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a b s t r a c t

In light of the importance of helium production in influencing the behaviour of fast reactor fuels, in this
work we present a burn-up module with the objective to calculate the production of helium in both in-
pile and out-of-pile conditions tracking the evolution of 23 alpha-decaying actinides. This burn-up
module relies on average microscopic cross-section look-up tables generated via SERPENT high-fidelity
calculations and involves the solution of the system of Bateman equations for the selected set of acti-
nide nuclides. The results of the burn-up module are verified in terms of evolution of actinide and helium
concentrations by comparing them with the high-fidelity ones from SERPENT, considering two repre-
sentative test cases of (U,Pu)O2 fuel in fast reactor conditions. In addition, a code-to-code comparison is
made with the independent state-of-the-art module TUBRNP (implemented in the TRANSURANUS fuel
performance code) for the same test cases. The herein presented burn-up module is available in the
SCIANTIX code, designed for coupling with fuel performance codes.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1 Monte Carlo burn-up calculation codes, as well as many deterministic ones,
adopt coupling schemes in which at every burn-up step sequential steady-state
neutronics solutions and depletion calculations with constant microscopic reac-
1. Introduction

Fuel and cladding materials undergo isotopic and microstruc-
tural evolution during reactor operation, affecting fuel pin perfor-
mance and safety [1]. As burn-up increases, the change of the fuel
isotopic composition directly causes production of inert gases,
whose evolution in the grains and at the grain boundaries leads to
gaseous swelling and gas release in the pin free volume. Such
phenomena affect the integrity of the fuel pin, modifying the di-
mensions of the fuel pellets, the fuel-cladding gap conductance,
and pin internal pressure [2e4]. On the other hand, the variation of
fuel composition strongly influences some crucial properties for the
fuel performance analysis, such as thermal conductivity, melting
(solidus) temperature, heat capacity, elastic modulus, and thermal
expansion. Thus, a reliable prediction of actinide evolution and
inert gas production in nuclear fuels is required as input for models
which aim to represent the changes in the fuel thermal and me-
chanical properties. This is even more relevant in the framework of
the development of future Generation IV reactor concepts and
related fuel materials, where the target fuel burn-up is higher
by Elsevier Korea LLC. This is an
compared with the present technologies [5,6].
In the frame of a fuel performance simulation, the resolution of

neutron transport is hardly affordable1 because it would require
access to microscopic cross-sections libraries, with cross-sections
as function of the incident neutron energy, angle, fuel pin compo-
sition, excessively increasing the overall computational cost of a
fuel pin simulation. Since in fuel performance calculations the focus
is only on nuclides relevant to determine the radial power profile in
the fuel pellet, and on helium production as well, the approach
conventionally adopted is to evaluate once and for all the set of
needed average cross-sections for different fuel/reactor combina-
tions. To do this, databases of averaged microscopic cross-sections
have been generated coupling neutron transport codes (e.g.,
MCNP [7]) with depletion codes (e.g., ORIGEN [8]) [3,4]. For
example, the RADAR module of Palmer et al. [9], embedded in the
ENIGMA fuel performance code and called in every node of the
tion rates are combined into a burn-up calculation, thus implying significant overall
computational times. This stepwise approach is adopted for example in the SCALE
[37] and PHISICS [38] codes, where TRITON and INSTANT are the neutronics
modules and ORIGEN [8] and MRTAU are the depletion modules, respectively.
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3 It is worth mentioning that also the ORIGEN code, developed at Oak Ridge
National Laboratories, uses fuel/reactor-dependent cross-section look-up tables for
depletion calculations [8].
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mesh, consists of: (1) a differential equation for the local 235U
concentration, (2) a differential equation for the local 239Pu con-
centration, and (3) the solution of a simple diffusion theory for the
thermal neutron flux. The main disadvantage is that it considers
only the formation of 239Pu, while the formation of 240Pu and
higher plutonium isotopes is neglected. With the purpose of
extending the RADAR module and its predictions of experimental
plutonium build-up, the TUBRNP module, embedded in the
TRANSURANUS fuel performance code [10], has been developed. In
TUBRNP, the effective cross-sections for neutron-induced fissions
and captures in UO2 fuel depend on the reactor type and on the
enrichment of 235U, while the related cross-sections for LWR-MOX
(uranium-plutonium mixed oxide) fuel depend on the initial Pu
concentration [11]. The resonance absorption of neutrons in 238U
and 240Pu2 is considered implicitly via a radial form factor
[10,12,13]. Recently, the module was extended to Th-based LWR
fuels by Tijero Cavia et al. [14]. Further worth-mentioning burn-up
modules developed for fuel performance calculations are RAPID
[15], PLUTON (part of ASFAD, FEMAXI-V and MACROS fuel perfor-
mance codes [16]), RTOP [17] and the burn-up module of the
COSMOS code [18]. In addition, the DIONISIO code [19] has been
developed and recently extended to model the fuel behaviour at
high burn-up [20,21]. Fundamental developments to include the
production of helium in burn-up modules applicable in fuel per-
formance codes were performed by Federici et al. [22] (PRODHEL
code) and Botazzoli et al. [23] (TUBRNP code extension). Both
include the description of 238Pu, 242Cm and 244Cm as main a-
emitters, yet not tracking explicitly 242Am and 242mAm, whose ef-
fect on 242Cm production is crucial to achieve a good description of
helium, especially when a certain plutonium and minor actinide
concentration is present in the fresh fuel.

