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In this article a case study of the application of antineutrino safeguards to a real-world
scenario, the North Korean nuclear crisis in 1994, is presented. Detection limits to
a partial or full core discharge in 1989 based on actual IAEA safeguards access are
derived and it is found that two independent methods would have yielded positive evi-
dence for a second core with very high confidence. To generalize these results, detailed
estimates for the sensitivity to the plutonium content of various types of reactors, in-
cluding most types of plutonium production reactors, are presented, based on detailed
reactor simulations. A key finding of this study is that a wide class of reactors with a
thermal power of 0.1-1 gigawatt can be safeguarded achieving IAEA goals for quan-
titative sensitivity and timeliness with antineutrino detectors adjacent to the reactor
building. Antineutrino reactor monitoring does not rely on the continuity of knowledge
and provides information about core inventory and power status in a timely fashion.
The necessary detection systems do not exist yet but are expected to become available
within two to five years.

INTRODUCTION

Neutrinos were postulated by Wolfgang Pauli in 1930 and have been ex-
perimentally discovered by Clyde Cowan and Fred Reines in 1956.! The
Cowan-Reines experiment successfully detected antineutrinos emitted from
the Savannah River reactor. A nuclear reactor is, to be precise, a source of
electron antineutrinos. Antineutrinos are nearly massless, electrically neutral,
spin half particles, and play a central role in the electroweak Standard Model
of particle physics. Antineutrinos participate only in weak interactions and
therefore possess unusual penetrating power. No practical means to attenuate
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or to shield antineutrinos are known. Antineutrinos are copiously produced in
the beta-decays of fission fragments, making nuclear reactors the most power-
ful artificial antineutrino source.

The basic concept of monitoring nuclear reactors using antineutrinos was
proposed by Borovoi and Mikaelyan in 1978.2 More recently, there has been
an effort to assess the possibility to accurately determine the plutonium con-
tent in a reactor core using antineutrino measurements.? If confirmed, such
ability could open the development of antineutrino detection based reactor
safeguards. However, the very different assumptions made about antineutrino
detector capabilities and the various levels of statistical analysis in recent
studies have produced a wide range of results leading to mixed perceptions
of the feasibility of antineutrino safeguards.

Antineutrino based safeguards are often evaluated in standard scenarios
where more conventional safeguards already perform well, limiting de facto in-
terest in their development. On the other hand, inventing scenarios in which
the standard methods fail brings about the criticism that these scenarios are
artificial, unrealistic, and contrived for the sole purpose of demonstrating the
usefulness of antineutrinos. There exist some historical cases where conven-
tional safeguards did not perform or could not be implemented as expected.
The first North Korean nuclear crisis of 1994 is a famous example.* The cri-
sis revolved around whether or not the Democratic People’s Republic of Korea
(DPRK or North Korea) had produced and separated much larger quantities
of plutonium in its Yongbyon nuclear reactor than it was claiming. However,
the DPRK limited the amount of information available to the International
Atomic Energy Agency (IAEA) to offer an independent assessment. The subse-
quent North Korean nuclear tests confirmed the existence of a military nuclear
program.

After presenting the technical aspects of antineutrino safeguards, this ar-
ticle first shows that a wide class of reactors with a thermal power of 0.1-1 gi-
gawatt (GWy,) can be safeguarded achieving IAEA goals for quantitative sen-
sitivity and timeliness with antineutrino detectors outside the reactor build-
ing. It then presents what would have been improvements in the quantitative
understanding of the DPRK’s plutonium production and in particular the as-
sessment of the veracity of its initial declaration to the IAEA if antineutrino
safeguards had been in place.

The study concludes that under the historical constraints and boundary
conditions of the DPRK 1994 nuclear crisis, the special capabilities of antineu-
trino safeguards could have provided a decisive advantage over conventional
techniques by confirming the diversion of important quantities of plutonium.

ANTINEUTRINO REACTOR MONITORING

Neutrinos are not directly produced in nuclear fission but result from the sub-
sequent beta-decays of the neutron-rich fission fragments. The total number
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of emitted antineutrinos is proportional to the total number of fissions in the
reactor. On average there are about six antineutrinos per fission emitted and
each fission results in an energy release of about 200 mega electron volt (MeV).
Thus, for one gigawatt of thermal power a flux of about 10%° antineutrinos
per second (s~1) is produced. Moreover, the distribution of fission fragments,
and hence their beta-decays, are different for different fissile isotopes. Thus,
careful antineutrino spectroscopy should provide information not only on the
total number of fissions but also about the fission fractions of the various fis-
sile isotopes contained in the core. The basic concepts of both power moni-
toring and observing the plutonium content of a reactor were experimentally
demonstrated in pioneering work performed by a group from the Kurchatov
Institute lead by Mikaelyan.? They deployed an antineutrino detector of about
1 m® volume at the Rovno nuclear power plant in Ukraine. For the power
measurement, an agreement with the thermal measurements was found to
within 2.5 percent,® and the effect due to a changing plutonium content was
demonstrated,” and more recently the quantitative accuracy has been stud-
ied as well.® This allows one to determine the plutonium content and power
level of the reactor core in situ at a standoff distance of 10’s of meters.’ The
practical feasibility of reactor monitoring using antineutrinos has also been
demonstrated using a small, tonne-size detector at the San Onofre power sta-
tion, called SONGS,? in Pendleton, California.

ANTINEUTRINO DETECTION

Beginning with the discovery of the antineutrino, inverse beta-decay (IBD) has
been the workhorse of reactor antineutrino experiments

Ve4+p —>n+et (1)

In IBD, an electron antineutrino interacts with a proton to produce a neu-
tron and a positron, this process has an energy threshold of (m, — m, + m,)c? =
1.8 MeV. The positron will go on to annihilate with a nearby electron produc-
ing a pair of 511 keV gamma rays. This energy deposition is typically detected
together with the kinetic energy of the positron E, and thus the visible energy
in detector, E.is = E. + 2 x 511keV. There is a one-to-one correspondence be-
tween antineutrino energy and the positron energy E, = E, + 1.8 MeV. There-
fore, a measurement of E,;s directly translates into a measurement of the an-
tineutrino energy E.,.

