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ABSTRACT 
 
In this paper we apply Monte Carlo for calculating spatial distribution of sodium reactivity worth in the perspective 
Russian sodium-cooled fast reactor BN-1200. A special Monte Carlo technique applicable for calculating 
perturbations and derivatives of the effective multiplication factor is used. The numerical results obtained show that 
Monte Carlo has a good perspective to deal with such problems and to be used as a reference solution for 
engineering codes based on the diffusion approximation. They also allow us to conclude that in the sodium blanket 
and in the neighboring region of the core the diffusion code used likely overestimates sodium reactivity worth. This 
conclusion has to be verified in future work. 
 

Key Words: Fast Reactor, Diffusion, Monte Carlo, Sodium Reactivity Worth, Transport Correction 
 
 

1. INTRODUCTION 
 
Fast reactors can have an important role in future development of nuclear power production. 
There are several concepts of such reactors. One of them is sodium-cooled fast reactors. 
 
Now in Russia there are two sodium-cooled fast reactors in operation: the experimental reactor 
BOR-60 and the commercial reactor BN-600 (600 MW-e). Besides, the new commercial reactor 
BN-800 (800 MW-e) is under construction now. (The abbreviation ‘BN’ is derived from Russian 
words ‘fast neutrons’.) 
 
In order to do nuclear electricity produced by fast reactors to be more competitive, the power 
level of future commercial reactors should be still increased. BN-1200 (1200 MW-e) (Ref. 1) is a 
perspective reactor that is now being designed. It is assumed to be a typical commercial sodium-
cooled fast reactor that can be used in future large-scale nuclear power production in Russia. 
 
An important parameter that influences operation and safety of a sodium-cooled fast reactor is 
sodium reactivity worth and its spatial distribution over the core. The typical way of calculating 
spatial distribution of sodium reactivity worth usually applied by designers is to use 3D diffusion 
codes that solve multigroup neutron diffusion equations. Using these codes the direct and adjoint 
neutron fluxes are calculated. Sodium reactivity worth and many other calculation values defined 
through derivatives of the effective multiplication factor with respect to material densities, 
neutron constants and geometrical parameters can be then obtained by the well-known and 
widely used first-order perturbation theory. 
 
The diffusion approximation usually gives good results for neutron fluxes and other spatially 
distributed values in the internal regions of the core and in uranium blankets. In BN-1200, like in 
the previous projects (BN-600, BN-800), just above the core there is a region filled with sodium 
(sodium blanket). It is provided for compensating negative sodium reactivity worth in the core 
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that gives a positive reactivity feedback as the reactor power rises which is not good for the 
operation safety. This is a common feature of traditional sodium-cooled fast reactors with large 
enough cores. The reason is sodium being a relatively light element serves as a moderator of fast 
neutrons and (along with other factors) causes neutron spectrum to be intermediate. So, the more 
sodium density is, the more moderated neutron spectrum will be. This has two basic 
consequences: a) there is an increase of inefficient neutron absorptions by 238U, 239Pu, etc.; b) 
there is a loss of inefficient neutron leakage from the system because faster neutrons 
predominantly leave the system. In the inner part of the core the first effect prevails and sodium 
reactivity worth turns out to be negative. In the outer part of the core the second effect prevails 
and sodium reactivity worth turns out to be positive. Sodium blanket is arranged so as to increase 
neutron leakage and make the integral effect to be close to zero or slightly negative. 
 
Calculation results for sodium reactivity worth are used in safety and transient analysis. So, 
obtaining correct values of sodium reactivity worth in the sodium blanket and in the neighboring 
region of the core is an important problem. At the same time, for these regions the results 
obtained with the diffusion approximation can have calculation biases because the approximation 
is not quite valid here. 
 
Calculation biases that accompany results of diffusion calculations can be estimated by more 
precise neutron transport calculations. For instance, the discrete-ordinate method or the 
characteristics method can be applied. An attractive possibility is to use Monte Carlo because of 
flexible geometrical capabilities of this method, the capability to use the continues-energy 
neutron data and some other potential benefits. 
 
To our knowledge, there have so far been made no attempts to use Monte Carlo for solving this 
particular problem (to calculate sodium reactivity worth spatial distribution with Monte Carlo). 
A few years ago there were even no accurate techniques and codes to do this. For instance, there 
is an option in MCNP5 (Ref. 2) to calculate derivatives and perturbations. Yet, the direct use of 
this code can give only approximate values of perturbations and derivatives because it assumes 
fission source to be unperturbed. Recently a number of techniques have been proposed to fix this 
issue. They can be divided upon two basic classes: ones treating derivatives/perturbations of 
fission source (Refs. 3-5), and ones based on the use of the neutron importance function, which 
can be calculated with adjoint Monte Carlo (Ref. 6) and with direct Monte Carlo using the 
iterated fission probability method (Refs. 7-9). 
 
