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Abstract 

Several nuclear archaeology techniques have been proposed to determine historic plutonium production in 

dedicated production reactors. Some of these techniques have been successfully demonstrated, in 

particular, those using the isotope-ratio method in graphite-moderated production reactors. More recently, 

similar techniques have also been proposed to monitor plutonium production in operating reactors, which 

could complement traditional safeguards approaches. These methods rely on sampling materials from the 

reactor core or specially designed monitor tags that would be inserted into the core, to examine suited 

isotopic ratios. These would be used to assess the cumulative neutron fluence, quantifying the amount of 

plutonium produced. However, some production reactors can be used to produce other isotopes than 

plutonium, such as tritium or other (medical isotopes). If a reactor production mode has been declared to 

be a tritium production mode, it must be verified that this was the case and that the reactor was not used to 

produce plutonium instead. In this paper, we examine to which extent nuclear archaeology techniques can 

be extended to detect different modes of reactor operation such as tritium versus plutonium production. 

Introduction 

The concept of nuclear archaeology was first introduced by Steve Fetter in 1993.1 Some of the methods 

consist of measuring isotopic ratios from samples taken at a nuclear facility (from inside the reactor core 

or from the depleted uranium tails) in order to find the total production of fissile materials, which often 

also requires forward simulations of the operation of the facility. In the case of graphite-moderated 

production reactors, the technique named GIRM (Graphite Isotopic Ratio Method) relies on isotopic 

ratios measured from samples of the graphite moderator to obtain the neutron fluence and calculate the 

plutonium production.2 For reactors that use heavy water as a moderator, similar techniques where the 

isotopic ratios come from structural material have been conceptualized.3 More recently, a new concept 

where monitor tags that are specifically designed for nuclear archaeology and placed in the reactor has 

been proposed.4 

Nuclear archaeology could significantly strengthen measures to verify the completeness of baseline 

declarations of fissile material inventories in countries that decide to enter treaties such as the NPT or the 

Nuclear Weapon Ban Treaty. In this context, isotopic ratios would likely be sampled from structural 

materials as no monitor tags would have been installed beforehand. Methods borrowed from nuclear 

archaeology could also be used as a complementary measure to existing approaches for routine 

inspections in countries part of a treaty or safeguards framework in order to verify the completeness and 

correctness of fissile material declarations. This would be especially true in the context of a future Fissile 

Material Cutoff Treaty (FMCT). In this case, the use of monitor tag can be envisioned. Inspectors would 

withdraw the monitor tags, measure isotopic ratios and put them back in their original locations after each 

inspection.  



However, in the context of plutonium production, in particular for heavy water reactors, both 

implementations are limited by the fact that some reactors can be and are being used for other production 

modes such as the production of tritium or other isotopes. This not only represents an obstacle to 

plutonium production estimation, it also makes it necessary to verify the non-production of plutonium 

when a country declares the production of another isotope.5 Nuclear archaeology methods could 

complement existing methods implemented by the IAEA (e.g. containment and surveillance and physical 

inventory verification)6 to verify the non-production of plutonium in nuclear reactors of non-weapon 

states. In the FMCT context, measures similar to the current IAEA approach would provide the most 

confidence. If they cannot be implemented, however, nuclear archaeology methods could provide a less 

intrusive opportunity to also gain confidence. 

This paper proposes to use a method to develop such a verification technique for heavy water reactors. It 

could be used for future routine verification as well as for verifying a country’s past production history 

against the declarations it made. 

Presentation and feasibility of nuclear archeology for production mode authentication 

Our method relies on the fact that the neutron flux spectrum in the core is changes if the host switches the 

production mode. This change in the neutron spectrum is in turn going to change the reaction rates of 

certain isotopes as their one group microscopic cross-sections depend on the neutron spectrum. Ratios of 

these isotopes are thus going to be different from what would be expected if the country produces 

something else than what is has declared. Looking at the difference between ratios calculated for a 

declared campaign and actual measured ratios would thus enable inspectors to detect any deviation from 

the production history declared. Since these ratios are used to distinguish a production history based on 

production modes, we will call them mode ratios. 

A difference in the total flux level would technically also lead to a difference in these mode ratios over 

time. However, by checking all results against fluence and not time when possible, we can remove the 

dependence of mode ratios on the total flux level. Knowing this, it is now important to determine what 

type of isotopes should be used in the mode ratios so that the difference in neutron spectra is detectable. 