The reaction in Equation (1) also results in a neutron, which will slow
down in collisions with the detector material and eventually undergo neutron
capture. A careful choice of the nucleus on which the neutron captures allows
tailoring this signature. Common neutron capture agents are gadolinium, e.g.,
Daya Bay experiment,!! or lithium, e.g., Bugey experiment.!? For instance, in
the case of gadolinium, the signature of neutron capture is the emission of



Antineutrino Reactor Safeguards

several gamma rays with a total energy of 8 MeV. The slowdown and capture
of the neutron requires a characteristic time, allowing for what is called a de-
layed coincidence: there is a primary energy deposition from the positron fol-
lowed somewhat later by a neutron capture signal. This delayed coincidence is
key to separating antineutrino events from backgrounds. The neutron capture
cross sections of gadolinium is much larger than of any of the other detec-
tor materials. Therefore, even small concentrations will result in the major-
ity of neutron captures occurring on those nuclei; similar arguments apply to
lithium.

All signatures will result in ionization, which is detected by using organic
scintillator, either in liquid or solid form. The organic nature of the scintil-
lator provides the free protons for the interaction in Equation (1). Recently,
there have been three experiments aimed at fundamental physics employing
gadolinium-doped liquid scintillator at a large scale of several 10 tonnes (t)
without any safety incidents and excellent long-term stability.!®> Specifically,
this article considers a 5 t detector based on organic scintillator correspond-
ing to 4.3 x 10%° target protons. A real detector will not have 100 percent ef-
ficiency, and to obtain the same number of events a larger detector will be
needed.!* Many antineutrino detectors with efficiencies above 50 percent have
been built and thus even a realistic detector yielding the same event num-
bers would have a mass of less than 10 t. A standard 20 foot intermodal
shipping container has a net load capacity of 28.2 t, thus even a 10 t an-
tineutrino detector fits easily within such a container together with its sup-
port systems. The antineutrino spectrum is divided in energy from 1.8 MeV to
8 MeV in bins of 0.2 MeV width, which at 4 MeV approximately corresponds
to 10 percent/+/E resolution, which is similar to the resolution of recent exper-
iments.’> A resolution half as good would yield virtually identical results, as
shown by tests. For the IBD cross section, the result of Vogel and Beacom!®
are used and corrected for a neutron lifetime of 878.5 s.!7 For all measure-
ments at reactors, the standoff is 20 m, which allows for deployment outside
the reactor building. Such a detector at this standoff would typically register
about 5,000 events per year for a reactor operating at 1 MWy, throughout that
year.

Currently, no detector systems with all the required characteristics exist
and in particular, operation at the surface with sufficiently high signal effi-
ciency needs to be demonstrated (see also the section on the impact of back-
grounds). A major step towards this goal was recently achieved by a Japanese
group, which managed to detect reactor antineutrinos from the back of a van.!®
Given the significant international effort towards short-range reactor antineu-
trino detection to study the reactor antineutrino anomaly (see the following
section on reactor flux models), it is likely that a first prototype having all re-
quired properties will be available within 12—-18 months. These prototypes will
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be in the million dollar range, but second generation systems have significant
potential for improved cost effectiveness.

REACTOR FLUX MODELS

More than 99 percent of the power in reactors, in a uranium fuel cycle, is pro-
duced in the fission of four isotopes: uranium-235, plutonium-239, uranium-
238, and plutonium-241. A reactor with fresh fuel starts with only fissions
in the uranium isotopes and plutonium is produced via neutron capture on
uranium-238 as the burn-up increases. The total neutrino flux from a reactor,
¢, in units of antineutrinos per second and per MeV can be written as

$E) = fSI(E), (2)
I

where f7 is the fission rate in isotope I in units of fissions per second and S;(E)
is the antineutrino yield for the isotope I, in units of antineutrinos per fission
and MeV. The thermal power of the reactor is also given in terms of the fission
rates

Po =) fip1, 3)
1

where p; is the thermal energy release in one fission of the isotope I; the values
for p; are taken from Kopeikin.! To disentangle the contributions of the four
isotopes, the antineutrino yields S; needs to be calculated. The neutrino yields
are given by the antineutrino spectra vi(E) of each fission fragment % and the
cumulative fission yield for each fragment, Y?,

SEB) =) YiwE), (4)
k

where k& typically runs over about 800 isotopes. In practice, the antineutrino
spectrum of a given fission fragment is not known; only information, often in-
sufficient, regarding the beta spectrum is available. Due to the underlying nu-
clear physics, a direct computation of the neutrino yields S; via the summation
of all individual antineutrino spectra will be inaccurate.?®

A more accurate method is based on the measurement of the integral beta
spectrum of all fission fragments?! and subsequently the antineutrino spec-
trum can be reconstructed from those measurements.?? This method is less
dependent on nuclear data, but is not free from uncertainties related to effects
of nuclear structure.??

Comparing the event rate predictions for various flux models one finds
that a simple model based on direct summation of the antineutrino spectra
and more sophisticated calculations like the one by Fallot et al.,?* as well the
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inversion method, yield very similar results in terms of rates and mean en-
ergies when normalized to uranium-235.2%> In other words, the difference in
antineutrino yield and mean energy between the fissile isotopes is consistently
predicted by the various flux models.

In practice, the current errors of any flux model are significant and a set
of calibration measurements at reactors of known fissile content is required
to mitigate the effect of these uncertainties, particularly in view of the reac-
tor antineutrino anomaly.?® A proof of concept at a theoretical level for these
calibrations has been performed.?’” On the experimental side, the Daya Bay
collaboration has demonstrated the ability to cross-calibrate a set of eight an-
tineutrino detectors to within better than 0.5 percent.?®

BURN-UP CALCULATIONS

The connection between fission rates and mass inventory requires a more de-
tailed look at the reactor physics. For a neutron flux which is constant in time
and space, the fission rate, f7, and mass of a given fissile isotope, m;, have a
simple linear relationship

f1=¢normy, (5)

where o7 is the energy averaged fission cross section and ¢, is the neutron flux.
Throughout the evolution of the core, all factors on the right hand side of Equa-
tion (5) will change. Due to burn-up effects, the mass m; will change and the
neutron flux typically will be adjusted to compensate for changes in reactiv-
ity while maintaining constant power. The accumulation of fission fragments
will change the neutron absorption, which, in turn, alters the neutron energy
spectrum; the cross section o7 will evolve as well. We have performed evolution
or burn-up calculations for several reactor types using the SCALE software
suite.?? For the further discussion it is useful to introduce fission fractions f 7,
which are defined by

f1
2l

This definition has the advantage that the problem can be phrased inde-
pendently of reactor power. For illustration, the time evolution of the f; for a
graphite moderated, natural uranium fueled reactor is given in the left hand
panel of Figure 1, where the fission fractions are shown as a function of the
burn-up. Fpue41 is very close to zero in this type of reactor and therefore is
not visible in this figure. The fission rate in uranium-238 stays constant since
the amount of uranium-238 in the reactor changes very little with time. There
is a clear anti-correlation between the fission fractions in uranium-235 and
plutonium-239. The anti-correlation is nearly exact as shown in the right panel

