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Résumé
Pour faire face à la demande croissante d’énergie, l’industrie nucléaire a besoin de
développer la quatrième génération de réacteur. Parmi les 6 concepts possibles, le
réacteur à sel fondu semble très prometteur. En effet il devrait satisfaire toutes les
exigences de la génération IV. Cependant, un des défis de ce réacteur repose dans son
besoin continue de retraiter le sel combustible. Si les procédés de retraitement
semblent aujourd’hui bien définis, il reste à prouver que l’unité de retraitement est
sûre et faisable. Le sujet de ce projet de fin d’étude est de dimensionner cette unité.
Pour ce faire, plusieurs codes ont été utilisés : des codes de transports déjà existants
et un code décrivant l’évolution des isotopes a été créé et adapté à ce système et au
besoin de l’étude. Trois axes d’études ont été suivis pour dimensionner l’unité de
retraitement : la détermination des chaleurs résiduelles, dans le but d’estimer la
nécessité de l’extraire ou non, la vérification de la sous criticité en tout point et le
calcul des débits de dose équivalente pour définir le blindage requis au
fonctionnement en toute sécurité.

Abstract
To face the growing energy demand, the nuclear industry has to develop the fourth
generation of reactor. Among the 6 possible concepts, the molten salt reactor seams
promising. Indeed, this reactor should satisfy all the generation IV expectations.
However, one of the challenge of this reactor is its reprocessing salt need. If,
nowadays, the reprocessing scheme seams well defined, its safety feasibility must still
be proved. This degree project has for aim to design this reprocessing unit.
To carry out this study, several codes have been used: already existing transport codes
and evolution code has been creating for this specific case and study. To design the
unit, the decay heat has been evaluated in order to assess the need of heat removal.
The subcriticality has been verified and the radiation has been measured to design the
required shielding.
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Introduction and motivation
Nuclear energy is used in several countries as an alternative to fossil energies.
However, the current models of reactors present some disadvantages that prevent
their spreading. The safety flaws, the limited natural resources of uranium, the
production of material for nuclear weapon and the question of the wastes
management are some of the aspects for which a part of the society do not trust the
benefits of nuclear energy. That is why in 2001 an international co-operative, the
Generation IV International Forum (GIF), has been found to supervise the researches
about new types of reactor. These new reactors would be not only safer and more
reliable but also more acceptable for the public which will make it easier to explore
potential of nuclear power. Therefore a list of criteria that reactor of generation IV
must fulfill has been established:
 Improve safety
 Improve proliferation resistance
 Decrease the cost of construction and exploitation of nuclear power plant
 Minimize the wastes
 Optimize the natural resources: the reactors should be able to produce as much
as nuclear fuel that they burn
Among the many proposed reactor concepts, only 6 have been selected:
 Sodium cooled Fast Reactors (SFR)
 SuperCritical Water Reactors (SCWR)
 Lead cooled Fast Reactors LFR or Lead Bismuth Eutectic (LBE)
 Very High Temperature Reactors (VHTR)
 Gas cooled Fast Reactors (GFR)
 Molten Salt Reactors (MSR)
This latter consists in using a molten salt as fuel, moderator and heat conductor. To
prove that this reactor can fulfill all the GIF requirements several projects have been
created including EVOL (Evaluation and Viability of Liquid Fuel Fast Reactor System)
continued by the research project SAMOFAR (Safety Assessment of the Molten Salt
Fast Reactor). Its objectives are to show the feasibility of a molten salt reactor. The
project must highlight the advantages in matter of nuclear safety and wastes
management, and at the end, should propose a preliminary design. SAMOFAR is a
consortium of 11 eleven partners from European Union, Switzerland and Mexico
gathering universities and research laboratories, like CNRS, JRC, CIRTEN, TU Delft
and PSI but also actors more concerned by the industrial part like Framatome, EDF,
IRSN and the CEA.
The work has been separated into six work packages whose one of them concerns the
safety evaluation of the chemical plant, which is necessary to the correct operation of
the reactor. CNRS and JRC identify the nuclide inventory at various steps in the
chemical plant, carry out experiments to confirm the efficiency of the chosen chemical
processes. CINVESTAV investigates the use of a Zinc-Oxide as thermal insulating
layer. The CEA helps to determine the design of the unit and of the required protection
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by looking at observables which could threaten the safety of the reprocessing plant,
the work done for this task is resumed in this report. Since the design of the core has
still not be decided, as well as some other major parameters, the goal of the CEA work
is to give an order of magnitude. This report is only a primary study.
First the study on the MSR will be described, in particular the MSFR designed for
SAMOFAR and its reprocessing unit. Then the methodology used will be presented
including the observables which will be studied and the codes used to study them.
Finally results will be presented.
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I. Definition of the topics
1) Previous studies on the molten salt reactors
The studies on MSF have not started with the Generation IV International
Forum, but long before in the 50s with the U.S. aircraft reactor experiment (ARE).
The idea was to use nuclear energy for aircraft propulsion, the goal was to increase
the battery life of an airplane. A plane working with nuclear fuel could fly during
around ten days without any refill. The experimental reactor of 2.5 MWth, with a salt
of sodium, zirconium and uranium fluoride, operated for hundred hours on the
ground [1].
Based on this success the Oak Ridge National Laboratory (ORNL) developed in 1964
an experimental project of a 8 MWth reactor, see Figure 1.

Figure 1 Representation of the Molten Salt Reactor Experiment (MSRE) [2]

The salt was changed to a mixture of lithium, beryllium, zirconium and uranium
fluoride. The reactor was operated successfully during 4 years with different fissile
nucleus: uranium 235, 233 and plutonium but thorium has never been used in this
reactor. After these two successful experimentations, a power reactor project, MSBR
(Molten Salt Breeder Reactor), should had been built. The salt was supposed to be a
mixture of lithium, beryllium fluoride with heavy nucleus. A reprocessing unit,
capable to reprocess the whole salt in ten days, should have been associated to the
reactor. However, the project was abandoned as well as all studies on MSF in 1976,
this type of reactor was in competition with the Pressurized Water Reactor model
already well established and had the drawback of producing no plutonium, used for
atomic weapon manufacture.
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2) Description of the MSFR
However at the end of the 90s the CNRS re-opened a strong interest for this
type of reactor and carried out studies to assess the feasibility of critical reactor based
on thorium cycle to produce energy. The conclusion of these studies highlighted two
major issues: the instability of the reactor due to its positive temperature coefficient
and its reprocessing unit. However, it has been then shown that the safety issues can
be solved by changing the design of the reactor, and in particular by using a fast
spectrum. The SAMOFAR project has for aim to show the feasibility of a Molten Salt
Fast Reactor (MSFR), to emphasize its safety features and design an operational
reprocessing unit.

1. Design of the reactor
The reactor developed for SAMOFAR project is a 3000 MWth based on the cycle
of the 232Th/233U. It uses as liquid fuel salt a mixture of lithium fluoride and fluoride
of heavy nucleus, LiF-ThF4, under ambient pressure at operating temperature of
750 oC. The reactor contains also a fraction of 233U needed to start the reactor. The
fuel salt composition can easily be adapted during reactor operation allowing the
reactor to operate as well as a breeder than a burner reactor. Its geometry,
schematised Figure 2, consists of a cylindrical vessel with diameter and height of
2.25 m made of a nickel-based alloy, the core is covered by a radial blanket salt
containing thorium to increase the breeding gain and the heat exchanger are located
circumferentially around the core. The fuel salt, 18 m3 in total in the primary circuit,
is pumped around in upward direction, and after its passage through the exchangers
is reinjected at the bottom of the core.

Figure 2 Schematic layout of the MSFR core [3]
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This reactor contains also several safety features. First all feedback thermal
coefficients are negative which increases the stability of the reactor. The second safety
feature is that any deformation will lead to a lower reactivity since the fuel salt in the
core is in its most compact and reactive shape. Then a safety system has been design
to reach subcriticality: as it is visible on the Figure 2 the bottom of the core possesses
holes closed by frozen salt. These plugs are maintained by ventilation systems, which
in case of shut down are cut leading to the melting of the plugs which enables a relocalization of the fuel salt into drain tanks below the core. There, the spreading of the
salt bring the reactor in a subcritical configuration where natural circulation enables
passive decay heat removal. The Figure 3, presenting a view of the MSFR plant layout,
shows this subcritical space as well as the processing space used to clean the salt which
is another safety advantages of the MSFR. During the operation, the fuel is
continuously reprocessed enabling to extract elements contributing to the heat and
reducing efficiency of the reactor.