To do so, we have to look at the dependence of the microscopic one group cross-section on the neutron 

spectrum: 
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It is important to note that, even if the neutron spectra of two systems are different, the one group cross-

sections might not necessarily reflect this difference. Indeed, the energy dependent cross section 𝜎(𝐸) 

could be large in regions where both spectra are similar while small in regions where the spectra are 

different. Obtaining one group cross-sections that are different due to differences in the neutron spectra 

requires to multiply the neutron spectra by a cross-section that will amplify the regions of differences 

while downplaying regions of resemblance. With this in mind, we can establish a list of desired features 

for isotopes to be used in mode ratio: 

• Isotopes have to be stable or have a long half-life (of the order of hundreds of years at least) so that 

their ratios’ evolution only depends on fluence 

• Isotopes considered in a same ratio need to be from the same element and should not be produced by 

other elements’ isotopes 

• Isotopes energy dependent cross-sections have to fold with the neutron spectrum in such a way that 

the resulting one group cross-section is sensitive to neutron spectra differences 



To test the concept of mode ratio and production history verification, we consider two production modes 

in this work: weapon grade plutonium production and tritium production. We can thus imagine a country 

declaring a tritium production campaign or set of campaigns (where the production reactor is supposed to 

always be in a tritium production mode) and inspectors coming to verify the conformity of the actual 

production with the declared one. What they would be seeking for is any hint that the reactor has been 

switched to a plutonium production mode at some point during the production timeline. 

The reactor lattice models used are inspired by the Savannah River Plants’ (SRP).7,8 MARK 22 

assemblies charge (tritium production) and MARK 15 assemblies charge (plutonium production). Figure 

1 is a cross-section of both assemblies. Sticking to SRP designs, the power density was set to 37 kW/l for 

the MARK 22 design and 40 KW/L for the MARK 15 design. Their life cycles are 200 days and 50 days, 

respectively.  

In order to model the neutronics and isotopic behavior of each production mode, the coupling code 

MCODE9 has been used, which couples MCNP510 with ORIGEN2.211. However, MCODE is not able to 

track elements that are not important for neutronics, but for nuclear archaeology (such as titanium or 

nickel) and relevant for this work. Therefore, the following method has been used to compute their 

density evolution with time. The time-averaged flux and one-group cross-sections have been computed 

from the data provided by MCODE for both production modes. Then, using these data, Python scripts 

have been written to simulate the isotopic evolution over different exposure times for the isotopes that are 

useful for this work. For both production charges, infinite lattice configurations were used to derive the 

neutron flux and the one group cross-sections. 

 

 

 

 

 

 

 

MARK 22 MARK 15 

Aluminum U-Al alloy, natural U (15), 75 % enriched U (22) Li-Al alloy 

1
0

.6 cm
 

Figure 1: Cross-sectional view of Savannah River Plants MARK 22 

assemblies (for tritium production) and MARK 15 assemblies (for 

plutonium production) 



Our model does not specify if the mode ratios are sampled from structural materials or monitor tags as we 

are in this first study interested in generally identifying good mode ratios and how detectable differences 

in them would be. The neutron spectra used in our work are the ones found in the vicinity of the 

aluminum outer sleeve of the assembly as it would be a practical location both for structural material 

sampling and monitor tag position. Figure 2 is a plot of the normalized neutron spectra in the outer 

aluminum sleeves of a MARK 22 and a MARK 15 assembly. Both spectra have been taken at the middle 

point of each charge life cycle respectively, i.e. 100 days for the tritium production charge and 25 days for 

the plutonium production charge. The plot on the left shows that while both spectra are very similar, a 

small difference exists at the upper limit of the thermal region and especially in the epithermal region. 

The plot on the right enables us to see that the difference is indeed bigger in the epithermal region. 

 

 

 

 

The observed difference in the epithermal region indicates that isotopes that have a large cross-section in 

the epithermal relatively to the thermal region would lead to a difference in their one group cross-section 

and thus in their reaction rates. Observing the set of criteria listed above for selection of adequate 

isotopes, ratios between isotopes that are related by (n, γ) reactions are considered here. Several elements 

have thus been selected. Among them, the most promising for production campaign authentication are 

hafnium and tungsten. Both are familiar materials in the realm of nuclear reactor engineering with 

hafnium being known for its good mechanical and corrosion resistance properties and its potential for 

fluence monitoring. Figure 3 displays the (n, γ) cross-section of hafnium-178 and tungsten-182. We can 

see that they both present a peak around the epithermal region which makes them good indicators for 

distinguishing between the MARK 22 and MARK 15 charges. They also have multiple stable isotopes. 

Their only drawbacks being that they are fission products of actinides which means that there might exist 

contamination if the samples are taken close to the fissile material. 