In this work, we present a burn-up module suitable for appli-
cation in fuel performance codes, developed within the SCIANTIX
code, an open source intermediate-scale code developed to
describe fission gas behaviour at the fuel grain level [24]. SCIANTIX
aims at effectively bridging the lower-length scale of atomistic
simulations and the engineering scale of fuel performance codes,
feeding the latter with theoretical and experimental knowledge
about fission gas behaviour mechanisms, always complying with
the computational requirements of fuel performance codes. In
addition, it aims at being useable as a stand-alone code for the
simulation of separate-effect experiments at the fuel-grain scale
involving inert gas behaviour, both supporting the design of the
experiment itself and the interpretation of the results. As already
declared, the development of this burn-up module has a twofold
purpose, namely, to predict both the helium production and the
actinide evolutions in oxide fuels in fast reactor irradiation condi-
tions. These objectives are particularly important for (U,Pu)O2 fuels
for fast reactors, since the initial enrichment in plutonium nuclides
leads to a relevant content of minor actinides (which are mostly a-
emitters and hence helium-producers). The focus of the present
work, grafted within the INSPYRE Project [25], is therefore on Pu-
bearing oxide fuels, whereas the burn-up module itself and the
methodology used to develop it can be applied to any kind of fuel/
reactor combinations. Compared to state-of-the-art modules
currently available in fuel performance codes, we choose to include
the evolution of a high number of nuclides, like 242Am and 242mAm,
aiming at a more detailed and accurate description of helium
production. The proposed methodology consists in coding multi-
dimensional look-up tables for each relevant cross-section. The
entries for these look-up tables are obtained from SERPENT
2 In addition, TUBRNP considers the burn-up dependence of the 240Pu neutron
capture cross-section.
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calculations [26], a 3D continuous-energy Monte Carlo reactor
physics and burn-up calculation code, through the computation of
the reaction rate integrals (RRI). Every cross-section is calculated
for a selected burn-up range and various initial Pu/HM (heavy
metal) contents and is collected in a proper look-up table.3 This
methodology has been applied to (U,Pu)O2 fuel in two different
reactor conditions, namely, sodium fast reactor (MOX/SFR) and
lead-bismuth eutectic fast reactor (MOX/LBE-FR).4 Since the data-
base of cross-sections is embedded in SCIANTIX, the herein pre-
sented burn-up module can be either used as a stand-alone code or
coupled with fuel performance codes. In this work, we use this
module as stand-alone, but the coupling between SCIANTIX and
TRANSURANUS fuel performance code is currently under devel-
opment [27,28].

This paper is organized as follows. In Section 2, we formulate the
general structure of the burn-up module. In Section 3, we provide
an in-depth view of the methodology applied to develop the
module itself, while in Section 4 we assess its predictions in terms
of helium and actinide concentrations (benchmarking it against
both SERPENT and TUBRNP).

2. Outline of the burn-up module structure

The uranium isotopes considered in this burn-up module are
234U, 235U, 236U, 237U and 238U. 233U belongs to the neptunium se-
ries, the so-called 4nþ1 series, and undergoes a-decay into 229Th,
which in turn decays into lighter nuclei: it is therefore quite irrel-
evant in the production of transuranic elements, except for the (n,g)
reaction which creates 234U. In addition, 233U is produced by b-
decay of 233Pa, which derives from the a-decay of 237Npwhose half-
life (t1/2) is about 2.14 million years. In view of its limited produc-
tion rate paired to its long half-life of 159.2 ky for a-decay, 233U has
been neglected and the lighter uranium isotope herein considered
is 234U. 239U (which is produced only by (n,g) reaction with 238U)
transmutes into 239Np, and consequently into 239Pu. Because of the
short b-decay time of 239U compared to the other uranium isotopes
(t1/2 ¼ 26.6 min), it is neglected in the chain with the assumption
that 239U becomes immediately 239Np.

