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EXECUTIVE SUMMARY  

Advanced reactors are of interest for a variety of use scenarios, and there are numerous advanced reactor 
designs being considered, which includes molten salt reactors (MSRs). Depending on the design, 
advanced reactors may have more extensive material control and accounting (MC&A) processes than 
current Light Water Reactor (LWR) designs. 

This project evaluated the use of Monte Carlo simulations for generating information that could guide the 
development of MC&A approaches for MSRs. In particular, the current capabilities of Monte Carlo N-
Particle (MCNP) version 6.3 internally coupled with CINDER’90 were assessed for a fast spectrum liquid 
fueled MSR with online fission product removal and refueling. The fission product removal and refueling 
was performed in batches, and a Python wrapper was developed to control the simulations and update the 
fuel composition.  

Obtaining experimental data to develop MC&A methods for MSRs will be costly, time intensive, and 
limited by available facilities. While modeling and simulation techniques could augment experimental 
campaigns for evaluating and optimizing MC&A methods, it is essential to understand the limitations of 
the simulations to adequately assess the results. In this effort several simulation parameters were varied, 
and the impact on the predicted uranium and plutonium mass were studied.  

The parameters that were considered as part of this project were the convergence of the depletion 
simulation and the fission product removal frequency. In this study, the calculated isotope inventory was 
sensitive to the size of the initial timestep, and this simulation parameter needs to be considered when 
evaluating results. For example, without proper convergence studies, the differences in keff and special 
nuclear material (SNM) mass could be misinterpreted as being due to the reprocessing frequency, when in 
reality were caused by step size. It was found that when reprocessing frequency was varied to better 
account for gaseous bubbling removal of some fission products, there was a noticeable change in keff and 
SNM mass. However, it was unclear whether the difference was attributed to a simulation parameter or a 
physical effect. These types of behaviors require careful consideration and understanding when using 
modeling and simulation (M&S) predictions to generate MC&A information. 

The process for producing a gamma spectrum with this simulation methodology was also demonstrated. 
Comparison spectra were generated for different reactor operating times. While there are some gamma 
source lines which change as a function of reactor operating time, the complexity of the spectra illustrated 
the challenges associated with performing this type of analysis for MC&A purposes. Model validation 
will be an essential aspect of leveraging simulations for guiding MC&A approaches.  

This study was an M&S exercise and did not represent any particular reactor design. Additionally, the 
purpose of this exercise was not to provide any recommendations to the Nuclear Regulatory Commission 
(NRC), but rather to provide a generic example with representative features that could inform NRC 
considerations.  

While this study was looking at a generic reactor design, the method could be leveraged by advanced 
reactor designers and developers to support the development of their MC&A approaches. Additionally, 
examples of analyses needed to ensure underlying physics are well represented were also included. 
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 Introduction 

Advanced reactors are of interest for a variety of use scenarios. There are numerous designs being 
considered, including molten salt reactors (MSRs). Some MSR designs are based on solid fuel, while 
others utilize a liquid fuel. MSR designs typically operate at low pressure and have passive safety features 
(e.g. freeze plugs, etc.). Their higher operating temperatures compared to traditional designs allow for 
increased thermal efficiency, and the potential to utilize waste heat for industrial applications. More 
importantly, the ability to reprocess fuel continuously (or semi-continuously in batches) allows for 
actinides and fission products to stay in the core longer. Online fuel reprocessing also eliminates the need 
to shut the reactor down, which increases economic feasibility. 

Depending on the design, advanced reactors may have more extensive material control and accounting 
(MC&A) processes than current Light Water Reactor (LWR) designs. Intact LWR fuel assemblies can be 
treated as single items for MC&A, while fuel systems for advanced reactors could have more discrete 
items or require accounting for bulk material. MC&A for advanced reactors may benefit from leveraging 
modeling and simulation (M&S) for material predictions and the use of measurements. M&S can help to 
identify the best MC&A practices for a nuclear facility in a cost-effective, risk-informed way. To 
effectively leverage M&S for assessment of MC&A methods, it is imperative that the approach is well 
understood, and any limitations are identified. Unique challenges are present when simulating the 
evolution of the reactor inventory as fuel moves around the core and is reprocessed. 

A previous study simulated three broad categories of advanced reactors and examined the data that could 
be generated by Monte Carlo N-Particle (MCNP®) depletion calculations (Hoffman et al., 2025). Based 
on the results of that effort, a more detailed analysis of a generic MSR is presented here. 

This report describes what is currently possible using the MCNP code’s internal depletion solver 
combined with a Python wrapper to adjust fuel inventory and emulate reprocessing. Areas needing 
improvement are highlighted, and MC&A considerations are provided along with M&S results. Inventory 
calculations were examined for a simplified sodium chloride fast reactor using high-assay low-enriched 
uranium (HALEU) fuel with reprocessing (two group fission product removal, fuel addition, and no 
actinide removal). The relevance of the results for assessing MC&A approaches and next steps were 
discussed. 

This study was an M&S exercise and did not represent any particular reactor design. Additionally, the 
purpose of this exercise was not to provide any recommendations to the NRC, but rather to provide a 
generic example with representative features that could inform NRC considerations.   
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 Background 

There are many advantages to MSR designs, which are either solid or liquid fueled. In solid-fueled 
designs, a coated particle fuel is typically used, similar to gas-cooled reactor concepts. Liquid fuel is often 
associated with the U-233 – Th-232 fuel cycle because more neutron-capture events are required to 
transmute thorium into transuranic elements compared to the U-235 - U-238 fuel cycle. However, the 
thorium cycle requires the aid of fissile fuel from the uranium cycle to start up (Serp et al., 2014). Liquid 
fuel can also be used with the more traditional uranium fuel cycle, and there have been numerous studies 
exploring different designs, spectra, salts, and other reactor metrics. 
 
Molten salt reactor development was historically performed by Oak Ridge National Laboratory (ORNL), 
starting with the aircraft reactor experiment, which first operated in 1954. Early designs used fluoride salt 
because F-19 is the only stable fluorine isotope, which simplified design and analysis. Other material 
challenges motivated a simpler design, which led to the Molten Salt Reactor Experiment (MSRE) which 
achieved criticality in 1965. The MSRE was a thermal spectrum fluoride salt reactor. Metallic 
components in contact with salt were made from a nickel-based alloy, later called Hastelloy-N (Serp et 
al., 2014). 
 