Fr=

with Z Fr=1. (6)
I
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Figure 1: The left panel shows the evolution of the fission fractions in a graphite moderated
natural uranium fueled reactor as a function of burn-up. The right panel shows the
anti-correlation of the fission fractions in uranium-235 and plutonium-239.

of Figure 1. Burn-up measures the number of fissions which have occurred per
unit of fuel mass or, in other terms, the amount of energy extracted; the unit
for burn-up is MWd/t. Neglecting radioactive decays, the isotopic composition
of samples with the same burn-up would be identical since the total number of
fissions that took place is the same. The details of the power history and shut
downs, have only a minor impact on the reactivity and fission fractions. For
the purpose of simulation, a reasonably accurate model of the reactor power
history is required, which in turn serves as input for a detailed reactor physics
calculation. The ability to predict the antineutrino emission over time relies
only on a model of the burn-up as a function of time. And conversely, the pre-
cise measurement of neutrino emission will allow to infer the burn-up as a
function of time.

These burn-up calculations confirm that the relation between fission frac-
tions and mass inventory as given in Equation (5) remains linear and, that the
value of ¢,0pu239 stays nearly constant.

PLUTONIUM CONTENT DETERMINATION

The difference in the antineutrino yield can be used to disentangle the con-
tribution of each of the fissile isotopes. The event rate in each bin n; is given
as

Ei+AE/2

=N fi / dE o(E) S{(B). @)

7 Ei—AE/2

where E; is central energy of bin i, AE is the bin width and o(E) is the IBD
cross section. N is an overall normalization constant set by the number of free
protons and detection efficiency. To compute the event rates, n;, the four fission
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rates need to be specified f = (fysass, fU23s, f Pu239, f Pu241). The true or input val-
ues for the calculation are denoted by a superscript 0, i.e., the true fission
rates are f, and similarly the n; computed for the true values f° as n?. The
x2-function is define as

nxﬂ

X = Z , (8)

This x2?-function will be zero for £ = £f°. The allowed region for f is obtained by
requiring that

KB < 12, 9)

where the critical value x? is determined from a x2 probability distribution
with, in this case, four degrees of freedom. If only the total number of fis-
sions in plutonium given by fpy = fpu239 + [ pPu241 1s of interest, the following
marginalized function has to be used

X*(fpu) =, min KX2(fU235,fU238, (1 =) fpu, kfPu), (10)

U235 U238,

and with a single parameter, fp,, the number of degrees of freedom reduces
to one. Similarly, a corresponding single parameter function can be defined for
the measurement of reactor power.

fpu Will be proportional to the plutonium mass, mp,, in the reactor

mpy
f Pu '

where y is the proportionality constant. Therefore, a measurement of f p, trans-
lates into a determination of mp,. y, in turn, depends on the details of the re-
actor physics as well as the instantaneous reactor thermal power; note that
according to Equation (5), y = 1/(¢,0op,) and thus is inverse to the neutron flux
density ¢,. The determination of mp, and its connection to y is clearly illus-
trated in Figure 2, where the accuracy in the determination of mp, is shown
for a variety of reactor types as a function of the thermal power. This figure is
based on a full calculation of the reactor burn-up, where “C, NU” corresponds
to a graphite moderated reactor running on natural uranium and the dot on
this line is the five megawatt electrical power (MW,) reactor in the DPRK.
“Hy0, HEU” and “H2O, HEU + NU” correspond to the IRT, another reactor in
the DPRK, with drivers only and to the IRT with drivers and targets, respec-
tively. The case “Hy0, LEU” is computed for a typical pressurized light water
reactor. A power history was taken from one such reactor, with a total fuel load
of 72.4 MTU enriched to 3.7 percent.?? The case “D;0, NU” describes a heavy
water moderated reactor running on natural uranium modeled on a CANDU
design with a 8.6 MTU natural uranium fuel load and running at 40 MWy,.
The 40 MWy, point on this line resembles the Iranian reactor at Arak,?! and

(11)

)/:
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Figure 2: Absolute accuracy in the determination of the plutonium content based on the
measurement of the antineutrino spectrum as a function of the design thermal power of the
reactor. The different lines stand for different types of reactors as indicated by the labels: the
first term indicates the type of moderator, whereas the second part denotes the fuel type,
natural uranium (NU), low enriched uranium (LEU), and highly enriched uranium (HEU). This
figure assumes a 5 t detector, a standoff of 15 meter (m) from the reactor core, and 90 days
of data collection. The horizontal line labeled “IAEA goal” indicates the accuracy which
corresponds to the detection of 8 ky of plutonium at 90 percent confidence level, which is
the same as 5 ky af 1 o.

the accuracy would be at the level of 2.7 kg within 90 days. The horizontal line
corresponds to a sensitivity to 8 kg plutonium at 90 percent confidence level
(or 5 kg at 68 percent confidence level) within 90 days.

For each different reactor type the accuracy of a mp, measurement can be
described by the following simple relation

Y L Py \'? (tonnes\? [days\"/*
Smpy = 1.9kg [ ——— ) (=) ( 24 (12
e g<1016kgs> <m> <MW> M t (12)

where L is the standoff of the antineutrino detector, Py, is the average thermal
reactor power, M is the detector mass in tonnes (assuming 8.65 x 1028 protons
per tonne), and ¢ is the length of the data collection period. Table 1 lists the
corresponding values of y, and using those values, Equation (12) reproduces
the results of the full calculation within a few percent.

Table 1: The values of y for a number of reactor types.
. _________________________________________________________________________________________________________|]

reactor type C.NU H,O, HEU H,O, HEU+NU D,O. NU H,O, LEU

y (107 kys) 29 0.064 0.34 0.30 0.11




Antineutrino Reactor Safeguards

For most reactor operating conditions, the variation in y is very small and
depends only very weakly, at the level of a few percent, on burn-up and reactor
history.