In this work an attempt to apply Monte Carlo for calculating spatial distribution of sodium 
reactivity worth in BN-1200 is done. The technique described in Ref. 8 and implemented by this 
time in the multigroup mode of the Monte Carlo code MMK is used. The purpose of this work 
was to obtain transport biases associated with routine diffusion calculation results obtained with 
the 28-group diffusion code TRIGEX. By the definition, these biases assume that all 
approximations used in diffusion calculations (geometrical description, energy group structure 
and group constants) are kept unchanged except the diffusion approximation itself (the transport 
equation rather than the diffusion equation is used). Then, other biases associated with 
geometrical simplifications and the use of the group approximation can be found. It turns out that 
for typical configurations of sodium-cooled fast reactors a) transport biases significantly prevail 
(especially for such values as sodium reactivity worth); b) all biases are additive that makes them 
to be very helpful, convenient to use with engineering codes like TRIGEX and informative from 
the physical point of view. The calculation results for transport biases presented in this paper 
should be regarded as preliminary and are to be verified in future work.
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2. CALCULATION TECHNIQUE 
 
Sodium reactivity worth can be defined as follows: 
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2.1. Diffusion Calculations 
 
The usual way to obtain spatial distributions of reactivity worths by diffusion codes is to use the 
well-known basic equation of the first-order perturbation theory that in this case has the 
following form: 
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These equations are implemented in the diffusion nodal code TRIGEX developed in Obninsk 
Institute for Physics and Power Engineering and widely used in domestic fast reactors projects (it 
is employed to perform routine engineering calculations including burnup calculations; it is 
coupled with thermal hydraulic and thermal mechanics codes). This code solves the 28-group 
neutron diffusion equation for Cartesian and hexagonal-z geometry (while subassemblies are 
usually assumed to be homogeneous, there is a possibility to specify regular heterogeneous pin-
cell-wise structures of subassemblies). TRIGEX calculates direct and adjoint neutron fluxes 

)(rg
r

Φ , )(rg
r+Φ  and then combine them to obtain reactivity worths and many other calculation 

values (the effective parameters of neutron kinetics, etc.). 
 
2.2. Monte Carlo Calculations 
 
Now there are several competitive Monte Carlo techniques applicable for calculating reactivity 
worths. All of them have been recently developed and the experience of employing them in real 
applications is so far very small. In this work the technique described in Ref. 8 is used. It is 
based on the differential operator method (see, for instance, Ref. 2) improved by taking into 
account perturbations of fission source. As shown in Ref. 8, in the basic equation of this method, 
which gives a random contribution to the first order derivative of the effective multiplication 
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factor, the term associated with fission source derivative can be replaced with the term associated 
with neutron importance. Random contributions to neutron importance can, in turn, be calculated 
using the iterated fission probability method. The general equation of the technique can be 
represented as follows (see Ref. 8 for more details): 
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where α∂∂=′ /] [ ] [ , α  is the parameter of differentiation (a material density or a neutron 
constant), ax  is the phase point where the neutron his  belonging to the generation gen  is 
explicitly absorbed, w  is the neutron weight, fΣν  and aΣ  are the neutron production and 

neutron absorption macroscopic cross sections, +Q  is the importance of fission neutrons. The 
technique of estimating +Q  can be found in Ref. 8. In Eq. 3 p  stands for the probability of a 
neutron history: 
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transport part and C  being its scattering part), taa ΣΣ= /  is the probability of neutron 
absorption. More detailed definitions can be found in Ref. 4. An import fact is that the 
probability p  is analytically expressed through neutron constants and material densities, so it 
can be analytically differentiated with respect to any of them. 
 
This technique was implemented in the multigroup mode of the Monte Carlo code MMK 
developed in Obninsk Institute for Physics and Power Engineering. This code has two modes: it 
can be used for multigroup and continues-energy Monte Carlo calculations. The CE mode has 
been recently developed and is now being tested (in the unresolved resonance energy range it 
utilizes the subgroup method, which is similar to the probability table method). The multigroup 
calculations are usually based on the 299-group cross sections or mixed group/subgroup neutron 
data and the P5-representation of the angular dependence of neutron scattering cross sections. For 
the reason mentioned in section 1, in this work Monte Carlo calculations were based on the 28-
group constants similar to those used by TRIGEX. 
 

3. NUMERICAL RESULTS 
 
A general description of the perspective sodium-cooled fast reactor BN-1200 can be found in 
Ref. 1. This reactor has some new features as compared with BN-600 and BN-800. One of them 
is a relatively low power density. Another one is a considerable disproportion in the radial and 
axial sizes of the core (H/D~0.16).
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BN-1200 has a core loaded with MOX fuel, axial and radial uranium blankets. Just above the 
core there is a sodium blanket. The core and the radial blankets of the reactor are assembled from 
hexagonal (in plane) subassemblies. There are several groups of control rods, some of which are 
partly inserted into the core (for compensating burnup effects). 
 
In the model real heterogeneous structures of subassemblies were replaced with homogeneous 
mixtures. Axial distribution of sodium reactivity worth was calculated for the arbitrarily selected 
subassembly marked in Fig. 1 with red color and in Fig. 2 with different colors representing axial 
layers, for which sodium reactivity worth is calculated with Monte Carlo. In diffusion 
calculations axial layers were smaller because they were naturally defined by the axial mesh 
used. 
 