Figure 3 Schematic layout of the MSFR reactor [3]

2. Presentation of the reprocessing process
To ensure the good working of the reactor and also to limit as low as possible the
production of long-lived radioactive isotopes, the salt must be regularly cleaned.
Fission products, must be extracted to reduce the decay heat and avoid the
accumulation of neutron absorbers inside of the core. The actinides, also extracted,
are re-injected into the core to be burned. Among these detrimental products, some
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are insoluble and required a treatment different than the other. Hence, two systems
are used to reprocess the fuel:
 An in-core reprocessing consisting in bubbling Helium in the fuel salt
 An out-core reprocessing consisting in removing every day 40 liters of salt for
a batch reprocessing.
On breakthrough on the MSFR responsible of its feasibility is its low reprocessing rate
(40 litres/day) which is 100 time smaller than the one of a molten salt breeder reactor.
Working with a fast spectrum enable to reduce dramatically the neutron capture rate
from 233Pa and fission products and therefore the need of removing them from the
fuel salt. In fact no dedicated step for 233Pa removal is required.

The Figure 4Erreur ! Source du renvoi introuvable. resumes the entire
reprocessing process.

Figure 4 Reprocessing scheme of MSFR fuel salt [4]

In-core reprocessing: Helium bubbling
The injection of helium enables to remove gaseous and non-soluble fission products
like Xe and Kr as well as a part of the noble metals produced in the reactor core under
their metallic states. The accumulation of these fission products in certain part of the
reactor (heat exchanger, pumps, and pipes) could lead to clogging or corrosionerosion risks. The extracted gas decays during 2 hours in a storage tank and then the
daughters of 3H, Kr and Xe flow through a carbon trap during 47 hours. Helium is
then extracted by cryogenics and can be re-injected into the core.
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Out-core reprocessing
The out-core reprocessing enables to extract soluble fission products by pyrochemical technics. However all the fission products are not extract and stored
together. A distinction between the lanthanides and the other fission products is done.
Hence, to simplify the report, fission products without lanthanides will be named
simply as fission products. Thus, two technics are used for the extraction: fluorination
(F) and two successive reductive extractions (RE1 and RE2).
First the fuel goes through the fluorination step: the elements of the salt are oxide to
their higher oxidation states in order to produce gaseous elements which are naturally
separated from the salt and then extracted. That is the case of U, Np, Pu for the
actinides and Nb, Ru, Te, I, Mo, Cr, Tc for the fission products. After extraction, NaF
traps are used to separate fission products from actinides. These latter, after have
been reduced using hydrogen gas, are introduced back in the fuel salt, while fission
products are also reduced but managed as wastes.
Then two reductive extractions are performed, the first one to extract actinides and
the second one to extract the lanthanides. These latter cannot be directly extracted
because actinides would come along with the lanthanides, avoiding their separation.
The extractions are performed using bismuth baths with lithium as reductant
element. The potential differences lead to an absorption by the Bi-Li of a high part of
the actinides, and the second loop extracts lanthanides. Then the two of them are
extracted from the metallic pool of (Bi-Li)An and (Bi-Li)Ln by oxidation. While the
actinides are sent back into the core, the lanthanides are precipitated under oxide
solid form before to be sending to wastes storage.
All these steps are done after two days of cooling to let the decay heat decrease. During
this time, nuclides will decay and so gaseous element will be produced. These will be
continuously extracted and store on a similar way than the gas extracted by the incore process. However the process have not yet been studied, so because of the lack of
data, the gas extraction during the cooling as well as its storage will not been studied.
Likewise the helium bubbling will neither be analysed since the study concerns only
the chemical plant. Three study axes will be followed: a determination of the heat,
assessment of the re-criticality risk and calculation of the required shielding.
To simplify, the two storage zones will be named “Fp” for the storage zone of the
fission products and “SOX” for the one of the lanthanides.
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II. Description of methodology
1) Observables and safety criteria
The aim of this part is to describe which observables will be useful to dimension the
reprocessing unit.

1. Decay heat
A heat production goes along with the radioelements decay: energetic particles are
emitted and their energies will be transferred to the matter when they will interact
with it. An uncontrolled and too important heating could be dangerous, and therefore
an evacuation of it may be recommended. Several areas at different times must be
analyzed: the entire fuel salt of one batch during its cooling and the storage areas after
a long period.
Among the emitted particles, not all of them will contribute on the same way to the
increase of temperature of the salt or of wastes. The alpha and beta particles have a
short range in matter and will rapidly transfer their entire kinetics energies to the
material. That is why for the heat study, it can be considered that 100% of the energy
of the alpha and beta particles contributes to the increase of temperature of the salt
or of wastes, which is true except at the boundary. On the contrary, gamma-particles,
which have a longer path length, will left only a part of their energies into the
considered volumes. However the total power given by the gamma-particles is still an
interesting value since almost all the rest will heat the shielding. A similar remark can
be done for the neutrons emitted by spontaneous fission, their numbers are low and
they will lose only a small part of their energies inside of the salt or wastes, so they
can be completely neglected.
For alpha-particles, the heat given by the decay of one nuclide i is calculated thanks
to (1), where 𝑅𝛼,𝑖 (𝐸𝛼 ) is the branching ratio of an alpha decay of the nuclide i with an
alpha energy of 𝐸𝛼 .
𝑄𝛼𝑖 = ∑ 𝜆𝑖 𝑁𝑖 𝑅𝛼,𝑖 (𝐸𝛼 ) 𝐸𝛼

(1)

𝐸𝛼

On the contrary the beta spectrum is continue, so the average beta energy of each
nuclide is used (for more explanation see part 3)1.Radioactive decay modes). Hence,
the heat given by beta decay of one nuclide i is calculated thanks to (2), where 𝑅𝛽,𝑖 is
the branching ratio of beta decay for the isotope i, and 𝐸𝛽𝑚𝑜𝑦,𝑖 is the average energy of
a beta-particle for the isotope i.
𝑄𝛽𝑖 = 𝜆𝑖 𝑁𝑖 𝑅𝛽,𝑖 𝐸𝛽𝑚𝑜𝑦,𝑖

(2)

To have an idea of the heat released by the gamma-particles, the gamma decay is also
calculated thanks to the expression (3). Gamma-particles are emitted following alpha
and beta decays in which the daughter nuclide is left in an excited state (for more
explanation see part 3)1.Radioactive decay modes). Hence, there are two
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contributions to the gamma heat: gamma-particles from alpha decays and the ones
from beta decays.
𝑄𝛾𝑖 = ∑ 𝜆𝑖 𝑁𝑖 𝑅𝑎,𝑖 𝑅𝛾,𝑖 (𝐸𝛾𝛼 )𝐸𝛾𝛼 + ∑ 𝜆𝑖 𝑁𝑖 𝑅𝛽,𝑖 𝑅𝛾,𝑖 (𝐸𝛾𝛽 )𝐸𝛾𝛽
𝐸𝛾𝛼

(3)

𝐸𝛾𝛽

where 𝑅𝛼,𝑖 is the branching ratio of alpha decay for the isotope i and 𝑅𝛾,𝑖 (𝐸𝛾𝛼 ) is the
branching ratio of a gamma with an energy of Eγα, and on the same way 𝑅𝛽,𝑖 is the
branching ratio of beta decay for the isotope i and 𝑅𝛾,𝑖 (𝐸𝛾𝛽 ) is the branching ratio of
a gamma with an energy of Eγβ.

2. Re-criticality risk
One of the requirement of IAEA states that “the design shall ensure an adequate
margin of subcriticality” [5]. It is therefore important to ensure subcriticality in every
part of the reprocessing unit. This risk of re-criticality comes from the neutron
production due to spontaneous fissions, (α,n) reactions and delayed-neutrons coming
from fission products. Indeed, during the beta-decay of some neutron rich fission
products, neutron can also be produced if the daughter nuclide is left in excited state
higher than the neutron emission threshold. The delayed neutrons contribution is
here neglected.
Spontaneous fissions source
One of the neutron source comes from the spontaneous fissions since some nuclides,
like californium and curium, see table 1, decay by emitting several neutrons.
Table 1 Main contributors to the spontaneous fission source of the total amount of extracted salt after core
extraction

Z

A

Spontaneous fission
yield (fission/s)

98
98
96
96
96
96
98

252
250
244
246
242
248
254

2,00E+08
4,33E+07
3,06E+07
5,73E+06
4,01E+06
2,66E+06
1,79E+06

Spontaneous
fission fraction

69%
15%
11%
2%
1%
1%
1%

Watt Spectrum
parameters [6] a (MeV)
and b (MeV-1)
1,180000
1,03419
0,902523

3,72033

0,887353

3.89176
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The number of neutron created by fission, ν, depends of the nuclide which produced
them, however to simplify calculations and still guaranty safety margins, an overestimated ν of 3 neutrons per fission is used. The energy distribution of this neutron
source will be approximated by a Watt distribution:
𝑓(𝐸) = 𝐶𝑒𝑥𝑝(− 𝐸 ⁄𝑎 )√sinh(𝑏𝐸)

(4)

Where C is a normalization constant, a and b are the Watt distribution parameters.
To simplify the study, only one spectrum will be defined and its parameters will be an
average between the ones of the most important contributors of the spontaneous
fission source of the table 1. The Watt spectrum used is plotted on Figure 5.