The IAEA goal in safeguarding plutonium in irradiated fuel is the detec-
tion of the diversion of one significant quantity, corresponding to 8 kg of plu-
tonium, within 90 days at 90 percent confidence level according to the IAEA
safeguards glossary.3? It is important to note, that “detection of diversion” not
only requires a measurement of how much plutonium is present but also an
understanding of how much plutonium is expected to be present. This expec-
tation, for instance, can result from a prior inspection or from a calculation
based on declared or measured parameters. Here, the assumption is that the
expectation of how much plutonium should be present has been derived and
the error in this expectation is small compared to the errors of the antineu-
trino measurement. Under this assumption, the accuracy of the antineutrino
measurement and the detection limit for a diversion become the same and
therefore, these terms will henceforth be used synonymously.

For reactors with a thermal power in excess of 1 GWy,, which represents
the majority of all reactors globally used to produce electricity, this approach
to safeguards will have difficulties meeting the IAEA goals. On the other hand,
antineutrino safeguards are quite straightforward for research, small modular
reactors, and plutonium production reactors.

The fission fractions and thus the fission rates are not independent from
each other but are coupled by the physics inside the reactor (see the right panel
of Figure 1). This allows a rephrasing of the fitting problem in terms of one in-
dependent quantity, the burn-up. The result of the analysis will be a value for
burn-up and some error bounds and since the reactor model also provides all
the mass inventories as a function of burn-up, a measurement of the burn-up
translates into a measurement of the core inventory and the errors can be de-
termined by standard error propagation. In the case of the graphite moderated
reactor this reduces the error in plutonium mass determination by roughly
50 percent, see the section on the Yongbyon 5 MW, reactor. In cases where
there is reliable design information and the key operating parameters are
known, the burn-up model will reproduce the core inventory to within the 5 to
10 percent range, yielding a small extra contribution to the overall error. If the
reactor design and operating parameters have to be considered as unknown, a
fit to fission fractions and power should be performed.

SUMMARY OF THE 1994 NORTH KOREAN CRISIS

On 26 February 1993, the IAEA called for special inspections to resolve the
discrepancies indentified during the first safeguards inspections conducted in
1992. The issue of contention was the amount of plutonium the DPRK had sep-
arated from spent nuclear fuel. North Korea declared that it produced about
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90 g,33 but IAEA data allowed for the possibility of a much larger amount, per-
haps as much as 14 kg.3* On 12 March 1993, the DPRK declared its intention
to leave the Treaty on the Non-Proliferation of Nuclear Weapons (NPT) by 12
June 1993 after being threatened with special inspections but was persuaded
by the United States on 11 June not to do so.

North Korea started its 5 MW, reactor at Yongbyon in 1986. In 1989 there
was a 70-day shutdown, providing an opportunity to unload 50 to 100 per-
cent of the spent fuel in the core. In its initial declaration to IAEA in 1992,
North Korea indicated that it ran a one-time reprocessing campaign in 1990
that resulted in 90 g of plutonium from a limited number of damaged fuel
rods removed during the 1989 shutdown. The results of IJAEA environmental
sampling conducted during the first safeguards inspection, however, indicated
at least three campaigns of reprocessing in 1989, 1990, and 1991,%% which in
turn admits the hypothesis that a significant fraction of the spent fuel had
been removed in 1989. As a result, a larger amount of separated plutonium
may have been obtained by the DPRK, possibly sufficiently large to build two
or more nuclear bombs. In particular, finding and sampling the reprocessing
waste streams was a priority for IAEA, eventually triggering the request for
special inspections.?® The diplomatic exchange between IAEA and the DPRK
dragged on in parallel with negotiations between the DPRK and the United
States; the latter eventually leading to the Agreed Framework. In April 1994
North Korea forced the issue by beginning to unload spent fuel from the re-
actor core. An analysis of the gamma-radiation of spent fuel taken at known
positions in the reactor core would have resolved the question of how much
spent fuel was discharged in 1989. However, the unloading proceeded very fast
and any information about the original position of each fuel element in the
reactor was lost. As a result, crucial evidence was denied to the IAEA and on
2 June 1992 Hans Blix, director of the agency at the time, declared that the
ability to resolve the issue had been “seriously eroded.”” The fuel discharged
in 1994 was put into storage and was under IAEA surveillance until 2003. The
1994 crisis was resolved by the so called Agreed Framework under which the
DPRK halted any plutonium production and fuel reprocessing in exchange for
the promise to obtain two pressurized light-water reactors at no cost.?® The
Agreed Framework unraveled in 2003 when the DPRK declared that it was
leaving the NPT and eventually, in 2006, North Korea conducted its first nu-
clear test.

A comprehensive account of the history of the North Korean nuclear pro-
gram is provided by Hecker.?® There are two reactors, the IRT, a Soviet-
supplied research reactor with a power of around 8 MWy,, and the 5 MW,
reactor, a graphite moderated reactor with a thermal power of approximately
20 MWy,, which generally is referred to by its electrical power, hence its name.
There also is the Radiochemical Laboratory, which is a reprocessing facil-
ity which allows for the extraction of plutonium from the spent fuel from
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Figure 3: A map of relevant boundaries and geoygraphies of the Yongbyon nuclear facility.
Contours show expected inverse beta-decay event rates for a 5 t detector over the course
of a year. X’s mark the location of various antineutrino detectors used in this article. The
satellite image on which this map is based was taken on 16 May 2013 by GeoEye-1. ©
Digital Globe. Reproduced by permission of Digital Globe.

the 5 MW, reactor. These facilities and their relative locations are shown in
Figure 3, as well as IBD event rate iso-contours.

In the 1960s, the IRT was supplied by the Soviet Union.*° This reactor is a
light-water moderated reactor running on HEU, with enrichment from 10 to 80
percent.*! The Soviet Union also provided the HEU fuel until its own demise
in the 1990s. The nominal power of this reactor is 8 MWy,.

North Korea started serious fuel cycle activities in the 1980s and the plan
was to build and operate three gas-cooled, graphite moderated, natural ura-
nium fueled reactors. The design followed the British Magnox design as this
reactor type was well adapted to North Korean indigenous industrial capabil-
ities. At the same time, Magnox reactors were originally designed as dual-use
facilities to produce both electricity and weapons-grade plutonium.