Diffusion and Monte Carlo calculations were performed using the 28-group constants prepared 
by CONSYST on the base of the 299-group library ABBN (Ref. 10). The energy group 
boundaries are shown in Table I. CONSYST accounts for resonance self-shielding effect by the 
Bondarenko method (see, for instance, Ref. 11) and by the subgroup method (subgroup 
parameters are contained in the library files along with group data; these parameters were not 
used in this work). 28-group constants were obtained by collapsing 299-group constants. 
CONSYST generates problem-oriented group constants in two forms: one used by diffusion 
codes, and one used by Monte Carlo and deterministic transport codes. 
 
 
 

TABLE I. Energy Group Boundaries 

Group E(-), eV E(+), eV Group E(-), eV E(+), eV 

1 1.40E+7 1.50E+7 15 2.15E+3 4.64E+3 

2 1.05E+7 1.40E+7 16 1.00E+3 2.15E+3 

3 6.50E+6 1.05E+7 17 4.64E+2 1.00E+3 

4 4.00E+6 6.50E+6 18 2.15E+2 4.64E+2 

5 2.50E+6 4.00E+6 19 1.00E+2 2.15E+2 

6 1.40E+6 2.50E+6 20 4.64E+1 1.00E+2 

7 8.00E+5 1.40E+6 21 2.15E+1 4.64E+1 

8 4.00E+5 8.00E+5 22 1.00E+1 2.15E+1 

9 2.00E+5 4.00E+5 23 4.64E+0 1.00E+1 

10 1.00E+5 2.00E+5 24 2.15E+0 4.64E+0 

11 4.64E+4 1.00E+5 25 1.00E+0 2.15E+0 

12 2.15E+4 4.64E+4 26 4.64E-1 1.00E+0 

13 1.00E+4 2.15E+4 27 2.15E-1 4.64E-1 

14 4.64E+3 1.00E+4 28 1.00E-5 2.15E-1 
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Figure 1. Horizontal Cross Section of BN-1200 Calculation Model 
 
 
 

 

Figure 2. Vertical Cross Section of BN-1200 Calculation Model 
 
 
 
Results of comparative calculations are presented in Fig. 3. One can see that in the lower and 
central parts of the core Monte Carlo and diffusion calculations give similar results. Yet, in the 
upper part of the core and in the sodium blanket there is a systematic bias. It increases from the 
center to the upper part of the core, reaches its maximum value in the lower part of the sodium 
blanket and then gradually disappears.
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Figure 3. Sodium Reactivity Worth for Test Subassembly 
 
 
 
One can doubt whether the results presented in Fig. 3 are reliable enough to do any robust 
conclusions, because of large statistical uncertainties. Yet, as a matter of fact, these uncertainties 
were calculated in a very approximate manner. In the current version of MMK the components 
of sodium reactivity worth associated with the total and scattering cross sections are treated 
separately (in the differential operator method these components can be easily separated – see, 
for instance, Ref. 4, Eq. 13). The right thing to do would be to combine these components after 
each neutron history was sampled to obtain random contributions to sodium reactivity worth and 
its squared value. Instead, these components were combined into final values after all neutron 
histories were sampled. Statistical uncertainties of final values were calculated through statistical 
uncertainties of their components assuming them to be independent from each other. It has to 
overestimate final uncertainties because a) the components of sodium reactivity worth associated 
with the total and scattering cross sections have opposite signs; b) random contributions to these 
components for each neutron history are strongly correlated; c) in the accurate approach 
systematic components of correlated uncertainties would vanish. 
 
Thus, this issue can be easily resolved in future work. Yet, it make us be cautious and assume the 
results of this investigation to be preliminary. Fig. 3 shows that the dispersion of Monte Carlo 
results near their general trend is small and in no way corresponds to the statistical uncertainties 
estimated. It allow us to think that the explanation and conclusion proposed are correct.
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4. CONCLUSION 
 
In this work an attempt to apply Monte Carlo for calculating spatial distribution of sodium 
reactivity worth has been done. Calculations were performed for a simplified model of the 
perspective Russian sodium-cooled fast reactor BN-1200. The preliminary calculation results 
obtained prove that Monte Carlo has a good perspective to deal with such problems. 
Parallelization and supercomputers could dramatically improve quality and efficiency of Monte 
Carlo calculations allowing one to obtain spatial distributions of reactivity worths with high 
resolution and small statistical uncertainties necessary for safety analysis applications. 
 
A preliminary conclusion regarding diffusion calculation results for sodium reactivity worth in 
BN-1200 was done. The diffusion code used likely overestimates sodium reactivity worth in the 
upper part of the core and in the sodium blanket. This conclusion is assumed to be preliminary 
because of inadequate analysis of Monte Carlo statistical uncertainties that is to be improved. It 
has to be verified in future work. 
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