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There is growing interest in a set of methods and tools that can be used to charac-
terize past fissile material production activities, using measurements and sampling at
production and storage sites. This field has been dubbed “nuclear archaeology.” The
best-established example of nuclear archaeology relies on measurements of the isotope
ratios of selected elements in the graphite of graphite-moderated plutonium produc-
tion reactors. This Graphite Isotope-Ratio Method (GIRM) determines the cumulative
neutron fluence through the graphite and thereby estimates the cumulative plutonium
production in the reactor. The great limitation of this particular method is that it can
only be applied to graphite-moderated reactors, which represent only one class of re-
actors that have been used for unsafeguarded plutonium production. In this article,
we propose to extend this method to non-graphite moderated reactors by analyzing
the evolution of relevant isotope ratios in the support structures and other core com-
ponents of heavy-water moderated reactors. We present results of neutronics calcula-
tions for a generic heavy-moderated reactor evaluating the robustness of the method
and explore the role of nuclear archaeology for applications in arms-control treaty
verification.
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BACKGROUND

As the nuclear weapon states further reduce the size of their arsenals, decla-
rations of historical fissile material production are likely to become a central
part of the nuclear disarmament process. Most weapon states now offer in-
creased transparency with regard to their nuclear programs, and some have
already made public their fissile material (and nuclear weapon) inventories.1

Such declarations are valuable as a confidence-building measure, but their
verification will be essential if declarations are to serve as a basis for deep
cuts in nuclear arsenals. Verification would partly rely on sampling at for-
mer production facilities or direct measurements on selected waste materi-
als in order to determine ex post facto the quantity of fissile material an
installation might have produced over its lifetime. This field has been dubbed
nuclear archaeology.2 The best-established example of nuclear archaeology re-
lies on measurements of the isotope ratios of naturally occurring trace impu-
rities in the graphite of graphite-moderated plutonium production reactors.
The method was developed and demonstrated by Pacific Northwest National
Laboratory as part of a research and development effort initiated in the early
1990s.3

Graphite-moderated reactors were primarily used in the early weapons
programs of the NPT nuclear weapon states. In contrast, heavy-water reac-
tors played more prominent roles in more recent weapons programs (Israel,
India, and Pakistan), and they were also part of some other nuclear programs
with ambiguous objectives, for example in Sweden and Argentina.4 Iran’s new
Arak reactor is another project that has raised international concerns. In this
context, it appears critical to explore the potential of nuclear-archaeological
methods for heavy-water reactors.5

REACTOR MODEL

To examine the applicability and robustness of nuclear archaeology for
heavy-water reactors, an adequate test reactor is needed. For this purpose,
we have selected Canada’s NRX (Figure 1),6 which was a heavy-water-
moderated and light-water-cooled reactor, originally developed for civilian
purposes, and, according to the reactor description, optimized for plutonium
production.7

The original NRX reactor went critical in July 1947 with a thermal power
level of 20 MW, later increased to 40–42 MW,8 and was permanently shut
down in 1993.9 As part of the Atoms for Peace Program, India obtained a copy
of the NRX reactor, now CIRUS,10 which went critical in 1960 and became fully
operational in 1963. Plutonium produced with this reactor was used for India’s
nuclear test in 1974. Reportedly, Pakistan’s 50 MW Khushab-I reactor is also
similar to NRX.11
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Figure 1: 60-degree core segment and unit cell of the NRX test reactor (MCNP model).

We have carried out extensive infinite-lattice and full-core reactor burnup
simulations for NRX/CIRUS in order to determine neutron flux levels, effec-
tive (spectrum-averaged) cross sections, and plutonium buildup in the fuel.
Results are used to characterize the perturbation of isotope ratios and to de-
velop a sampling strategy that could be tested in the field. All calculations have
been carried out with MCODE,12 which uses the Monte Carlo particle trans-
port code MCNP5 and the general point-depletion code ORIGEN2.13 MCODE
regularly updates the fuel composition in MCNP, which is used to determine
spectrum-averaged one-group cross-section data for all relevant nuclides so
that ORIGEN2 libraries do not have to be used.

CANDIDATE ISOTOPES

One critical design feature of the NRX, and heavy-water moderated reactors in
general, is the so-called “calandria,” i.e., a vessel filled with heavy water. Chan-
nel tubes penetrate this vessel, hold the fuel rods, and separate coolant from
moderator (Figure 1). The calandria is an excellent candidate for sampling be-
cause it is in close proximity to the fuel and allows sampling at many different
positions in the core.14 Typical calandria materials for non-power reactors,
such as the NRX, are aluminum alloys. Table 1 shows the mass-spectrometric
analysis of a historic nuclear-grade aluminum sample,15 which confirms that
many candidate trace-materials can be expected even in high-purity material;
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Table 1: Aluminum analysis for a sample of cladding material from the Manhattan
College Reactor (MCZPR, US-0119)15

Z Element Content Z Element Content Z Element Content

5 Boron 2 ppm 23 Vanadium <100 ppm 29 Copper 1400 ppm
12 Magnesium <100 ppm 24 Chromium <100 ppm 30 Zinc 200 ppm
14 Silicon 1900 ppm 26 Iron 5100 ppm 40 Zirconium <100 ppm
22 Titanium 200 ppm 28 Nickel <100 ppm 82 Lead <100 ppm

these are either residual impurities or materials that have been added to im-
prove irradiation behavior and corrosion resistance.