The amount of plutonium produced in a reactor can be estimated if the
integrated neutron flux, which is proportional to the total energy produced, is
known, or equivalently if a complete history of the reactor power is available.
To obtain the produced plutonium in usable form, the reactor has to be shut
down,*? the irradiated fuel rods removed, and the plutonium chemically sepa-
rated from the spent fuel at the Radiochemical Laboratory. The location of the
various facilities can be seen in Figure 3.

The time evolution of the burn-up for the 5 MW, is shown in Figure 4
which has been adapted from Nuclear Puzzle.*3 The solid curve is based on the
declarations made by the DPRK and, thus, the assumption is that no major
refueling took place in 1989. The dashed curve is derived assuming that the
full core has been replaced with fresh fuel in 1989 under the constraint of
arriving at the same final burn-up. These numbers can be readily converted
into reactor thermal power levels using the fact that there are approximately
50 tonnes of uranium in this reactor.** The power levels then form the input
for a detailed calculation of the reactor isotopic composition and fission rates.
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Figure 4: Burn-up of the fuel in the 5 MWe reactor as function of time measured in days since
1 January 1986. The solid curve is based on the values declared by the DPRK, i.e., no major
refueling had taken place in 1989. The dashed curve is derived assuming that the full core
has been replaced with fresh fuel in 1989. From Albright and O’Neill, adapted with
permission.

ANTINEUTRINOS SAFEGUARDS IN THE DPRK 1994 CRISIS

The central question for the international community, after the initial discrep-
ancies appeared in 1992, was how much plutonium the DPRK had separated.
The lower bound on this quantity is represented by assuming that the DPRK’s
initial declaration to IAEA was quantitatively correct, i.e., only 90 g of pluto-
nium were separated. The upper bound on the amount of separated plutonium
is obtained by assuming that the full core with a burn-up of approximately
200 MWd/t was discharged in 1989, containing 8.8 kg of plutonium and that
the full core was subsequently reprocessed. The North Korean scientists could
have produced additional plutonium over a long period of time by irradiating
natural uranium targets in the IRT. Limitations in fuel availability combined
with effective IAEA safeguards imply that not more than 1 kg of plutonium
could have been produced in the IRT*?; as it turns out, bounds from antineu-
trinos would be similar.

In the 5 MW, reactor, at the time of the first IAEA inspection in 1992, the
burn-up and reactor power were the same for both the extreme cases (see Fig-
ure 4). Therefore, this analysis will include the hypothetical scenario where
antineutrino safeguards were applied before and after the 1989 shutdown.*6
The specific unique capability represented by antineutrino safeguards in this
case derives from the ability to measure the power history and burn-up inde-
pendently, and any mismatch indicates a fuel diversion.
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In the PUREX process for reprocessing, the fission fragments remain in
the aqueous phase and therefore will end up in the waste. Some of these fis-
sion fragments produce antineutrinos above IBD threshold even after a con-
siderable time interval has elapsed. They are referred as long-lived isotopes
(LLI), in particular: strontium-90 with a half-life of 28.9 years (y), ruthenium-
106 with a half-life of 372 days (d), and cerium-144 with a half-life of 285 d.
These three isotopes have large direct fission yields and are accurate tracers of
burn-up. Detecting neutrinos from LLI is a direct method to find reprocessing
wastes or spent fuel and, in principle, also yields an estimate of the amount of
plutonium separated. Given the high penetrating power of antineutrinos, this
method is equally applicable to buried wastes.

Finally, antineutrinos can travel arbitrary distances, and thus an antineu-
trino detector deployed for safeguarding the IRT would also be sensitive to
neutrinos from the 5 MW,, especially during times when the IRT is shut down.
This signal will allow a remote power measurement which can distinguish the
two cases shown in Figure 4.

The Yongbyon 5 MW, Reactor

Sensitivities to power, burn-up, and plutonium content are determined based
on the declared power history. This history is displayed as solid curves in the
various figures in this section. Comparisons are made to a hypothetical unde-
clared core swap to a fresh reactor core during the 70 day shutdown period,
displayed as dashed curves. The difficulty in determining the difference be-
tween the two curves lies in the fact that after 1992, power and burn-up are
the same for both scenarios. After the first inspection, all the fission rates from
the four primary fissioning isotopes are identical with or without diversion.
For the following analyses, a standard 5 t detector at 20 m standoff from the
reactor is used, which for a data taking period of one year corresponds to about
95,000 events.

A power sensitivity computation is first considered. The analysis is done
using the following x2-function

2
X2 — Z n_l() |:<NPth ZFISI’i) - n?:| s (13)
I

i 1

where f is the fission fraction for isotope I, le is the measured number of
antineutrino events in energy bin i, and §;; is the antineutrino yield in energy
bin i for isotope I. Py, is the thermal power and N is a normalization constant.
Moreover, the fission fractions /; are subject to a normalization constraint as
given in Equation (6).

This analysis assumes precise knowledge of the distance from the reac-
tor to the detector and treats them both as points. Any uncertainty in the
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Figure 5: In the left panel, 1o sensitivities to reactor power are shown for varying data
collection periods using a 5 t detector at 20 m standoff from the 5 MW, reactor. Fission
fractions are free parameters in the fit. In the right panel, 1o sensitivities to burn-up are
shown as solid black error bars, where power is a free parameter in the fit. Black dashed error
bars show the 1o sensitivity by measuring the plutonium fission rates with uranium fission rates
and reactor power free in the fit. Solid black error bars show the 1o sensitivity determined by
constraining the burn-up using a reactor model. The solid curve shows the history under the
assumption of no diversion. The dashed curve shows history for the case of a full core
discharge in 1989.

geometric acceptance will directly relate into an uncertainty of the normal-
ization constant, NV, and thus into an uncertainty in the power Py,. Neglecting
this potential source of systematic uncertainty, a power accuracy of around two
percent can be achieved.

A similar analysis can be done for the burn-up, BU, using Equation (13).
Now, Py, is free in the fit and the fission fractions f; are now functions of burn-
up, determined by a reactor core simulation. The results of this analysis are
shown in Figure 5. Burn-up across the history of the reactor has an error of
approximately 100 MWd/t. Closely related to the burn-up is the amount of plu-
tonium in the nuclear reactor. This analysis is done again using Equation (13).
This time, Py, as well as F yaess and F yess are free parameters as well as the
relative contribution of the two plutonium fission rates, «, and the resulting
sensitivities are shown as dashed black lines in the right panel of Figure 5.
Alternatively, one can use the burn-up sensitivity to constrain the plutonium
content as well. After computing burn-up errors, a reactor model is used to
compute the change in plutonium fissions. This is shown as the solid black er-
ror bars. These errors are given both in terms of raw plutonium fissions in the
left panel as well as the corresponding plutonium masses in the right panel.

