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Abstract - Reactor safety analysis requires complex coupled multiphysics calculations modeling the full core
evolution during various accidental situations. Such calculation codes rely on physical models adapted to
the physics of the simulated reactor concept. In this frame, the innovative Transient Fission Matrix (TFM)
neutronic approach, based on a conversion of the Monte Carlo response in Green functions characterizing
the local transport in the reactor and initially developed for other kinds of reactors, has been successfully
applied on one dimensional sodium fast reactors using the correlated sampling technique as detailed in this
article. This method takes into account the sensitivity of the neutron transport to local perturbations in order
to estimate on the fly the matrices variations due to a given perturbation distribution. This model provides
an accurate estimation of the reactivity and of the power distribution in the core during accidental transients,
taking into account the influence of the sodium density distribution in the plenum. This article also illustrates
the applications of this neutronic model on sodium fast reactors for small to large perturbations of the system,
and point kinetic feedback coefficients evaluations.

I. INTRODUCTION

To perform reliable reactor safety analysis, accidental
transients such as Unprotected Transient Over Power (UTOP)
or Loss Of Flow (ULOF) accidents have to be calculated with
coupled multiphysics modeling codes at the full core scale.
This requires optimized physical models for neutronic and ther-
malhydraulics at least. In this frame, the innovative Transient
Fission Matrix (TFM) neutronic approach has been developed
as an hybrid approach between stochastic and deterministic
codes, to allow fast and precise calculations during transient
simulations. This approach described in [1] condenses the spa-
tial and temporal reactor response obtained by Monte Carlo
calculations in fission and time matrices that are intended to
be used to solve deterministically the kinetic equations of the
prompt and delayed neutrons during the transient evolution.
The reactor behavior is then estimated using a single Monte
Carlo calculation prior to the transient evaluation, and finally
the neutron kinetics uses directly these matrices without ad-
ditional calculation. This TFM approach provides a precise
estimation of the neutron flux redistribution and of the reactiv-
ity during the transient with a reduced computation time.

One of the main challenges is to model the matrix varia-
tions during the transient: due to thermal feedbacks the neu-
tron transport is modified. To take this into account without
recalculating the matrices at each time step of the transient, a
matrix interpolation model has been developed and validated
[2, 3, 1]. This interpolation is appropriate to model Doppler
broadening, coolant density or control rods effects for ther-
mal spectrum PWR reactors as well as for the homogeneous
Molten Salt Fast Reactor (MSFR). Regarding heterogeneous
fast spectrum reactors, the sensitivity to the crossed cells has
to be considered on the matrices calculations, due to the large
migration area. This has required the development of a new
interpolation model.

The present paper describes this new interpolation model
based on the calculation of the matrix sensitivity to local feed-

back effects, using a correlated sampling technique. Previous
work [4, 5] has shown the efficiency of the correlated sampling
technique association to the fission matrices on simple cases.
Other work [6] illustrated the capability to calculate local den-
sity perturbation effect on fission matrices on homogeneous
system with one group isotropic Monte Carlo. The model pre-
sented here has been developed to extend the TFM approach
to the Sodium Fast Reactor (SFR) specificities. This technique
consists in a modification of the neutron weight in order to
be representative of a perturbed version of the reactor with a
single Monte Carlo calculation. The new TFM interpolation
model approach, detailed in section II., is based on the use
of these perturbed weights to generate the matrices together
with their perturbed version. The application of this interpo-
lation model is presented in section III. together with direct
Monte Carlo comparisons. The results obtained on the mod-
eling of fuel temperature (Doppler broadening) and coolant
(sodium density) perturbations are then detailed. The validity
domain of the interpolation for important perturbations such
as coolant boiling is also investigated in this paper, comparing
the neutron source redistribution and the reactivity variation
of the interpolation with direct Monte Carlo calculations. Fi-
nally, the interpolation model is also used in section IV. to
estimate the distribution of point kinetic feedback coefficients
for sodium and temperature perturbations, and also for a clad
density perturbation corresponding to a relocalization during
accidental situations. These results are presented, together
with a comparison to ERANOS [7] calculations and a spectral
analysis explaining the results obtained.