Figure 5 Energy distribution of neutrons produced by spontaneous fissions

Neutrons from (α,n) reactions
The other source of neutron comes from the (α,n) reactions: alpha-particles, produced
by decays, can interact with salt isotopes having a low-threshold reaction. It is the case
for the two main nuclides of the salt: lithium 7 and fluorine 19. Indeed, most of the
emitted alpha-particles have an energy between 4 and 8 MeV, as it is shown on the
Figure 6 displaying the alpha spectrum of the 40 liters of salt after one day of cooling.
And so alpha-particles have energies above the threshold of the fluorine at 2 Mev and
the one of the lithium at 4 MeV, the Figure 7 and 8 show the associated cross sections
for these two isotopes.
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Figure 6 Alpha spectrum of the 40L of salt after 1 day

Figure 7 Cross section of 7Li(α,n) [7]
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Figure 8 Cross section of 19F(α,n) [8]

The library used is TENDL-2015 [10], this nuclear data library contains the results
from the TALYS nuclear model code system. And as it is shown on figure 7 and 8, this
library over-estimates the cross sections of 7Li(α,n) and 19F(α,n) compared to
experimental data, in particular the one of the lithium. However, since the point is to
study the safety of the unit, over-estimate the (α,n) cross sections as well as
underestimate their thresholds reaction, and therefore the number of produced
neutrons, is not an issue, it just gives higher safety margins.

3. Radiations study
The last important observable concerning the safety analysis of the reprocessing unit
is the radiotoxicity. As previously explained, gamma-particles as well as neutrons
have a range high enough to not be stopped in the studied volume of salt or of wastes.
These radiations, evaluated thanks to the equivalent dose rate given in Sv/h, can be
harmful and must therefore be stopped by a shielding. The point of this study will be
to define two areas:
 A green zone where workers can go under control. The maximum equivalent
dose rate is 25 μSv/h
 An unregulated zone where no control or surveillance is necessary. In it the
dose must be lower than 0.5 μSv/h
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These maximum dose criteria, chosen for the study, have been established by the
French regulation but can be different from a country to another.

Gamma spectrum
To estimate the gamma radiations, the gamma flux must be known. The gamma
emission follows alpha and beta decays, more precisions on the gamma decay are
given in the part 3)1.Radioactive decay modes. However several decay schemes are
possible, and so several possible gamma energies with different probabilities. The
gamma spectrum is given by the combination of all these gammas, and can be
calculated thanks to the expression (5) where 𝑅𝛼,𝑖 is the branching ratio of alpha decay
for the isotope i and 𝑅𝛾,𝑖 (𝐸𝛾𝛼 ) is the branching ratio of a gamma with an energy of Eγα,
on the same way 𝑅𝛽,𝑖 is the branching ratio of beta decay for the isotope i and 𝑅𝛾,𝑖 (𝐸𝛾𝛽 )
is the branching ratio of a gamma with an energy of Eγβ and δ the Dirac delta function.
𝐼(𝐸) = ∑ 𝜆𝑖 𝑁𝑖 (∑ 𝑅𝑎,𝑖 𝑅𝛾,𝑖 (𝐸𝛾𝛼 )𝛿(𝐸, 𝐸𝛾𝛼 ) + ∑ 𝜆𝑖 𝑁𝑖 𝑅𝛽,𝑖 𝑅𝛾,𝑖 (𝐸𝛾𝛽 )𝛿(𝐸, 𝐸𝛾𝛽 ))
𝑖

𝐸𝛾𝛼

𝐸𝛾𝛽

Neutron spectrum
The calculation of the neutron spectrum has already be described in the previous part.

Shielding
For the gamma dosimetry, the shielding will be made of lead to establish a green zone
and of concrete for a public area. Against neutron radiations, these materials are not
suitable, in particular lead. Indeed, the neutron will not lose energy during scattering
with lead nucleus since they are too heavy. Material with more hydrogen like
polyethylene must be used to slow down the neutrons, and at the end, polyethylene
with boron should be added to capture these thermalized neutrons. By capturing
neutrons, secondary gamma-particles will be emitted. Thus, the equivalent dose rate
coming from these gammas must also be calculated and added to the other
contributions.
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2) Code describing the reprocessing unit
The first step to assess the reprocessing unit safety was to create a code describing the
whole process of the unit and giving information about all the useful observables
described in the previous part.

1. Input files
The code takes as input a file containing the concentration of all the isotopes of the
core after 200 years of operation. This file has been provided by the Laboratoire de
Physique Subatomique & Cosmologie (LPSC) of the CNRS of Grenoble.
The other necessary information, to perform the evolution of the isotopes and to
calculate the important observables, is the nucleus structure data. That is why a data
base has been created for the code. For all the isotopes of the reprocessing unit, in
their fundamental states as well as in their metastable states, this data base gathers:
 Their half-lifes
 The branching ratios for all the decays (described in the part Radioactive
decay modes)
 Their average beta-energies
 All the possible alpha energies associated with their probabilities if they decay
by alpha decay
 All the possible gamma energies associated with their probabilities and if they
are coming from alpha or beta decay
All these data have been extracted from the Evaluated Nuclear Structure Data File
(ENSDF) [9].
The last input file needed is the list of the extraction coefficients for the 3 other
processes (F, RE1 and RE2). The chemical techniques, used to separates the elements,
does not extract 100% of the wanted elements but only a fraction. These extraction
coefficients have been determined mainly thanks to experimentations by the Institut
de Physique Nucléaire (IPN) of Orsay.

2. Mechanism of the code
The operation of the reprocessing unit can be schemed by a succession of “boxes”, see
Figure 9, which have been implemented into the code.
First the code defines the inventory of 40L of salt and then performs its cooling during
X days. During this time, all nuclides emitted under gaseous state should be
immediately extracted from the inventory in cooling and put into the gas box, where
they should decay separately. However, for now, this process has not been
implemented into the code since the list of all the gaseous elements has not yet be
provided by the IPN.
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Core

Storage waste

gas

Fp
Fission products

Cooling

Fluorination

Actinides

First reductive
extraction

Return into the core

Storage waste

Second reductive
extraction

SOX
lanthanides

Figure 9 Reprocessing unit scheme

But thanks to the list of the extraction coefficients for F, RE1 and RE2 the next step of
the code is performed: the repartition of the nuclei. After the cooling, the isotopes are
sorted according to their fluorination coefficients, the nucleus extracted are spitted
into two boxes: the actinides and the fission products. The actinides are momently
stored in the actinides box before to be sent back into the core, while the fission
products are stored in one of the storage zones, the Fp box. The nucleus which have
not been extracted during the fluorination go through RE1, whose the goal is to extract
the actinides still in the salt. The nucleus extracted here go back into the core. Then,
the nucleus which have not been extracted by RE1 go through RE2. There, the nucleus
extracted (mostly lanthanides) are stored into the second storage area (SOX), while
the rest goes back into the core.
Then during the last stage, the code simulates the decay of the inventory of the two
storage zones (orange boxes on the scheme): it performs the evolution of the nucleus
and adds every 24 hours the amount of nucleus coming from the fluorination and the
second extraction established during the previous step.
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To give some supplementary information, the code also simulates the evolution
without taking care of the new batch adding every day.