5 MW, REACTOR POWER MEASUREMENT AT IRT

An additional benefit of having a antineutrino detector at the IRT reactor is
that it would also be sensitive to antineutrinos from the 5§ MW, reactor. Note
that resulting signal rates will be very small and our approximation of ne-
glecting backgrounds is not well justified (see the section on the impact of
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Figure 6: In the left panel events are shown for 200 days of data collection 20 m from the
shut down IRT reactor and 1.2 km from the running 5 MW, reactor. The IRT is assumed to only
contribute to the detected antineutrino spectrum through its lonyg lived isotopes shown as a
dofted line. The 5 MW, reactor is assumed to be running either at the declared 8 MWy,
shown as a solid curve, or at 18 MWy, shown as a dashed curve. The right panel shows the
1o sensitivities to reactor power resulting from this measurement. The solid curve shows the
power history under the assumption of no diversion. The dashed curve shows the power
history if there had been diversion.

backgrounds). This measurement is particularly useful during times when the
IRT is shut down, which happens for approximately 100 days every year.*’ This
will yield two measurement periods of 100 days each for the reactor power of
the 5 MW, reactor during the crucial time, after the 70 d shutdown and before
the first inspection, where the declared power was low, around 8 MWy,, but
would have been as high as 18 MWy,, in order to bring the second core to the
same final burn-up (see Figure 4).

Data collection is assumed to start shortly after an IRT shutdown at a
point where all but the long-lived antineutrino producing isotopes have de-
cayed leaving only the LLI: strontium-90, ruthenium-106, and cerium-144.
This occurs on the order of days. The number of atoms for each of the LLI is:
3.4 x 10?3 for strontium-90, 2.8 x 1022 for ruthenium-106, and 2.5 x 1023 for
cerium-144. As in the previous sections, a 5 t detector is used at 20 m standoff
from the IRT and 1.2 km from the 5 MW, reactor (see Figure 3). Data are col-
lected over two 100 day periods and the detected spectrum is shown in the left
panel of Figure 6. The signal event numbers are small. Thus, the appropriate
Poisson log-likelihood is used to define the x2-function

X = 2; |:nl logZ—§ — (i — n?):| with n; = NPy, XI:FIS“ +LLI;, (14)

where LLI; is the long lived isotope contribution in the bin i. Resulting sensi-
tivities are shown in the right panel of Figure 6. This corresponds to an un-
certainty of about 3.8 MWy, during the periods of interest. The difference in
reactor power for a second core would be detected at 3.2 o.
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WASTE AND SPENT FUEL DETECTION

In addition to directly monitoring reactors, antineutrino detectors can be used
for detection of nuclear waste or spent fuel. With sufficient insight of where
waste might be disposed, a nearby antineutrino detector can see the signa-
ture of LLI, even after years of storage. In contrast to conventional techniques,
heavily shielded or buried material can also be detected. The numbers of atoms
of each of the three primary LLI are 1.2 x 10?4 for strontium-90, 1.4 x 10?2
for ruthenium-106, and 3.7 x 10?2 for cerium-144. These number reflect what
would be expected in the waste (or spent fuel) at the point in time of the first
inspection, roughly three years after the 70 day shutdown. In the following
analysis, it is assumed that the complete core was removed during the 70 day
shutdown and the resulting reprocessing wastes are stored together in one of
three locations: the “suspected waste site,” building 500, or the Radiochemi-
cal Laboratory.*® All three locations are shown in Figure 3. For building 500,
the detector cannot be deployed inside the hatched area, since this facility was
declared to be a military installation exempt from safeguards access.*® The
resulting standoff distances range from 25-100 m.

Due to the low event statistics, a Poisson log-likelihood is used, as in Equa-
tion (14), with the difference that the reactor events from the 5 MW, are now
background and the signal are the LLI;. Only for the smallest standoff around
25 m the signal of 8.9 events per year can be detected, either at the suspected
waste site or the reprocessing plant with reactor backgrounds of 35.3 and 11.8
events per year, respectively. This leads to 95 percent confidence level detection
times of 0.33 and 0.15 years.

In this calculation, all non-reactor sources of background are neglected,
which clearly is not realistic (see the discussions of background impacts in
the correspoding section). Also, the energy of the antineutrinos from LLI
is below 3.6 MeV and therefore a detector which can detect antineutrinos
with nearly full efficiency at the IDB threshold of 1.8 MeV needs to be as-
sumed. This requirement may be in direct conflict with the need to control
backgrounds.

CONTINUOUS REACTOR POWER MONITORING USING
ANTINEUTRINOS

An antineutrino detector present for the lifetime of the reactor would measure
reactor power precisely (see Figure 5) and the declared power would have to
match the measured power at all times and, because the burn-up is the time
integrated thermal reactor power, the burn-up could be inferred from the com-
plete power history. At the same time, a burn-up measurement, in contrast to
an inferred burn-up value, can also be derived from a antineutrino measure-
ment. The diversion scenario that has been considered relies heavily upon the
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ability to adjust the power relative to the declared power so that both the power
and burn-up match at a later time. In the presence of a antineutrino detector,
the difference in burn-up will be frozen between the declared burn-up and the
actual burn-up of the new core. The fact that a antineutrino detector can si-
multaneously measure power, as well as fission fractions, is what allows it to
detect this difference in burn-up. To determine sensitivity to such a situation,
a modified version of Equation 13 is used

2
1 (67 r ?
X2 — Z Z n—ot |:(1 + Cldetector) Pfh ZI: FI(BUt)SI,i - n?ti| + ( detecto ) - (15)
t b

