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Abstract. The activation technique allows precise measurements of relative or absolute neutron intensity. Fast and 
accurate calculations of the self-shielding factors in ephitermical range are necessary for the neutron flux monitoring 
in real time. An analysis of the behaviour of the self-shielding factor according to temperature variations defined by a 
process with thermal hydraulic feedback is presented in this work. The calculations were evaluated for a disk with 
fixed source. An analytical approximation for the evaluation of the temperature in the nuclear core was implemented. 
The results were compared with the numerical method of reference and values obtained by Monte Carlo simulations 
providing satisfactory accuracy.  
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1. INTRODUCTION  
 

Self-shielding factors are important in the treatment of nuclear data in the energy ranges corresponding to the 
resonances. There are countless applications of these parameters in reactor physics (Shcherbakov and Harada, 2002), 
(Bitelli and Gonçalves, 2007), (Bitelli et. al., 2007), (Caldeira, 2007). 

A technique that is widely used in research reactors to measure the neutron flux is the activation method. Also 
known as the cadmium rate technique (113Cd), the activation technique consists in the evaluation of the absolute  
thermal neutron flux in the reactor core from an analysis of the activation of irradiated gold sheets, with or without 
(bare) cadmium coating.  A description of the technique can be found in literature (Bekurts & Wirtz, 1964). 

A study of the behavior of the self-shielding factors as a function of the temperature variation in a reactor’s core is 
performed in this paper. A satisfactory estimate of the global temperature of a reactor’s core can be obtained by solving 
the point kinetics equations considering thermal-hydraulic feedback. 

The point kinetics equations for reactors constitute a system of coupled ordinary differential equations. It is a simple 
model which is able to provide satisfactory answers from the physics point of view. Through this set of equations, 
which depend only on time, it is possible to investigate the behavior of the neutron in the reactor from a small 
perturbation caused in the reactor’s core. Besides the density of neutrons, other time dependent quantities as the 
reactivity, the temperature of operation of the reactor and the concentration of precursors of delayed neutrons are 
essential to the design of the reactor’s core and to perform its control and monitoring (Stacey, 2001). 

This paper considers an approximate solution of the point kinetics equations with thermal-hydraulic feedback 
proposed by Palma et. al. (2009). Although, there are other approximate solutions in the literature (Nahla and Aboanber, 
2002, Chen et. al., 2007, Li et. al., 2007;Nahla, 2009), the method proposed by Palma et. al. achieves small percentage 
deviations with respect to the reference values and offers the advantage of explicit time dependence in its functional 
form. Subsequently, a comparison of self-shielding factors obtained using a Monte Carlo GEANT4 simulation is 
performed. 
 

2. THE SELF-SHIELDING FACTOR ( ),Gepi x t  

 
Let us consider the case where the object of activation is a circular disk with thickness t , negligible in relation to 

the diameter of the plate exposed to an isotropic neutrons flux with the spectrum in the neighborhood of resonance 

energy 0E . The macroscopic absorption cross section in the resonance is 0 0NasS = , where Na  is the number of 

target nuclei per unit volume. Assuming that the neutron scattering is negligible when compared to the absorption the 
expression for the self-shielding factor for an isolated resonance located in the epithermal range is written by (Palma et. 
al, 2008): 
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where 0tt = S   is named effective thickness, ( )1E ty  is the integral exponential function of order 1 (Gradshteyn and 

Ryzhik,, 2008) written by 
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 and it indicated the Doppler broadening function ( ),xy x yº  , written in its integral form by: 
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Variables  x  and  x   are set by the nuclear parameters of the resonance (Stacey, 2001): 
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where E  is the energy of the neutron, 0E  the resonance energy, G  the total resonance width, T  the temperature of 

the medium, and k  the Boltzmann constant. 
Palma et. al. (2006) proposed the following approximation for the Doppler broadening function: 
 

    ( ) ( ) ( ) ( )
2 2

2 21
, exp 1 cos 1 Re , tan Im , ,

2 4 2 2
x x

x x x x
x p x xy x x h x h x

ì üæ ö æ öï ïé ù é ù é ù= - - + +í ýç ÷ ç ÷ë û ë ûê úë û ï ïè ø è øî þ
            (6) 

 

where ( ),
2

i x
x erf

x xh x -æ ö= ç ÷
è ø

 .  

Equation (6) provides a simple and accurate expression for the Doppler broadening function and will be used for the 

calculation of ( ),Gepi x t  according to Eq. (1). The disk temperature is approximated as the reactor’s core temperature. 