Considered neptunium isotopes are 237Np, 238Np and 239Np.
240Np is produced only from (n,g) reaction on 239Np. The latter has a
low half-life for what concerns its b-decay into 239Pu. For these
reasons, this isotope has been neglected.

As for plutonium, in the module we consider the isotopes from
238Pu to 243Pu. Although produced in relative negligible quantity,
243Pu undergoes b-decay (t1/2 ¼ 4.95 h) producing the a-emitter
243Am, hence it is considered in the model.

Moreover, this burn-up module tracks 241Am, 242Am, 242m Am,
243Am and 244Am as americium isotopes. It is well known that
242mAm has a relatively long half-life (t1/2 ¼ 141 years), therefore its
inclusion in the burn-up module is crucial because of its role in the
production path of the a-emitter 242Cm [29].

Finally, the considered curium isotopes are 242Cm, 243Cm, 244Cm
and 245Cm, which are all strong a-emitters. 246Cm is not included in
line with the considerations made by Botazzoli et al. [23,30], who
proved that the evolution of the transuranic elements until 245Cm is
sufficient for a satisfactory description of helium evolution due to
It should be underlined that a direct coupling of SERPENT and TRANSURANUS
codes has been developed for the simulation of Gd-doped UO2 in the frame of the
ESSANUF Project [39], and that a similar coupling in the open source SALOME
platform for nuclear reactor simulations is under development in the frame of the
McSAFE Project [40].
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a-decays in the framework of fuel performance codes.
To summarize, the present version of the module considers a

and b decays for each nuclide, the internal transition of 242mAm and
the electronic capture of 242Am. Some decay processes have been
neglected because of branching ratios lower than 1% (e.g., all the
spontaneous fissions and the a-decay of 241Pu, with a branching
ratio of 0.00245%) [31]. Instead, reactions that involve neutrons are
fissions, radiative captures, and neutron multiplications, such as
(n,2n) and (n,3n). These latter reactions are significant only for high
energy neutrons and have very low average cross-sections, but
must be considered in the evolution of 234U, 236U and 237U [32,33].5

It is worth noticing that the number of nuclides and neutron re-
actions (especially neutron multiplication reactions) considered in
this work is limited, since the inclusion of all the possible reaction
channels would have implied a rise in the computational time for
the depletion calculation, not compliant with requirements of in-
dustrial fuel performance codes.

As detailed before, among the actinides described by the present
module, several are a-emitters and hence are themain contributors
to helium production in nuclear fuel under irradiation, together
with (n,a) reactions on 16O and ternary fissions, as detailed by
Federici [22] and Botazzoli [23,30]. The resulting equation for he-
lium evolution is:
d
h
4He
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where
h
iX
i
(at m�3) is the concentration of the nuclide iX, la ; iX

(s�1) is the a decay constant of the nuclide iX, 16Osn ;a (m2) is the
cross-section for the (n,a) reaction with 16O, 4 (m�2 s�1) is the local
neutron flux, yTF is the ternary fission yield, set equal to 0.22% [31],
and _F (fiss m�3 s�1) is the local fission rate density.

All the father-to-daughter relations between the nuclides
considered in the proposed burn-up module are represented in
Fig. 1.
3. Methodology

One of the main advantages brought about by the proposed
burn-up module is the standardized development methodology,
which can be applied to different oxide nuclear fuels and different
kind of reactors. The methodology is depicted in Fig. 2 and can be
summarized as follows:
5 The 238U(n,3n)236U reaction is present in the 236U evolution equation, while it is
absent in the 238U equation because of its very low relative cross-section value
(~10�5 b).
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1. Run a set of SERPENT calculations with different initial fuel
compositions, representative of the analysed fuel/reactor
combination.

2. For each initial Pu/HM enrichment e0, collect the values of
microscopic cross-sections at different burn-up values (e.g.,
bu¼ 0, 5, 10, 15,…GWd/tHM), evaluated by the calculation of the
reaction rate integrals (RRI) in the Monte Carlo simulation.

3. Each microscopic cross-section is now available at discrete
sampling points as a function of the initial enrichment e0 and
local burn-up bu, e.g., the cross-section for reaction r of nuclide
iX will be a discrete function Xis rðe0 ; buÞ.

4. These discrete functions are expressed as two-entry tables and
coded as look-up tables in a dedicated SCIANTIX routine.

These steps are to be performed once and for all, i.e., are
necessary at the beginning for the inclusion of the cross-section
look-up tables in SCIANTIX (OFFLINE, Fig. 2). The extraction of the
cross-section values following the detailed methodology and the
subsequent implementation of the look-up tables in SCIANTIX
bring about a more accurate description of the depletion process
with respect to using a fixed value for the cross-sections during fuel
burn-up, which is the approach adopted, for example, in TUBRNP
[10,12,23]. The set of Bateman equations (one for each nuclide
considered) is then solved by SCIANTIX at each time-step (ONLINE,
Fig. 2). Since the SCIANTIX burn-up and Pu/HM enrichment values
are in general different from those used in SERPENT for the gen-
eration of the look-up tables, an interpolation within the values
collected in the look-up tables is required.