3. Use of MCNPX
Some information cannot be given by the code itself. That is especially the case of data
influenced by the transport of particles. That is why another code, simulating particles
transport, must be used: Monte Carlo N-Particle eXtended (MCNPX). This code
developed at Los Alamos National Laboratory enables to simulate particle
interactions including alphas, photons and neutrons particles, to perform dosimetry
and criticality calculation.
MCNPX has been used for four goals:
 calculate the contribution of the gamma decay heat to the heating of the salt
 know the neutron spectrum definition
 assess the re-criticality risk
 calculate the required shielding
For all this calculations the geometry is a very important parameter, however at this
stage of the study the real geometry is still unknown. Thus a simple sphere filled with
a homogeneous mixture of the main isotopes will always be taken. But since the goal
is only to show the feasibility of the reprocessing unit, this basic geometry which
favors for instance criticality will give a correct first idea of the different observables.
An example of this geometry, used for the shielding evaluation, is presented on Figure
9: a sphere of salt (in blue) with a radius of 22 cm (about 40L of a fuel with a density
of 4.1 g/cm3) composed principally of fluorine and lithium, surrounding by layers of
lead (green) and concrete (red).

Figure 10 Example of geometry of the MCNP simulation used to calculate the required shielding
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Contribution of the gamma decay heat to the heating of the salt
The contribution of the gamma heat to the total heat of the considered volume can be
known thanks to MCNPX which gives the energy deposition averaged over the cell.
Then, to know the fraction of the heat from the gamma decay contributing to the
heating of the salt, this energy is compared to the energy produced by all the gammas.
However the energy left by the gammas inside of the salt highly depends on the
geometry. But since the geometry is still unknown, the obtained result should be
considered only as an indicative value.

Neutron spectrum definition
In order to determine the neutron spectrum of the salt, the cross-section of 7Li (Figure
7) and 19F (Figure 8) must be combined to alpha transport, to take into account the
energy lost by the alpha-particles in the matter. Without considering it, the neutron
spectrum risks to be overestimated since the cross-sections tend to decrease with the
incident alpha energy. For this task, MCNPX with its extension, MCUNED, have been
used. This patch allows to handle light ion evaluated nuclear data library, in this case
TENDL-2015. To show the difference, simulations with and without the extension
have been performed using as input the initial alpha spectrum. The results will be
presented in the result part. Besides to find the right neutron spectrum, using
TENDL-2015 library, the real volume of salt cannot be used. Indeed, one of the
principal element of the salt is lithium, which is a good neutron moderator, so if the
total volume is used then the neutron spectrum will be biased, it will have a thermal
component. And then during the criticality simulatiosn and dose calculation
simulations, these thermal neutrons will once again be thermalized. Hence, a smaller
amount of salt must be considered to avoid the neutrons thermalization.

Criticality calculation
To verify if the risk of re-criticality exists, the different neutrons spectrum will be used
as input into a MCNPX routine which will calculate the keff of the system and therefore
if, with these neutron energy distributions, a chain reaction can start.

Shielding calculation
Gamma and neutron radiations are studied separately and then the contribution of
each one must be added. The equivalent dose rate is given by MCNPX which models
the transport of the gamma-particles and neutrons in the matter and calculates for
the different thickness of shielding the equivalent dose rate at their extremities.
Besides the geometry approximation, another one has to be done: the interactions
between the different zones (storage zones, batches in cooling) are neglected due to
the lack of precision on the design. The different areas containing radioelements are
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not really independent from each other, according to their distances from each other,
the gamma-particles and neutrons which have not been stopped by the shielding can
reach another zone and increase the equivalent dose rate of this latter and therefore
the necessary shielding may be slightly higher.

3) Inventory evolution
The inventory in the reprocessing unit and in the storage areas will evolve. The
unstable nuclides will decay according to their half-life until they reach a stable state.
The chart of the nuclides, Figure 11, which organizes nuclides along the X axis by their
numbers of neutrons and along Y axis by their protons number, enables to identify
the possible decays. The stable nuclides (black) are in the center of the chart, below
and to the right are β- emitters (pink), above and to the right β+ emitters or nuclei
which undergo electron capture (bleu), and above them alpha emitters and nuclides
going through spontaneous fission (green).

Figure 11 Chart of the Nuclides [9]
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1. Radioactive decay modes
All the possible decay modes of the nuclides of the inventory of the MSFR have been
implemented into the code and are described here.

Alpha decay mode
Some atoms with large mass decay by ejecting an alpha-particle 42𝐻𝑒:
4
𝐴−4
𝐴
𝑍𝑋 → 𝑍−2𝑌 + 2𝐻𝑒
Alpha particles are emitted with discrete values of energy, their energies depend on
the state in which the daughter nuclide is left. If it is in an excited state, then the alpha
decay is immediately followed by gamma emissions. The Figure 12 shows the example
of the alpha decay of 228Th, 9 energies are possible for the emitted alpha-particle and
the number of gamma as well as their energies depend of the state of the daughter
nuclide and of the de-excitation scheme.

Figure 12 Alpha decay scheme of 228Th [9]

Beta minus decay mode
Neutron rich elements, to maintain stability convert a neutron into a proton ejecting
a beta minus particle and an anti-neutrino:
𝐴
𝐴
−
𝑍𝑋 → 𝑍+1𝑌 + 𝑒 + 𝜈𝑒
As example, the Figure 14 represents the beta decay scheme of 61Cr. Several transition
are possible: the daughter nuclide can be left in ground state or more likely in a excited
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state (in this case a de-excitation by gamma-particles emission occurs). For each
transition, the available energy (mass energy difference between the parent and
daughter nuclide Qβ minus the energy of excitation Ei) is shared between the betaparticle and the anti-neutrino. That is why, unlike the alpha energy spectrum, the beta
energy distribution is continuous. The Figure 13 illustrates a hypothetical beta energy
spectrum for a transition, the maximal energy possible for a beta is when the antineutrino energy is null and so the beta energy is the available energy Emax=Qβ- Ei.

Figure 13 Hypothetical beta spectrum

The way how the energy is split between the two particles depends of the spin
difference (ΔJ) and if there is a change of parity. The density of beta energy is defined
by:
𝑑𝑆(𝐸𝑒− ) ∝ ⟨𝜓𝑓 |𝐻|𝜓𝑖 ⟩𝑑𝐸𝑒− . 𝑑𝐸𝜈𝑒 (6)
Where 𝜓𝑖 and 𝜓𝑓 are the initial and final wave functions and H is the Hamiltonian.
The second terme gives to the distribution a "bell curve" shape. ⟨𝜓𝑓 |𝐻|𝜓𝑖 ⟩ is constant
only if the transition is allowed (ΔJ=0 or 1 and no parity change), for the other
transition the exact value can only be approached by a form factor thanks to models.
The CEA has created a code, containing all these information, which enable to define
the spectrum of each possible transition of a nuclide. The average beta energy for all
nuclides has then been calculated by combining each spectrum with the occurrence
probability of the transitions.

Beta positive decay mode
It is the opposite of the beta minus emission, atoms with an excess of proton convert
a proton into a neutron with the accompanying ejection of a positron and a neutrino:
𝐴
𝐴
+
𝑍𝑋 → 𝑍−1𝑌 + 𝑒 + 𝜈𝑒
The distribution of energy for the beta positive particle is similar to the one of the beta
minus particle.
Since fission products of thorium 232 are neutron rich, beta positive decay concerns
only few nuclides of the salt.
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Electron capture (EC)
It is another decay mode for proton rich materials. An orbital electron is captured and
a proton is converted into a neutron with the emission of a neutrino:
𝐴
𝐴
+
𝑍𝑋 + 𝑒 → 𝑍−1𝑌 + 𝜈𝑒
After the decay an outer electron replaces the captured electron and an x-ray, with an
energy equal to the difference between the two electron shells, is emitted. The decay
by electron capture are taking into account in the study but the x-rays, due to their
low energy, are neglected.

Spontaneous fission (SF)
Spontaneous fissions concern only heavy nuclides that will split into two large
fragments ejecting also some neutrons. Thus, as it is shown on the table 2, the
proportion of nuclide that will spontaneously fission is relatively low compared to the
one which will decay by alpha, beta decay, electron capture or isomeric transition.
Table 2 Rates of the possible decay after extraction of the core

Beta rate
3,10e+17

Alpha rate
3,89e+14

EC rate
1,67e+13

SF rate
2,88e+08

A complete implementation of this process requires the fission yields knowledge for
each concerned isotopes and then to sample how large the fragment will be. For these
two reasons, the code simulates only the decay by spontaneous fission and not the
creation of the fission fragments. The number of spontaneous fission is indeed
important to calculate the neutron spectrum (see previous part on the observables)

Gamma emission
For beta and alpha decays, the emitted particles may carry all of the decay energy
between the parent and the daughter nuclide or the daughter may be left in an excited
state. In this case it will de-excite by emitting additional energy, in the form of gamma
photon. The de-excitation process occurs immediately after the emission of alpha or
beta particles.
Gamma energies are discrete quantities, the gamma-particles are emitted by the deexcitation of the daughter nuclides from one excited state to a lower state. They are
represented in blue in the decay scheme of the Figure 12Figure 14.
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Figure 14 Beta decay scheme of 61Mn [9]

After an alpha decay the daughter nuclide is left in a less energetic state than after a
beta decay, thus, the gammas following an alpha decay are less energetics than the
ones coming from beta decay.