; Odetector

where ¢ is indexing the time interval for each measurement. agetector 1S a detec-
tor normalization parameter with uncertainty ogetector = 1%. Ptth is the average
reactor power in each time bin ¢. f; are the fission fractions which are a func-
tion of the burn-up in each time bin ¢, BU?. The burn-up as a function of time
is given by

t—1

P A

BU! — <Z b t) +BU® (16)
T=1 core

where At is the width of the time bin, BU? the initial burn-up at the start of
data taking and M. the mass of the reactor core in terms of fuel loading. If
this initial burn-up BU is well known, as it would be if data collection began
at start-up, such an analysis greatly reduces the uncertainty in the total plu-
tonium budget. In Table 2, the total error budget is given through the use of
this method, labeled “method 2,” and is shown compared to the results if only
the burn-up but not the power history is measured based on the results of the
previous sections, labeled “method 1.” For method 2, the assumption is that the
reactor starts with a well known composition, that is BU? = 0 and all the P,
are free parameters in the fit. The question is, what is the maximum change
in BU* during the 70 day shutdown. The value of BU” is translated into the
resulting plutonium mass sensitivity by using the reactor model. It is clear
that method 1 is less accurate but does not rely on a continuous observation
whereas method 2 is much more accurate but requires continuous observa-
tion. The 5 MW, reactor plutonium error shown in Table 2 is a combination of
removed plutonium that may have been removed during the 70 day shutdown
and the final plutonium content in the reactor at the 1994 shutdown. The quan-
tities are independent if data are only taken after the first inspection and cor-
related if taken from start-up. The flat burn-up analysis adds a fixed burn-up
to each time bin and the final plutonium error is the final plutonium differ-
ence between the burn-up increased data and the expected data. The power
constrained analysis assumes the starting fuel composition is known and the
burn-up is given by the integration of the power with an assumed one percent
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Table 2: Plutonium conftent and 1o uncertainties are ygiven for two analysis
techniques for the 5 MW, reactor.
. _________________________________________________________________________________________________________|]

Final Method 1, 1o Method 2, 1o
Burn-up Pu  Burn-up Pu Burn-up Pu
Reactor (MWa/t) (kg) (MWd/T) (k9) (MWd/t) (%))
5 MW, from  Core 1 178 8.83 178 9.5¢ N/A
1st inspection Core 2 648 27.7 95 3.29

5 MW, from  Core 1 178 8.83 138(83) 6.68(3.761) 43(1.9) 2.12(0.11)
start-up Core 2 648 27.7 52(66) 1.81(2.30") 6.7(6.9) 0.23(0.24)

5 MW, Core 3 307 14.6 51 2.17 3.2 0.14

5 MW, Core 4 255 12.3 83 2.36 2.7 0.12

*Using uncertainty from Albright and O’Neill, Nuclear Puzzle.
fThese two numbers are anti-correlated with a correlation coefficient of —0.962.

detector normalization uncertainty. The plutonium error is the maximum plu-
tonium difference attainable through power increases and fuel removal (in the
case of the 5 MW, reactor). Values are given for 1o sensitivities for maximiz-
ing the plutonium available for core 1 or core 2 respectively. Parenthesis are
for uncertainties in cores using only data from the respective section. Core 3
and core 4 are additional fuel loads that are irradiated in the 5 MW, reactor
post-1994 and are added for completeness.?°

IMPACT OF BACKGROUNDS

So far in this analysis, backgrounds not related to neutrino emissions have
been neglected. There are reactor related non-neutrino backgrounds, like
gamma rays and neutrons directly from the nuclear reactions inside the reac-
tor, which at a distance of 20 m, outside the reactor building, should not exceed
natural radioactivity. The remaining main backgrounds in inverse beta-decay
detectors are: accidentals, where two uncorrelated events caused by ambient
radiation in the detector accidentally fulfill the delayed coincidence require-
ments in both time and energy; fast neutron induced backgrounds, where a
fast neutron enters the detector without leaving trace and scatters off a pro-
ton, which then is confused with the primary energy deposition of a positron,
and subsequently the neutron thermalizes and captures like a genuine neutron
from inverse beta-decay; 8-n backgrounds, where interaction with cosmic ray
muons produces a short-lived radioactive isotope which decays by beta-delayed
neutron emission, which mimics an antineutrino event. The rate of accidentals
is determined by the rate of ambient radioactive decays. Fast neutrons are a
result of cosmic ray interactions in materials surrounding the detector and
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thus depend on the rate of cosmic ray muons; the same is true for 8-n back-
grounds. Therefore, the measured background rates due to those two sources
have to be scaled from the underground location, where most current antineu-
trino detectors are located, to the surface.’! Using the numbers measured in
the Double Chooz experiment at a depth corresponding to 300 meter water
equivalent (mwe),?? and scaling the problem to a surface deployed detector,
1d-1t"! fast neutron events and 43d-1t~! f-n events are obtained, where one
tonne is assumed to have the composition of CHy. These rates exceed the ac-
cidental rates by a large factor and therefore the accidental backgrounds can
be neglected. This scaling is tested against several data sets from different ex-
periments spanning a depth range from 850-120 mwe and the scaling is found
to be accurate within a factor of two.?®> At very shallow depths of less than
10 mwe, the hadronic component of cosmic radiation is non-negligible and the
scaling is no longer valid. With this caveat in mind, the signal to noise ratio
is between 10:1 to 2:1 for the direct reactor measurement at the 5SMW, reactor
and the IRT. On the other hand, for the IRT parasitic measurement and the
waste detection, the background is several hundred to thousand times larger
than the signal. Clearly, very significant advances in detector technology are
needed to move these secondary measurements into the realm of the feasible.
The required rejection factor can be reduced significantly by providing a mod-
erate overburden of 10-20 mwe, which, in principle, can be engineered into the
detector support structure.

Fortunately, there is a significant on-going experimental effort in several
countries to address the R&D for antineutrino detectors with greatly improved
background rejection. These initiatives are motivated by the search for a new
particle called a sterile neutrino through the use of antineutrinos from re-
actors with detectors placed within meters of the reactor core.’* The close
proximity to a reactor core results in a high-background environment which
can include a significant flux of fast neutrons and high-energy gamma-rays
from the reactor itself. Almost all reactor sites under consideration offer only
very minimal overburden of 10 mwe or less. Therefore, these experiments face
essentially the same magnitude of problems in terms of signal to noise con-
ditions as safeguards detectors would under the conditions outlined in this
article.5?

TIMELINE OF EVENTS UNDER FULL ANTINEUTRINO SAFEGUARDS

The events in 1994 put a premium on understanding the actual history of
the North Korean plutonium program and thus actual methods, not relying
on antineutrinos, were devised. The basic concept of these methods is to map
out the three dimensional burn-up distribution inside the reactor core.’® One
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possibility is to sample about 300 out the of about 8000 fuel rods and to mea-
sure their gamma-emission from mostly cesium-137, which is a good proxy
for burn-up. According to an expert from Los Alamos National Laboratory
who was closely involved in the 1994 DPRK issue, this technique would
provide burn-up errors below five percent if good quality calibration data
existed.?’