First, we employed SERPENT offline calculations to equip
SCIANTIX with the cross-section look-up tables, useful to calculate
the nuclide concentration evolutions during fuel burn-up (under
defined irradiation conditions). The tables depend on the fuel/
reactor combination, since the average cross-sections depend on
the neutron energy spectrum, which in turn is determined by the
whole reactor characteristics. SERPENT uses the collision estimate
of neutron flux to calculate user-defined reaction rates integrated
over space and energy (RRI):

R ¼ 1
V

Z
V

Z
E

f ðr; E’Þ4ðr; E’Þd3rdE’ (2)

where V (m3) is the volume of the targetmaterial, E (eV) is the user-
defined energy grid, f ðr ; E 0 Þ is the response function to be eval-
uated and 4 ðr ; E 0 Þ (m�2 s�1 eV�1) is the space- and energy-
dependent neutron flux. In SERPENT, the absolute value of the
RRI depends on source normalization. In this work, for each test-
case, we used a power density of 40 kW kg�1 (which corresponds



Fig. 1. Father-to-daughter relations between the 23 nuclides and helium considered in SCIANTIX. In the inner and outer circles, the daughter nuclide and the parent nuclide are
reported, respectively. The middle circle indicates the relation (i.e., nuclear reaction) between the parent and the daughter nuclides. Since 239U, 240Np and 245Am are short-lived
nuclides, they have been excluded from the scheme.
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to a fission rate density of 1.32 1019 fiss m�3 s�1, assuming 208 MeV
fiss�1) to normalize the source. To compute the microscopic aver-
aged cross-sections, the response function number expressed in
ENDF format6 has been set and the result normalized to the
neutron flux. In this way, we calculated the cross-sections as:

iXsrðe0; buÞ ¼

Z
V

Z
E

iXsi
rðe0; bu; E’Þ4ðr; E’Þd3rdE’

Z
V

Z
E

4ðr; E’Þd3rdE’
(3)

where iX, e0 and bu are the considered target nuclide, the initial
plutonium enrichment of the fuel and the burn-up,

respectively, Xisrðe0 ; bu ; E ’Þ (m2) is the set of microscopic cross-
sections, which is a function of burn-up bu, initial fuel enrich-
ment e0 and incident neutron energy E 0, while 4 ðr ; E 0 Þ (m�2 s�1

eV�1) is the neutron flux per energy as function of the neutron
energy E 0 and space.

The SERPENT simulation is performed for a single fuel pin,
modelled as having a cylindrical geometry (fuel pellet) in a prismatic
space (coolant), with a reflective boundary condition on the coolant
6 The ENDF format uses special numbers to define reaction types [41]. In this
work we used the values corresponding to total fissions (18), first chance fissions
(19), neutron captures (102) and neutron multiplication reactions (16,17).
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external surface. In the test cases performed, the initial fuel (MOX)
composition is chosen based on standard isotopic compositions
which would likely be similar to those adopted for the Gen-IV
ASTRID (sodium-cooled fast reactor) and MYRRHA (LBE-cooled fast
reactor) concepts [34]. The cladding material is 15-15 NieCr, Ti sta-
bilized, stainless steel (SS), adopted in the French SFR.

The depletion calculation is performed in 41 equally distanced
burn-up steps of 5 GWd/tHM until 200 GWd/tHM for each case. The
initial fuel composition accounts for a value of Pu/HM enrichment
which goes from 20% to 40% with steps of 2%. The initial neutron
population is set to 100000 neutrons for both cases, with 100 active
neutron generations and 30 inactive generations. The solution of the
burn-up matrix in SERPENT is achieved through the Chebyshev
Rational Approximation Method (CRAM) [35], while we use linear
extrapolation as predictor method and linear interpolation as
corrector method for what concerns the time integration method in
burn-up calculations. All the cross-sections generated by the offline
depletion calculationwithSERPENTare collected in SCIANTIX in look-
up tables (i.e., as a function of the peculiar nuclide, reaction, initial
plutonium enrichment and local burn-up). For the sake of
completeness, the main features used to build the SERPENT simula-
tions for the two fuel/reactor cases herein analysed are reported in
Table 1.