II. TFM APPROACH AND CORRELATED SAMPLING

1. Fission Matrices

The fission matrices are the numerical transposition of
Green functions aiming to characterize the neutron propa-
gation in the core. The Green function approach consists
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in reconstructing the neutron propagation as a sum of local
contributions, each contribution being the generation system
response (νΣ fψ) to a Dirac-"source neutron emission". Due
to the Monte Carlo process, the estimation of these Green
functions is based on an arbitrary volume discretization sub-
scripted on i, j, k. For each possible neutron emitted in j, its
fission neutron production νΣ fψ is estimated in each volume i.
This production corresponds to the line i - column j term of the
fission matrix G that condenses the whole transport neutron
information during one generation. The objective of the per-
turbative approach discussed here is to include the sensitivity
to a perturbation localized in volume k on this production.

Note that different kinds of matrices are estimated for the
TFM approach. The neutron behavior is different depending
on its emission spectrum (prompt or delayed), and the neutron
prompt and delayed productions have to be considered dis-
tinctly. For this reason, the four matrices Gχpνp , Gχpνd , Gχdνp ,

Gχdνd are estimated during the same Monte Carlo calculation,

tagging the neutron type for the neutron spectrum and scor-
ing both neutron multiplicities νpΣ fψ and νdΣ fψ. Note that
the neutron spectrum refers to the emission position j and the
neutron multiplicity refers to the neutron production position
i. Finally the neutron propagation time is also stored in the
time propagation matrix. These five matrices are used by the
TFM approach to perform neutron kinetics, the fission ma-
trices providing the generational variation of the prompt and
delayed neutron distributions, and the time matrix providing
the temporal information associated to the generations.

2. Correlated Sampling Technique

The estimation of a small difference between two different
Monte Carlo calculations is suffered from statistical error since
the statistical errors are independent. For example for the
reactivity, a small perturbation on the sodium density that has
an impact of one pcm would require two calculations with
a statistical error much smaller than one pcm which is not
realistic.

The correlated sampling technique is being used here to
improve the estimation of the impact of a perturbation on the
neutron path. As mentioned, it consists in associating a per-
turbed weight to each neutron in order to be representative
of a perturbed version of the reactor. This weight is modi-
fied at each interaction to take into account that each event
doesn’t have the same probability to occur in the reference
reactor and in a perturbed one. In this way, the different scores
can be estimated using a single Monte Carlo calculation for
both the reference and the perturbed system with the same
neutron histories. Finally, these two estimations have the same
statistical error, thus their difference provides a much more
precise evaluation of the perturbation on the reactivity or any
other scored quantity. Note that if the considered material is
not locally perturbed or if the region is voided, the neutron
perturbed weight is not modified.

Two kinds of weight perturbation are considered. Consid-
ering a given reaction r on the nucleus n at the distance d, with
a cross section Σn,r and a total cross section Σtot, the probability
to sample this distance is Σtot exp(−d · Σtot) and to sample this

reaction is Σn,r/Σtot. The neutron weight modification due to a
perturbation is the ratio of the perturbed probability and the
reference one. Considering the distance sampling, the neutron
perturbed weight is multiplied by:

Σ
pert
tot exp(−d · Σpert

tot )
Σtot exp(−d · Σtot)

(1)

Considering the reaction type sampling, the neutron perturbed
weight is multiplied by:

Σ
pert
n,r · Σtot

Σ
pert
tot · Σn,r

(2)

This is a multiplicative process, the neutron weight being
modified after each interaction. Each fission has a perturbed
weight that results from the multiplication of all the weight
modifications of the neutron during its propagation. This
perturbed weight is transmitted to the new neutrons produced
by the fission, and then to all the future neutron generations,
in order to take into account the perturbation of the neutron
source. To avoid the accumulation over generations of a large
difference between the perturbed weights of the simulated
neutrons, this transmission of perturbed weights is limited to
a maximum number of generations depending on the reactor.

3. Correlated Sampling Application to the Fission Matri-
ces

The fission matrices require the estimation of all the i,j
elements that correspond to a νΣ fψ score discretized on the
fission position i and neutron creation j volumes. This νΣ fψ
quantity is multiplied by the perturbed neutron weight to gen-
erate the matrices of the perturbed reactor.