An important aspect to pay attention to is the magnitude of the cross-section. Ratios that involve high 

cross-sections will tend to have very short dynamic time ranges. Past that time range, the isotopic ratio 

Figure 2: Neutron flux spectrum in the outer sleeves of the MARK 22 and the MARK 15. 

The right subplot is a zoom of the spectrum that emphasizes the thermal, epithermal and 

resonance regions. 



reaches an equilibrium where no information can be gained about production mode. These ratios will be 

only useful to production modes on short time scales. Ratios with low cross-sections on the other hand 

will be used for long time-scale monitoring. Figure 4 presents the difference of isotopic ratios observed 

from a tritium-only production campaign and a plutonium-only production campaign. This graph is 

helpful to understand for which fluence range or time range a specific ratio can be used to verify a 

declared production mode. Using the SRP’s design power density, hafnium has isotopes that can be used 

for a time range around one year (177/176 and 179/177) and between two years and four years (178/176 

and 180/178).  The tungsten ratio 184/182 will give useful information after six years or more of 

operation. Cadmium, which has isotopes with very large (n, γ) cross sections, can be used for the time 

range of 30 to 60 days. 

 

 

 

While Figure 4 presents useful information, it relies on an extreme scenario where the host would have 

been only producing plutonium during a set of production campaigns that was declared to be for tritium 

production only. In practice, that scenario is unlikely. The host would probably be hiding short periods of 

hidden plutonium production within declared campaigns for tritium production. The following paragraph 

and results aim at demonstrating how mode ratio differences can still be used in this situation. 

Figure 3: (n, γ) cross sections for hafnium 178 and tungsten 182. This plot has been 

generated with Janis-4.0. 



 

 

 

Figure 5 represents the relative difference that would be observed at the end of the campaigns for several 

ratios against the fraction of fluence that has been dedicated to plutonium production. Three cases are 

presented in this graph: one where the inspectors come to check after 300 days, another after 1000 days 

and a last case where they inspect after 4000 days. As seen before, different ratios are useful for different 

fluence scales, which explains why three different ratios are used for the three scenarios. As expected, the 

bigger the part of fluence dedicated to plutonium, the bigger is the difference in the mode ratio. 

Lastly, Figure 6 shows isotope fractions and their ratios’ evolution over fluence for two scenarios. The 

first one, represented by the graphs of section (a), corresponds to a case where the host declared a 300 

days campaign of tritium production but produces plutonium instead. Assuming a total power of 2400 

MW, 300 days dedicated to plutonium production would enable the host to produce about 626 kg of 

plutonium (95% Pu-239) with our design characteristics. The mode ratio actually measured at the end of 

these 300 days would be 31% smaller than what inspectors would expect. This would constitute a typical 

scenario in the context of routine verification implemented for countries already part of a treaty. The 

second scenario, (b), illustrates a case where inspectors want to verify the declarations of a country 

concerning a production history over 4000 days (~ 11 years). The host, while declaring that it has only 

produced tritium during that time span, actually hid two sets of plutonium production campaigns between 

tritium campaigns: one of 800 days and another one of 400 days. Using the same total power of 2400 

MW for the reactor, this means the country has produced 2.5 tons of plutonium. In that scenario, 

inspectors, using tungsten isotopes for the mode ratio, would measure a value that is 21% lower than 

expected. This could typically happen in the context of a country joining a treaty and where inspectors 

want to verify the non-production of undeclared plutonium over the past production history of a reactor. 

Figure 4: Ratios difference between a tritium-only and a Plutonium-only production mode 

for various isotopic ratios.  The x-axis uses a log scale. 
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Proposed implementation for inspections 

While the previous section dealt with demonstrating the feasibility and the possibilities of using mode 

ratios to verify a production history, this section proposes a possible implementation of the concepts 

presented previously that inspectors could follow to verify a production history in heavy water reactors. 

It is important to remember that all mode ratios should be compared at same fluence level. Reference to 

time should be avoided as it would enable the host to adjust the neutron flux and thereby change the 

measured mode ratios. Using fluence as the reference for all results means that in addition to measuring 

the mode ratios, the inspectors have to measure the fluence of the same material they are sampling. This 

can be done by using another isotopic ratio, referred to as the fluence ratio, with low dependence on 

production modes (eg. Ti-50/Ti-49). The following points as well as Figure 7 summarize the process of 

ratio measuring and comparisons: 

• First, the inspectors need to calculate the evolution of the expected mode ratio (EMR) against fluence 

using information on the reactors parameters that corresponds to the declared campaign. This would 

be the dashed green curve on Figure 7. This curve will serve as a reference mode ratio evolution for 

the inspectors. It is important to note that since the reference evolution are obtained from neutronics 

calculations, uncertainties stemming from the input parameters used by the inspectors and from 

simulation statistics lead to uncertainties in the ratio curves themselves. These uncertainties are not 

represented in Figure 7 but should be considered in a real inspection. This could be represented by an 

associated range of possible EMR. 