As for the implementation in SCIANTIX, the depletion of the
nuclides presented in Section 2 is divided in two steps: first, the
calculation of the actual cross section for each isotope and neutron
flux value; second, the numerical solution of the set of Bateman
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equations to find the fuel composition at the end of the SCIANTIX
time step. In a SCIANTIX simulation, an interpolation to derive
every cross-section value at the current fuel burn-up is required,
since the cross-section values are collected in the look-up tables as
discretized in SERPENT burn-up and enrichment steps, as previ-
ously mentioned. The cross-section corresponding to a SCIANTIX
burn-up/enrichment couple, called etarget and butarget below, is
between four discrete values of SERPENT burn-up/enrichment
couples. The target couple and the square edges define four rect-
angles whose areas are proportional to the weight of the cross-
sections in the opposite corner. In this way, we build the target
cross-sections as a weighted sum of the four nearest cross-sections
in the look-up table:
Xsr
�
etarget;butarget

� ¼ Xsrðe1; bu1Þ A22 þ Xsrðe1; bu2Þ A21 þ Xsrðe2;bu1Þ A12 þ Xsrðe2; bu2Þ A11 (4)
where Aij are the areas of the rectangles, calculated as:

Amn ¼
���etarget � em

��
butarget � bun

��� (5)

This expression is evaluated for each time step and for every
cross-section.

The local, mono-energetic neutron flux is obtained from the
fission rate density (input of the SCIANTIX code) as follows. First,
the approximated one-group macroscopic fission cross-section S f

(m�1) is obtained as:

Sf ¼
X

i2fissile

Xisf

h
iX
i
ðtiÞ (6)

where Xis f (m
2) is the one-group microscopic fission cross-section

of the iX nuclide and
h
iX
i
ðtiÞ (at m�3) is the concentration of the iX

nuclide at the beginning of the SCIANTIX time step. Once computed
the one-group macroscopic fission cross-section S f , the local flux
at each time step is calculated as follows [20]:

4¼
_F
Sf

(7)

where _F (fiss m�3 s�1) is the local fission rate density set by input.
The last operation required in the SCIANTIX code is the solution

of the Bateman equations, i.e., the depletion calculation itself. Since
this last operation is decoupled from the generation of the micro-
scopic cross-sections, it is essentially the solution of a system of
linear ordinary differential equations (ODEs), namely:
d
dt

h
iX
i
¼

X
r;j

Xjsrðe0;buÞ4
h
jX
i
�
X
r

Xisrðe0; buÞ4
h
iX
i
þ
X
d;k

ld;k

h
kX

i
�
X
d

ld;i

h
iX
i

(8)
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where the first summation accounts for the reactions r on nuclides
jX resulting in iX, the second summation accounts for the reactions
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r on nuclide iX, the third summation accounts for the decays d of

nuclides kX resulting in iX, and the fourth summation accounts for

the decays d of nuclide iX.
It is worth noticing that the SCIANTIX burn-up module does not

require the application of predictor-corrector methods, since the
cross-sections have been pre-calculated for each SERPENT burn-up
step. In fact, the choice of decoupling the local neutron flux from
the nuclide concentrations (i.e., applying an operator-splitting
procedure, estimating the neutron flux assuming unchanged iso-
topic compositions prior to the depletion calculation) allows for a
saving of the computational cost with respect to the iterative so-
lution of the system of ODEs represented by Eq. (8). This assump-
tion is deemed acceptable, in light of the primary application of the
burn-up module to the estimation of the helium source for the
SCIANTIX inert gas behaviour models, thus needing to preserve a
computational effort in-line with requirements of engineering-
scale fuel performance codes. Following such considerations, we
choose the backward Euler numerical method to integrate the ODE
system in SCIANTIX, consistently with the SCIANTIX numerical
scheme. The choice of the backward Euler method is dictated by (a)
the limited number of considered nuclides, (b) the enforcement of
adequately small time steps compatible with the different time
scales governing the nuclide evolution, and (c) the consistency with
the SCIANTIX numerical framework, which is built upon a consis-
tent choice of the backward Euler method for the integration of
ODEs.

Finally, it must be underlined that the production of helium
(Eq. (1)) is handled in two steps: the part that involves only the
alpha decays and the (n,a) reactions is solved together with the
actinide burn-up equations, while the contribution given by the
ternary fission yield multiplied by the fission rate density is
separately added to the helium concentration obtained from the
first step.

4. Assessment of SCIANTIX predictions

The assessment of the methodology presented in Section 3 has
been carried out following two steps: first, a comparison between
SCIANTIX with its high-fidelity source SERPENT; second, a code-to-
code comparison between SCIANTIX and TUBRNP7, the burn-up
module implemented in the TRANSURANUS fuel performance
code.

We carried out with the SCIANTIX code the simulations of the
Corresponding to the TRANSURANUS version v1m1j18.



Fig. 2. Methodology applied for the generation of the cross-section look-up tables by
SERPENT (OFFLINE), the solution of the depletion calculation in SCIANTIX (ONLINE)
and the consequent comparison of results (verification).