The MSRE project was eventually dropped in the early 1970s in favor of the more mature Liquid Metal 
Fast Breeder Reactor. Since 2005, much of MSR-specific research has shifted toward fast spectrum 
designs with the intent to improve nuclear fuel utilization and minimize nuclear waste (Serp et al., 2014). 

One of the primary advantages of fluid-fueled reactor designs is the potential for convenient refueling and 
reprocessing compared to traditional reactors. This increases the residency time of actinides inside the 
core, improving the probability of long-lived radioactive isotopes transmutation into stable nuclides. 
These systems could theoretically be designed to only produce low-level waste, such that no high-level 
waste repository would be needed for the spent fuel. In an online reprocessing scheme, the separations 
occur inside the reactor loop and happen continuously. In an offline scheme, reprocessing occurs in 
batches with discrete removal events, and the reprocessing would likely be performed in a separate 
facility. 

Liquid fuel is challenging to model with traditional neutron transport and depletion codes, which are 
typically designed to simulate solid-fueled reactors. However, in the past decade significant work has 
been done either coupling transport codes to fuel cycle codes or using wrappers to modify material 
inventories. Recently, some codes dedicated to MSR startup and equilibrium routines have even been 
developed (Hombourger et al., 2020). 

The removal of fission products is modeled according to their “cycle time.”  Cycle time is defined as the 
time needed to process the entire inventory given a constant volumetric rate. There are two main 
modeling approaches for isotope removal: the first is to introduce an additional term in the Bateman 
equations such that the removal of the fission products is done during the depletion calculation. The 
second method is to remove the fission products in batches, at discrete points in time between the 
transport and depletion calculations (Hombourger et al., 2020).  

There have been more studies focused on fluoride salt designs than chloride (Bettis et al., n.d.; 
MacPherson, 1985). However, fast spectrum reactors are generally considered more effective at 
transmuting actinides, due to higher neutron flux and the tendency for the ratio of the fission to capture 
cross sections to be larger at high energies (i.e. above 1 MeV). This trend in cross section is shown for 
four isotopes of plutonium in Figure 1. Sodium chloride (NaCl) is suggested for fast systems because it 
does not moderate as many neutrons as beryllium fluoride (BeF). Fluoride and chloride-based salts are the 
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primary candidates for reactor designs, but nitrate-nitrite salts (containing NO3 and NO2) are used in solar 
applications. However, they lose stability at high temperatures (550-600 °C), and the nitride and oxide 
gases produced contribute greatly to corrosion (Roper et al., 2022). 

 
Figure 1: Ratio of fission (σf ) to absorption (σa) cross section for various isotopes of plutonium. 

The various configurations and system parameters lead to a variety of MSR designs. As was noted in the 
introduction, these different parameters include the energy spectra, fuel forms, salt compositions, and 
materials. To provide context for the results presented in this report, the model used for the study is 
described here. 

 

 MSR Model Description 

The geometry used in this work was derived from a fast spectrum thorium-fueled breeder reactor which 
was modified to use the uranium fuel cycle (Brovchenko et al., 2019). The design is highly simplified and 
underwent limited optimization to reduce reactor size or improve neutron economy. During model 
development, priority was given to parameters with a strong influence on depletion calculations, and this 
section is ordered accordingly.  

The geometry of the model was simplified as much as possible so that more computational resources 
could be allocated to depletion parameters such as tracked isotope inventory and time steps. Figure 2 
shows a cross-sectional view of the MCNP geometry. The left image is a horizontal slice taken at the 
center of the reactor (the XY plane), while the right image is a vertical slice, also taken at the center (the 
XZ plane). 
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Figure 2: MCNP MSR geometry cross section in the Z (top) and X (side) planes where light green is fuel salt, dark green is 

boron carbide, and blue is Ni-based Hastelloy 

 Fuel Composition 

The fuel salt was modeled as a mixture of NaCl and UCl3. The only eutectic point for this mixture is at 66% 
NaCl and 34% UCl3, which allows for a liquid fuel at the relatively low temperature of 796 K. The change 
in melting temperature as a function of fission product accumulation has not been thoroughly investigated 
(Mausolff et al., 2021). HALEU was used as the fuel, enriched to 19.75%. The density of the fuel was 3.112 
g/cm3 at 900 K, using a correlation found by Mausolff et al., 2021 based on data collected by Desyatnik et 
al., 1975. 

The chlorine in the NaCl and UCl3 was enriched to 99% Cl-37, from the natural ratio of 76% Cl-35 and 
24% Cl-37 (Degueldre & Merk, 2024). Chlorine-37 has a smaller neutron absorption cross section than Cl-
35, shown in Figure 3. Additionally, Cl-36 (produced from neutron activation of Cl-35) has a 300,000-year 
half-life, while Cl-37 decays quickly into a stable isotope with minimal impact on reactor performance. 
Enriching chlorine is physically easier than enriching uranium, and the lower cross section allows for 
reactor designs with less fissile material. 
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Figure 3: Neutron absorption cross section of Cl-35 and Cl-37 

 Fuel Volume and Reactor Power 

The size of the reactor model was parametrically adjusted to achieve five dollars of excess reactivity with 
fresh fuel. The excess reactivity can be accounted for by conventional control mechanisms, and the 
margin helps maintain an average keff closer to one over the lifetime of the reactor. Although keff is not 
used directly in MCNP burnup calculations, the amount of fuel present in the reactor strongly influences 
the depletion results.  

Approximately 32 m3 of fuel salt was simulated. The reactor model was a cylinder approximately 5.2 
meters in diameter and 4.8 meters in height. The power was set to 3,000 MWth, which was in line with 
existing literature. However, reported designs had a lack of information on consistent material data, core 
geometry details, and flow path specifics (Mausolff et al., 2021). The reactor power has a strong influence 
on depletion results, as it is used to normalize reaction rate tallies in the simulation. The parameters used 
resulted in a power density of 93.75 kW/L, which was on the low end of the distribution of MSR 
published values, shown in Table 1. 

 
Table 1: Summary of operating parameters for several MCFRs in the literature, taken from (Mausolff et al., 2021) 
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 Other Materials 

A NiCrW Hastelloy was used as a neutron reflector and was the primary structural material in contact 
with the fuel salt (Brovchenko et al., 2019). As Brovchenko et al. suggested, the fertile blanket in the 
original design has been replaced with more nickel alloy. Boron carbide is modeled as a neutron shield, 
which would protect pumps and other equipment (which are not modeled). The B4C is not depleted, 
although this may be important in a more detailed analysis. 

