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Abstract. The concept of Molten Salt Fast Reactor (MSFR) has been selecting by the Generation IV Inter-
national forum as it presents interesting features in terms of safety, sustainability and economics. SAMOFAR
project aims to provide the safety assessment of the MSFR concept based on the Thorium fuel cycle. This
document provides the radiological assessments for the chemical plant, including shielding requirements and
decay heat evaluations.

1 Introduction

Molten Salt Fast Reactor (MSFR) is one of the six fission
reactor concepts that has been selected by the Generation
IV International Forum [1] as it satisfies the goals of Gen-
eration IV reactors in terms of safety, sustainability, non-
proliferation, waste management and economics. Within
this framework, the project SAMOFAR (Safety Assess-
ment of the Molten Salt Fast Reactor) aims to update the
conceptual design, to deliver the experimental proof of
concept of the safety features of the MSFR, to provide
a safety assessment for both the reactor and the chemi-
cal plant and to deliver a roadmap for further exploitation
of the project results [2]. The MSFR concept is based on
the design developed by the CNRS Grenoble [3], which
is characterized by a fast neutron spectrum, a fluoride liq-
uid fuel and using the Thorium fuel cycle. This concept is
based on the feedback of previous experiments and stud-
ies [4], and has the advantages to be operated as a breeder
or burner mode, to purify the salt to reasonable rate (40L/
day) compared to a moderated molten salt reactor (4m3/
day), etc. In the following sections, the safety issues asso-
ciated to the chemical plant are presented. This concerns
the assessment of the radiological constraints associated to
nuclides inventories involved in each chemical processes.

2 Methodology

To perform the safety assessment related to the chemical
plant, a new tool has been developed that permits to
compute the different inventories involved in any loca-
tions of the reprocessing unit. This tool is based on the
Bateman equations that describes the time evolution of
an inventory knowing the nuclear decay properties of its
intrinsic constituents. Most of the fundamental properties
that are needed to perform the safety assessments are
obtained from experimental data, especially the nuclear
decay properties and the chemical transfer coefficients.
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2.1 Chemical plant

To ensure the neutronics properties (limitation of neutron
absorbers) and to control the physicochemical properties
of the salt (corrosion, deposit...), fission products must be
extracted [5]. For this purpose, the chemical plant is com-
posed of four main processes able to perform the chemical
separation of the fission products from the fuel salt [6–
8], i.e. the fluorination, the two reductive extractions and
the actinide traps (green boxes in Figure 1). Every day,
a batch of 40L of fuel salt is extracted from the core for
cleaning, called in the following core inventory. This in-
ventory is first temporally stored to cool down before to
pass through the different chemical processes. This step
allows to limit the radiological constraints in the whole re-
processing unit as well as to limit as low as possible the
nuclear transmutations that can occur during each chem-
ical separation. Indeed, each chemical processes aim to
extract a part of the fission products from the batch and to
accumulate them in a specific storage area (orange boxes
in Figure 1). At the end of the chemical loop, the fuel salt,
including transthoric elements, have to be introduced back
into the core.
The chemical plant contains three different storage areas,

which are called gas, fission products and Lanthanides.
In these areas, the associated inventories increase after
each cycle as new elements are daily extracted and stored
into. Concerning the inventories associated to the chem-
ical processes (green boxes in Figure 1), every day the
same amount of elements have to be considered for the
safety assessment, which is only related to the core inven-
tory and the transfer coefficients associated to the chem-
ical processes of interest. Those transfer coefficients can
be found in [9].

2.2 Nuclear decay chains modelling

To compute the time evolution of a nuclides inventory, the
algorithm is based on the Bateman equations which pro-
vide the abundance of a specific nucleus within a decay
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Figure 1. Scheme of the chemical plant

chain at a given time. The general form of the Bateman
equations applied to an isotope i within a radioactive chain
takes the following form:

dNi(t)
dt

=
∑

j

λ jN j(t) − λiNi(t) (1)

where Ni(t) corresponds to the number of isotopes of type
i at a given time t, having a decay constant λi. This mas-
ter equation stipulates that the time evolution of the num-
ber of isotopes i is the balance between its own decay
(λiNi(t)) and the summation of the decay of its mother iso-
topes (