Table 1
Value of the main SERPENT input parameters set for the derivation of the cro
responds to a specific cross-section value.

Parameter MOX/SFR

External pellet radius (mm) 2.71
Radial gap (mm) 0.115
U/HM (%) 80e60a

Pu/HM (%) 20e40b

Enrichment step width (at/HM %) 2
O/HM 1.97
Fuel density (g cm�3) 10.97
Column length (mm) 650
Cladding material 15-15 Ti SS
Cladding thickness 0.45
Cladding density (g cm�3) 7.95
Coolant Sodium
Coolant prism side (mm) 6.7
Coolant prism height (mm) 670
Coolant density (g cm�3) 0.61c

Total burn-up (GWd/tHM) 200
Burn-up step width (GWd/tHM) 5
Burn-up steps 41
Power density (kW kg�1) 40

a Assumed natural uranium isotopic composition.
b 238Pu/Pu 2.332%, 239Pu/Pu 56.873%, 240Pu/Pu 26.997%, 241Pu/Pu 6.105%, 242
c From Sobolev [36].

Table 2
Main SCIANTIX parameters set for the simulation of the two test-cases.

Parameter MOX/SFR MOX/LBE-FR

Number of history points 8 8
Number of time step per history point 10000 10000
Irradiation time (h) 1060000 1060000
Burn-up at discharge (GWd/tHM) 200 200
Fission rate density (fiss m�3 s�1) 1.32 ,1019 1.32 ,1019

Grain radius (m) 10 ,10e6 10 ,10e6

Fuel density (g cm�3) 10.97 10.97
O/HM 1.975 1.97

Fuel composition: atoms per HM atom (in %)

235U 0.6 0.6
238U 79.4 79.4
238Pu 0.5 0.5
239Pu 11.3 11.3
240Pu 5.4 5.4
241Pu 1.2 1.2
242Pu 1.6 1.6

Table 3
Comparison between TUBRNP and SCIANTIX execution time.

Execution time (s) TUBRNP SCIANTIX

MOX/SFR 0.80 0.65
MOX/LBE-FR 0.61 0.66

8 The results shown refer to a Pu/HM concentration of 20%, for both MOX/SFR
and MOX/LBE-FR cases.
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same SERPENT cases, and we compared the results to assess the
proposed burn-up module.8 The irradiation lasts approximately
1060000 h, corresponding to 12 years, for both MOX/SFR and MOX/
LBE-FR cases. In Table 2, the main SCIANTIX initial conditions
employed for the simulations are listed.
ss-section look-up tables. Each couple of Pu/HM and burn-up values cor-

MOX/LBE-FR

2.71
0.115
80e60a

20e40b

2
1.97
10.97
650
15-15 Ti SS
0.45
7.95
LeadeBismuth Eutectic (Pb 45 wt%, Bi 55 wt%)
6.7
670
10.28c

200
5
41
40

Pu/Pu 7.693% (in wt.%).



Fig. 3. Evolution of the concentration (at m�3) of 4He in (a) SFR case, (b) LBE-FR case. The result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its verification range. The
evolution of the normalized deviation of the SCIANTIX and TUBRNP results from the reference SERPENT results is reported as a function of burn-up for the (c) the SFR case and (d)
the LBE-FR case.

9 The predicted concentration of 243Pu is not shown because of its very low value
in the fuel matrix at the end of irradiation (<1021 at m�3), but, in comparison with
the SERPENT reference, it is still in line with the general behaviour of the new burn-
up module.
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Besides showing the agreement between the calculated helium
and actinide concentrations, this benchmark has the purpose to
compare the computational time of SCIANTIX and TUBRNP to prove
the suitability of the developed module in the framework of fuel
performance calculations. Table 3 shows that the SCIANTIX
execution time is in line with TUBRNP for all the test cases, proving
that SCIANTIX is sufficiently optimized to meet the time re-
quirements of engineering-scale fuel performance codes.

SERPENT results are considered as high-fidelity reference to be
compared to both SCIANTIX and TUBRNP results. To this purpose,
the Root-Mean Square Error (RMSE) has been exploited as verifi-
cation metric:

RMSE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
n¼1

�
Cn � Rn

Rn

�2
vuut (9)

where Ci is the calculated value, Ri is the reference value, N is the
number of burn-up steps and the summation is done for each burn-
up step.

