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Nuclear reactor safeguards and monitoring with antineutrino detectors
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Cubic-meter-sized antineutrino detectors can be used to non intrusively, robustly, and automatically
monitor and safeguard a wide variety of nuclear reactor types, including power reactors, research
reactors, and plutonium production reactors. Since the antineutrino spectra and relative yields of
fissioning isotopes depend on the isotopic composition of the core, changes in composition can be
observed without ever directly accessing the core itself. Information from a modest-sized
antineutrino detector, coupled with the well-understood principles that govern the core’s evolution
in time, can be used to determine whether the reactor is being operated in an illegitimate way. A
group at Sandia is currently constructing a 1 m3 antineutrino detector at the San Onofre reactor site
in California to demonstrate these principles. ©2002 American Institute of Physics.
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I. INTRODUCTION

Reactor safeguards regimes, such as the regime im
mented by the International Atomic Energy Agency~IAEA !
in accordance with the Nonproliferation Treaty~NPT!, are
intended to detect illicit or suspicious uses of these faciliti
Depending on the regime, examples of illicit use could
clude unauthorized changes in the rate of plutonium prod
tion within a reactor, a reduction in the level of irradiation
fuel to facilitate later removal of fissile material, or as in t
case of IAEA safeguards, the actual diversion of fissile m
terial from the reactor.

Safeguards monitoring systems are currently in plac
about half of the world’s power reactors, and at hundreds
research reactors worldwide.1 In large part, these reactors a
now safeguarded by indirect means that do not involve
direct measurement of the fissile isotopic content of the
actor, but instead consist primarily of semiannual or ann
inspections of coded tags and seals placed on fuel as
blies, and measures such as video surveillance of spent
cooling ponds. When direct measurements do take pl
they are implemented offline, before or after fuel is intr
duced into the reactor. These may include the counting
fuel bundles or the checking of the enrichment of rand
samples of fresh or spent fuel rods.

The technique described here differs from these meth
in a fundamental way: it provides real-time quantitative
formation about the reactor core power and its isotopic co
position, from well outside the core, while the reactor is o
line. The advantages of using antineutrinos for reac
safeguards and monitoring include the availability of re
time information on the status of the core, a possible

a!Author to whom correspondence should be addressed; electronic
abernst@sandia.gov
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crease in the time to detection of unauthorized use or div
sion of fissile material, less intrusiveness, and simplifi
operations from the standpoint of both the reactor opera
and the safeguards agency.

While the very small antineutrino interaction cross se
tion represents a basic limitation in the applications d
cussed here, we will show that, in the specific area of rea
safeguards, a conventional detector with an active volum
about 1 m3 placed in the vicinity of the core~tens of meters!
can provide useful, high-statistics data to supplement or p
vide an alternative to present monitoring techniques. T
wealth of activity in the field of neutrino physics in rece
years provides us with well-proven, reliable detection te
niques.

II. GOALS FOR IAEA AND OTHER SAFEGUARDS
REGIMES

The IAEA safeguards regime, implemented as part of
NPT, is the most widespread and important of existing sa
guards regimes. IAEA safeguards seek to establish wheth
‘‘significant quantity’’ of fissile material has been diverte
with the ‘‘conversion time.’’ The definition of significan
quantity of material depends on the isotope and its phys
form, and provides a rough measure of the amount of m
rial needed to manufacture a nuclear weapon. The con
sion time is the IAEA estimate of the time it would take
manufacture an actual weapon, taking into account the ph
cal form of the fissile material in question. For plutonium
partially irradiated or spent fuel as found in reactor cores,
conversion time is approximately 1–3 months, and the s
nificant quantity is 8 kg. Antineutrino detection using curre
technology can approach these goals for reactors.
il:
2 © 2002 American Institute of Physics
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Though presently not applied, perhaps for lack of e
abling technologies, it is easy to envision additional use
goals for reactor safeguards that could enhance IAEA
other regimes. Examples include direct monitoring of t
rate of production of fissile material or the degree of irrad
tion ~‘‘burnup’’ ! of fuel. The utility of the former measure
ment lies in ensuring that fissile material is not produced
rate greater than specified in a safeguards agreement. T
ing changes in burnup rates is also useful, since redu
burnup can facilitate recovery of fissile material~albeit usu-
ally at the expense of a reduction in the amount of fiss
material available for recovery!. Antineutrino detection of-
fers a unique, nonintrusive, real-time method for accompli
ing these goals.

