40 -2148.29 -2289.53 -2148.29   -2090.03 

.. -1543.04 -1657.94 -1657.94 -1736.70 -1801.52 -1736.70 -1671.71 

.. -1052.14 -1224.95 -1224.95 -1365.72 -1378.19 -1365.72 -1298.93 

.. -632.95 -775.99 -775.99 -959.81 -941.19 -959.80 -896.38 

.. -251.74 -278.93 -278.93 -374.18 -354.11 -374.19 -340.68 

.. -165.33 -173.55 -173.54 -229.67 -216.19 -229.67 -208.04 
 
 

Table 2.  Positions with 1/8 core symmetry 
 

Equivalence 
P1 = P6 P2 = P11 P4 = P13 
P5 = P7 P8 = P9 P10 = P12 

 
 
This result was expected, once the distribution of the fuel elements (FE) on the reactor core is 
symmetric.  
 
An important aspect to be enhanced is that displacing the source to another position of the 
core and maintaining the same type of FE, the reactivity presented different results [5]. This 
means that changing the source to any other position in the core, even maintaining the FE 
type; it is not possible to guarantee that the reactivity will be the same. These results were 
obtained for different configurations of control rods banks inserted in the reactor core. The 
reactivity values obtained for the positions where the external source location presented 1/8 
core symmetry, did not present significant deviations. 
 
 

5. CONCLUSION  
 
The objective of the present paper was to investigate the subcritical reactivity behavior as a 
function of the location of the core external source. To this end, we used the Nodal Expansion 
Method (NEM) to calculate the neutron flux. The results obtained with NEM were used as 
input data in the Coarse Mesh Finite Difference Method (CMFD) to create the matrixes for 
reactivity calculation as shown in section 3. The CMFD was also used to obtain the 
mathematical adjoint flux that was used as a weight function in the subcritical reactivity 
calculation. Reactivity values were obtained for different configurations of control rods banks 
inserted in the reactor core, as well as for different positions of the external source in the 
reactor core. The results were quite satisfactory and showed that the location of the external 
source in the reactor core significantly influences the reactivity calculation. We verified that 
maintaining the same type of FE and changing the location of the neutron external source, the 
reactivity presents different results, except when the location of the external source presents 
1/8 core symmetry. 
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