For each test-case, the calculated helium and actinide concen-
trations are presented in Figs. 3e8. For the sake of brevity, we
report only the evolution with burn-up of the actinides directly
contributing to helium production and of those nuclides initially
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present in the fuel.9 From the observation of the nuclide profiles,
SCIANTIX demonstrates a satisfactory agreement with the refer-
ence SERPENT model for every nuclide. Looking at the validation
metric reported in Table 4, the general predictive capability of
SCIANTIX is in linewith that of TUBRNP for both test cases. It should
be noticed that the TUBRNP module has been validated for FBR
applications against experimental data up to 100 GWd/tHM and it
focuses only on the local concentrations of the most relevant nu-
clides, while SCIANTIX tracks the evolution in time of more nu-
clides, whose production affects the path to helium production.

Moreover, the new module shows a remarkable predictive
capability for nuclides that present a non-zero concentration at the
beginning of irradiation (i.e., 238U and plutonium isotopes). Nu-
clides like 243Pu, 241Am and 244Am present an appreciable RMSE
because they are created by successive neutron capture reactions,
whose cross-sections are affected by the error in the concentrations
of the respective precursors.

The value of the branching ratio for the reaction



Fig. 4. Evolution of the concentration (at m�3) of 235U and 238U in (a,c) SFR case, (b,d) LBE-FR case. The result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its verification
range.
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241Am(n,g)242Am has been derived from the SERPENT calculations
(library JEFF-NDL-3.1) and set equal to 0.916 for both the MOX/SFR
and MOX/LBE-FR cases [29]. These values are suitable for the 242Am
and 242mAm predictions in both test cases, as shown by Table 4,
indicating no deviation from the general trend of the module
predictions for these two americium isotopes.

Lastly, since helium is produced by a-decays of several nuclides,
it is expected that the error in the evaluation of the a-emitters
propagates to the helium concentration. Fig. 3c and d show a
satisfactory agreement between SCIANTIX and SERPENT with a
normalized deviation comparable to TUBRNP one, proving that the
set of burn-up and Pu/HM enrichment-dependent cross-sections is
very effective in the description of the fuel evolution as burn-up
increases. The presented methodology is therefore an improve-
ment over the state-of-the-art, i.e., TUBRNP, which uses a single
effective reactor-dependent cross-section value for each nuclear
reaction. Nonetheless, the discrepancy between SCIANTIX and
TUBRNP in the helium evolution prediction can be ascribed to
several factors:
1900
1) The reactor characteristics implemented in SERPENT impact on
the neutron energy spectrum and on the normalization per-
formed to obtain the one-group effective cross-sections. Thus,
the value of the reaction cross-sections implemented in
SCIANTIX can be in principle different from the ones imple-
mented in TUBRNP. Nevertheless, the proposed methodology
can be applied to derive look-up tables tailored to specific
reactor designs.

2) According to Botazzoli [23], in TUBRNP the branching ratio of
the reaction 241Am(n,g)242Am is set equal to 0.85 for FBR ap-
plications. This value of the model parameter reduces the pro-
duction of the a-emitters 242Cm, 243Cm and 238Pu, and this
reflects in a reduction of the helium concentration, whereas
from Fig. 3c and d it is clear that SCIANTIX generally slightly
overpredicts the helium concentration.

3) The value of the cross-section of the reaction 16O(n,a)13C is
set ~ 1 mbarn in SCIANTIX as a direct result of the SERPENT
energy-average. Since the value used in TUBRNP is 3.2 mbarn



Fig. 5. Evolution of the concentration (at m�3) of plutonium nuclides: 238Pu, 239Pu, 240Pu, 241Pu, 242Pu in (a,c,e,g,i) SFR case, (b,d,f,h,l) LBE-FR case. The result of TUBRNP is dashed
above 100 GWd/tHM, i.e., outside its verification range.
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Fig. 5. (continued).
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Fig. 5. (continued).
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[23] we presume that this high value is used to compensate the
general underprediction of curium nuclides by TUBRNP (Fig. 8).

Summarizing, the burn-up module presented in this work al-
lows for an accurate evaluation of helium production in both SFR
and LBE-FR conditions. This accuracy is achieved by a proper rep-
resentation of the evolution of the actinides contributing to helium
formation, tracking all the nuclides formed in the fuel up to 245Cm.
Moreover, the presented burn-up module has the advantage of
being generalizable by applying the methodology described in
Section 3 to any reactor/fuel combination and to specific reactor
designs.

5. Conclusions

In this paper, we presented the development and assessment of
Fig. 6. Evolution of the concentration (at m�3) of 237Np in (a) SFR case, (b) LBE-FR case. T
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a new burn-up module meant to be included in engineering-scale
fuel performance codes. The module is able to calculate the heli-
um evolution in mixed oxide fuels irradiated under fast neutron
spectra, together with the concentration of 23 actinides.