In order to model the effect of various local perturbations
on the fission matrices with the same Monte Carlo calculation,
different perturbed weights are associated to each neutron.
The perturbed weights are discretized according to each vol-
ume k, each associated weight corresponding to a given local
perturbation in k. Finally, with two different perturbations
(e.g. coolant density and media temperature), the number of
perturbed weights associated to each neutron is 2 · k.

All the fission and time matrices are generated for each
perturbed weight in k. For the matrix Gχpνp , we write G̃den k

χpνp

and G̃dop k
χpνp the "variation matrices" generated with the corre-

lated sampling technique, corresponding to the variation of
Gχpνp due to a local perturbation of the coolant density and of

the temperature in k.
The neutron weight propagation through generations, re-

quired for the correlated sampling technique, has been im-
plemented and can be used for the calculation of G̃den k

χpνp
and

G̃dop k
χpνp . However, thanks to the capability of the fission matri-

ces to predict the perturbed neutron source through the Eigen
vector, this propagation of the neutron weight is not required
if the mesh discretization is fine enough and the generated
matrices are identical with and without neutron weight prop-
agation. For a given configuration, a sensitivity study on the
mesh discretization is required.
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4. Interpolation of the Fission Matrices

In order to estimate the modification of the fission matri-
ces due to an arbitrary perturbation amplitude and distribution,
the variation matrices can be used to interpolate the fission
matrices. The global perturbation is reconstructed as a sum of
local perturbations, together with a linear interpolation for the
density effect and a logarithmic interpolation for the Doppler
effect. For any matrix Gχxνx of the TFM approach, the interpo-

lated matrix with a density and a temperature perturbations is
calculated using Eq. (6).

Gχxνx (∆ρsodium(k),T(k)) = Gχxνx

+
∑

k

G̃den k
χxνx
· ∆ρsodium(k)

+
∑

k

G̃dop k
χxνx

log(T (k)/Tref (k))
log((Tref (k)+300)/Tref (k))

(3)

5. Source Neutron Redistribution and Reactivity Estima-
tion

The interpolated matrix is representative of the lo-
cal neutron propagation in the perturbed system. Con-
sidering a time step t associated to a perturbation shape
(∆ρsodium(k),T(k)), the Eigen vector Np(t) of the matrix
Gχpνp (t) = Gχpνp (∆ρsodium(k),T(k)) is solution of the Eq. (4)

and corresponds to the equilibrium neutron distribution. The
associated Eigen value is the prompt multiplication factor of
the system.

Gχpνp (t)Np(t) = kp(t)Np(t) (4)

In order to take into account the coupled effects between
prompt and delayed neutrons, we use the Gall(t) block-matrix
(Eq. 5) constructed with the "prompt to prompt" and "delayed
to delayed" matrices on the diagonal, and the crossed pro-
ductions out of the diagonal. The Eigen vector Neq,all(t) =(
Np,eq(t) Nd,eq(t)

)
corresponds to the prompt and delayed dis-

tribution in the reactor at equilibrium, and the associated Eigen
value is the effective multiplication factor keff(t) of the reactor.

Gall(t) =

Gχpνp (t) Gχdνp (t)

Gχpνd (t) Gχdνd (t)

 (5)

III. APPLICATION OF THE TFM APPROACH WITH
THE PERTURBATIVE INTERPOLATION MODEL

1. Application Case Presentation

The development of this perturbative interpolation model
has been performed in the general framework of the low void
effect [8] sodium fast reactor ASTRID. This kind of concept is
characterized by a large sodium plenum increasing the neutron
leakage in case of a sodium density decrease.

A simplified geometry of a 1D assembly has been consid-
ered as application case to check the capability of this approach

Fiss - 1500 K Na - 600 K B4C - 600 K
16O 1.952e-02
23Na 6.352e-03
56Fe 1.861e-02
235U 1.542e-05
238U 7.599e-03
238Pu 5.833e-05
239Pu 1.238e-03
240Pu 5.773e-04
241Pu 1.617e-04
242Pu 1.743e-04
241Am 2.713e-05

23Na 2.106e-02 10B 6.388e-03
11B 2.587e-02
12C 8.065e-03
23Na 1.094e-02
56Fe 1.256e-02

TABLE I. Material temperatures and compositions - 1024

atoms per cm3

to be representative of the physics involved in this kind of reac-
tor with the variation of the flux gradient in case of sodium loss.
The geometry, composed of three areas (fissile, sodium and
B4C), is represented in Fig. 1 and the material temperatures
and isotopic compositions are given in Table I. These compo-
sitions are considered radially homogeneous. The geometry
boundary condition is a radial reflection and axial leakage.
Note that the fuel region here corresponds to an assembly
homogenization so that it contains fuel, sodium and steel.