 Fuel Addition and Removal 

Circulating molten fuel can be filtered, processed, removed, or added during operation. Two processing 
methods are represented in the simulation: helium gas-based extraction and offline reprocessing. In a 
helium gas-based extraction, helium bubbles are used to remove noble metals and gaseous fission 
products. This is an efficient process, where the removal half-life could be just 30 seconds for the 
products the bubbles can effectively extract (Brovchenko et al., 2019). For the offline reprocessing 
removal method, a portion of the fuel is removed from the reactor during operation, cleaned of fission 
products, and returned to the system. For this study a volume equivalent to the total inventory was 
processed each simulated year. This means that if batch reprocessing is simulated every month, then 
1/12th of the relevant fission products will be removed each time. In a physical plant, a batch reprocessing 
scheme might look like removing a portion of the fuel and replacing it with fresh material. The removed 
fuel would then be reprocessed in a separate facility while the reactor continues to operate. 

The flow rate of the molten salt is fast, approximately four seconds for the heat exchanger loop and 30 
seconds for a complete circuit (Brovchenko et al., 2019). The simulations in this work treat the liquid fuel 
as homogenously mixed. This allows the entire core to be treated as a single depletion volume and greatly 
simplifies the spatial dimension of depletion calculations. In reality, this assumption does not hold for 
isotopes with half-lives near or below the recirculation time (Abou-Jaoude et al., 2021), however it should 
be appropriate for the time scales and global parameters analyzed in this report. 

 

 Removal Scheme 

Fission product removal was simulated in batches. A Python wrapper was used to run small MCNP 
burnup calculations and update material composition between simulations to account for removal and 
replacement. The results were stitched together, which is illustrated in Figure 4 below. Each color 
represents a single MCNP depletion calculation with several timesteps. The rise in keff between 
calculations is due to the removal of fission products, which occurred instantaneously at discrete intervals. 
As the reprocessing interval decreased, the frequency more closely resembled continuous removal (rather 
than batches), and the gaseous helium removal mechanism was better represented. Since the design goal 
of this reactor concept was actinide transmutation, actinides were not removed by reprocessing. 
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Figure 4: Example removal simulation where each MCNP calculation is a different color 

In this report the phrase “depletion time steps” was used to describe the traditional predictor-corrector 
time steps taken by MCNP/CINDER in the coupled depletion calculation. “Reprocessing steps” were 
performed by the Python wrapper in between MCNP depletion calculations. A single reprocessing step is 
outlined below: 

1. Python generates an MCNP input file containing the burn card, using either the initial fuel 
inventory, or a calculated one. 

2. Python executes MCNP; a standard burnup calculation is performed using one or several steps. 

3. Python parses the MCNP output file for the resulting isotope inventory. 

4. Python performs fission product removal and fuel addition as described in Section 2.2. The new 
inventory is calculated and the process repeats. 

When updating material composition (i.e. reprocessing), all non-soluble fission products were removed 
(noble metals and gases). This is an approximation for these isotopes, as their removal half-life is closer 
to 30 seconds. The elements removed by helium gas bubbling were taken from Brovchenko et al., 2019. 

Cycle time is used to determine what fraction of an isotope was removed. One year was an average cycle 
time used to simplify the analysis for offline reprocessing isotopes. In reality, different fission products 
have shorter or longer removal rates (Hombourger et al., 2020; Rykhlevskii et al., 2019). The elements in 
this category (also from Brovchenko et al., 2019) are also listed in Table 2. 
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Removal Scheme Elements Removed 

Gaseous bubbling 
(referred to as “bubbling” 
isotopes) 

Hydrogen (H), Helium (He), Nitrogen (N), Oxygen (O), Neon (Ne), 
Argon (Ar), Krypton (Kr), Niobium (Nb), Molybdenum (Mo), 
Technetium (Tc), Ruthenium (Ru), Rhodium (Rh), Palladium (Pd), 
Silver (Ag), Antimony (Sb), Tellurium (Te), Xenon (Xe), Radon (Rn) 

Offline Reprocessing 
(referred to as “reprocessing” 
isotopes) 

Zinc (Zn), Gallium (Ga), Germanium (Ge), Arsenic (As), Selenium (Se), 
Bromine (Br), Rubidium (Rb), Strontium (Sr), Yttrium (Y), Zirconium 
(Zr), Cadmium (Cd), Indium (In), Tin (Sn), Iodine (I), Cesium (Cs), 
Barium (Ba), Lanthanum (La), Cerium (Ce), Praseodymium (Pr), 
Neodymium (Nd), Promethium (Pm), Samarium (Sm), Europium (Eu), 
Gadolinium (Gd), Terbium (Tb), Dysprosium (Dy), Holmium (Ho), 
Erbium (Er), Thulium (Tm), Ytterbium (Yb) 

 

Table 2: Elements included in each removal mechanism 

Sodium chloride was also removed from the reactor so that it did not dilute the uranium content, 
significantly reducing reactivity after about a year. This occurred because the chloride in uranium 
chloride (UCl33) remained after the uranium was consumed. In simulations, sodium concentration was 
maintained during reprocessing steps such that the NaCl eutectic ratio with UCl3 was maintained. 
Plutonium was also used in this calculation (Equation 2), which assumed that all plutonium in the reactor 
was part of plutonium chloride (PuCl3). The impact of fission products on eutectic composition has not 
been well studied, but this assumption was believed to be conservative for the melting temperature of the 
mixture because plutonium has a similar eutectic ratio with a lower melting point (Karlsson et al., 2023).  

To balance chlorine composition, it was assumed that the vast majority of chlorine atoms were bonded to 
either sodium, uranium, or plutonium. These assumptions are summarized in Equation 1 and Equation 2, 
which the wrapper code used to reset the concentrations of sodium and chlorine between depletion 
calculations (which was analogous to removal). After fission products were removed and concentrations 
adjusted, fresh fuel was added, which is described in the next section. 