• Then, they would measure the fluence ratio to deduce the expected fluence and to pin point a value 

for the EMR from the curve. This step is represented by the black, dashed line in Figure 7.   

• Finally, the inspectors will obtain the measured mode ratio (MMR), indicated by a red cross in 

Figure 7, compare it with the EMR and conclude on the conformity of the production history with 

the declarations made by the host. 

Figure 5: Relative difference in ratios observed at the end of campaign against the % of 

fluence dedicated to plutonium production. The difference is calculated between a tritium-

only production campaign and a production campaign where x % of fluence is dedicated 

to plutonium production 

 



 

 

 

 

(a) 

(b) 

Figure 6: Ratio and isotopic fraction evolutions of (a) hafnium isotopes for a production 

campaign of 300 days where the host produced plutonium only instead of tritium and (b) 

tungsten isotopes for a set of campaigns over 4000 days where the host has hidden some 

plutonium production campaigns (represented by black shades in the graphs).  

 



 

 

 

 

An important aspect of these inspections that should be discussed is the frequency at which they are 

implemented. In fact, the time scope of an inspection is in part constrained by the technical feasibilities of 

nuclear archeology. As seen on Figure 4, mode ratios can be used only for specific fluence ranges. To 

convert this to a time range necessitates to know the specific power of the reactor and so time range of 

ratios must be calculated on a case by case basis. For example, using the specific power of production 

reactors similar to those of the SRP, the use of isotopes of hafnium could fit annual inspections as their 

associated time range is about a year to a few years. Ratios of tungsten on the other hand, are useful only 

at very high fluence. For the specific powers of the SRP reactors, the time range of usability of tungsten is 

at 6 years and more. This would not fit annual verification framework at all. But tungsten could be used in 

a context where a country accepts to undergo inspections after a decade of no inspections as illustrated in 

Figure 6. In addition to that, the sampling procedure is also a deterministic factor that frames inspection 

schedules. Structural material can only be sampled if discharged or when the reactor is shut down. 

Concerning monitor tags, some designs would allow for withdrawal at any time but since it is just a 

concept so far, more research needs to be done to determine the modalities of monitor tag sampling 

procedures. 

Conclusion and discussion 

This paper has presented a concept that uses techniques from nuclear archeology to develop a method to 

identify and distinguish different production modes in heavy water production reactors. The technique 

relies on the fact that different production modes will present differences in their neutron spectrum 

signatures which can be detected thanks to certain isotopic ratios present in reactor materials or a monitor 

tag. It can be used to verify the conformity of a country’s production history with what it has declared or 

it can be implemented for fissile material production monitoring for countries under safeguards. 

The present paper is mainly conceptual and does not bind itself with a specific sampling procedure 

(structural material or monitor tag sampling). Further study will have to research the limitations imposed 

Figure 7: Ratio evolutions for a pure plutonium mode and a pure tritium mode against 

fluence. The titanium ratio is used as fluence ratio while the hafnium ratios are used as 

mode ratios. The MMR in this figure is assumed to be sampled in a scenario where 

plutonium has been produced 

 



by each sampling procedures. This is especially true for structural material sampling as elements that 

were proposed for our method might not all be present in structural materials. Calculations with typical 

structural materials’ trace elements (titanium, iron, chromium etc) were done and while results were less 

promising than for hafnium or tungsten, it is still possible to use these elements in certain situations 

(verification of production history). 

Another issue that needs to be studied in the future concerns the spatial dependence of the flux spectrum. 

Because the neutron spectrum is not going to be the same at different points in the reactor core, the mode 

ratio will depend on where the sampling is done. This requires two things from the inspectors: knowing, if 

possible, the locations of the samplings and calculating expected mode ratios for all relevant locations in 

the reactor. If the inspectors are unable to know the sampling’s location, for example if they measure 

ratios from a discharged assembly’s outer sleeve, the method can be severely limited as they won’t know 

exactly what the spectrum should have looked like in this assembly. 

Finally, it is also very important to verify to what extent the results obtained in this work can be 

generalized to other designs of heavy-water-moderated production reactors and to other types of 

production reactors. The trends observed here are undoubtedly partly specific to the designs used in this 

paper.  However, we believe the results in this paper have a certain degree of generality, at least for 

plutonium versus tritium production modes since whatever the reactor design is, the two charges are 

always going to present fundamental differences (a plutonium production charge requires natural uranium 

while a tritium production charge requires enriched uranium). 
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