Fig. 1. Case geometry description in cm.

All the calculations presented in this paper have been
performed with a modified version of the neutron Monte Carlo
code Serpent [9] and with the JEFF3.1 database. One billion
of neutrons have been simulated per calculation and a 60
bins geometry discretization for i j and k is considered. A
sensitivity study has been performed: the results detailed in
the article are identical using a finer 120 bins mesh, and also
using a propagation of the neutron perturbed weight on 8
generations. The source neutron distribution in the system is
presented in Fig. 2 (left). We can notice the asymmetry of this
distribution in the fuel due to the large neutron leakage at the
bottom of the geometry (left part of the figure). The neutron
reflection contribution of the sodium plenum is directly visible
with the large amount of neutrons created in the fuel near to
the sodium: without the reflection of the sodium, the neutron
source at 50 cm would be equivalent to the one at 0 cm. For this
reason, the leakages are increased accordingly if the sodium
density is reduced.

The neutron production shape corresponds to the Eigen
vector of the fission matrix Gχpνp displayed in Fig. 2 (right).

Each column j of the fission matrix corresponds to the propaga-
tion of the neutron in the i volumes. Considering an emission
in the center of the fuel (i.e. column j = 15 of the matrix),
each line of this column represents the probability that a neu-
tron produces a fission neutron during one generation. This
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probability is zero in the sodium (bins or volumes 30-44) and
in the B4C areas (bins 45-59). The values on the diagonal
(j = i) correspond to the neutron production at the same place
as the neutron emission, which is the most probable fission
position. The general diagonal shape of this matrix shows the
propagation of the fissions around the neutron emission, the
values far from the diagonal correspond to large migration
areas.

Fig. 2. Source neutron distribution (left) and reference Gχpνp

matrix (right).

2. Matrix Calculations

Using the correlated sampling technique, different varia-
tion matrices are generated. The matrices presented in Fig. 3
are the variation of the Gχpνp matrix due to a local perturbation

in k of the sodium density or of the fuel temperature. We con-
sider in this paper a reference estimation of these matrices for
a sodium density perturbation of −1% and for a temperature
perturbation of +300K.

Fig. 3. Variation matrices G̃den k
χxνx

(top) and G̃dop k
χxνx (bottom) for

a perturbation in volumes 15 (left), 25 (middle) and 40 (right).

A local variation of the sodium density of −1% produces
a redistribution of the neutron propagation with a strong dis-
continuity around the perturbation position k. If the emission

and the fission position are on the same side, (i and j) > k or (i
and j)< k, the impact of the perturbation is a decrease of the
fission neutron production. At the opposite, if the perturbation
is located between i and j, the neutron production is increased
because the spectrum becomes harder. The effect of a sodium
density decrease in the sodium plenum is a strong fission pro-
duction reduction near to the sodium area due to the neutron
leakage in the B4C.

Concerning the Doppler effect, it produces a global de-
crease of the fission production around position k. The
Doppler broadening favors the absorptions, and this effect
is more important for a perturbation near to the sodium area
where the spectrum is softer.

3. Interpolation of the Matrices and Validation

In order to validate the interpolation model and the im-
plementation of the approach, two configurations have been
considered. A perturbation of the reactor with a different
shape and amplitude has been calculated with a variation of
the sodium density of −2% in the sodium area, and a variation
of −300K at the top of fuel area. In this way this checks the
interpolation based on the reference variation of the sodium
density of −1% and of the temperature of +300K (reference
matrices). The interpolated fission matrices corresponding to
these perturbations are calculated using:

Gχxνx
−2%Na = Gχxνx +

∑
k∈{30,44}

G̃den k
χxνx
· 2

Gχxνx
−300K = Gχxνx +

∑
k∈{15,29}

G̃dop k
χxνx

log(1200/1500)
log(1800/1500)

(6)

We remind here that the reference matrices are calcu-
lated using direct Monte Carlo calculations, without using
the correlated sampling technique. Two distinct Monte Carlo
calculations are performed, for the perturbed and the reference
system, and the difference of the generated fission matrices
provides the reference values for Gχxνx

−2%Na and Gχxνx
−300K.