𝑁𝑁𝑁𝑁𝑁𝑁 =
0.66(𝑁𝑁𝑈𝑈 + 𝑁𝑁𝑃𝑃𝑃𝑃)

0.34
 

Equation 1: Total atoms of sodium before fresh fuel addition 

𝑁𝑁𝐶𝐶𝐶𝐶 = 𝑁𝑁𝑁𝑁𝑁𝑁 + 3𝑁𝑁𝑈𝑈 + 3𝑁𝑁𝑃𝑃𝑃𝑃 
Equation 2: Total atoms of chlorine before fresh fuel addition 

 

 Addition Scheme 

After fission product removal, eutectic NaCl-UCl3 was added to the fuel to maintain constant mass. Since 
the volume did not change during the simulation, this also enforced constant density. As the simulation 
progressed, less fuel was added due to the accumulation of fission products and actinides which were not 
removed. 
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 Summary of Model Assumptions  

The geometry of the MSR was highly simplified to allow for a greater fraction of computational resources 
to be spent on depletion time steps (Section 2.1). The model consisted of fuel, surrounded by a neutron 
reflector, and a neutron shield. There were cylindric volumes representing fuel flow paths on the top, 
bottom, and sides of the reactor. The entire core was surrounded by a structural material (Figure 2). Heat 
exchangers and pumps were not modeled, neither was any kind of reactivity control (Section 2.1.3). 

The entire fuel volume was treated as one material in depletion simulations, a result of assuming the fuel 
was homogeneously mixed (Section 2.2). Only the fuel material was depleted, and reprocessing occurred 
instantaneously. Isotopes were split into two removal groups (Table 2): “bubbling” isotopes (completely 
removed at each reprocessing event), and “reprocessing” isotopes (fractionally removed according to the 
frequency of reprocessing). All isotopes in the reprocessing category were given an average cycle time of 
one year (Section 2.2.1), although in reality different isotopes have different removal rates. 

During reprocessing (i.e. between MCNP calculations) the ratio of sodium to uranium and plutonium 
atoms was calculated to be 66 to 34 (Section 2.2.1). To calculate the number of chlorine atoms, the 
simplification was made that all chlorine existed as either NaCl, UCl3, or PuCl3. The eutectic ratio for 
uranium chloride was also used for plutonium chloride. This was done to calculate the removal of excess 
chlorine (and sodium, to a much lesser extent). 

MCNP only outputs the masses of isotopes which can be included in the transport calculation, not the 
entire inventory produced by the depletion solver. This means that not all isotopes produced by the 
depletion solver were able to be reinserted into the next calculation. Isotopes with transport cross sections 
make up a vast majority of the total mass, but not the total activity.  
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 Methodology 

To generate the data needed for this study, 3D reactor core models were created with MCNP to provide 
nuclear material quantities. The models were also used to demonstrate simulation capabilities for other 
relevant MC&A signatures. The MCNP code is a general-purpose radiation transport code developed at 
LANL over the past forty-six-plus years (Kulesza et al., 2022). MCNP is capable of simulating the 
fundamental physics of particles as they move through a model and interact with materials. MCNP has 
been the international gold standard for particle transport for over three decades. Depleted fuel material 
compositions can be estimated at various points in time using the internally coupled transmutation code 
CINDER’90 (Wilson et al., 2007). Neutron and gamma source terms can be generated from the inventory 
of unstable nuclides, which can in turn be input back into MCNP to simulate potential radiation signatures 
present at various points in time. 

Transport solutions were obtained with MCNP version 6.3 in conjunction with data from the ENDF/B-
VIII.0 Evaluated Nuclear Data Library (D. A. Brown et al., 2018). Python was used for scripting and 
implementing isotope removal and addition. Fuel salt neutron cross sections at 900 K were used in all 
simulations, while other material cross sections were at 600 K. For individual criticality calculations, the 
Shannon entropy reported by MCNP was used to assess the spatial convergence of the fission source. The 
rest of this section outlines studies performed, and any changes made to the model for certain analyses. 

 Long Term Behavior and Simulation Convergence 

A three-month batch reprocessing scheme was initially chosen to explore long term reactor behavior. This 
decision was made to balance reprocessing frequency with computational efficiency. Using this model, 
every three months all “bubbling” fission products were removed along with one-fourth of all 
“reprocessing” isotopes (Table 2). Fresh fuel was then added to maintain constant mass. The neutron 
multiplication factor over time was plotted to explore large trends in neutron economy, the neutron 
spectrum was briefly considered to build familiarity with the system, and isotope mass trends were 
assessed and related back to the neutron multiplication factor and spectrum. 

Since Monte Carlo uncertainty is not propagated to isotope mass, there are two ways to assess depletion 
simulation convergence. The first is to examine the uncertainty of the MCNP Collision Rates table, 
however it can be difficult to determine which isotope collisions are important to the simulation. The 
second method is to run a higher resolution simulation and ensure the results do not change with the 
number of histories. This is very similar to the mesh convergence study typically done with deterministic 
codes. The results of several simulations executed with increasing amounts of histories were compared, 
and several example plots were provided in this report for illustration. 

 Reprocessing Frequency 

To assess the effects of batch reprocessing, simulations were repeated using the same removal cycle (1 
year) but with varied frequency. The parameters of the study are outlined in Table 3 below. As the 
reprocessing frequency approached a continuous time scale, the frequency of bubbling isotope removal 
more closely resembled the actual removal half-life for these isotopes. 
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Reprocessing Frequency Fraction of “bubbling” 
reprocessing isotopes removed 

Fraction of “reprocessing” 
isotopes removed 

Every three months 100% 1/4 

Every two months 100% 1/6  

Every month 100% 1/12 

Every two weeks (approx.) 100% 1/24 
 

Table 3: Studies performed to assess impact of reprocessing frequency 

 

 Fuel Gamma Spectrum 

Example gamma spectra were produced to illustrate the M&S capabilities for generating radiation 
signatures. A custom version of MCNP developed by the X-Computational Physics division (XCP-3) at 
LANL was used to deplete material compositions after 5, 15, 30, and 70 years of operation. This custom 
version returned the entire CINDER isotope inventory, not just nuclides included in the MCNP transport 
calculation. The inventory was then passed to a Python script which used the ENDF/B-VII.1 Decay 
Sublibrary to generate a MCNP SDEF card (D. Brown et al., 2012). The workflow is outlined below in 
Figure 5, and an example gamma source is shown in Figure 6. 

 
Figure 5: Workflow used to generate plots of gamma spectra. 
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Figure 6: Example gamma source from fuel that was depleted for 5 years and decayed for 24 hours 

First, differences in the gamma source were compared to illustrate how the emitted spectrum changed 
before being transported though geometry. Then, an example spectrum from a simulated detector was 
generated from a new MCNP model used for gamma transport (Figure 7). In this geometry the fuel was a 
cylinder with a 2.5 cm radius and 1 cm height. Gammas were emitted uniformly at random points 
throughout the fuel volume (magenta in Figure 7). There was a 2.5 cm radius, 5 cm tall natural 
germanium cylinder positioned 1 cm above the fuel (blue in Figure 7). A MCNP pulse height tally (F8) 
was used to record the energy deposited in the germanium from source and secondary particles.  

