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Abstract 

 
The interest of the scientific community in alternate nuclear fuel cycles such as that of the Molten Salt Reactors (MSRs) 

has grown and waned in the past. In the recent decades however, there has been a resurgence of interest in them owing to the 

ever-rising demand for sustainable energy and growing concerns of climate change. However, these reactors are yet to enter 

the stage of commercial operation. The MSR family form a broad spectrum of reactor concepts with unique fuel cycles, 

designs, online reprocessing options et cetera and some of these have progressed from the phase of conceptualization to 

deployment as experimental reactors. Since MSRs differ significantly from the traditional Light Water Reactors (LWRs), both 

conceptually and from an operational point of view they come with new and unique challenges. On the issue of safeguards, 

the main challenges arise from the lack of experience in the industry on handling bulk fuel material such as highly radioactive 

and corrosive molten fuel salts containing nuclear material in place of traditional fuel items like spent nuclear fuel (SNF) 

assemblies. There is also a marked lack of measurement techniques and instruments that could be brought into use for enforcing 

safeguards on molten salt systems.  

There are novel ideas that have been proposed to increase the proliferation resistance of the fuel cycle in MSRs and 

deter the misuse of fuel material. Among the key MSR designs that have been developed at the Oak Ridge National Laboratory 

(ORNL) in the past was the Molten Salt Demonstration Reactor (MSDR). The MSDR concept was a 750 MW successor to 

the much smaller Molten Salt Reactor Experiment (MSRE) that was once operated at ORNL. While the MSDR was never 

built, its design, operation, safety, security and safeguards-related issues were studied extensively at several national labs in 

the United States. In the current study, we aim to model the irradiation of fuel salt used in the MSDR. The reactor specifications 

are used in a Monte-Carlo particle transport code to model its operation. The key objective of the paper is to describe the 

creation and utility of a data library of fuel signatures such as fuel salt characteristics at different times in the fuel cycle that 

could be important from a safeguards verification standpoint. It is also expected that such signatures would be used as training 

features in a machine learning model in the future to develop safeguards approaches and verification techniques that can be 

used to assess whether the reactor has been operated as declared. 

 

1. INTRODUCTION 

Molten Salt Reactors (MSR) have made a recent comeback in the wider sustainability dialogue owing to 

growing concerns of increased greenhouse gas emissions from traditional fossil fuel power and global geopolitical 

developments. These concerns have led to reduced availability of natural gas to many countries around the world 

and have forced the global leaders to look for an alternative. MSRs have been considered a possible complement 

to the existing nuclear fleet of reactors that rely on the light water and heavy water technology, as they operate at 

atmospheric pressure. When coupled with supercritical carbon di-oxide (sCO2) as the working fluid, these reactors 

can achieve substantially higher thermal efficiencies (>50%) at lower capital costs than traditional LWR and 

steam-based cycles. There is no fear of fuel losing integrity as it is already in the molten state and therefore, the 

concern of fuel meltdown is eliminated. This reactor concept was researched initially at the Oak Ridge National 

Laboratory (ORNL) as part of the Aircraft Reactor Experiment (ARE) under the United States Air Force (ASAF) 

nuclear propulsion program in the 1950s which was a 3 MW prototype reactor which operated for nearly 1000 

hours at full power [1]. The idea was later abandoned as the airborne radioactivity was too high and the reactor 

assembly and its shielding proved to be too heavy for the aircraft. After the shutdown of the ARE, ORNL focused 

on a new molten salt concept called the Molten Salt Reactor Experiment (MSRE) which was designed to be 7.5 
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MWth epithermal Thorium based breeder reactor. It was the first reactor that ran on both, U235 as well as U233 [1]. 