The results obtained are presented in Fig. 4. The results
of the interpolation model are represented on the left, the ref-
erence estimation using direct Monte Carlo calculation are
represented in the middle, and the difference between these
two estimations are represented on the right. For both density
and Doppler effects, the global shapes are very well repro-
duced by the interpolated matrices and the differences are due
to the statistical errors only.

In addition to the fission matrix comparison, a second
point is the validation of the redistribution shape prediction.
For this, the Eigen vector of the interpolated matrix is com-
pared to the estimation of the source neutron shape difference
of the two Monte Carlo direct calculations. The two configu-
rations are represented in Fig. 5. For the density perturbation
(red) and the Doppler perturbation (blue), the interpolated
results (dashed line) perfectly reproduce the Monte Carlo cal-
culation (solid line).

Finally, the Eigen values associated to the interpolated
matrices are compared to the reactivity variations of the Monte
Carlo direct estimation in table II. Once again the interpolation
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Fig. 4. Fission matrix variation due to a local variation of
the sodium density of −2% in the sodium plenum (top) and
to a local variation of the temperature of −300K (bottom):
results of the interpolation model (left), direct Monte Carlo
calculation (middle) and difference (right).

Fig. 5. Source neutron redistribution due to a local variation
of the sodium density (red) and of the temperature (blue):
results of the interpolation model (dashed line) and of the
direct Monte Carlo calculation together with the statistical
error (solid line).

model shows its capability to precisely predict the reactivity
variation due to a perturbation in the system.

4. Interpolation of the Matrices for Large Perturbations

The fission matrix interpolation uses variation matrices
G̃χxνx calculated with a small perturbation around the nominal
state. Using these matrices may induce a bias if we consider
large perturbations of the reactor compared to the nominal
state due to a potential non-linear behavior. Note that this
interpolation model does not assume that the flux redistribution
is linear at the system scale, but that the local system response
on one generation is linear. In this section, large sodium
variations are considered as illustration since this phenomenon
produces the larger flux redistribution in the core.

Two characteristic amplitudes are considered: a variation
of -15 % that is the order of magnitude of the sodium density

Case density50−75 cm Doppler25−50 cm

∆ρref −60 ± 3 69 ± 3
∆ρinterpolation -60.7 67.8
difference (1 ± 5) % (−2 ± 5) %

TABLE II. Reactivity variation due to a local variation of the
sodium density and of the temperature

variation before sodium boiling, and a variation of -100 %
that corresponds to a total void effect. Four perturbation lo-
calizations have been calculated in order to obtain distinct
characteristic behaviors: case A in the bottom of the fissile
region (0 cm up to 25 cm), case B in the upper part of the
fissile region (25 up to 50 cm), case C in the first 10 cm of
the sodium region (50 cm up to 60 cm), and case BC that
combines B and C (25 cm up to 60 cm). Each case represented
in Fig. 6 is declined for the two amplitudes mentioned.

Fig. 6. Position of the perturbation in cases A,B,C and BC.

The results obtained with the sodium density perturbation
at -15 % and -100 % are respectively presented in Figs 7
and 8, and the reactivity in Tables III and IV. As previously
illustrated, the non-zero terms of the matrices are only in the 0-
30 bins (corresponding to the fissile area in 0-50 cm). For each
case, the reference calculation (middle) corresponds to two
direct Monte Carlo calculation with the corresponding sodium
modification shape and amplitude: the variation matrix is the
difference between the perturbed and the reference matrices.
Note the two distinct Monte Carlo used for this reference
calculation are performed with one billion of neutron, while all
the matrices required for the interpolation (left) are calculated
using only one calculation with also one billion of neutrons.

Different observations can be done concerning the physics
of the matrices variation independently of the perturbation
amplitude (Figs. 7 and 8):

• Concerning case B, a decrease of the fission probability
along the diagonal is observed in the upper fissile area.
This effect is due to the increase of the neutron mean free
path. An important increase of the fission probability is
observed far from the diagonal due to the sodium density
decrease that implies a harder neutron spectrum.