Another method is based on sampling the reactor graphite and measuring
the isotope ratios of certain trace elements to reconstruct a three dimensional
map of neutron fluence. This graphite isotope ratio method (GIRM) was first
proposed by Fetter in 1993% and subsequently developed in considerable de-
tail at Pacific Northwest National Laboratory. The overall accuracy is expected
to be in the 1 to 5 percent range.?® The accuracy of neutrino measurements
falls in the same general range as those achievable by conventional means.
A marked difference is the level of intrusiveness, which in descending order
goes from GIRM, which requires drilling sizable holes into the moderator; to
the sampling of spent fuel, which requires considerable access during refuel-
ing; and then to antineutrino monitoring, which only requires access to the
exterior of the reactor building. Also, antineutrinos are the only method pro-
viding information on the scale of weeks concurrent with reactor operation, a
significant advantage in the context of break-out scenarios.

Based on the quantitative results and the time-line of events in 1994 the
following scenario may have been put into effect:

e The IRT is under full antineutrino safeguards with a dedicated 5 tonne
detector from 1978 on, which is located outside the IRT reactor building at
the southern wall.

e The 5 MW, is under full antineutrino safeguards with a dedicated 5 tonne
detector from May 1992 on, which is located outside the 5 MW, reactor
building at the western wall.

e A search for antineutrino emissions from the reprocessing waste was initi-
ated in November 1992. Three 5 tonne detectors are deployed: one at the
reprocessing plant; one at the suspected waste site, located above the cen-
ter of the waste site; and one at building 500, located right outside the
southern fence.

This scenario is fully consistent with the actual safeguards access the
TAEA had and, in particular, all detector deployment locations reflect actual
physical access. As a result, the detectors at the IRT and 5 MW, have a stand-
off of 20 m, the detectors at the suspected waste site and reprocessing plant
have a distance of 25 m, and the one at the building 500 has a standoff dis-
tance of 80 m.
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Furthermore, we assume that in 1989 the DPRK discharged the complete
first core, which seems to be corroborated by the declaration of the DPRK
in 2008 that it possessed 30 kg of plutonium.®® After reprocessing of the
spent fuel, the waste was stored somewhere in the reprocessing plant.6! Fi-
nally, it is assumed that the burn-up declared by the DPRK in 1992 is indeed
correct.52

The first relevant piece of data would be obtained by the IRT detector dur-
ing periods when the IRT is shut down, about 100 days out of each year. The
antineutrino signal stemming from the operation of the 5§ MW, is clearly de-
tectable at this detector location and provides a measurement of reactor power.
In 1989, this signal would have been recorded. Soon after the DPRK had sub-
mitted its initial declaration to the IAEA, in May 1992, these data would have
resulted in a discrepancy which, in combination with the results from environ-
mental sampling would have led to the conclusion that a large amount of pluto-
nium had been separated in 1989. This measurement has a sensitivity which
corresponds to 2.55 kg plutonium. Taking 4 kg of plutonium as the quantity
needed for a nuclear bomb,?3 this result translates into a 12:13 confidence that
the DPRK has at least enough plutonium for one bomb.

In November of 1993, after a year of data collection, the detectors at the
suspected waste site would not have found anything nor would the detector
at building 500. The detector at the reprocessing plant would have shown the
presence of high-level radioactive waste% (or spent fuel), corresponding to a
plutonium accuracy of 1.67 kg. Moreover, with high confidence it would have
been known that enough plutonium for one weapon was processed (or at least
removed from the reactor). Six months later, in May 1994, the 5 MW, detector
would have confirmed the burn-up declaration of the DPRK with an accuracy
of 15 percent. In combination, these results would have implied a 56 percent
chance of there being enough plutonium for two or more bombs.

Overall, had the DPRK allowed the detectors to be installed and operated,
antineutrino safeguards would, in the scenario considered, have changed the
state of information significantly. The existence of a separate first core would
have been established with very high confidence and the fact that this core was
reprocessed (or had been moved to the reprocessing facility) would have been
known with very high confidence. It would have been known, with very high
confidence, that at least enough plutonium for one bomb has been separated.
There would have been some indication that there could be enough separated
plutonium for two bombs; and all of this information would have been available
by the end of 1993.

There are many arguments which can be levied against the scenario
described in the preceding paragraphs. On the technical side, antineutrino
detectors which achieve the required level of background rejection did not
exist in the 1990s and do not exist now, at least not with demonstrated
capabilities.
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CONCLUSION

Antineutrino reactor monitoring offers unique capabilities which seem to make
this method, as proposed more than 30 years ago, a useful tool for safeguards.
Also, antineutrino detectors have been continually refined since the days of
Cowan and Reines and can be considered a mature technology. Given the
mechanisms of antineutrino production and detection, antineutrino safeguards
provide bulk measurements of reactor core parameters like power or burn-up.
This is to be contrasted with the current safeguards approach which largely
relies on item accountancy and, in particular, neither power nor fuel burn-up
are routinely measured by the IAEA% or verified through independent calcu-
lations for any reactor.

Using the 1994 North Korean nuclear crisis as a virtual laboratory, it was
shown that antineutrino reactor monitoring could enable the IAEA to detect
unreported plutonium production or to infer the diversion of declared pluto-
nium at the one significant quantity level, i.e., 8 kg of plutonium within 90 days
at 90 percent confidence level at light-water moderated reactors producing less
than 1 GWy, power and at heavy-water moderated reactors producing less than
0.1 GWy, power. Antineutrino-based safeguards allow conclusions about the
plutonium content of a reactor core and the detection of potential diversion, to
be drawn in a timely fashion, whereas conventional methods provide the infor-
mation only after the fact, once the reactor is shut down and defueled. For all
of these applications, antineutrino detectors have to work with minimal or no
overburden and the lower the residual background is, the more versatile the
resulting system will be.

To conclude, the results presented in this article suggest that antineu-
trino safeguards would be relevant and an interesting choice to monitor var-
ious types of research reactors and for most of the planned commercial small
modular reactors. For the same reasons, the Arak heavy-water reactor, located
in the Islamic Republic of Iran, could be an ideal test bed for antineutrino
safeguards.
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