The intensity of the gamma source lines was calculated using the number of unstable atoms present, along 
with their half-lives and emission probabilities. It was then scaled by the volume fraction used in the fuel 
sample compared to the full core. There were two main advantages to this approach. First, the geometry 
was computationally efficient, and variance reduction techniques did not need to be used. Second, by 
tallying the energy deposition in germanium (instead of the gamma flux in the fuel) the resulting gamma 
spectrum provides an example that illustrates how measured spectra predictions could be generated. The 
detector type, geometry, and surrounding components could be modified to represent actual measurement 
configurations. This would enable measurement methods to be evaluated and optimized leveraging 
simulation capabilities.  
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Figure 7: YZ cross section of MCNP geometry used in MCNP gamma transport. The fuel sample is magenta, and the blue block 

represents the Ge detector.  
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 Results 

Initially four refueling events per year were simulated. At each reprocessing step, all “bubbling” isotopes 
were removed, along with one fourth of “reprocessing” isotopes (Table 2). The one fourth removal 
fraction corresponded to a cycle time of one year (Section 2.2.1). Some preliminary results are presented 
first, followed by an assessment of simulation convergence, and finally a more detailed analysis. 

An example of the results obtained using a single 91.25-day depletion step between each reprocessing 
event is shown in Figure 8. The error bars represent the uncertainty in the Monte Carlo result, 
corresponding to a 95% confidence interval (Kulesza et al., 2022). Ten thousand histories per cycle and 
200 active cycles were used, which produced a standard deviation for keff of around 40 pcm. The time step 
scheme, reprocessing frequency, and number of histories were initially chosen to accommodate runtime 
constraints and are evaluated in the next section. 

 

Figure 8: MSR neutron multiplication factor over time with four reprocessing events per year. 

The neutron multiplication factor dropped during the first 10 years of operation, corresponding to the 
consumption of U-235, the primary power producing isotope during this time (Figure 8). Common 
thermal neutron poisons (e.g. Xe-135, Gd-159, Sm-149) are not as effective in fast systems, because their 
absorption cross sections drop dramatically at higher energies. The rise in neutron multiplication factor 
between years 15 and 60 corresponded to the accumulation of plutonium in the fuel, after which 
equilibrium was reached. In this report, ‘equilibrium’ refers to any period for which an apparent steady 
state is achieved. 

The neutron spectrum for this design was also simulated after 5, 15, 30, and 70 years of reactor operation 
to provide insight into expected differences as the uranium and plutonium content changed. The results 
show some initial changes (i.e. from 5 to 15 years) due to fission product accumulation and the transition 
from U-235 to Pu-239 as the main power producing isotope (Figure 9). The spectrum does not change as 
much over the remainder of the simulated lifetime. The significant drop in the neutron population around 
3 keV was due to the sodium cross section (Figure 9), which scattered neutrons out of that energy. 
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Figure 9: 1000 bin neutron spectrum and total sodium cross section 

In addition to the neutron spectrum, the masses of U-235 and plutonium were tracked over the reactor 
lifetime. As shown in Figure 10, the mass of U-235 initially decreased before reaching equilibrium, while 
the plutonium mass increased and then reached a steady state. These trends occurred in the first 20 years 
of operation and were reflected in the plot of keff (Figure 8). The equilibrium concentration of U-235 was 
related to the mass of fresh fuel added during reprocessing. 
 

 
Figure 10: U-235 and total plutonium mass over time 

It is important to note that the masses shown in this example were large because the reactor itself was 
large, containing approximately 100,000 kg of fuel and producing 3,000 MWth. If this design were to be 
matured, the swing in keff and the time to reach steady state operation would both be minimized. This 
could be accomplished by changing the initial composition of the fuel and varying the composition used 
when reprocessing. Benefits might include a lower plutonium equilibrium mass, lower amounts of excess 
reactivity, and less reactivity drop over time. 

After fission product removal, UCl3 and NaCl were added to maintain constant mass. This is shown in 
Figure 11. The mass added was initially lower, because fewer fission products were removed. It trends 



 

Depletion Analysis of a Generic Fast Spectrum Molten Salt Reactor Supporting Material Control and Accounting 
Los Alamos National Laboratory  Page 16 

downward from 10 to 50 years due to actinide accumulation, which were not removed and take up a 
portion of the total mass. 

 
Figure 11: Fuel mass added as a function of time (3 month reprocessing interval) 

 

 Depletion Simulation Convergence 

Using the Monte Carlo resolution from the start of Section 4, the uncertainty in keff was large. However, 
there was only one depletion material, making interactions with the fuel very common. As outlined in 
Section 3.1, a convergence study was performed by varying the number of histories. An example of this 
comparison is shown below in Figure 12 for keff and total plutonium mass. The comparison was done for 
every isotope in the system. There was not a statistically significant difference in the simulation results, 
which demonstrated that the number of histories used was sufficient and results would not change with 
more particle tracks.  

 
Figure 12: Convergence study examples (keff and total Pu mass) 
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Each depletion simulation used a single time step between reprocessing events. For example, if 
reprocessing happened four times a year, then 91.25-day steps were used in each individual calculation 
(365 divided by 4). In more traditional thermal spectrum depletion simulations (e.g. LWRs, most 
microreactors, etc.) several small steps are used at the start of the simulation to allow fission products to 
accumulate. A simulation was executed to assess the impact of temporal resolution on individual 
depletion calculations.  

The three-month reprocessing calculation was rerun with different amounts of evenly spaced depletion 
steps between each reprocessing event. Neutron multiplication factor, U-235 mass, and Pu-239 mass were 
compared. 

 
Figure 13: Neutron multiplication factor in calculations using different amounts of depletion steps per reprocessing event 

 
Figure 14: U-235 and total plutonium mass for different amounts of depletion steps per reprocessing event 

Using multiple steps per depletion calculation had a significant impact on keff (Figure 13), which was 
most likely caused by the difference in plutonium inventory (Figure 14). Plutonium-239 had the largest 
mass discrepancy, which was probably due to the rapid change in flux shape in the first three months of 
reactor operation not being captured with the longer time step. An example is shown in Figure 15, where 
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the U-239 mass increased rapidly as the fuel transitioned from being “fresh” to containing short-lived 
nuclides. A shorter initial timestep would do a better job of capturing the buildup of U-239, and therefore 
predicting its mass over the entire duration of the simulation. 