• If the sodium perturbation is near to the bottom of the
fissile area (case A), the effect on the matrix is almost the
same but the proximity of the bottom boundary reduces
the fission probability far from the diagonal.

• For a perturbation in the sodium area (case C), the effect
is a depletion of the fission matrix near to the sodium.

• For a perturbation combining cases B and C, the resulting
matrix is the sum of the two corresponding matrices.
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Fig. 7. TFM interpolated matrix variation (bins 0-30) asso-
ciated to the -15 % sodium variation (left), reference matrix
variation (middle) and comparison of the associated source
neutron redistributions.

Case ∆ρref ∆ρinterpolation difference
A −91 ± 2 −95 4 ± 2 %
B 92 ± 2 88 −4 ± 2 %
C −181 ± 2 −183 1 ± 1 %
BC −94 ± 2 −96 2 ± 2 %

TABLE III. Reactivity variation due to -15 % sodium variation
from TFM and the Monte Carlo reference calculation

A perturbation in the sodium area implies an important
decrease of the neutron source redistribution near to the upper
fissile area (Fig. 7 - right, case C ) due to the large increase of
the neutron leakages in the B4C. For a perturbation in the fuel,
two opposite effects occur: the local mean free path increase
tends to locally decrease the neutron redistribution, while a
harder neutron spectrum tends to increase the fission rate. For
this reason, we can see on cases A and B that the redistribution
is almost negative in the perturbation position, and positive at
the boundaries of the perturbation with a large influence of the
material next to the perturbation (sodium, unperturbed fuel or
leakage).

With the -15 % sodium density variation, the amplitude of
the variation matrices is limited compared to the -100 %, and
thus the reference and the perturbed fission matrices estimated
using two distinct Monte Carlo calculations are not signifi-
cantly different. Since the statistical errors are independent,
the reference variation matrix that is the difference between

Fig. 8. TFM interpolated matrix variation (bins 0-30) associ-
ated to the -100 % sodium variation (left), reference matrix
variation (middle) and comparison of the associated source
neutron redistributions.

Case ∆ρref ∆ρinterpolation difference
A −747 ± 2 −637 −15 ± 0.2 %
B 686 ± 2 586 −15 ± 0.2 %
C −1336 ± 2 −1212 −9 ± 0.1 %
BC −762 ± 2 −638 16 ± 0.2 %

TABLE IV. Reactivity variation due to -100 % sodium varia-
tion from TFM and the Monte Carlo reference calculation

the two calculated matrices has a large statistical error. This
effect is reduced for the -100 % since the residual statistical
error is much smaller than the difference of the perturbed and
reference matrices. A good global agreement is obtained in
both cases, the behavior of the neutron local propagation is
correctly reproduced. Note that the feedback is positive for
case B since the harder spectrum tends to increase the reactiv-
ity, while it is negative for case A due to the increased neutron
leakages. This effect will be discussed in section IV. with the
point kinetic feedback coefficients estimation.

The neutron source redistributions (right column) are also
correctly reproduced. The agreement is very good for a -15 %
perturbation, and a small difference appears for the total void
configuration.

The reactivity variations are also reproduced with a very
good agreement for the -15 % perturbation (Table III), the
maximum difference being of 4% on the reactivity variation.
The limit of the interpolation appears with a -100 % perturba-
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tion (Table IV). For a total void effect, the reactivity variation
is predicted with a maximum bias of 16 %. Even if the global
shape of the matrices is good and then their Eigen vectors
(source neutron distributions) are correct, the Eigen values
(multiplication factors) are very sensitive to the non-linearity
for a local total void configuration. A possible solution that
can be investigated for future developments is to estimate the
variation matrices at different intermediate densities between
100% and 0%, and finally to interpol the final matrix with
these intermediate matrices.

IV. POINT KINETIC LOCAL FEEDBACK DISTRIBU-
TION

1. Feedback Calculations

The objective of the initial development of the TFM ap-
proach was the calculation of effective kinetic parameters and
the capability to perform spatial kinetic calculations. From
the new developments presented here, local feedback coeffi-
cients can also be calculated by using the variation matrices.
The TFM approach can thus provide Monte Carlo based point
kinetic precise parameters to other calculation codes.