For the present analysis, we consider selected isotope ratios of boron,
lithium, chlorine, calcium, titanium, chromium, iron, nickel, zirconium, and
lead. This list reflects our pre-experimental understanding, based on inspec-
tion of the effective cross sections of relevant nuclides and their likely preva-
lence in candidate materials. Using results from MCNP simulations of our test
reactor, we can solve the set of differential equations for the concentrations of
the isotopes in any given isotope system.16 As an example, Figure 2 (top) shows
the perturbation of the natural isotope ratios for the chlorine system over the
life of the reactor.

Different types of errors need to be considered when translating a mea-
sured isotope ratio α into a fluence value �.17 Most importantly, the relative
concentrations of the parent and daughter isotopes determine the error of the
fluence estimate. Measurement errors are high initially when the relative con-
centration of the daughter isotope is small and high again when the isotope
ratio is close to an extremum. As a result, every isotope system will have a
characteristic fluence range with optimum performance. The critical parame-
ter defining the useful fluence range of a particular isotope system is given by
the ratio of the error for the fluence measurement normalized to the magnitude
of the fluence measurement itself.
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We assume that an isotope ratio should no longer be used as a measurement
tool when this relative error is greater than 0.01. Figure 2 (bottom) shows the
expected relative errors for various isotope ratios as a function of the neutron
fluence in the structural material. The most promising ratios are summarized
along with their optimum fluence ranges in Table 2. The focus of this analysis
is on aluminum alloys, and typical impurities in these alloys, but the method
can also be applied to other types of cladding and reactor-component materials
(e.g., zircalloy or stainless steel).
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Figure 2: Chlorine isotope ratios as a function of neutron fluence over 40 effective full-power
years. Simulated numerically in MATLAB using effective cross sections derived from MCNP
simulations (top). Relative neutron fluence errors from mass-spectrometry measurement
errors for low- and medium-fluence indicators (bottom). In the example highlighted above,
a 36Cl/35Cl ratio of 0.55 indicates a neutron fluence of 4.0 × 1022cm/cm3.

SAMPLING STRATEGY

We have now established the relationship between isotope ratios and neutron
fluence, but still need to develop an understanding of how to go from local flu-
ence (and local plutonium production) to a global plutonium estimate, i.e., the
total amount of plutonium produced in the fuel over the lifetime of the reactor.
Here, we propose a two-step sampling strategy for obtaining such a plutonium
production estimate, minimizing both sampling effort and error. This process
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Table 2: Key characteristics of selected isotope ratios for various elements.

Fluence range Remarks

Lithium 6Li/7Li Low–Medium Production of 7Li from 10B
Boron 10B/11B Low —
Chlorine 36Cl/37Cl Medium Poor cross-section data for 36Cl
Calcium 42Ca/41Ca Medium–High Poor cross-section data for 41Ca
Titanium A 48Ti/49Ti High–Super high —
Titanium B 49Ti/50Ti Medium–High —
Chromium 54Cr/53Cr High–Super high Scarcity of 54Cr
Iron 57Fe/56Fe High —
Nickel A 61Ni/62Ni High —
Nickel B 63Ni/64Ni Medium–High Poor cross-section data for 63Ni
Zirconium 91Zr/92Zr High–Super high Fluence range very high,

> 5 × 1022 cm−2

Lead 207Pb/206Pb High–Super high Fluence range very high,
beyond > 5 × 1022 cm−2

varies significantly from other approaches, which typically envision a series
of measurements throughout the core, building a global fluence profile, and
generating one global plutonium estimate therefrom. Here, we will separate
these steps and obtain a plutonium estimate for every fuel channel sampled,
leading to a process that is more robust and possibly easier to implement. This
two-step approach is described in more detail below.