 
Figure 15: U-239 mass for different amounts of depletion steps per reprocessing event 

 SNM Inventory 

Results using three depletion steps per reprocessing event, and four reprocessing events per year, were 
used in this section to discuss trends. This resolution was used because it was sufficient to converge 
parameters of interest (Section 4.1). It also illustrated the importance of convergence studies when 
running depletion simulations, and the difficulties of balancing computational expense with confidence in 
the generated solution. The mass of special nuclear material (SNM) was plotted below in Figure 16. Here 
SNM was defined as the combined mass of U-233, U-235, and all isotopes of plutonium. 

 
Figure 16: Special nuclear material mass during the simulated reactor lifetime 
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The masses of U-235 and U-238 were plotted below in Figure 17. The U-235 mass changed by an order 
of magnitude and reached an equilibrium concentration before keff (Figure 8). The U-238 mass did not 
change as much, only dropping by about 4%. This resulted in the enrichment over time plot (Figure 18) 
looking very similar to the plot of U-235 mass. Enrichment was calculated using Equation 3 below. 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
(𝑚𝑚𝑈𝑈233 + 𝑚𝑚𝑈𝑈235)

𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢
∗ 100 

Equation 3: Formula used to calculate uranium enrichment 

 

 
Figure 17: Uranium-235 and uranium-238 mass over time 

 
Figure 18: Uranium enrichment over time 

Masses of several isotopes of plutonium were plotted in Figure 19. The long operating time allowed 
equilibrium concentrations to be reached. Plutonium-239 reached equilibrium first, followed by Pu-238, 
then higher isotopes. This is why the Pu-239 purity was highest at the beginning of the reactor lifetime, 
then decreased as other isotopes of plutonium were built in (also in Figure 19). 
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Figure 19: Plutonium isotope mass over time, and Pu-239 percentage 

 

 Fission Product Removal Frequency 

Additional simulations were executed to further examine the impact of reprocessing frequency on the 
neutron multiplication factor and SNM mass as a function of reactor lifetime. Results for two months, 1 
month, and 2-week reprocessing frequencies are plotted in Figure 20. The simulation which had 
reprocessing events every three months was excluded from this comparison, because it was shown in 
Section 4.1 that using three-month depletion steps at the start of the simulation led to unconverged results. 
This led to large differences in keff and SNM mass, which were not a result of reprocessing frequency (the 
subject of this section), and instead from the size of the initial timesteps.  

Although using more frequent reprocessing steps better approximated the removal of “bubbling” isotopes 
(such as Xe-135), these isotopes have a very small impact on fast spectrum reactors, which was seen in 
Figure 20. The difference in shape between 30 and 50 years (seen in the green line) was most likely due 
to changes in the neutron spectrum over time, however it was unknown whether the spectrum changed 
because of a physical effect (such as the accumulation of fission products) or the simulation parameters 
(such as initial time step size). The difference in SNM mass after 50 years was 100 kg, which was about 
1% of the total. The difference in SNM mass mostly came from U-235, Pu-239, and Pu-240, which 
resulted from a change in U-238 absorption rate. 
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Figure 20: keff and SNM mass over time for different reprocessing frequencies 

 Removed Fuel Gamma Spectrum 

 Source Comparison 

To provide an example of simulation capabilities for producing radiation signature predictions the gamma 
source generated from the reactor was compared using Python at several points in time (Table 4). The 
comparison times were chosen based on trends in keff (Figure 8). The decay source at different times was 
first compared without transporting the gamma rays through any geometry to simplify the analysis. The 
fuel was decayed for 15 minutes before the gamma source was recorded. 

 

Gamma comparison time keff behavior 

5 years Decreasing 

15 years Minimum 

30 years Increasing 

70 years Steady State 
 

Table 4: Rationale for gamma source comparison times. 

The top 10 gamma lines with the highest emission probability after five years of operation are shown in 
(Figure 21). Also in Figure 21 is the percent difference between these lines at five years, and the other 
times listed in Table 4. All other lines on the difference plot have been set to zero for clarity. The top 10 
lines are not emitted from the same isotopes for the entire lifetime of the reactor. The large differences 
over time in Figure 21 are a result of changes in Np-239 concentration (Figure 22), which contributed to a 
significant portion of the gamma source. 
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Figure 21: Gamma source after 5 years and the percent difference in the top 10 most probable gamma lines (at 5 years) 

compared to other time steps 

 
Figure 22: Np-239 mass over time with vertical lines representing time steps used to compare the gamma source 

 

 Gamma Transport Example 

Using the geometry shown in Figure 7, an MCNP pulse height tally (F8) with uniform 1 keV bins was 
used to generate the gamma spectrum inside a natural germanium cylinder. A 15-minute decay step was 
used before generating the gamma source definitions for Figure 23. For clarity, the plot is presented 
without error bars, however all bins below 5 MeV have acceptable relative errors below 10%. Some of 
the higher energy bins were not adequately sampled and have larger stochastic errors. This is evident 
above 6 MeV in Figure 23, where the pulse height changes erratically from bin to bin due to low emission 
probability and insufficient sampling. 
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Figure 23: Gamma spectrum from different ages of MSR fuel 

 

 Discussion  

 M&S Considerations 

Depletion results were converged with a small number of active histories due to the geometric simplicity 
of the model used. However, the size and spectrum of the reactor did require a considerable number of 
skipped cycles to converge individual KCODE calculations. This occurred because neutrons in fast 
systems typically have more variable path lengths and fewer absorptions than in thermal systems. This 
means that the fission source takes more iterations to become spatially stable. This will have a more 
significant impact on a more spatially complex system. Although an ENDF VIII.0 to ENDF VIII.1 
comparison was not done in this report, the nuclear data update has been shown to have minimal impact 
on results, but noticeable impact on the uncertainty (Valentin et al., 2025). This could reduce the number 
of skipped cycles needed to spatially converge the fission source. 

Despite the geometric simplicity, the simulations in this work involved significant computational 
expense. On a High-Performance Computing (HPC) cluster with 72 MPI tasks (ran across a single node) 
with 2.4 GHz CPUs, results took between 10 and 50 days to complete, depending on the study. To run 
simulations in a reasonable amount of time, assumptions, simplifications, and approximations must be 
made, and it is important to understand the potential impacts on the results. 