Each variation matrix corresponds to a local perturbation
in the reactor (material density and Doppler broadening in
this work). The effective multiplication factor associated to
this perturbation is directly given by the Eigen value of Gall +

G̃k
all. Finally the reactivity variation associated to each local

perturbation in the volumes k is calculated using TFM.
Note that the corresponding Eigen vector can also be

calculated for each k value. Assuming that the impact of the
variation of the neutron source distribution due to a system
modification in cell k is negligible on the propagation of
another modification in cell k′ in the reactor, then a pseudo
spatial kinetic model can be established. This model uses at
each time step a sum of variation vectors weighted by the
amplitude of the system modification in k. In this way the
calculation time would be very fast, but this approach can not
be able to observe neutron decoupling effect.

In order to have a comparison for the feedback coef-
ficients obtained, SN calculations with 33 energy groups
have been performed with the ERANOS code [7]. These
deterministic calculations are based on the traditional two
level lattice/core scheme and the JEFF 3.1 nuclear database.
First, self-shielded cross sections are computed by the ECCO
code cell, using the fundamental mode assumption for all
the materials of the 1D core geometry. For fissile materials,
a buckling search algorithm is used to obtain the critical
flux for the cross section collapsing to a 33 energy group
mesh. For the subcritical materials such as fertile or structural
parts of the 1D sub-assembly, the process is based on source
calculations using the spectrum coming from previous fissile
calculations. The boundary conditions are a flux leakage
on the axial boundaries for both cases, and no volumetric
leakage are considered since there is no radial leakage for this
application case.

Figure 9 shows the density (left) and Doppler (right) feed-

backs coefficient calculated for the system. The density feed-
backs are calculated for a sodium and clad density variation of
-1 %. This Doppler feedback is calculated with a logarithmic
dependency due to the temperature perturbation amplitude in
the correlated sampling process (+300 K). A very good agree-
ment is obtained between TFM (red) and ERANOS (blue).

Fig. 9. Density feedback coefficient (left) associated to a
local perturbation of -1 % in the sodium (plain line) and the
steel (dashed line), and Doppler logarithmic coefficient (right)
calculated as ∆ρ

log(T+300/T) , with TFM (red) and ERANOS (blue).

Concerning the density effect, the feedbacks are different
in the three regions. In the fuel region the sodium (plain line)
and the steel (dashed line) feedbacks have the same behavior,
the amplitude being larger for the steel due to the larger absorp-
tions in this media. Near to the fuel boundaries, the feedback
is negative since a decrease of the nuclei density increases the
local neutron mean free path, and then the leakages. In the
middle of the fuel region the feedbacks are positive, indeed the
decrease of the sodium density makes the neutron spectrum
harder, together with the absorption decrease in the steel if its
density is reduced.

In the B4C, the feedbacks are negative since the presence
of sodium and steel reduces the absorptions on the boron due
to the reflections. In the sodium plenum, the only component
is sodium without any steel and the clad feedback is thus
null here. We can see that the sodium feedback value is
constant in this region. The impact on the reactivity is
exactly the same if the perturbation is near to the fissile
(eg. at 55 cm) or near to the B4C (eg. 70 cm) even if the
neutron flux and importance are reduced in the latter. Such
an effect was expected with this one dimensional geometry
without radial leakages. The only leakages are axial, and
for the reason, the probability that a neutron leaving the
fissile area arrives in the B4C only depends on the total
amount of sodium nuclei between these two regions. The
reflector capability of the sodium in this region only de-
pends on the total amount of sodium and not of its distribution.

Concerning the Doppler effect, this effect is mainly nega-
tive since the Doppler broadening favors the absorption/fission
ratio. Between 0 cm and 5 cm the Doppler effect is positive:
the total cross section increase limits the leakage on this part
of the geometry. An important local variation may be observed
near to the fissile-sodium interface. Indeed the reflected neu-
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trons returning from the sodium area have a softer spectrum
which directly impacts the Doppler broadening sensitive to the
neutron spectrum.

A slight difference is obtained between TFM (red) and ER-
ANOS (blue). This difference is due to the important spectral
variation detailed in the next section. The neutron spectrum
variation is also large between the sodium and the fissile areas,
meaning that the fundamental mode assumption may no be ap-
propriate. Finally, another possible origin for this discrepancy
is the self-shielded multigroup cross section anisotropy. A
neutron reflected from the sodium down to the fuel area comes
back with a smoother spectrum, and due to the progressive
spectrum variation inside the fissile, the self-shielded cross
sections may be different depending on the neutron direction.