Both, the ARE and the MSRE were based on fluoride type salts (of slightly differing composition), used BeO and 

graphite respectively as moderators. Inconel was chosen as the structural material in the ARE but was replaced 

by a new, more corrosion resistant Hastealloy-N in the MSRE. Fluoride salts were found to be highly stable at 

higher temperatures and were also greatly radiation tolerant which is why we see many reactors still use fluoride 

as their primary salts even today e.g. FliBe, FUNaK, FLiNaK etc. Over the next decade, the MSRE conducted 

various experiments using different fuel types and was eventually shut down in the 1970s in favour of development 

of liquid metal-cooled breeder reactor technology as there were several reactor technologies competing at the time 

[1]. Ultimately, the liquid metal-cooled reactor technology failed to achieve its objectives due to material design 

challenges and primarily because the Light Water Reactor (LWR) technology proved to be rather efficient and 

economically viable at the time. MSRs are the only type of reactors that currently possess the ability to operate at 

high temperature without the need for pressurization. A higher temperature equates to better thermal efficiency 

and the ability to operate without pressurization greatly simplifies the reactor structure and reduces material cost 

as well as eliminates the risks that come with system depressurization and boiling.  

From a nuclear safeguards standpoint, MSRs pose serious concerns regarding material verification which 

stem primarily from the fact that there is little experience in safeguarding such systems i.e. lack of clarity on 

methods and techniques to be employed for future verification of irradiated fuel from such reactors. Apart from 

safeguards-related issues, MSRs have plenty of other challenges [2] that remain unsolved to this day but the 

industry is optimistic that they will be overcome. Currently, there are no commercial operating MSRs but this 

may change in the coming years. MSRs have widely varying designs and concepts i.e. different salt types (FLiBe, 

FuNaK, FLiNaK etc), fuel types (U235, U233, Pu239 or Th232), breeders or converters etc. Therefore, it is challenging 

to design a safeguards verification routine that would fit all designs and concepts that might be developed. It is 

foreseen that some MSR designs might enter the stage of commercial operation in the coming decade so it is the 

need of the hour to formulate safeguards verification routines that would make the verification of irradiated salts 

feasible in the near future. 

 

2. MOLTEN SALT DEMONSTRATION REACTOR (MSDR) 

The Molten Salt Demonstration Reactor (MSDR) was envisioned as the 350 MWe (or 750 MWth) [3] 

successor to the MSRE and was expected to build on the years of operation and design experience ORNL gained 

while operating the MSRE. The reactor was planned to be graphite moderated, and fuelled by lithium-7, beryllium, 

thorium, and uranium salt. The idea for development of the MSDR was birthed out of the need for a thermal 

breeder reactor that could work with molten salt on the thorium-U233 cycle. Several reactor concepts were 

considered before the MSDR design was finalized. An intermediate step between the MSRE and the MSDR was 

also postulated and was named the Molten Salt Breeder Experiment (MSBE). It was slated to be a 150 MWth 

reactor that would improve upon the MSRE which in its time, did not produce any electricity and the heat produced 

by the reactor was rejected to air. The MSBE was expected to produce steam and have the associated fuel 

reprocessing facilities. However, this idea was abandoned and the commercial MSDR was pursued instead to 

fastrack the molten salt breeder technology and push it to a commercial stage. 

The MSDR design was centered around a single fluid concept that utilized U/Pu as its primary driver. The 

original MSDR concept from [3] was based on a thorium driver but was later changed to a U/Pu cycle. The reactor 

was designed to have onsite reprocessing and a number of other ancillary systems that evolved from the MSRE 

and the MSBR. The off-gas system (OGS) design in MSRE was significantly different from that of the MSDR 

however, the primary functions of the OGS remained the same, which were to keep the salt oxygen-free and 

secondly, to remove gaseous fission products like xenon, krypton, oxygen and tritium using helium sparging. 

Helium was also designed to be the cover gas for the MSDR to keep the salt in inert surroundings. Bubbling 

helium as a mobile phase through the salt causes the gaseous fission products to diffuse out of the salt as they are 

more soluble in the helium while a minimal amount of helium dissolves in the salt itself. Solid traps are employed 

to capture non-gaseous, non-soluble, metallic fission products. Other systems such as the fuel chemistry and salt 

reprocessing were adopted from those used in the MSBR. Further details of the design and functioning of the OGS 

utilised in the MSDR are available in [4]. Some of the key parameters of the MSDR are included in Table 1. These 

specifications are obtained from [4]. 