∑
j λ jN j(t)). Note that the nuclear transmutation in-

duce by the neutron capture is not take into account as the
neutron rate within the chemical plant, resulting from the
spontaneous fissions and alpha-induced reactions, is ex-
tremely small (∼ 109 neutrons.s−1) compared to the num-
ber of nuclear decays (∼ 1018 decays.s−1).
To solve this system of coupled differential equations, the
algorithm determines all the different single decay chains
that are initiated by each unstable isotopes of the core in-
ventory. For a given single decay chain, the abundance
associated to an isotope i at time t is given by the follow-
ing analytical solution:

Ni(t) = N0(t = 0)
i−1∏
k=0

λk

i∑
j=0

e−λ jt

∏i
l=0(l� j)(λl − λ j)

(2)

where N0(t = 0) is the number of isotopes of the sin-
gle decay chain initiator in agreement with its population
within the core inventory. All its daughter isotopes are
set to zero initially. In consequence, the whole inventory
at a given time t is simply the summation of the all Ni(t)
computed for all decay chains. To determine the single
decay chains, as well as to compute the time evolution
of nuclide inventories, radioactive decay information are
extracted from the ENSDF (Evaluated Nuclear Structure
Data File) database [10]. The following decay modes are
taken into account: alpha, beta, electron capture, sponta-
neous fission, isomeric transition.
For instance, the core inventory is computed by assuming
200 years of operation time [11]. This assumption allows
to perform conservative assessments as it provides a core

inventory close to steady state conditions. A total of 1099
isotopes composes this inventory. The algorithm has de-
fined 1551 single decay chains for which the abundances
of daughter isotopes at a time t are computed in agreement
with the equation 2.

3 Discussion

The evaluation of the safety issues aims to determine the
radiological constraints associated to the chemical plant.
A specific focus is done on the decay heat and the shield-
ing requirements for each chemical processes. Neverthe-
less, the design of the chemical plant is not as advanced as
the reactor, and only preliminary assessments can be done
as the details associated to the chemical processes are not
known (dimensions of inlet and outlet, size, etc) for con-
ducting detailed studies. For instance, the cooling duration
is not yet well defined but this determines the number of
batches to temporally cool down within the chemical plant,
and so the total amount of radioactivity mobilised into the
chemical plant.

3.1 Cooling phase

The cooling phase aims to temporally store the 40L batch
for a specific duration, which has to be determined, in
order to decrease the safety issues in the whole chemical
loop and to improve the efficiency of the chemical
processes. As the core inventory contains unstable iso-
topes, these latter will decay during their stay within the
chemical plant. But, the chemical processes are efficient
to extract isotopes with specific transfer coefficients.
Nevertheless, those transfer coefficients are not necessary
the same for an unstable isotope and its daughters. This is
then important to limit as low as possible the radiological
decay, especially for short half-life isotopes, to ensure that
the chemical processes extract the right isotopes at the
right location.

In Figure 2 is shown the impact of the cooling duration

Figure 2. The total activity associated to the fluorination step as
a function of time for different cooling durations

on the total activity of the 40L batch at the first chemical
process location, i.e. the fluorination step. When no
cooling phase is considered, the total activity decrease
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Figure 2. The total activity associated to the fluorination step as
a function of time for different cooling durations

on the total activity of the 40L batch at the first chemical
process location, i.e. the fluorination step. When no
cooling phase is considered, the total activity decrease

strongly by a factor of 3 during the first day, mostly
during the first 5 hours. This is due to the short half-life
isotopes that decay during the time of the process (two
hours for the fluorination step). The same observation
can be done for all other chemical processes. Only for
a cooling duration larger than one day, the total activity
of the fuel salt is quite flat. After one day of cooling
duration, the main contributors to the total activity are:
233Pa (62.1%), 141Ce (3.3%), 140La (3.3%), 95Zr (3.2%).
As shown, the total activity is completely dominated
by the radioactive decay of 233Pa, while the following
contributors do not exceed more than 3.5%. However,
40L of fuel salt represents a total amount of isotopes of
about 5167moles while the number of unstable isotopes
which decay during the first day is only about 0.04moles.
In Figure 3 is provided the time evolution of the number

Figure 3. Number of isotopes stored in the fission products stor-
age area as a function of the cooling duration

of isotopes daily stored into the fission products storage
area. This total amount of isotopes is flat as a function of
the cooling duration. Most of stored isotopes concerns
stable isotopes, already present within the core inventory,
that are distributed without any ambiguity by the different
chemical processes and are extracted to the proper storage
area. The same result is obtain for the Lanthanides storage
area. In consequence, the cooling duration has no impact
on the stored inventories.