Isomeric Transition (IT)
Some nuclei exist in an excited state long enough to be independently identified as a
unique energy level, they are in “metastable state”. The transition of this state to the
ground state is called an isomeric transition.
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2. Evolution equations
The evolutions of the number of nucleus can be described by a mathematical model
named the Bateman equations, equation (7). In fact the variation of nucleus of a
isotope is equal to the number of nucleus which have been created by the decays of
the parent nuclide(s) or by the transmutation of some isotopes minus the number of
nuclide which have decay or which have been transmuted.
𝑑𝑁𝑖
= ∑ 𝜆𝑗→𝑖 𝑁𝑗 − 𝜆𝑖 𝑁𝑖 + ∑〈𝜎𝑗→𝑖 𝛷〉𝑁𝑗 − ∑〈𝜎𝑖→𝑗 𝛷〉𝑁𝑖
𝑑𝑡
𝑗

𝑗

Nucleus created
by decays of its
parent nuclide(s)

(7)

𝑗

Nucleus created by
transmutation

Nucleus which
have decayed

Nucleus which have
been transmutted

Where:
𝜆𝑖 is the decay constant of the isotope i
𝜆𝑗→𝑖 is the product of the decay constant of the isotope j by the branching ratio of the
specific decay that permits to reach the isotope i
𝜎𝑗→𝑖 is the product of the cross section of the isotope j by the branching ratio of the
specific nuclear reaction that permits to reach the isotope i
Φ is the neutron flux

However, in the reprocessing unit the neutron flux is considerably lower than the one
inside of the core and therefore the transmutation rate from neutron capture is also
considerably lower. That is why, contrary to inside of the core, the most important
contributor to the variation of the isotopic concentration of the inventory in the
reprocessing unit is the decays and not the neutron reactions. So in this case, the
Bateman equation is approximated by:
𝑑𝑁𝑖
= ∑ 𝜆𝑗→𝑖 𝑁𝑗 − 𝜆𝑖 𝑁𝑖
𝑑𝑡

(8)

𝑗

An analytical solution of this system exists. In the case of a decay chain
𝑁1 → 𝑁2 → ⋯ → 𝑁𝑞 with as initial condition:
{

𝑁1 (0) = 𝑁1,0
𝑁𝑖 = 0 ∀𝑖 ∈ (2, … , 𝑞)

(9)
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For each nuclide k of the chain, its number of nucleus is described by the expression:
𝑘−1

𝑘

𝑁𝑘 (𝑡) = 𝑁1,0 ∏ 𝜆𝑛 ∑
𝑛=1

𝑗=1

𝑒 −𝜆𝑗𝑡
∏𝑘𝑖=1(𝑖≠𝑗)(𝜆𝑖 − 𝜆𝑗 )

(10)

The demonstration of this result is given in annexe.

3. Implementation of the evolution in the code
One of the principal task of the code is to perform the decay of the isotopes. Even if
the initial conditions are different (most of the daughter nuclides have a concentration
different from zero and decay chain have junction), the previous formula can still be
used. This is due to the fact that the evolution of a nuclide concentration can be seen
as two parts: the decay of its initial concentration and the creation-decay of new
nucleus thanks to all its parent decays.
This mechanism is used in the code:
 For each isotope, already in the initial inventory or which will be created by
decay during the evolution, all its possible decay chains from whose it is the
parent has been identify.
For instance:
236Pu → 232U → 228Th → 224Ra → 220Rn → 216Po → 212Pb → 212Bi → 212Po → 208Pb
−
−
𝛼

236Pu





𝛼

𝛼

𝛼

𝛼

𝛼

𝛽

𝛽

𝛼

→ 232U → 228Th → 224Ra → 220Rn → 216Po → 212Pb →− 212Bi → 208Tl →− 208Pb
𝛼

𝛼

𝛼

𝛼

𝛼

𝛼

𝛽

𝛼

𝛽

Then for each of these chains the formula (10) is used to know at any time how
its initial concentration has decay and how it will increase its daughter
population (number of nucleus which have been created and have not yet
decayed) and how the nucleus of its daughter that it has created and which
have decayed will increase the concentration of the daughter of its daughter
and so on…
Then all the contribution are summed. Care must be taken in case of one of the
nuclide has several possible decay. The nuclide where the junction occurs must
be identify and the decay (and therefore the creation of daughter nuclides)
before the junction must be count only once

Remark: some evolution codes already exist and could have been used but they do not
enable to simulate directly the accumulation of batch or extract easily all the useful
parameters. That is why this code have been implemented to describe the cooling of
the salt as well as the accumulation of isotopes in the different storage areas according
to their extraction coefficient.
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III. Results
This part gathers the result obtained for the three studies: the evaluation of the
decay heat, the re-criticality risk assessment and the definition of the required
shielding. The study is performed for different parts of the unit at different times: the
two storage zones and the cooling will be in particular evaluated. Two reasons explain
the study during the cooling: the inventory gathers all the nuclides and the utility of
the two days of cooling, which have been recommended, must be verify. Having 120
liters (2 times 40L in cooling and 40L in reprocessing) of molten salt out of the core
per day must, indeed, be justify.

1) Evaluation of the decay heat
1. Heat evacuated during the cooling
The most important goal of the cooling is to evacuate the decay heat. Which should
normally be the highest at the beginning and then decreased over the time.

Figure 15 Evolution of the beta decay heat during the cooling time
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Figure 16 Evolution of the alpha decay heat during the cooling time

Figure 17 Evolution of the gamma decay heat during the cooling time

The results of the heat study for the beta, alpha and gamma decays are presented on
Figure 15, Figure 16 and Figure 17. The first observation is that the real issue will be
to evacuate the heat from the beta. The alpha contribution is third time lower than the
beta one and as previously said only a fraction of the gamma energy will be given to
the salt. Thanks to a MCNPX the exact fraction has been calculated at the beginning
of the cooling: the energy deposed by the gamma spectrum is 8,8663 1016 ± 0,0018
MeV while the total energy of the gamma-particles is 8,5433 1019 MeV. Which means
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that only 1% of the gamma energy is transferred to the salt, which is twice less than
the energy from the alpha decays.
Considering all the contributions a system to evacuate the decay heat should be
necessary.
The Table 3 shows the most important contributors to the heating, the protactinium
233 represents almost a third of the total heating during the cooling. But according to
the extraction coefficient, most of these elements should go back into the core. Only
0,5% of the protactinium 233 will be kept in one of the storage zones (SOX) so the
problem of the heating due to these isotopes is limited to the cooling phase.
Table 3 Main isotopes contributing to the heating

Pa
Y
La
Y
Zr
Zr
Pr
Np
Ce

Z

A

at.%

Half life

β heat
(kW)

α
heat

γ heat
(kW)

Heat %

Fluorination
coeff

RE1
coeff

RE2
coeff

91
39
57
39
40
40
59
93
58

233
91
140
93
97
95
143
238
143

2,05E-4
2,36E-5
7,51E-7
2,32E-7
3,18E-7
2,70E-5
5,53E-6
3,72E-7
5,89E-7

2,33E+6
5,06E+6
1,45E+5
3,66E+4
6,03E+4
5,53E+6
1,17E+6
1,83E+5
1,19E+5

1,97
0,92
0,91
2,46
1,25
0,19
0,49
0,14
0,67

0
0
0
0
0
0
0
0
0

8,68
1,85
1,84
1,52
1,30
1,19
1,15
0,66
0,55

17,8%
8,2%
8,0%
21,5%
11,0%
1,8%
4,4%
1,3%
5,8%

0%
0%
0%
0%
10%
10%
0%
0%
0%

50%
0%
50%
0%
24%
24%
0%
9%
0%

1%
10%
93%
10%
0%
0%
15%
0%
15%

Figure 18 Evolution of the decay heat from the alpha and beta decay during the cooling time
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The second observation is that even if the total decay heat declines during the cooling,
see Figure 18, it is not as significant as expected. Considering 1% of the heat from the
gamma decay, the decay heat decreases by only a third in 2 days and is only divided
by two in 10 days. Thus, looking at this result, the cooling of two days seems
unjustified. This unexpected result is explained by the composition of the core
inventory, which has been truncated. Indeed, the short half-life isotopes, which
should contribute the most to the activity for early cooling time are not present. The
study of the decay during the cooling would have to be updated with the correct
inventory of the core containing all the nuclides.
However, even if the results of this study are biased, the methodology set up during
this master thesis is still correct. In fact, since the composition of the core is not
definitive, the inventory of the 40 liters will continue to change and therefore the
study should be carry out again in any case.