 

TABLE 1. SUMMARY OF MSDR’S KEY SPECIFICATIONS 

 

Parameter name Parameter Value 

Thermal power rating 750 MW 

Electric power rating 

Thermal efficiency 

Operating temperature 

350 MW 

36.6 % 

625℃  
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Neutron spectrum 

Moderator 

Convertor/breeder 

Salt type 

Thermal 

Graphite 

Can operate as both 

Fluoride (FLiBe) 

Primary driver U/Pu 

Salt mass (in reactor) 100.8 t 

Salt volume (in reactor) 30.06 m3 

Salt density 3.35 g/cm3 

 

3. MODELLING OF MOLTEN SALT SYSTEMS IN SERPENT 

 
Serpent [5] is a widely used Monte-Carlo particle transport code for various nuclear applications such as 

fuel depletion calculations, criticality safety and flux/dose calculations such as those used in shielding design. 

Apart from these features, it can also allow the users to model material flows between different regions of a reactor 

such as those encountered in MSRs. These flows are typically seen in OGS-type systems eg. fissile material 

loading in MSR for reactivity replenishment, online reprocessing and material separation etc. The presence of 

such systems make MSRs significantly different from more traditional LWRs where such features are typically 

absent. Version 2 of Serpent uses the mflow card in conjunction with rep and rc cards to enable the modelling 

of such material movement. This feature comes in handy for modelling the removal of fission products like Xe-

135 and Sm-149 which are crucial for controlling reactivity and neutron economy in the core. As mentioned 

previously, Serpent also supports the addition of fresh fissile material at designated time steps in the core fuel 

material as some MSR designs have online addition of fuel material. At the moment, these features are not 

described in sufficient detail on the Serpent webpage however some information on the use of these features is 

available in [6-8]. With the help of user-defined removal constants, given in s-1 (named lambdas, ), one can define 

different removal rates for target nuclides or material mixtures between different regions. It is worth noting that 

the receptacle for these material flows need not be specifically defined in the material geometry and only the 

material composition in the input file is sufficient to run the calculation. Currently, Serpent allows the users to use 

one of the three material flow modes based on the user-requirements as well as relevance for the system being 

modelled. The three modes are described in Table 2. 

 

TABLE 2. MATERIAL FLOW MODES AVAILABLE IN SERPENT (FROM [5]) 

 

Mode Source Target Material flow 

0 𝑁𝑠𝑟𝑐(𝑡) = 𝑁𝑠𝑟𝑐(0) 𝑁𝑡𝑔𝑡(𝑡) = 𝑁𝑡𝑔𝑡(0) + 𝑡𝑁𝑠𝑟𝑐(0) 𝑁(𝑡)̇ = 𝑁𝑠𝑟𝑐(0) 
1 𝑁𝑠𝑟𝑐(𝑡) = 𝑁𝑠𝑟𝑐(0)𝑒

−𝜆𝑡  𝑁𝑡𝑔𝑡(𝑡) = 𝑁𝑡𝑔𝑡(0) + (1 − 𝑒−𝜆𝑡)𝑁𝑠𝑟𝑐(0) 𝑁(𝑡)̇ = 𝑁𝑠𝑟𝑐(𝑡) 
2 𝑁𝑠𝑟𝑐(𝑛 + 1) = (1 − ∆𝑡𝑛𝜆)𝑁𝑠𝑟𝑐(𝑛) 𝑁𝑡𝑔𝑡(𝑛 + 1) = 𝑁𝑡𝑔𝑡(𝑛) + ∆𝑡𝑛𝜆𝑁𝑠𝑟𝑐(𝑛) 𝑁(𝑡)̇ = 𝑁𝑠𝑟𝑐(𝑛) 

 

Each of the three modes shown in Table 2 fits a particular scenario and should be selected carefully upon 

due deliberation. Mode 0 is used best in cases where the source composition does not change and remains constant 

while moving material at a predefined  from source to target. Mode 1 is used in a situation where the source 

material is removed by a predefined rate,  and the difference in material is moved to the target. Mode 2 is used 

where the material compositions continually evolve (may increase or decrease) at each user-defined step, and the 

material movement is still governed by the user provided . However, caution must be used while implementing 

this mode since the presence of the subtractive term in the source equation can lead to negative values if the 

defined  is too high. Therefore, a suitable  must be chosen keeping in mind the build-up and subsequent removal 

of nuclides from the source at each time step. Mode 2 is best suited to model the movement of fission products 

and noble gases from the fuel material to the off-gas system (OGS) as the concentrations of these fission products 

of interest (FPOIs) continuously evolve during irradiation. 