It should be noted that extra simulations are needed to determine if the highest resolution simulation in 
the convergence study was actually converged (Section 4.1). The largest differences in isotope inventory 
in these studies were from the size of the initial timestep. As the fuel started to accumulate fission 
products and plutonium, the shape of the flux changed significantly (Figure 9), and smaller time steps 
were needed to resolve the non-linear behavior.  

If the three-month reprocessing frequency were included in Figure 20, it could be misleading without the 
context of the convergence study to illustrate that the resulting discrepancy in keff and SNM mass were 
due to step size and not reprocessing frequency. It is also not clear why the green line in Figure 20 
showed a slightly different trend as plutonium reached equilibrium. It was most likely due to the change 
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in the neutron spectrum over time, however it is unknown if this change was physical, or an artifact of the 
simulation.  

A simulation parameter that could have caused the difference in Figure 20 is the AFMIN argument on the 
burn card. AFMIN is used to stop isotopes from entering the simulation unless they represent a significant 
atom fraction. As time steps were made shorter, less isotopes would have reached the AFMIN threshold 
during a single reprocessing interval. One way to tell would be to run a sensitivity study on the AFMIN 
parameter to see if it influenced the results. These types of behaviors require careful consideration when 
using M&S predictions to generate MC&A information. 

When reprocessing frequency was varied to better account for gaseous bubbling removal (such as Xe-
135), there was not a significant change in keff or SNM mass. The accumulation of fission products has 
very little neutronic impact on fast spectrum reactors. This makes them better candidates for load 
following than thermal systems. Reactor shutdown periods or frequent changes in power levels may also 
need to be accounted for when generating signatures. 

The highest intensity components of the gamma source changed significantly over time as the reactor 
transitioned from U-235 to plutonium. When the gamma source was transported through a simple 
geometry to a detector, lines above 6 MeV had poor stochastic error (Figure 23). Although these gammas 
are unlikely to be emitted, variance reduction could be used to sample these lines more frequently if they 
were desired for an MC&A analysis. 

 Limitations of MCNP 

The MCNP internal depletion solver has two options for adjusting fuel composition mid-calculation. 
SWAPB is typically used in fuel shuffling calculations to change the position of fuel elements in the core. 
MATMOD can adjust the fractions of individual isotopes, but only by setting them to discrete values 
(e.g., it could not remove a fraction of existing fission products). Therefore, some kind of wrapper must 
be used to perform the reprocessing material adjustments, and neither MATMOD nor SWAPB were used 
in this study. 

MCNP only outputs inventory information (atom density, mass, activity, etc.) for isotopes in the transport 
calculation. The isotopes in the CINDER library, which have 63-group transmutation probabilities but not 
neutron cross sections, are not reported by MCNP at all. Typically, around 300 isotopes are available with 
transport cross sections, and over 3000 are transmuted by CINDER. The isotopes in the CINDER library 
without transport cross sections make up a very small portion of the mass (around 0.01%) but represent 
one to two thirds of the total activity during operation (many have very short half-lives). When the 
wrapper code restarts the MCNP calculation, it is not able to carry these isotopes over, so their masses are 
lost each time. This is not expected to be a significant source of error for the global results in this report, 
but will affect detailed activity or spectrum calculations. 

MCNP prints depletion results in scientific notation, with three significant figures. For isotopes with large 
masses, the third digit can represent a large amount of mass. When calculating the concentration of 
impurities, or performing activation analysis, rounding error may be significant. This is especially true 
when a wrapper propagates the error throughout a larger calculation. The Monte Carlo uncertainty is also 
not transmitted to the nuclide inventory, which may be important, depending on simulation parameters. 

The number of depletion steps needed to get close to the cycle time of “bubbling” isotopes is 
prohibitively computationally expensive. One solution not explored in this paper was to use the OMIT 
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feature of the MCNP burn card to omit the bubbling isotopes from the transport calculation. They would 
still be produced by CINDER, but they would not have any impact on the transport solution (keff, neutron 
spectrum, etc.). This may be a better approximation for these isotopes, and allow for larger reprocessing 
steps to be taken, while still converging to the same steady state. 

 MC&A Considerations 

As was discussed in Section 4, simulations can be used to obtain information to guide the development of 
MC&A approaches. However, it is important to understand the context of model limitations (described 
above), to fully assess the meaning of any MC&A information that is generated. As can be seen in the 
results presented in Section 4, SNM quantities change with time (particularly at BOL), these changes will 
need to be understood so that an appropriate MC&A approach can be developed. It should be noted that 
this is also true for LWRs, however their fuel form is different than what will be used for MSRs, and the 
codes used to predict SNM inventories as a function of burnup for LWRs have been well validated.  

M&S of MSRs can be used to predict SNM inventories and expected changes under different operating 
conditions. This may be useful to meet the requirement of annual inventory reporting through the Nuclear 
Materials Management and Safeguards System (NMMSS). M&S techniques can also be leveraged to 
provide data for comparisons while operating knowledge is being obtained. However, it is essential that 
the simulation methodologies are validated, and adequate bench-marking data is available. Further, as was 
shown in Section 4, there are numerous parameters which will influence the results and must be 
considered when assessing information for use in developing an MC&A program (e.g. time step size). 
Several other MC&A considerations related to the simulations presented in this report are discussed 
below. 

 Simulation Convergence Impacts 

Monte Carlo codes do an excellent job of transporting neutrons across complex and novel geometries, 
however there is less experience and “rules of thumb” to rely upon when simulating advanced reactors. 
Like most simulations, calculations which predict MC&A relevant parameters (i.e. SNM quantities) need 
to be sufficiently converged such that the average of the simulation represents the average of the physical 
quantity being estimated. Thus, it is important that any use of models to support an MC&A approach is 
based on converged simulation results.  

As was noted previously, depletion codes for LWRs are well-established and have been thoroughly 
validated. For the advanced reactor designs it will be important to document any parameters that can 
cause variations, and make sure that information is presented with simulation results. The results shown 
in Section 4.1 (e.g. Figure 14) illustrate that the predicted plutonium mass is affected by the size of the 
depletion time steps. If simulations are used to generate predictions for SNM quantities throughout the 
lifetime of the reactor, a large depletion time step could lead to an under-prediction of plutonium and an 
over-prediction of uranium. The appropriate time step for different reactor designs would need to be 
identified; initially, small time steps would likely be required and the results validated as operating 
experience is gained. Based on validated simulation data, the acceptable time steps could be updated.    