From Local Isotope Ratios to Channel-Fluence Estimates
In a first step, we envision acquisition and analysis of samples taken along

one fuel channel in order to determine an average fluence estimate �̄ for this
particular channel. If the number of samples is limited, a basis of cosine func-
tions can be used to fit the data with a minimum of computational difficulty
while avoiding artifacts from using arbitrary basis functions.18 This axial flu-
ence profile can then be integrated to determine the average fluence �̄ for the
entire fuel channel. Based on infinite-lattice burnup calculations, and using
information about the average discharge burnup of the fuel as illustrated in
Figure 3 below, this fluence estimate can be used to determine the lifetime
plutonium production in this particular fuel channel.19

From Channel-Fluence Estimates to Global Plutonium Estimates
In a second step, full-core reactor simulations are used to determine the

expected neutron fluence �̄ for every channel of the core throughout the life of
the reactor (Figure 4). Ideally, these calculations should be based on additional
information available on the operating history of the reactor to improve initial
production estimates obtained with this method. Once a first neutron fluence
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Figure 3: The effective plutonium production rate decreases as the discharge burnup of the
fuel decreases. These data can be used to correlate local neutron fluence and plutonium
production. Weapon-grade plutonium (93–94% Pu-239) corresponds to a burnup of about
1.3 MWd/kg. MCODE simulations using MCNP5/MCNPX and ORIGEN2.

Figure 4: Channel-fluence cross-correlation. The fluence in any one fuel channel is related
to the fluence in every other individual channel. These dependencies can be calculated
with full-core reactor simulations and later refined when additional measurements become
available. As an example, assume that a fluence of 4.0 × 1022/cm2 is measured in Ring 6;
the chart can then be used to estimate the fluence values in all other fuel-channel rings,
which range from about 2.2 to 6.4 × 1022cm/cm3 in these calculations. MATLAB results using
data from MCODE simulations (MCNP5/MCNPX and ORIGEN2).
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Figure 5: Global plutonium production estimates. The fluence in any individual fuel channel
can be used to arrive at a global plutonium estimate. Global estimates from different
channels can then be combined to obtain a final estimate with a smaller statistical error.
MATLAB results using data from MCODE simulations (MCNP5/MCNPX and ORIGEN2). In this
example, the average neutron fluence of 4.0 × 1022/cm2 calculated for Ring 6 translates into
a lifetime production of 264 kg of plutonium in the reactor.

value �̄ has been determined based on the analysis of samples from one par-
ticular fuel channel, fluence estimates are then also available for every other
individual channel in the reactor.

Using these reference data, one can then obtain global plutonium esti-
mates independently from each channel the inspector has access to. This sit-
uation is illustrated in Figure 5, which can be used to “look up” the global
plutonium estimate corresponding to the local fluence estimate in any channel
(or ring of fuel channels, as shown in Figure 1) sampled. Individual estimates
can be reconciled to reduce the estimated error of the global estimate signif-
icantly. Instead of generating one global plutonium estimate from one global
fluence field, independent global plutonium estimates are now generated from
each channel-averaged fluence estimate. This approach reduces the complex-
ity of the estimation procedure and reduces the number of samples necessary
to gather a global plutonium production estimate. The accuracy of this new
method would have to be demonstrated in a field test. Previous efforts carried
out for graphite-moderated reactors estimated the uncertainty of the standard
sampling method to ±3–7%.20

THE WAY FORWARD
Recent new interest in nuclear disarmament is likely to revive re-

search and development on verification technologies for arms control. Nuclear
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archaeology, which has been explored off and on since the 1990s, has led to the
development of the graphite isotope-ratio method to estimate historic pluto-
nium production at selected sites. The method is best suited for closed down
reactors, but can in principle also be applied to operational reactors during
temporary shutdowns and fuel reloads to obtain “snapshots” of cumulative pro-
duction up to that point.

In this article, we have proposed an extension of the method to heavy-
water moderated reactors, providing a first overview of potential candidate
isotopes that could be used in aluminum structures, which are most relevant
for this particular type of reactor. Furthermore, the expected fluence ranges
in heavy-water reactors can be significantly higher than those encountered
in graphite-moderated reactors, which requires use of isotope ratios different
from those used for GIRM; in particular, the classic boron ratio (10B/11B) is
a much less useful indicator because 10B is rapidly consumed, while selected
chlorine, calcium, titanium, and nickel ratios become more valuable. On a con-
ceptual level, we propose a variation of the isotope-ratio method that provides
global plutonium production estimates for every fuel channel sampled. This
approach could make the method more robust and also offer advantages with
regard to implementation in the field.

As a next step, the robustness and applicability of the proposed method
ought to be tested in a full-scale exercise. Such an experiment could be used
to benchmark the method, quantify errors, and validate optimum sampling
strategies. Any exercise will involve on-site sampling combined with computer
simulations, which would be carried out in preparation for the exercise itself
and again once mass-spectrometric results are reported. Bilateral projects be-
tween weapon states could be carried out on a site-by-site basis to establish
confidence in the method and the process. Participation of nuclear non-weapon
states, which too have many adequate reactors that could be used as test-
beds for joint archaeology exercises, would further increase confidence in the
method.
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