2. Heat in the storage areas
Even if only a small part of the main contributors of the total fuel salt heating after
extraction ends in the storage areas, and therefore that the heat brought in these
storage zones by one batch is low, the accumulation over the days could lead to an
issue. That is why the heating study of the two storage areas must be done. The Figure
19, Figure 20Figure 21 present respectively the results of the beta, alpha and gamma
decays of the storage areas. As expected, the beta decay contribution is highly superior
to the alpha one in the both cases, more than two orders of magnitude. Except the
alpha contribution of the fission product which stays constant, all the contribution
rises over the times.

Figure 19 Evolution of the decay heat due to the beta in the storage zones
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Figure 20 Evolution of the decay heat due to the alpha in the storage zones

Figure 21 Evolution of the decay heat due to the gamma in the storage zones

Another conclusion is that the SOX heating will be the most problematical, the heat
from the beta decay is about 10 times higher than inside of the fission products storage
zone. For a long time storage an evacuation of the heat should be designed. Moreover
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in both cases, a significant part of the decay heat comes from only some isotopes as it
is visible in the Table 5 andTable 4.

Table 4 Main contributors of the heating of the fission product storage zone after 100 days of accumulation

Zr
Nb
Sb
Sb
Te

Z
40
41
51
51
52

A
95
95
125
127
127

at.%
7,501%
2,854%
10,378%
0,012%
0,001%

Half life
5,53E+06
3,02E+06
8,70E+07
3,33E+05
3,37E+04

β heat (kW)

γ heat (kW)

Heat %

5,64
1,56
0,38
0,40
0,32

35,46
25,52
1,95
0,74
0,55

63,4%
19,2%
4,2%
4,3%
3,5%

Table 5 Main contributors of the heating of the SOX storage zone after 100 days of accumulation

Pr
Y
Ce
Sr
Pr
Ce
Y
Nd

Z
59
39
58
38
59
58
39
60

A
144
91
141
89
143
144
90
147

at.%
0,0005%
3,364%
1,458%
0,561%
0,271%
11,515%
0,005%
0,085%

Half life
1,04E+03
5,06E+06
2,81E+06
4,37E+06
1,17E+06
2,46E+07
2,30E+05
9,49E+05

β heat (kW)

γ heat (kW)

Heat %

40,4
28,4
5,4
5,3
5,2
2,8
1,4
1,5

41,1
56,9
5,4
8,3
12,2
4,1
3,2
1,6

42,3%
30,0%
5,6%
5,6%
5,5%
2,9%
1,7%
1,6%

To reduce the need of heat evacuation, another separation of the isotope could be
interesting. For instance, 95Zr and 95Nb contribute to 83% of the fission products
storage heating, extract them could enable maybe to avoid to have to evacuate the heat
from this storage zone. For the SOX zone, the higher contributor is 59Pr and yet it’s
atomic fraction is extremely low (0,0005% after 100 days). Not store it could decrease
by 42% the heat. The same type of observation can be done for 91Y. Send back to the
core these two isotopes or store them separately from the others, could decrease the
heat by more than 70%.

To conclude this part, the heat produced by the decay during the cooling and inside
of the SOX storage zone is high and will require its extraction. To reduce this need,
the cooling time could be one of the parameter. The Figure 22, illustrating the impact
of different cooling time on the heat of SOX, shows that after 100 days of storage, 2
days of cooling enable to decreased of 5 kW the decay heat and that 10 days reduce it
by 20%.
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Figure 22 Heat produced by the beta decay in SOX

The other solution to reduce the need of heat evacuation is to store separately or do
not store the main contributors to the heating.
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2) Risk of re-criticality assessment
1. Risk during the cooling
During the cooling, the amount of fissile material is the higher (isotopes in bold in the
Table 6), as well as the one of lithium and fluorine. Hence a study of the risk of the recriticality during the cooling time is necessary.
Table 6 Main isotopes of the fuel salt

F
Li
Th
U
U
U
U
Pu
Np
Pa

Z

A

Qt%

Half life

9
3
90
92
92
92
92
94
93
91

19
7
232
233
234
236
235
238
237
233

62,64%
28,77%
6,78%
0,92%
0,34%
0,11%
0,10%
0,03%
0,03%
0,02%

Stable
stable
4,415E+17
5,0205E+12
7,7421E+12
7,3857E+14
2,2195E+16
2765710000
6,7613E+13
2330640

The Figure 16 from the previous part shows that the alpha decay heat is rising over
the time, and reaches a maximum after 105 hours. Combining this result to the fact
that the alpha rate stays constant during this time, shown on the Figure 22, it can be
predicted that the alpha-particles are more energetic and therefore the spectrum
should be harder at T=105 hours. The plot of the spectra at these two times on Figure
24 confirms that. Thus, the neutron production should be higher after 105 hours since
the cross-sections of 7Li (Figure 7) and 19F (Figure 8) growth with the alpha incident
energy.

Figure 23 Alpha rate vs time
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Figure 24 Comparison of the alpha spectra at the initial time and after 105 hours

These two alpha spectra have been used in MCNPX to find their associated neutron
spectra. As expected more neutrons are produced after 105 hours (Table 7) and higher
energies are a little more probable. As previously mentioned, to show the difference,
simulation without the MCUNED extension have been performed using as input the
initial alpha spectrum. The neutron rate obtained without the extension, using only
the Liège Intranuclear Cascade (INCL) model to simulate alpha reaction, is 20 times
lower than the one using TENDL-2015.

Neutron Distribution from (α,n) reactions
0,25
T=105h

Neutron rate (n/s)
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T=0

0,15
0,1
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0
-0,05
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5,00
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Energy (MeV)
Figure 25 Neutron spectra produced by (α,n) reaction
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Table 7 Neutron rates at the beginning of the cooling and after 105 hours

T=0
4,48114E+09

T=105 hours
7,42605E+09

T=0 (without MCUNED)
2.01575 E+08

However the energy distribution is about the same, as it is shown on the Figure 25,
and therefore the risk of criticality is approximately the same. The Table 8 shows the
results from criticality calculation for different conditions: a bare sphere of salt
without any moderator, then with three different moderators (graphite, concrete,
water) surrounding the sphere of salt. The neutron energy distribution used to sample
the first batch is either the ones from (α,n) reaction at 0 or 105 hours or the one from
spontaneous fission. Then the sphere of salt (radius: 21.2 cm; density: 4.1 g/cm 3) is
either bare or surrounded by a moderator.

Table 8 Criticality calculation results

Without
moderator
0,1960 ±
0,0006

With 25cm of
graphite
0,6869 ±
0,0002

With 25cm
of concrete
0,53657 ±
0,0002

With 1m of
water
0,6763 ±
0,0006

Neutron spectrum
from (α,n) reaction
at T=0

0,1946 ±
0,0002

0,6890 ±
0,0006

0,5336 ±
0,0002

0,6766 ±
0,0002

Total at T=0

0,1947 ±
0,0002

0,6889 ±
0,0006

0,5338 ±
0,0002

0,6766 ±
0,0002

Neutron spectrum
from (α,n) reaction
at T=105 h

0,1949 ±
0,0002

0,6875 ±
0,0005

0,5339 ±
0,0006

0,6751 ±
0,0006

Total at T=105 h

0,1949 ±
0,0002

0,6875 ±
0,0005

0,5340 ±
0,0006

0,6752 ±
0,0006

Neutron source
Spontaneous fission

The first observation is that the initial neutron spectrum does not have a significate
influence on the criticality simulation results. Then, all the tested geometries are
subcritical. Even if the presence of a moderator, which could be used for shielding or
to evacuate the decay heat, increases the risk of re-criticality, this latter stays low
during the cooling of the salt. The results found for the bare sphere are similar to the
one found in the thesis of X.Doligez [2] in 2010.
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2. Risk after the fluorination
After the fluorination, during the separation of the fission products and of the
actinides, and particularly after, the concentration of fissile materials is the highest.
This composition is susceptible to favor a chain reaction of the neutrons coming from
19F(α,n) and spontaneous fission (even if the rate is lower: 4,62 neutrons/s).
The composition of the actinides extracted by fluorination is resumed into the Table
9, however this table does not include the elements added by the fluorination (mostly
fluorine elements). To carry out a precise study the exact composition after
fluorination is need. Without it, only an approximation can be done.