The impact of the cooling duration on the decay heat
is provided in Figure 4, where the decay heat associated
to each chemical processes have been evaluated by
considering one or two days of cooling time. Once the
40L batch is extracted from the core, the decay heat is
evaluated to about 180kW, mainly due to the beta decay
(55%). After one day of cooling duration, the decay
heat is reduced to 23kW, and only 20kW for two days.
Concerning the storage areas, the decay heat is computed
to about 2.2kW and 6.3kW for the fission products and the
Lanthanides respectively for one day of cooling duration.
Once cleaning, the fuel salt that is introduced back into
the core still represents a decay heat of 14.8kW. This
means that the decay heat dissipated within the salt and
transferred to the surrounding components during the
cooling phase is of 157kW. Within the storage areas, a
daily contribution is added every day and the decay heat

Figure 4. Decay heat evaluation within the chemical plant

is evaluated to 100kW and 400kW for the fission products
and the Lanthanides storage areas respectively, taking
into account an operation time of 500 days and one day
of cooling duration. In consequence, the cooling phase
has a strong impact on the decay heat within the chemical
plant by focusing the constraint on the cooling phase and
releasing them for all other chemical processes. The decay
heat is significantly reduced (factor 8) by considering one
day of cooling duration.

3.2 Shielding assessments

To assess the shielding requirements, the gamma and the
neutron source terms have been evaluated. The former
one is directly deduced from the nuclear database ENSDF
by considering the rate and the gamma energy associated
to the gamma transition following the beta and the alpha
decays. About the neutron source term, the alpha source
term has first to be evaluated by using also the nuclear
database ENSDF so as to perform the (α, n) reactions.
In the following, only gamma shielding requirements is
discussed as it concerns the most constraining source term
for shielding requirements. As no detailed information
are available on the dimensions of the chemical processes,
a simple geometry has been considered: the source is
modelised by a sphere corresponding to a volume of 40L
of fuel salt, surrounding by a sphere for the gamma shield-
ing made of concrete or lead. The shielding thickness is
adjusted to the radiological requirements, expressed in
terms of equivalent dose rate.

In Figure 5 is shown the impact of the cooling duration
on the gamma spectrum defined at the most constraining
location, i.e. the cooling phase. After one day of cooling
duration, the high-energy tail of the gamma specrum is
strongly reduced due to the decay of short half-life iso-
topes. Less energetic gamma help to reduce the shielding
thickness. In the following, the gamma sheilding for

3

EPJ Web of Conferences 239, 22004 (2020) https://doi.org/10.1051/epjconf/202023922004
ND2019



Figure 5. Gamma spectrum for two cooling durations (O and 1
day)

the different chemical processes is done by assuming a
cooling duration of one day.

In Figure 6 is shown the concrete shielding associated

Figure 6. Concrete shielding associated to the gamma radiations

to the gamma source term of each chemical processes.
The most contraining inventories, in terms of equivalent
dose rate, concern those associated to the fluorination
and the two reductive extraction processes. In order to
reach an equivalent dose rate of 0.5µS v/h, a concrete
shielding of about 200cm is needed. This corresponds to
a lead thickness of about 40cm. Of course, the most con-
straining radiation source for the shielding requirement
is the gamma source associated to the cooling phase that
requires 325cm of ordinary concrete or 55cm of lead to
reach an equivalent dose rate of 0.5µS v/h. For the storage
areas, the lead shielding have been evaluated in view of
the handling of the stored inventories. This evaluation
depends on the dose level requirements related to the
transportation package and associated regulation. To limit
the dose rate at contact to less than 25µS v/h, one needs

a lead thickness of about 30cm and 37cm surrounding
the container of the Fission products and the Lanthanides
respectively for an operation time of 2000 days.

4 Conclusion

A tool has been developed, based on the Bateman
equations, in order to treat the evolution of inventories
associated to each process involved in the chemical
plant. Safety evaluations are based on experimental data,
especially the nuclear decay properties and the chemical
transfer coefficients. A preliminary analysis have been
performed on the cooling phase to determine the cooling
duration that allows to reduce the constraints on the safety
observables. It has been highlighted that one day permits
to limit the decay heat within the chemical loop, as well as
the reduce the high-energy tail of the gamma spectrum. A
view of the gamma shielding requirement has been done
for all chemical processes.
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