III. RANGE OF APPLICATION

There were 438 operating power reactors worldwide
the end of 2000.2 Most are light water reactors~LWRs! fu-
eled with low-enriched uranium~LEU!. About 50 are heavy
water reactors fueled with natural uranium, primarily of t
Canadian deuterium uranium~CANDU! design. Both types
of reactors have power ratings ranging from several hund
to about 3000 MW. There are also about 600 research r
tors worldwide, with great variations in fueling, power ra
ings, and overall design. Most power reactors and many
search reactors have high enough power and t
antineutrino flux to be amenable to safeguarding with
tineutrino detectors.3

The design of particular antineutrino safeguards sys
will vary according to the reactor power rating, refuelin
strategy, physical infrastructure, and other factors. For
ample, an independent power measurement may be req
to fully exploit the antineutrino signature as a safeguards
in some cases. Reactors that are refueled online, suc
CANDUs, can be continuously monitored for unusu
changes in the antineutrino count rate. Additional inform
tion about startup parameters might be needed to gauge
significance of such changes for offline-refueled react
such as LWRs.

IV. REACTOR SAFEGUARDS WITH ANTINEUTRINO
DETECTORS

As a reactor core proceeds through its irradiation cyc
the mass of each isotope varies in time. Initially, only u
nium is consumed by fission. As the cycle proceeds, plu
nium gradually builds up and begins to fission as well. In
course of 1 year or more, the total fissile inventory is slow
reduced until the reactor must be refueled. Hence the rela
fission rates of the isotopes vary significantly throughout
reactor cycle, even when constant power is maintained.

Antineutrino emission in nuclear reactors arises from
b decay of neutron-rich fragments produced in heavy e
ment fissions. Over the last two decades, many preci
measurements and calculations of theb spectra have bee
performed4–9 in support of neutrino oscillation experimen
which, in turn, have directly measured reactor antineutr
spectra. Current experiments have reached accuracies
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few percent on the absolute antineutrino measurement,~in-
cluding both reactor flux uncertainties and detector syste
atics!.

In general, the average fission is followed by the prod
tion of about six antineutrinos that emerge from the co
isotropically and without attenuation. A common choice f
detection is the~relatively! high probability inverseb decay
reaction:

n̄e1p→e11n. ~1!

Here the antineutrinon̄ interacts with free protonsp
present in the detection material. The neutronn and positron
e1 are detected in close time coincidence, providing a d
signature that is robust with respect to the backgrounds
generally occur at the few MeV energies characteristic
these antineutrinos. In addition to the antineutrino flux, re
tion ~1! allows also measurement of the antineutrino ene
as

En̄5Ee2M p1Mn1me1OS me

M p
D , ~2!

whereEn̄ is the antineutrino energy,Ee is the positron kinetic
energy,M p , Mn , andme are the proton, neutron, and ele
tron masses, respectively, andO(me /M p) are terms of order
me /M p that account mainly for the nuclear recoil. The rea
tion in Eq. ~1! has an energy-dependent cross section an
threshold of;1.81 MeV.

Figure 1 shows the energy spectrum of fission antineu
nos, folded with the energy-dependent detection cross
tion of Eq. ~1! for the two most important fissile elemen
239Pu and235U. Because of the spectral differences betwe
these elements, the totaln̄ rate measured in the 2–8 MeV
range will change significantly as a function of time, even
constant power. This rate is shown in Fig. 2 for a LEU-fuel
reactor~2.7% enriched uranium! along with the individual
rates for239Pu and235U. ~Of course, only the total rate is
actually measured by a detector!. The antineutrino rate is
fixed by the initial enrichment and the neutron flux in th

FIG. 1. The detectedn̄ relative energy spectra. Relative energy spectra on̄
produced by the fission of239Pu and 235U, multiplied by the energy-
dependent cross sectionsn̄ . The reaction threshold is;1.81 MeV.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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reactor. The latter quantity is adjusted with control rods a
soluble neutron poisons to regulate criticality and maint
thermal power levels~here assumed constant!. Though not
shown here, contributions from other isotopes such as238U
and241Pu can be accurately accounted for and do not cha
our results. Similar results are also obtained with diverse
and reactor types.

As a rough figure of merit, for the reactor simulate
here, a switch of a given weight percentage of plutonium
the core to uranium~relative to total fissile content! induces
a change in the antineutrino count rate of about half t
percentage. Thus, in the largest commercial power reac
where the fissile content is approximately 3000 kg, a m
surement accuracy on the antineutrino count rate at be
the percent level is required to detect diversion of an IA
significant quantity of 8 kg of plutonium within the 1–
month conversion time for unseparated plutonium. Sma
commercial reactors, and research and plutonium produc
reactors may have fissile inventories 5–10 times smalle
less, so that removal of a significant quantity of plutoniu
would require sensitivity to only a several percent change
fissile content.