Table 9 Main isotopes extracted by fluorination which are not stored (Actinides)

U
U
U
U
Pu
Pu
Pu
U
Pu
Pu
U

Z

A

92
92
92
92
94
94
94
92
94
94
92

233
234
236
235
238
239
240
232
241
242
238

Atomic
fraction
60,17%
22,56%
7,11%
6,50%
1,83%
0,75%
0,66%
0,17%
0,13%
0,11%
0,01%

Spontaneous
fission rate (f/s)
2,23
14,49
2,81
0,01
3,90E+05
0,92
5,64E+04
0,72
0,02
1,60E+04
0,02

The Figure 26 and 27 compare the spectra of the total salt at the beginning and after
105 hours of cooling to the actinides alpha spectrum. And it appears that the actinides
alpha spectrum is only a lower than the one of the total salt and, in fact, it is even
harder than the one at T=0. That is due to the fact that alpha emitters are mostly the
actinides.
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Figure 26 Comparison between the alpha spectrum of the whole fuel salt after 105 hours of cooling and the one
of the actinides

Figure 27 Comparison between the alpha spectrum of the whole fuel salt at the beginning of cooling and the one
of the actinides

It will be approximated, to give an idea of the re-criticality risk, that the neutron
spectrum obtained by (α,n) reactions of the actinides extracted by fluorination is the
same than the one of the total fuel salt. Moreover the Table 9 highlights that the initial
neutron spectrum is not the most determining factor for the criticality simulation. On
the contrary the composition of the material, in particular the amount of fissile
materials, as well as the volume and the geometry are extremely important. Among
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these parameters only the number of fissile nuclides is known. It will be approximated
that after fluorination thorium and uranium tetrafluorides will be obtained.
According to [11] its density is 6.69 g/cm3. Thus, MCNPX simulations have been
performed to calculate the eigenvalue of a sphere with a radius of 9.4 centimeters (23
kg) filled thorium and uranium tetrafluorides. To show the importance of the material
another simulation using only the actinides has also been done. The Table 10 gathers
the results obtain with and without graphite moderator.

Table 10 Criticality calculation results for Actinides after fluorination

Material

Parameters

Without
moderator

With 25cm of graphite

Actinides + Fluorine

Density : 6.69 g/cm3
Sphere radius: 9.4 cm
Mass: 23 kg

0,53059 ± 0,00031

0,96414 ± 0,00081

These results highlight a possible risk of re-criticality (with moderator: keff>0.95)
after the separation of the element extracted by fluorination. A deeper study should
be performed for this part of the unit.

3. Risk in the storage zone
In the two storage zones the amount of fissile materials is very low (even with the
accumulation), for the SOX zone the atomic concentration of fissile material is about
0.5% after 100 days and the fission product storage area does not have any fissile
nucleus. Thus, the risk of re-criticality can be eliminated in the two storage zones.
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3) Determination of the required shielding
1. Shielding of the whole unit
An important value is the required shielding of the whole reprocessing unit. To
estimate it, the moment when the equivalent dose rate is the higher must be found.
Logically this moment should be at the beginning, when the 40 liters have just been
extracted from the core. For the gamma, this hypothesis is supported by the
decreasing number of gamma emitted per second, illustrated on the Figure 28 and by
the only small variation of the gamma spectrum over the time, as the Figure 29 shows
it.

Figure 28 Gamma weight vs time

Figure 29 Comparison of the gamma spectra at the beginning and after two days
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According to the result of the previous part, the neutron spectrum used for the study
should be the higher in order to guaranty some safety margins. Hence the spectrum
after 105 hours of cooling will be used even if the cooling time is, for now, only of 48
hours.
However the most problematical particles should be the gammas, the Figure 30 shows
for no shielding the contributions to the equivalent dose rate of the three radiation
sources at different distances of the initial salt.
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Figure 30 Comparison between the different contributions to the equivalent dose rate for a bare sphere of salt

The Figure 31 and Figure 32 show that 33 centimeters of lead are enough to create a
green area; or if the point of the shielding is only to guarantee a public zone, then 2
meters of concrete are required.
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Figure 31 Lead shielding to establish a green zone considering only gamma radiations
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Equivalent dose rate for different thickness of
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Figure 32 Concrete shielding to establish a public zone considering only gamma radiations

Using the result obtained for the green zone, 33cm of lead, a thickness of 37
centimeters of concrete is necessary to meet the second criterion, as it is shown on
Figure 33.
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Figure 33 Mix of lead and concrete shielding considering only gamma radiations

Evaluate the main contributor to the shielding is a difficult task, two parameters are
in competition: the gamma rate and their energy. The decay heat produced by the
gamma contains the two information but can also lead to an over-estimation of the
importance of isotopes emitting gamma-particles with low energies. The Table 11
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gathers the isotopes with the higher decay heat produced thanks to gamma energies
higher than 1 MeV
Table 11 Main contributors to the gamma decay heat considering only gammas with an energy
higher than 1 MeV

Z

A

57
93
40
39
55
53
61
50

140
238
97
93
136
133
148
125

At.
Fraction
7,5E-07
3,7E-07
3,2E-07
2,3E-07
2,6E-07
9,5E-08
9,4E-08
2,0E-07

T1/2
145027
182909
60296,4
36648
1137020
74988
463795
832896

γ dose
contribution
81%
5%
5%
3%
2%
1%
1%
1%

It appears that 140La is the highest contributor to the shielding, which could lead to an
issue since this lanthanide will be extracted during RE2 and accumulated in SOX.

To stop the neutrons and establish only an unregulated zone, the thickness of concrete
found to stop gamma radiations is more than enough: as it is illustrated on the Figure
34, only 160 centimeters of concrete enable to define a public zone.
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Figure 34 Concrete shielding to establish a public zone regarding neutron radiations

But to define a green zone, the lead shielding is ineffective. The Figure 35 shows that
60 centimeters of polyethylene must be used to reduce the equivalent dose rate
coming from the neutrons to 25 μSv/h. However the polyethylene shielding cannot
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be used alone, and lead walls must be associated to stop gamma-particles creating
during the neutrons capture.
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Figure 35 Polyethylene shielding

Moreover to increase the shielding efficiency polyethylene with boron can be added
during the last centimeters. The Figure 36 shows that 40 centimeters of polyethylene
plus 10 centimeters of polyethylene with boron ended by 33 centimeters of lead are
one of the combination which enable the creation of a green zone.

Equivalent dose rate inside of the lead shielding after a
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Figure 36 Equivalent dose rate inside of the lead shielding after a first shielding of 40 cm of polyethylene and 10
cm of polyethylene with boron
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In order to define a public area after the green zone, a layer of concrete must be added
to the previous configuration. Thus, another MCNPX simulation has been performed
with the sphere of salt covered by the following layers: 40 cm of polyethylene, 10 cm
of polyethylene with boron, 33 cm of lead and then concrete. The results, plotted on
Figure 37, indicate that to reduce the equivalent dose rate below 0,5 μSv/h, 35
centimeters of concrete are required.
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Figure 37 Determination of the required thickness of concrete to establish a public area after a first shielding of
40 cm of polyethylene, 10 cm of polyethylene with boron and 33 centimeters of lead

2. Impact of the cooling on the shielding
After has been removed from the core the volume of salt which must be reprocessed
is cooled during two days, during these two days the inventory will decay. A new study
of the equivalent dose rate after these two day is carried out to see if the cooling as
consequences on the shielding thickness. If obtained results have significant
differences with the previous case, then a second building with a smaller shielding for
the reprocessing unit could be imagined. However the results on Figure 38 show that
it is not the case and therefore separate the cooling unit and the reprocessing unit has
no interest. Nevertheless this conclusion is biased due to the truncated inventory.
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Figure 38 Comparison of the shielding required at the beginning and after 2 days of cooling considering only
gamma radiations

3. Shielding of the storage areas
A comparison of the initial gamma rate and the ones in the storages zones, Figure 39,
enables to identify two times from when the shielding previously defined could be
insufficient: after 29 days for FP and 44 days for SOX.

Figure 39 Comparison of the initial gamma weight and the ones in the storages zones

But the same gamma rate does not imply the same equivalent dose rate and therefore
the same shielding. The analysis of the spectra, displayed on Figure 40 and Figure 41,
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shows that in SOX more energetic gammas are produced than at the initial time.
Hence, a higher shielding is expected for SOX. For FP, the most likely energy is around
700 keV which should be stopped rapidly by the shielding.