2. Spectral analysis

In order to confirm the origin of the difference between
deterministic and TFM based Doppler feedback coefficients,
spectrum maps have been generated and are detailed here.
These maps, evaluated with the Serpent Monte Carlo code,
consist in a flux score in the system with a double discretiza-
tion: axially (500 bins in ordinate) and in lethargy (5000 bins
in abscissa). The Serpent code has been modified to obtain
an additional information for each neutron: the direction of its
axial velocity, positive if the neutron goes from the bottom to
the top of the assembly, and negative elsewhere.

The first maps (Fig. 10) represent the flux repartition in

Fig. 10. Neutron flux normalized per source neutron: the "A"
map represents the total flux, the "B" and "C" maps represent
the neutrons with respectively a positive (up) and a negative
(down) axial velocity, and the difference of "B-C" is presented
in map "D" in percents of the average values.

the system. The A map corresponds to the direct flux for
each lethargy-position bin, while the B and C maps represent
the map flux of the neutrons with respectively a positive and
negative axial velocity. The D map represents the relative
difference between B and C.

We can see that the mean neutron energy in the fissile
region (between 0 and 50 cm) is equal to around 300 keV
even if the neutrons are produced here at around 2 MeV, due
to scattering in the fuel. Then the neutrons that move to
the sodium area are thermalized as observed between 50 and
70 cm. The fast component (1-10 MeV) is cut within a few
centimeters in the sodium. The component around 100 keV is
more important and we can see the accumulation of a neutron
population around 1 keV, below the sodium absorption reso-
nance that depletes the neutron spectrum map. We can note
the large number of resonances in the fissile area compared to
the sodium area, especially at low energy.

As explained, map D represents the difference between
the up and down velocity components. Using the SN transport
solver for the ERANOS code, the strong flux anisotropy that is
directly visible on this D map is correctly taken into account.

We need to go further to understand the difference be-
tween ERANOS and TFM. Figure 11 represents the spectrum
maps: it corresponds to the flux map but normalized in each
position bin in order to see how the neutron spectra are modi-
fied inside the geometry.

We can see on map D that the neutron spectrum needs
a few tens centimeters to be converged on a "fundamental

Fig. 11. Neutron spectra normalized per axial bin: the "A" map
represents the total spectra, the "B" and "C" maps represent
the neutrons with respectively a positive (up) and a negative
(down) axial velocity, and the difference of "B-C" is presented
in map "D" in percents of the average values.
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spectrum" between each material interface. Additionally, we
can see a strong spectral anisotropy in the energy range of the
resonances. For these reasons, the fundamental mode assump-
tion may be not appropriate on this kind of geometry where
the fuel height is small, and new calculation schemes consider-
ing anisotropy and axial dependence in the self-shielded cross
sections should provide better results.

V. CONCLUSIONS

The present work provides an innovative way to predict
the neutron redistribution and the reactivity variation due to
a perturbation in a fast spectrum heterogeneous reactor. The
paper demonstrates the capability to interpolate fission ma-
trices on the fly for a given shape and amplitude of coolant
density and material temperature using a sum of local contri-
bution. Thanks to a correlated sampling technique, the effect
of different local perturbations on the fission matrices are esti-
mated using a single Monte Carlo calculation and with a small
statistical error. The precision obtained with this model on
the neutron redistribution and on the reactivity is around the
percent on a partial assembly representative of the low void
effect of the ASTRID reactor.

Perturbations with large amplitude have also been tested
to investigate the limits of this interpolation model. A sodium
variation up to -15 % that corresponds to the limit before
boiling is reproduced with a very good agreement compared
to direct Monte Carlo calculations. A variation of -100 % that
corresponds to a local total void effect is predicted with a good
agreement on the neutron redistribution but a bias of 16 % on
the reactivity variation due to the non-linearities.

Finally point kinetic feedback distributions have been
successfully calculated with this Monte Carlo based approach,
and compared to the ERANOS deterministic code.

This model can be used for future applications to per-
form precise neutron kinetics with a coupling to the thermal-
hydraulics, only one Monte Carlo calculation being required
prior to the transient and all the interpolations being performed
with a reduced computation time.
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