A few other pitfalls that were encountered while implementing material flows are also discussed at greater 

length in [6]. Some of these include discrepancies in the material densities (automatic adjustment in material 

density to keep volume constant which can cause the density to ultimately become non-physical) when the 

material is moved between regions, the lack of support for mixing of materials (e.g. when fresh fissile material is 

added to the fuel salt) and inability to set up branch calculations of multiple reprocesses using multiple  values 

for each nuclide. 

 

4. DEVELOPMENT OF FUEL NUCLIDE DATA LIBRARIES  

A large part of safeguards verification of spent nuclear fuel (SNF) involves verifying if operator 

declarations are correct and complete, and this is in practice verified using fuel parameters such as initial 
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enrichment (IE), burnup (BU) and cooling time (CT). For traditional LWR fuel, this has been done in the past 

through well-defined methods and frameworks and has typically involved making measurements of SNF (using 

non-destructive assay methods). More recently, there have been significant efforts in the direction of using 

machine learning methods to predict BU, IE, and CT - collectively known as the  BIC parameters - of SNF using 

fuel signatures such as gamma activities of certain nuclides (e.g. Cs134, Cs137, Eu154 etc) and Cherenkov light 

intensities (from the Digital Cherenkov Viewing Device, DCVD) [9] as well as neutron signatures like the early 

die-away time from the Differential Die-away Self Interrogation (DDSI) instrument [10-16]. These techniques 

have achieved various degrees of success in predicting the BIC [17] values of SNF. What these techniques have 

in common is that they utilize machine learning models trained on fuel data libraries which have consisted of 

hundreds of thousands of irradiation cases modelled in Monte-Carlo codes like SCALE [18] or Serpent. These 

cases are used to set up datasets of fuel isotopics and other derived quantities like gamma activities and signatures 

such as Cherenkov intensities, spontaneous fission and (,n) rates. A machine learning algorithm trained on such 

a dataset could then be used to predict fuel BIC and simplify the task of verifying operator declarations. There are 

numerous LWR fuel datasets [16, 19, 20] available online that cover most commercial reactor and fuel types 

(PWR-UOX, PWR-MOX, BWR-UOX, BWR-MOX etc) and they have been tried and tested over the years with 

various machine learning algorithms such as least squares methods (Ordinary Least Squares, OLS and Partial 

Least Squares, PLS) [11, 16], tree-based ensemble methods like Random Forest Regression (RFR) [10] as well 

as deep learning methods such as Artificial Neural Networks [12, 15, 21]. Therefore, such datasets for LWR fuels 

are rather abundant and cover nearly all types of commercial LWR reactors and fuel types in use.  

Availability of fuel data libraries for MSRs is limited [22] to say the least, primarily because these reactors 

have not yet entered commercial operation stage. Additionally, as mentioned previously, these reactors have vastly 

varying designs and concepts which make it difficult to produce a fuel data library relevant to more than one 

reactor design or fuel type. This challenge can however partly be overcome as a lot of MSRs will use fluoride 

type salts and operate with thermal neutron spectrum i.e. it could be meaningful to have a fuel library to study 

reactors with such common features. Lastly, the biggest challenge in this domain is the lack of know-how on 

which fuel signatures (a few ideas presented in [23, 24]) to exploit in the verification of fuel salt and what 

instrumentation to use. This is a consequence of insufficient experience in the scientific community in dealing 

with bulk fuel material (especially in a reactor) rather than items, as well as of the lack of safeguards guidelines 

and recommendations (apart from a few ideas such as [25]) from regulatory authorities. Therefore a fuel data 

library can, in principle, be of utility to study and develop new such approaches (which could involve both NDA 

and DA measurements such as concentrations and compositions, flow rates), including proposals on what to verify 

at which point of the fuel cycle. Therefore, one can make a concerted effort to set up one of the first fuel data 

libraries for such a hypothetical reactor system which could prove as a starting point of design for various future 

reactor concepts. 