This is a reasonable assumption given: the reduced dimensions of the disk used in the activation technique; direct 
contact of the disk with the moderator; and disk location close to the reactor’s fuel. The x parameter in this approach is 
considered a time dependent quantity. The main goal of this paper is to determine the function that predicts how the 
global temperature of the reactor’s core varies with time. 
 
3.  THE POINT KINECTICS EQUATIONS WITH TEMPERATURE FEEDBACK 
  

Considering adiabatic thermal-hydraulic feedback, the point kinetics equations with a group of precursors can be 
written as follows: 
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where ( )n t  is the density of neutrons, ( )tr  is the reactivity, b  is the fraction of retarded neutrons, l  is the time of 

generation of ready neutrons, l is the decay constant of precursors of retarded neutrons, ( )C t is the average density of 

precursors of retarded neutrons, a ( )0a > is the coefficient of reactivity, and cK is the reactor’s heat capacity. 

Although there are models that consider the variation of the coefficient of reactivity a  with temperature (Stacey, 
2001), (Jian and Cotta, 2000), it is considered constant in this paper. This assumption is valid as the temperature 
variation in the core is usually not large enough to significantly change the coefficient of reactivity transients when 
considering thermal-hydraulic feedback. 
        By solving the set of Eq.s (7), (8), (9) and (10) one can write the following expression, valid near the 
supercriticality, for the temperature of the reactor core as a function of time (Palma et. al., 2009): 
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where ( )22
0 0 0K ncs r a b r

l
= + - . The temperature function displays a simple shape and is used to predict the 

time dependence of the self-shielding factors. From the Eq. (11) one can estimate the asymptotic behavior of the 
temperature: 
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 Substituting Eq. (10) in Eq. (4), we obtain an expression for the ( )tx  function: 
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4.  MONTE CARLO SIMULATION 

 
A Monte Carlo simulation was developed to confirm the evaluation of the temperature dependence of the self-

shielding factors obtained through the method described in sections 2 and 3. This simulation was performed using the 
GEANT4 package which is a toolkit for the simulation of the passage of papers through matter based on Object-
Oriented technology implemented in C++ (Agostinelli, S. et al, 2003). This section describes the implementation of this 
MC simulation. It explains which physics processes are included in the simulation, describes the geometry used and the 
neutron flux generation. 

A subset of C++ classes is implemented in Geant4 to describe neutron interactions with matter at thermal energies 
which can be used to perform accurate simulations (G4NeutronHP). Its precision models and cross sections data sets are 
based on the ENDF/B-VII files format. Thermal neutron scattering from chemically bound atoms is taken into account 
since effects of atomic translational motion as well as vibration and rotation of the chemically bound atoms affect the 
neutron scattering cross section, the energy and angular distribution of secondary neutrons. Neutron capture processes 
are also detailed in the simulation.  

In order to exactly reproduce the physical situation described in section 2 the following geometry was developed. A 
target with a thin disk shape was implemented. It was placed inside an empty cubic box of 1m x 1m x 1m dimensions. 
Table 1 shows the physical characteristics and dimensions of the target material. 
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Table 1: Input parameters for MC simulation. Range in brackets indicates values assumed in the simulation. 
 

Parameter Value 
Density (g/cm3 ) 19.32 

Atomic Number (g/mol) 196.97 
Radius (mm) 20.0 
Width (mm) [2.0x10-4 , 2.0x10-3] 

Temperature (K) [300.00, 547.19] 
 

To generate the neutron flux with correct isotropic distribution and maximum sampling efficiency the following 
procedure was adopted.  
 
·  The incident position of each neutron on the target surface was randomly sampled according to a homogenous 
distribution; 
· The initial position of the neutrons was sampled according to a spherical distribution with origin fixed at the 
neutron incident position; 
·  The two spatial points obtained in the previous items were used to define the initial direction of propagation of the 
neutrons. 
 

The energy of the neutrons was defined within a range which allows analysis of the first resonance (1.0-10 eV). 
Each neutron had its energy sampled according to a homogeneous distribution defined in this range. Figures 1 and 2 
show the trajectories of the neutrons. The trajectory of the neutrons before reaching the target material is shown as a 
side view on figure 1. For ease of exposition, only incident neutrons from the top hemisphere are shown. The trajectory 
of the neutrons which traversed the target is shown as a top view on figure 2. A validation procedure was implemented 
to verify and guarantee that the neutron flux generated was isotropic. To perform this test: the distribution of the 
incidence angles of the neutrons was obtained and found to be flat; and the number of events per unit area was 
calculated and found to be homogenous across the target surface. 
 