Figure 40 Gamma spectra of the fuel salt at the beginning of the cooling and of SOX after 44 days of storage

Figure 41 Gamma spectra of the fuel salt at the beginning of the cooling and of FP after 29 days of storage
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Then the required thickness of lead and concrete have been calculated at these
moments, the results of the MCNPX simulation presented Figure 42 and Figure 43
show that:



For FP, the required shielding is the same than the one of the total salt at the
beginning
For SOX, 7 cm of lead and about 25 cm of concrete must be added to the one
of the total salt at the beginning
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Figure 42 Comparison of the lead shielding required to establish a green zone for FP after 29 days of storage,
SOX after 44 days of storage and for the initial salt
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Figure 43 Comparison of the concrete shielding required to establish a public zone for FP after 29 days of
storage, SOX after 44 days of storage and for the initial salt
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Thus, either the shielding of the wastes storage must be raised for a long time storage
or the wastes must be evacuated regularly of the reprocessing unit, every month would
enable to not exceed the shielding establish for the salt after core extraction. Another
alternative could be extracted from the wastes the highest contributors which are for
FP the 124Sb and 126Sb and for SOX 140La.

Regarding the neutron dosimetry, the neutron spectrum from (α,n) reaction is null
since the storage zones contain no lithium and fluorine. And the spontaneous fission
neutron emitters (mostly actinides) are not stored. Thus the contribution of the
neutrons to the equivalent dose rate is here neglected.

As conclusion a shielding of the reprocessing unit seems possible. Depending of the
need, if a green zone where workers could go for instance for maintenance is required
or not, several possibilities exist:





Only a public zone: 2 meter of concrete will reduce the equivalent dose rate
from gammas and neutron below 0,5 μSv/h
To establish a green zone: 40 centimeters of polyethylene, 10 centimeters of
polyethylene with boron ended by 30 centimeters of lead reduce the equivalent
dose rate from gammas and neutron below 25 μSv/h
To establish a green and a public zone: 40 centimeters of polyethylene, 10
centimeters of polyethylene with boron ended by 33 centimeters of lead
surrounding enable to first reduce the dose below 25 μSv/h and then below 0,5
μSv/h by adding 35 centimeters of concrete.
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Conclusions and proposal for future work
In conclusion, a method as well as tools to dimension the reprocessing unit of
the MSFR have been created. The method defined in this report will be useful for
future works. Indeed, the data are likely to change since all the parameters of the
reactor and of the reprocessing unit have not yet been fixed.
The results obtained here are therefore not definitive and must be considered
only as indicative values. For the input inventory considered some interesting
conclusions already appear. The first of them is the need of heat evacuation. The
values for the decay heat, obtained during the cooling and inside of the storage zones,
are high and should in fact be even higher with short life isotopes. The data of the
decay heat evaluation should be used in a thermal study in order to design a system
of heat evacuation. Then, the preliminary criticality risk assessment performed here
points out a risk that the mixture containing actinides after their separation from
fission products, during the fluorination process, could be critical. However the
results have been obtained using several approximations and should therefore be reevaluated with correct data and maybe abnormal hypothesis to ensure safety in case
of accident. The last study proves the possibility to stop radiations and to establish
safe zones respecting regulation criteria. If the goal is only to define an unregulated
area around the unit, then 2 meter of concrete are enough. However, to allow workers
inside of the unit, a shielding made by the combination of 40 centimeters of
polyethylene, 10 centimeters of polyethylene with boron, 33 centimeters of lead and
then 35 centimeters of concrete is necessary. Yet, a decision about the wastes
management must be taken: a short storage (less than one month) or a particular
shielding must be defined for each zone. The work on the shielding could also be
improved by the use of more efficient materials, for instance by applying instead of
regular concrete, concrete with high density.
A future part of the work consists in improving the method, and more
particularly, the created code by adding uncertainties. All the data used, half-lives,
branching ratio, energies cross-sections, goes with errors due to measurements or
models used to obtain them. The sensitivity to these variations must be evaluated to
give information on the margins.
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Appendices
The simplified Bateman equations give the following system:
𝑑𝑁1
= −𝜆1 𝑁1
𝑑𝑡
⋮

(11)

𝑑𝑁𝑞
= 𝜆𝑞−1 𝑁𝑞−1 − 𝜆𝑞 𝑁𝑞
{ 𝑑𝑡
The Laplace transformation of the equation system (11) is:
𝑠Ñ1 (𝑠) − 𝑁1,0 = −𝜆1 Ñ1 (𝑠)
{
⋮
𝑠Ñ𝑞 (𝑠) = 𝜆𝑞−1 Ñ𝑞−1 (𝑠) − 𝜆𝑞 Ñ𝑞 (𝑠)

(12)

Where Ñi is the Laplace transformation of Ni.
Thus, the equations of the system (12) can be re-written as:
𝑁1,0
Ñ1 (𝑠) =
𝑠 + 𝜆1
⋮
𝜆𝑞−1
𝜆𝑞−1 𝜆𝑞−2 … 𝜆1
Ñ𝑘 (𝑠) =
Ñ𝑞−1 (𝑠) =
𝑁1,0
𝑠 + 𝜆𝑞
(𝑠 + 𝜆𝑞 )(𝑠 + 𝜆𝑞−1 ) … (𝑠 + 𝜆1 )
{

(13)

The inverse Laplace transformation of the first equation gives:
(14)
𝑁1 (𝑡) = 𝑁1,0 𝑒 −𝜆1𝑡
And for k from 2 to q the inverse Laplace transformation gives:
𝑘−1

𝑁𝑘 (𝑡) = ∏ 𝜆𝑛 𝑁1,0 𝐿−1 [
𝑛=1

1
]
(𝑠 + 𝜆𝑘 )(𝑠 + 𝜆𝑘−1 ) … (𝑠 + 𝜆1 )

(15)

Using the partial fraction decomposition:
𝑘

𝐴𝑗
1
=∑
(𝑠 + 𝜆𝑘 )(𝑠 + 𝜆𝑘−1 ) … (𝑠 + 𝜆1 )
𝑠 + 𝜆𝑗

(16)

𝑗=1

Using the Heaviside cover-up method (for each j, the previous expression is multiply
by (𝑠 + 𝜆𝑗 ) and then for s=-λj the expression of 𝐴𝑗 is obtained):
For j=m:
𝑘

(𝑠 + 𝜆𝑚 )
𝐴𝑗
= (𝑠 + 𝜆𝑚 ) ∑
(𝑠 + 𝜆𝑘 )(𝑠 + 𝜆𝑘−1 ) … (𝑠 + 𝜆1 )
𝑠 + 𝜆𝑗

(17)

𝑗=1

1
∏𝑘𝑖=1(𝑖≠𝑚)(𝑠 + 𝜆𝑖 )

𝑘

= 𝐴𝑚 + ∑
𝑗=1
𝑗≠𝑚

𝐴𝑗 (𝑠 + 𝜆𝑚 )
𝑠 + 𝜆𝑗

(18)
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Hence when s= -λi:
𝐴𝑚 =

1
∏𝑘𝑖=1(𝑖≠𝑚)(𝜆𝑖

(19)

− 𝜆𝑚 )

So:
𝑘−1

𝑘
−1

𝑁𝑘 (𝑡) = ∏ 𝜆𝑛 𝑁1,0 𝐿

1

[∑

∏𝑘
(𝜆
𝑗=1 𝑖=1(𝑖≠𝑗) 𝑖

𝑛=1
𝑘−1

𝑘

= 𝑁1,0 ∏ 𝜆𝑛 ∑ (
𝑛=1

𝑗=1

1
]
− 𝜆𝑗 ) 𝑠 + 𝜆𝑗
1

∏𝑘𝑖=1(𝑖≠𝑗)(𝜆𝑖

1
𝐿−1 [
])
𝑠 + 𝜆𝑗
− 𝜆𝑗 )

(20)

1

Since 𝐿−1 [𝑠+𝜆 ] = 𝑒 −𝜆𝑗𝑡 ,
𝑗

𝑘−1

𝑘

𝑁𝑘 (𝑡) = 𝑁1,0 ∏ 𝜆𝑛 ∑ (
𝑛=1

𝑗=1

𝑒 −𝜆𝑗𝑡
∏𝑘𝑖=1(𝑖≠𝑗)(𝜆𝑖 − 𝜆𝑗 )

)

(21)
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