Therefore, a fuel data library for a molten salt system based on publicly available information on MSDR 

design (using parameters from Table 1) is being developed at Uppsala University using key fuel salt specifications 

as well as operational parameters. At the present time, the efforts are being directed towards developing this fuel 

library with a fuel salt channel unit cell model to assess how well it can be extrapolated to a full core model. The 

simplified salt channel model is shown in Figure 1. The library is expected to cover a range of BIC values as well 

as operational parameters to encompass a broad space of design and operations for a typical MSR system. 

 

Evaluations of material attractiveness could provide important input to the development of a safeguards 

system targeting MSRs. This includes assessments that provide information on how the reactors and systems 

should be operated to increase the proliferation resistance, and evaluations concerning the impact of reprocessing 

on the proliferation resistance (or material attractiveness). Furthermore, data from a fuel isotopics library (which 

FIG.  SEQ Figure \* ARABIC 1. Left: Top view in section, Right: Side view in section of a simplified fuel channel 
model developed in Serpent2 showing the fuel region (in deep-purple), moderator (in blue) and structural material (in 
light-purple). 
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can provide an estimate of inventory) can be combined along with additional parameters such as the total decay 

heat from the irradiated salt, the total gamma activity and the total neutron emission rate to compute a crude Figure 

of Merit (FoM). The said FoM metric can provide a deeper understanding of material attractiveness and gauge 

ease of material diversion. The FoM concept has been used previously for quantifying material attractiveness in 

case of irradiated LWR fuel [26, 27]. Serpent calculates estimates of gamma activity and decay heat by nuclide 

as well as spontaneous fission rates at each irradiation step. The ,n rates can be calculated using the SOURCES-

4C code [28] developed by Los Alamos National Laboratory (LANL). It is expected that the ,n rates in case of 

MSR systems will be substantially higher than those of LWR irradiated fuel owing to the increased presence of 

low-Z materials (like lithium, fluorine and potassium) in the fuel salt composition. This is because typical LWRs 

have between 10-12% (by mass) low-Z material (oxygen, in the form of uranium oxide) while MSR salts such as 

FUNaK can have between 40-45% low-Z materials. In this way, the FoM will paint a more complete picture of 

material attractiveness in the context of MSR systems and provide some much needed insight to address the 

safeguards-related challenges of such systems. The complete methodology describing development of the fuel 

library and its applications is described in Figure 2. 

 

 

5. CONCLUSIONS AND FUTURE OUTLOOK 

 

The process of development of a MSR spent fuel isotopics library using Serpent and its utility from a 

nuclear safeguards standpoint has been described in this paper. Despite being researched and operating research 

molten salt reactors for several decades, MSR systems are still relatively new and the safeguards challenges 

surrounding them have been largely unaddressed. This has primarily been the case due to lack of operational 

commercial MSRs and the lack of prior experience in dealing with irradiated fuel from such systems. It is expected 

that at least a few MSR designs will attain licensing and deployment in the coming decade and therefore, the shift 

in focus of the scientific community towards the unique safeguards challenges posed by these systems is timely. 

It is expected that the fuel data library development described in this paper will lay the groundwork towards 

application of machine learning methods for prediction of irradiated fuel salt parameters for safeguards purposes. 

The nature of the library will be such that it will not only be applicable to studies of the MSDR but to many other 

FIG.  SEQ Figure \* ARABIC 2. Flowchart showing the development of MSDR fuel data library with Serpent 
and SOURCES-4C and its applications such as fuel BIC prediction and FoM computation. 
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systems that use a similar type of primary driver salt and which fall under the range of operational parameters 

used in the development of the fuel data library. The application of machine learning algorithms is expected to 

demonstrate the feasibility of irradiated fuel parameter (BIC) prediction and help in identification of useful 

safeguards-related fuel salt signatures. Additionally, the computation of FoM for the nuclides of interest in the 

irradiated salt will further cement the understanding of attractiveness of the fuel salt from a material diversion 

point of view and assist in assignment of a metric to quantify likelihood or ease of material misuse. 
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