    
 

Figure 1: Isotropic neutron flux in the MC simulation. Incoming neutrons are shown. The axes scale is shown in mm. 
 

           
 

Figure 2: Isotropic neutron flux in the MC simulation. Outcoming neutrons are shown. 
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5.  RESULTS 
 
        The results obtained for the variation of the self-shielding factors as a function of the controlled temperature are 
presented in this section.  In all simulations the supercritical process in a PWR reactor were considered, using as fuel 

material 235U and assuming that 0.0065b = , 0.0001l s= , 10.07741sl -=  0.05 / .K K MW sc =  and 0.950r b= , 

( )0 3000T T K= =  and ( )0 100n n MW= = . The numerical method of finite differences was employed as the 

reference in the solution of point kinetics equations. Figure 3 shows the solution for the temperature of the reactor’s 
core as a function of the time. 

 
 

 

Figure 3: Temperature of nuclear core calculated by Eq. (11) and by the numerical method with 55.0 10a -= ´ .  
 

From fig. 3 it is reasonable to conclude that the expression proposed by Palma et. al. (2009) is adequate to estimate 
the temperature in the reactor’s core where the gold disk used in the activation technique is placed. Using this result it 
was possible to estimate the maximum variation of the self-shielding factor as a function of time in a PWR reactor. 
These calculations were performed through the numerical approach described in section 2 and via the MC simulation 
described in section 3.  

Figure 4 shows the effect of the temperature of the reactor core in the Doppler broadening, obtained by replacing 
Eq. (13) in Eq. (6): 
 

 

Figure 4: Doppler broadening function with temporal dependence. 
 
In the MC simulation, each event generated contained one single neutron which was shot through the target 

volume. In order to evaluate the self-shielding factors it was necessary to simulate a huge number of events and then 
count those in which the neutron was captured. A total of 2.5 x 107 events were simulated for each set of input 
parameters used in the analysis developed in this paper. Figure 5 shows an example of energy distribution of the 
captured neutrons in the target. The number of neutrons captured due to the resonance was estimated via a fit procedure 
that disentangled both the Breit-Wigner resonance distribution and the continuum 1/v distribution. The fitted Breit-
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Wigner was then used to evaluate the resonant self-shielding factors. The solid blue line represents the capture 
distribution due to the total cross section, the solid red line represents the resonant contribution to the total cross section 
and the dashed green line is the contribution of the continuum cross section. 
 

 
 

Figure 5: Energy distribution of the neutrons captured in the thin target. The different contributions to the                
cross-section are also indicated. 

 
Figure 6 shows the self-shielding factor increase as function of the time for a 0.002 mm thin target. Very small 

variations of few percents were observed. The red dot markers indicate the values obtained by the method described in 
section 2. The blue squared markers indicate the values obtained through the MC simulation. The shapes of the curves 
obtained are quite similar. The values obtained for each curve differ by less than 30%. A perfect agreement was not 
expected since the assumptions used in section 2 usually do not hold for targets with widths higher than ~10-3 mm. On 
the other hand it was not possible to achieve satisfactory statistical uncertainties for the self-shielding factors using 
thinner targets in the MC simulation. Therefore, to perform this comparison the width of 0.002 mm for the gold target 
was used. 

 
 

 
 

Figure 6: Variation of self-shielding factor as function of time calculated in percents. Red dots are the values obtained 
by the numerical method (section 2) and blue squares are the values obtained by the Monte Carlo method. In 

these calculations the coefficient of reactivity was 55.0 10a -= ´  and the target width was 0.002 mm for the 
first resonance of  197Au isotopes. 
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6.  CONCLUSIONS 
 

This paper studied the behavior of shelf-shielding factors ( ),Gepi x t  with variations in the global temperature of 

the reactor core. As a practical application it was considered a transient near supercriticality where the temperature can 
be obtained analytically from the point kinetics equations with temperature feedback. A simple model shows that while 
the temperatures of the nuclear reactor changes during the process, the self-shielding factors vary little, corroborating 
with the practice of considering them constant in the technique of activation. The proposed method showed small 
deviations in relation to the values obtained from the Monte Carlo method, which demonstrates that both approaches are 
compatible. 
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