V. DETECTOR SIZES AND EXPECTED RATES

The detection of MeV-energy antineutrinos via reacti
~1! has been standard in nuclear physics since the early
periments leading to the discovery of the neutrino.10 Over the
past 45 years many detectors have been optimized and
in order to reduce backgrounds in very large fiducial mas
and to improve the precision of the measurements. Mod
detectors, such as Chooz11 and Palo Verde12 have fiducial
masses of several tons and have run for a few years with
detector-related systematic errors on the antineutrino co
rate as low as 1.5%. Without being explicitly designed
the purpose, these detectors have run unattended for w
There are few apparent obstacles to unattended operatio
months or longer, as would be desirable for safeguards
monitoring purposes. Active media are organic scintillat
based on solvents such as trimethylbenzene or isopropyl
zene mixed with paraffin oils, with very good time stabilit
compatibility with plastic hardware, and modest health h

FIG. 2. The antineutrino event rate as a function of time. The relative rat
n̄ events for 239Pu, 235U, and the sum of both, as a function of time, f
a representative LEU fueled power reactor.
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ards. For the small-sized detectors needed for nuclear s
guards it is possible to use completely biocompatible scin
lators based on phenylxylylethane or di-isopropylnapthale
or to use blocks of solid plastic scintillator.

In the process Eq.~1! the ionization signal from thee1

and its annihilation is followed by neutron capture providin
as mentioned, a delayed coincidence that substantially
duces backgrounds. The neutron capture time is 170ms in
simple organic scintillators, where the dominant process
n1p→d1g(2.2 MeV!.

Lower backgrounds can be achieved by doping the s
tillators with elements having large neutron capture cr
sections, such as Gd, Cl, or Li. Scintillators loaded w
0.1% Gd11,12 have a tight time coincidence~30 ms! and a
higher energy~;8 MeV! capture signature.

Using the well-known cross section for Eq.~1! we can
estimate the antineutrino event rate in a 1000 kg mass
scintillator at a distance 24 m from the core of a 3.4 G
power reactor. The detector standoff distance will of cou
differ depending on the reactor site: the example here is
distance of a detector now under construction at the
Onofre nuclear reactor in Southern California. Other react
may have shorter standoff distances. We obtain an interac
rate of 6850 per day and, using a 40% detection efficie
extracted from Monte Carlo simulations, we are left with
measured count rate of 2740 events per day. Our efficie
estimate is consistent with that reported for real homo
neous detectors.11

As shown in Fig. 3, a practical detector could consist
a 1 m3 of liquid scintillator contained in an acrylic vessel. T
simplify the readout, light from primary scintillation coul
be absorbed in wavelength shifting plates and re-emitted~at
longer wavelengths! so that full collection can be achieve
with a few photomultiplier tubes~PMTs!. In our simulation a
respectable light yield of;150 photoelectrons/MeV is ob
tained with four 5 in. PMTs. The antineutrino detection vo
ume can be sufficiently isolated from external gammas
neutrons using a;50 cm thick layer of water or borate
polyethylene. A plastic scintillator envelope, similar in sha
to the wavelength shifters, can be used to identify and re
cosmic rays crossing the detector.

Very accurate predictions of the efficiency and bac
grounds in this type of detector can be obtained using sim
lation packages such asGEANT13 together withGFLUKA14

~hadronic interactions! andGCALOR15 ~n transport!. With the
few-meter concrete shielding from the reactor reducing a
ficial neutron backgrounds to ambient levels, we find that

of
m

FIG. 3. A representative antineutrino detector for safeguards. T
schematic view does not show passive shielding and external veto coun
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Downloaded 10 M
TABLE I. The probability that the indicated change in Pu inventory will be detected by a 1 tondetector, at 10
m standoff from a 3 GW reactor, within the indicated period of time. The IAEA goal is the detection of 8 k
Pu in 1–3 months with a 95% probability.

Fissile
Inventory
~kg!

Amount of Pu
Diverted

~kg!

Probability of detection within the indicated
number of days

30 days 60 days 90 days

2700 8 0.82 0.92 0.998
2700 30 .0.999 .0.999 .0.999
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main background arises from cosmic-muon induced spa
tion neutrons that present the same time coincident signa
as the antineutrino events. For a 20 meter overhead con
cosmic-ray shielding this background is estimated at 140
day, or about 5% of the signal. Random coincidences og
rays ~and neutrons! from natural radioactivity contribute a
much lower rate and are neglected here. Finally, in m
plants there are clusters of more than one reactor and hen
‘‘background’’ will arise from the antineutrinos coming from
adjacent reactors. In general for multiple reactor plants
distance between different cores is on the order of 100 m
more, so that this background is small, and can in any c
be directly measured by placing an antineutrino detector n
each core.