We provided an in-depth view of the methodology applied for
the evaluation of the reaction cross-sections, which is conceived to
generate look-up tables for each cross-section as a function of burn-
up and initial fuel Pu/HM enrichment. The cross-section values,
corresponding to pairs of considered Pu/HM enrichment and burn-
up, have been obtained from SERPENT, a high-fidelity Monte Carlo
code. The generated look-up tables have been included in the
SCIANTIX code, together with a dedicated solver for the depletion
equations.

We herein assessed the burn-up module predictions for Pu-
bearing oxide fuels in fast neutron spectra, considering two main
cases representative of sodium and lead-bismuth eutectic fast
he result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its verification range.



Fig. 7. Evolution of the concentration (at m�3) of 241Am and 243Am in (a,c) SFR case, (b,d) LBE-FR case. The result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its
verification range.
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reactor conditions. We compared the depletion calculations with
the results obtainedwith SERPENTand TUBRNP, the burn-upmodel
implemented in TRANSURANUS, using the root-mean square error
as verification metric and relying on the SERPENT model as high-
fidelity reference for both SCIANTIX and TUBRNP. Considering the
results shown in this paper, the predictive capability of the new
burn-up module is in line with state-of-the-art approaches, indi-
cating that the herein presented burn-up module allows a reliable
and accurate prediction of helium production in oxide fuels
through the consistent tracking of a set of relevant actinides.
Further comparison with experimental data [30] or code-to-code
comparison (e.g., with ORIGEN) are foreseen and will be useful to
strengthen the results of the presented module.

The burn-upmodule is designed tominimize the computational
1904
time, thus being applicable in engineering-scale fuel performance
codes. A low computational time is achieved by selecting only
relevant nuclear reactions and limiting the number of nuclides
considered to those required for the accurate prediction of helium
production. The solution of the depletion equations is achieved via
an implicit numerical scheme allowing for robust and stable solu-
tion. Moreover, since the methodology relies on cross-section li-
braries derived from another code, generating new cross-sections
for different types of reactor is a repeatable operation, making this
methodology flexible for the analysis of any fuel/reactor combina-
tion, beyond the scope of the present work.

Future developments of the presented burn-upmodulewill lead
to the inclusion of fission products relevant for fuel performance
calculations, such as noble gases, volatile fission products, elements



Fig. 8. Evolution of the concentration (at m�3) of 242Cm, 243Cm, 244Cm, 245Cm in (a,c,e,g) SFR case, (b,d,f,h) LBE-FR case. The result of TUBRNP is dashed above 100 GWd/tHM, i.e.,
outside its verification range.
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Table 4
Verification metric (Root-Mean Square Error) for the comparison of the new burn-
up model and the SERPENT reference. The nuclides contributing directly to heli-
um production via a-decay are marked in bold. The verification metric is reported
also for the results from the TRANSURANUS burn-up module (TUBRNP), for the sake
of comparison. It should be noted that the evaluation of the verification metric for
TUBRNP includes the range 100e200 GWd/tHM, in which the model is not validated.
Lower values of the verification metric correspond to a better agreement.

RMSE (/) MOX/SFR MOX/LBE-FR

SCIANTIX TUBRNP SCIANTIX TUBRNP

4He 0.1080 0.0817 0.1148 0.1194
234U 0.1194 - 0.1194 -
235U 0.0055 0.0510 0.0049 0.0487
236U 0.0059 0.0813 0.0061 0.0708
237U 0.1392 e 0.1408 e
238U 0.0010 0.0072 0.0009 0.0070
237Np 0.0045 0.0328 0.0097 0.1841
238Np 0.1296 e 0.1232 e
239Np 0.1193 e 0.1210 e
238Pu 0.0276 0.1251 0.0274 0.1135
239Pu 0.0063 0.0206 0.0053 0.0250
240Pu 0.0011 0.0119 0.0009 0.0105
241Pu 0.0200 0.0247 0.0204 0.0353
242Pu 0.0002 0.0128 0.0002 0.0126
243Pu 0.1318 e 0.1316 e
241Am 0.1029 0.1186 0.1024 0.1148
242Am 0.0179 e 0.0178 e
242mAm 0.1007 e 0.1017 e
243Am 0.0004 0.0340 0.0007 0.0311
244Am 0.2148 e 0.2165 e
242Cm 0.0296 0.2665 0.0293 0.2654
243Cm 0.0336 0.2112 0.0325 0.1910
244Cm 0.0135 0.2930 0.0132 0.2946
245Cm 0.0133 0.1534 0.0129 0.1471
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forming metallic or oxide inclusions in nuclear fuels, and those
soluble in the fuel matrix. Moreover, the application of the present
methodology to other fuel/reactor concepts, namely, to uranium
oxide fuel and MOX fuel in light water reactor conditions is
currently ongoing and will constitute the natural step for a more
comprehensive showcase of the methodology.
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