 Fission Product Removal 

The results presented in Section 4.3 (e.g. Figure 20) illustrate that the reprocessing frequency might have 
an impact on SNM inventory prediction. This demonstrates the importance of using simulation 
parameters that are aligned with the operating scheme for a particular reactor, and that the predictions are 
sound. For example in the simple MSR modeled in this study, the reactor transitioned from being 
predominantly powered by U-235 to being mostly powered by Pu-239 after about 15 years. This change 
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may happen more gradually, or at a different time depending on fuel composition, operating history, and 
cycle times of isotopes. This will have an impact on what signatures can be measured at what time, and 
how the MC&A program is developed. The uranium and plutonium enrichment were also both highest at 
the start of the fuel cycle (Figure 18 and Figure 19). However, the Pu-239 mass was lowest during this 
time (Figure 19). This means that plutonium diversion became less attractive over time, but some period 
must pass before there was enough to divert. These results also highlight the need for code comparisons 
and experimental data to verify and validate against. 

   

 Gamma Ray Spectra  

The simulated gamma ray spectrum shown in Figure 23 illustrates that this will be a complex signature, 
and the method in which it is simulated requires careful evaluation. There are many gamma ray emissions 
associated with the fuel salt sample. When these gamma rays are detected, the complexity of the spectrum 
increases due to the Compton continuum, escape peaks, and detector resolution. To establish if a signature 
has potential to be used in an MC&A program, a high-fidelity simulation of the measuring environment 
needs to be performed, including a realistic detector geometry. The MCNP results would then need to be 
processed to identify peaks. Additionally, the Compton continuum and interference from other lines could 
result in the highest intensity peaks being ineffective as MC&A signatures. Similar studies have been 
performed recently for generic cases, but as more M&S results are published, the need for verification and 
validation will increase (Kovacevic et al., 2023). 

The intersection of experimental data and M&S predictions must also be considered. For example, in a 
physical measurement, there will be other effects which will need to be evaluated. It is possible that the 
fuel sample will be too hot after 15 minutes of decay for a reliable measurement to be obtained (due to 
detector deadtime). This will influence the signatures that are available; neptunium-239 has a 2.4 day 
half-life, and may have decayed significantly by the time the sample is cool enough to measure. 
Additionally, short-lived isotopes are highly sensitive to changes in neutron flux over time during 
depletion calculations (Figure 22). It was shown in Section 4.1 that small changes in the simulation 
methodology can lead to unconverged results, which can be difficult and computationally expensive to 
identify. 

The specific information being extracted will impact the necessary analysis approach. For example, there 
are peak ratios that will change as a function of reactor operating time and these peaks may be correlated 
to predicted SNM quantities for specific operating times. For a signature to be useful for MC&A purposes 
it needs be correlated to a parameter of interest (e.g. SNM). Therefore, just because there is a strong 
signature that does not necessarily guarantee that it will be useful for MC&A. Some work has been 
performed examining signatures relevant to diversion scenarios in a thermal spectrum MSR with fluoride 
fuel and partial refueling (Kovacevic et al., 2023). Additionally, new analysis methods for MSR gamma 
spectra are being evaluated, such as leveraging machine learning techniques (Mishra et al., 2024).  

 

 Future Work 

The impact of different M&S parameters for several different predicted values in a generic MSR were 
examined in this work. The results illustrate that these parameters will need to be considered when 
assessing M&S results for any MSR design. Future work should further examine signatures that could be 
present with representative samples, including quantifying effects associated with non-homogeneous 
samples and variations expected with different sample sizes. Further, M&S could be used to compare 
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different potential measurement locations. For example, looking at a representative fuel salt composition 
in various pipes, or sample apparatuses. Any samples pulled will cool down, thus the impact of phase and 
temperature on measurements should also be examined. The impact of fission product accumulation on 
salt properties is also mostly unknown. Future work should also consider the sensitivity of any signatures 
selected for MC&A purposes to variations in reactor operating parameters. Understanding changes 
expected during normal operations will provide insight into what variations could indicate an off-normal 
scenario.   

A more comprehensive proliferation analysis could be done using the ratio of actinides present to 
determine when the reactor is most susceptible to fuel diversion. This could change depending on the 
starting fuel composition, the equilibrium concentrations of plutonium, and the timeframe in which the 
fuel composition evolves. It was mentioned in Section 5.2.2 that the Pu-239 purity is highest at the 
beginning of operation, but the mass is lowest. A study could be done to assess plutonium mass verses 
purity to determine when the reactor is at highest risk. This could inform what times are used to look for 
relevant signatures in an MC&A analysis.  

A more detailed study could be performed on how the gamma spectrum changes during and after a 
diversion scenario. To determine if specific signatures are measurable, a high-resolution model of a 
mature design will need to be used. The specific detector of interest will also need to be modeled. Even 
then, code comparisons (such as between MCNP/CINDER and Serpent/SCALE) and experimental data 
are needed to verify and validate results.  
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 Conclusions 

This study demonstrated how simulations could be used to generate special nuclear material information 
and associated gamma ray signatures. This type of approach and information could potentially be used by 
vendors in the development of their own unique MC&A approach.    

M&S methods provide a way to generate results faster than what can be achieved experimentally. 
Simulations also provide a powerful method of guiding experimental designs and assisting with the 
development of measurement approaches. This work illustrated several parameters that are important to 
consider when performing MSR simulations. These parameters include the convergence of the depletion 
simulation and fission product removal frequency. It is also important to note that MCNP only outputs 
inventory information for isotopes in the transport calculation. If transport cross sections are not available, 
then those isotopes are not reported by MCNP. It is necessary to understand these limitations when 
interpreting any simulation results.  

M&S may be a means to determine fuel inventory as a function of time and simulate a detector response 
to the resulting gamma radiation. Peak heights could be compared over time to identify when the primary 
power producing isotope changes from U-235 to Pu-239, and potentially the age of the nuclear fuel. 
Diversion scenarios could also be simulated to determine whether a significant change in the fuel 
composition would be evident in the gamma spectrum. However, these simulations require a high degree 
of model fidelity and are computationally expensive to converge. Code comparisons and experimental 
data are needed to verify and validate results, which will provide confidence in the predictions.  
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