Present low-energy antineutrino detectors have reac
accuracies on the absolute efficiency of better than 2.5%16

Much of this uncertainty vanishes for relative measureme
such as needed for many of the safeguard goals of inte
here. Statistical error scales with timet as 1/At, so that for
10 000 events per day,~achievable with a cubic meter dete
tor about 10 meters from the core of a 3 GWpower reactor!
1% statistical accuracy is reached with a day of data
0.1% in 100 days.

VI. EXAMPLES OF SPECIFIC SAFEGRARDS
APPLICATIONS

We now consider an example of how to detect the
moval of fissile material from a core using an antineutri
measurement. We will rely on the changes in antineutr
rate occurring when Pu-bearing fuel assemblies are repla
with fresh fuel. For concreteness we assume a core with
of its fuel assemblies containing fresh LEU, 1/3 containi
fuel irradiated for 18 months, and 1/3 containing fuel irra
ated for 36 months, as is typical immediately after refuel
in a reactor that has reached its equilibrium operating mo
Thus, in this case, even the initial core has significant
content. On the 250th day of reactor operation, fuel ass
blies containing 8 or 30 kg of plutonium are diverted a
replaced with fresh fuel assemblies. We chose a simple n
parametric hypothesis test, designed for sensitivity to s
tematic shifts in data from an expected mean,17 to calculate
the probability that the measured antineutrino rate disag
with the rate predicted by a precise core simulation~assum-
ing no diversion! after a given period of time. Disagreeme
is taken as evidence that diversion has occurred. The
ample here was derived assuming a 1 ton detector at 10 m
standoff distance from a 3 GWpower reactor. The results ar
shown in Table I: with this choice of hypothesis test and
ay 2002 to 171.64.58.154. Redistribution subject to A
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of assumptions, diversion could be detected after abou
months of data taking.

In this example, only the difference between the a
tineutrino count rate at startup and on subsequent day
measured. This reduces systematic errors but assumes
the initial fuel loading and fission rate in the reactor a
precisely known and provided by independent means. De
ing the fission rate from the absolute antineutrino count r
itself is of course also possible, but introduces the few p
cent systematic biases already mentioned. Another limita
of the method derives from the fact that gathering of sta
tics can occur only when the reactor is critical. In practic
criticality is maintained during refueling only in so-calle
‘‘on-line refueled’’ reactors. In the more common off-lin
refueled reactor, a prolonged shutdown would have the ef
of delaying the application of our test for detecting diversi
since for example, diversion could occur at the beginning
a 1 month long shutdown, while the antineutrino measu
ment does not commence until startup.

Antineutrino detection can also be used as a nonintrus
way to meet the other goals mentioned earlier, such as
tecting gross changes in reactor power levels or change
fuel design. A reactor operator seeking to acquire plutoni
for weapons could choose to increase the reactor po
thereby increasing the plutonium production rate. Altern
tively, a hypothetical divertor of material might seek to f
cilitate plutonium recovery at the expense of production r
by lowering the reactor power level. Finally, an opera
could increase the plutonium production rate by adding f
with an increased fraction of U-238, adjusting other reac
operating parameters to preserve criticality and the gr
power level. All of these diversion strategies are detecta
at some level, through measurement of antineutrinos. Tak
as an example the first and simplest case of increased p
levels, consider a 10 MW tank-type heavy water resea
reactor fueled with natural uranium fuel, similar in design
the Japanese JRR-3 reactor.18 This reactor produces about
kg of fissile plutonium per year. A 44 MW reactor with th
same fuel and similar design, such as the German FR-2
actor, produces about five times as much plutonium per y
we can imagine that a reactor of the first type would
covertly run at the power levels of the second and the exc
plutonium used for weapon production. For such resea
reactors with transverse dimensions of 1 m or so, the dete
could be located as close as 10 m from the core, so tha~in
this example! the increased power would change the absol
antineutrino rate from 50 to about 220 per day, providi
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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clear evidence for a change in operations without intrus
inspection of the reactor.

VII. CONCLUSIONS

Our analysis shows that antineutrino detection ho
considerable promise as a tool for monitoring many types
nuclear reactors. The potential applicability of the meth
extends to hundreds of reactors worldwide. The advance
design and operation of low-energy antineutrino detect
together with the experience accumulated in predicting re
tor antineutrino energy spectra make the technique sim
inexpensive, and reliable. These important features will
demonstrated by a pilot detector which Sandia Natio
Laboratories’ California branch is now installing at the S
Onofre reactor in California.
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