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Engineering of innovative reactor concepts requires computational tools capable of producing results with a high level of 
accuracy. These results are affected by different sources of uncertainty such as the ones coming from nuclear data.  The 
assessment of the uncertainty levels on the design and safety parameters is mandatory. 

The uncertainty quantification applied here is based on the adjoint sensitivity analysis.  Where the sensitivities of 
design values to nuclear data are employed together with the nuclear data uncer- tainties to propagate these uncertainties 
to the design parameters. 

The European Sodium Fast Reactor (ESFR) is the innovative reactor model considered here, designed in the framework 
of a EURATOM Collaborative Project.  Some of the relevant safety quantities linked to it are Doppler and void reactivity 
coefficients, whose uncertainties are quantified. Also the identification of the nuclear reaction data where an improvement 
will certainly benefit the design accuracy is performed.  This work has been performed with the SCALE 6.1 codes suite 
and its multigroups cross sections library based on ENDF/B-VII.0 evaluation. 

 
 

 
 
I. INTRODUCTION 

 
Continuous efforts are being made in the development 

of Sodium cooled Fast Reactors (SFR) which could have 
an important role to reach a sustainable, efficient and cost 
effective nuclear energy production.  The EURATOM 
Collaborative Project for a European Sodium Fast Reac- 
tor (CP-ESFR) [1] is dedicated to select pre-conceptual 
designs for an optimized SFR model. 

One of the points of view for optimization is safety 
enhancement.   In this  regard,  one key  parameter  is  the 
positive sodium void reactivity insertion following a re- 
moval of sodium from the core.  The Doppler reactivity 
insertion, as a result of fuel temperature changes, is also 
of importance, because its negative value should be ad- 
dressed.  And the reactivity effect driven by material ex- 
pansions  should  also  be assessed, though  it will  not  be 
regarded here. 

These integral coefficients should be within an uncer- 
tainty range that ensures safety.  Guiding values for the 
multiplication factor keff  and the reactivity coefficients ρ, 
following two  recommendations  [2, 3], are  presented  in 
table I . 

 
 
 

 
TABLE I: Target uncertainties on design parameters. 

 

 
Salvatores  Ishikawa 

keff (%∆k/k) 0.3 0.3 
Doppler reactivity (%∆ρ/ρ) 7.0 14.0 
Na void reactivity (%∆ρ/ρ) 7.0 20.0 

 
 
 

The uncertainties due to cross section data for these 
integral  values  have been studied.   It could be affirmed 
that the multiplication factor is quite close to the design 
requirements [4], while reactivity coefficients are still far 
from desired levels for the void effect [5]. 

In the following, we present a calculation procedure 
applied to obtain the uncertainty in sodium void worth 
and Doppler reactivity for an optimized design of a 3600 
MWth SFR based on oxide fuel and proposed in the 
ESFR Project [6]. Computations have been performed 
with SCALE 6.1 [7] for cross sections uncertainty prop- 
agation to keff  and ρ. Results will be presented together 
with their uncertainties to evaluate its compliance with 
the previous limits and to point out the main contributors 
to such uncertainties. 
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II. EUROPEAN SODIUM FAST REACTOR
MODEL

The selected ESFR core model for this study contains
oxide fuel distributed in an inner and an outer region of
sub-assemblies (SA). The outer region presents a slightly
higher Plutonium content in order to flatten the power
shape at the end of the cycle. No minor actinides were
charged into the core.

The active region has a flattened shape of about 4.7
meters in diameter by 1.0 meter height of MOX pel-
lets. Above the active core, there is a fission gas plenum
filled with helium, followed by a sodium plenum and an
absorber layer, covered by and axial shielding section.
Below the active region, there is a short fertile blanket
formed by UOX pellets, followed by a long fission gas
plenum. The sodium plenum, absorber layer and fertile
blanket have been added to the original configuration of
the CP-ESFR as a result of an optimization effort to re-
duce the sodium void effect [8].

In the radial direction, there exist five different types
of SA: two fuel SA with a different isotopic enrichment,
two control elements with different boron carbide compo-
sitions and one radial reflector assembly.

Calculations will be performed at nominal conditions
with the fuel at 1500 K. In order to compute the reactiv-
ities, two different perturbations will be introduced:

• Heating of the active fuel region (fertile blanket not
included) to 2573 K.

• Voiding sodium regions in the most unfavorable but
realistic way.

The voiding of the core is performed only in the sodium
region surrounding each fuel pin from the fertile blan-
ket to the top of the core. Keeping the sodium under
the fertile blanket region and between fuel SA wrappers
increases the flux level but avoids leakages, maximizing
reactivity insertion. On the other side, the sodium in
the upper plenum is removed as this should be closer to
reality during a possible accident and benefits from the
optimized configuration advantages.

III. UNCERTAINTY PROPAGATION TO
REACTIVITY COEFFICIENTS

The study of reactivity coefficients for fast reactors is
usually performed through perturbation theory to obtain
insight their dependence on the different cross sections,
isotopes and regions of the core [9]. The reactivity co-
efficients assessment is strongly affected by nuclear data
uncertainty, and our aim here is to quantify such effect.

A full core 3D model has been prepared following
the project specifications to compute forward and ad-
joint flux distributions for each considered state with the
Monte Carlo code KENO-VI from the SCALE 6.1 pack-
age. These solutions are used in the TSUNAMI module

to compute sensitivities Sk of keff to cross sections data
using perturbation theory.

Next, the TSAR module combines these sensitivities
employing Eq. (1) to obtain the sensitivities for the reac-
tivity Sρ, which is a function of the multiplication factors
for the nominal and the perturbed states, k1 and k2 re-
spectively [10].

Sρ =
Sk1

/k1 − Sk2
/k2

ρ
; ρ =

k2 − k1
k1k2

(1)

Finally, these sensitivities are combined with cross sec-
tions uncertainty data to obtain a final evaluation of the
impact of that uncertainty on the reactivity coefficient.

The 238 energy groups cross sections library employed
is based on ENDF/B-VII.0 [11]. The uncertainty infor-
mation is compiled in a 44 energy groups structure in
SCALE 6.1.

IV. RESULTS

Calculations were performed for the three different
states already mentioned, i.e. nominal, heated and
voided. In table II the corresponding keff and their rel-
ative uncertainty ∆k/k due to cross section uncertain-
ties are included, all quantities with their corresponding
stochastic uncertainty.

TABLE II: keff values and propagated uncertainties for each
state. Stochastics uncertainties are included.

Nominal Heated Voided

keff forward 1.02110± 10−4 1.01593± 10−4 1.02528± 10−4

keff adjoint 1.02128± 10−3 1.01531± 10−3 1.02502± 10−3

%∆k/k 1.589± 10−3 1.604± 10−3 1.672± 10−3

Table III presents the reactivity values and their uncer-
tainties from the nuclear data, accompanied also by their
statistical uncertainties from the Monte Carlo method.
Here, the uncertainty in the voiding reactivity over 100
pcm is well above the desired target accuracy of 7%, and
still above the more relaxed limit of 20% contained in
table I.

TABLE III: Reactivity and propagated uncertainty for per-
turbed states. Statistical uncertainty is included.

Fuel Doppler Sodium void

ρ (pcm) -499±14 399 ± 14

%∆ρ/ρ 5.8 ±0.4 30.6 ± 0.4

The main contributors to the uncertainty in the
Doppler reactivity effect are listed in table IV , where ν̄




