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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 construgfia 1 n# 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 crease in the time to detection of unauthorized use or diver-
) ) ~ sion of fissile material, less intrusiveness, and simplified
Reactor safeguards regimes, such as the regime implgperations from the standpoint of both the reactor operator
mented by the International Atomic Energy AgentiEA) and the safeguards agency.
in accordance with the Nonproliferation TreayPT), are While the very small antineutrino interaction cross sec-
intended to detect illicit or suspicious uses of these facilitiesijg, represents a basic limitation in the applications dis-
Depending on _the regime, e>_(amples of illicit use could in-¢;ssed here, we will show that, in the specific area of reactor
clude unauthorized changes in the rate of plutonium producsatequards, a conventional detector with an active volume of
tion within a reactor, a reduction in the level of irradiation of g5t 1 i placed in the vicinity of the coréens of meters
fuel to facilitate later removal of fissile material, or as in the .5, provide useful, high-statistics data to supplement or pro-
case of IAEA safeguards, the actual diversion of fissile mayige an alternative to present monitoring techniques. The
terial from the reactor. wealth of activity in the field of neutrino physics in recent

Safeguards monitoring systems are currently in place &jears provides us with well-proven, reliable detection tech-
about half of the world’s power reactors, and at hundreds o iques.

research reactors worldwiddn large part, these reactors are

now safeguarded by indirect means that do not involve the

direct measurement of the fissile isotopic content of the re-

actor, but instead consist primarily of semiannual or annuah_ GOALS FOR IAEA AND OTHER SAFEGUARDS

inspections of coded tags and seals placed on fuel asselpggiMES

blies, and measures such as video surveillance of spent fuel

cooling ponds. When direct measurements do take place, The IAEA safeguards regime, implemented as part of the

they are implemented offline, before or after fuel is intro- NPT, is the most widespread and important of existing safe-

duced into the reactor. These may include the counting ofuards regimes. IAEA safeguards seek to establish whether a

fuel bundles or the checking of the enrichment of randontsignificant quantity” of fissile material has been diverted

samples of fresh or spent fuel rods. with the “conversion time.” The definition of significant
The technique described here differs from these methodguantity of material depends on the isotope and its physical

in a fundamental way: it provides real-time quantitative in-form, and provides a rough measure of the amount of mate-

formation about the reactor core power and its isotopic comrial needed to manufacture a nuclear weapon. The conver-

position, from well outside the core, while the reactor is on-sjon time is the IAEA estimate of the time it would take to

line. The advantages of using antineutrinos for reactomanufacture an actual weapon, taking into account the physi-

safeguards and monitoring include the availability of real-cal form of the fissile material in question. For plutonium in

time information on the status of the core, a possible departially irradiated or spent fuel as found in reactor cores, the

conversion time is approximately 1-3 months, and the sig-

aAuthor to whom correspondence should be addressed; electronic maiRificant quantity is 8 kg. Antineutrino detection using current
abernst@sandia.gov technology can approach these goals for reactors.
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Though presently not applied, perhaps for lack of en- # * : ' ' ; '
abling technologies, it is easy to envision additional useful
goals for reactor safeguards that could enhance IAEA or
other regimes. Examples include direct monitoring of the
rate of production of fissile material or the degree of irradia-
tion (“burnup”) of fuel. The utility of the former measure-
ment lies in ensuring that fissile material is not produced at a %’?
rate greater than specified in a safeguards agreement. Tracl x.
ing changes in burnup rates is also useful, since reducinngj% o
burnup can facilitate recovery of fissile materialbeit usu- -
ally at the expense of a reduction in the amount of fissile
material available for recoveryAntineutrino detection of-
fers a unique, nonintrusive, real-time method for accomplish-
ing these goals.

{arbitrary units)

o
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IIl. RANGE OF APPLICATION

. . FIG. 1. The detected relative energy spectra. Relative energy spectrE of
There were 438 operating power reactors worldwide abroduced by the fission of*Pu and 2%, multiplied by the energy-

the end of 2008.Most are light water reactord WRs) fu-  dependent cross sectiar,. The reaction threshold is 1.81 MeV.

eled with low-enriched uraniurfLEU). About 50 are heavy

water reactors fueled with natural uranium, primarily of the

Canadian deuterium uraniutf€ANDU) design. Both types few percent on the absolute antineutrino measurengemt,

Of reactors have power ra‘[ings ranging from severa' hundregluding both reactor flux uncertainties and detector SyStem-
to about 3000 MW. There are also about 600 research reaédics.

tors worldwide, with great variations in fueling, power rat-  In general, the average fission is followed by the produc-
ingS, and overall design_ Most power reactors and many ré.ion of about six antineutrinos that emerge from the core
search reactors have high enough power and thuisotropically and without attenuation. A common choice for
antineutrino flux to be amenable to safeguarding with andetection is therelatively) high probability inverseg decay
tineutrino detectors. reaction:

The design of particular antineutrino safeguards system
will vary according to the reactor power rating, refueling o
strategy, physical infrastructure, and other factors. For ex- Here the antineutrinas interacts with free protong
ample, an independent power measurement may be requir@iesent in the detection material. The neutnoand positron
to fully exploit the antineutrino signature as a safeguards tooé* are detected in close time coincidence, providing a dual
in some cases. Reactors that are refueled online, such a®&nature that is robust with respect to the backgrounds that
CANDUs, can be continuously monitored for unusualgenerally occur at the few MeV energies characteristic of
changes in the antineutrino count rate. Additional informa-these antineutrinos. In addition to the antineutrino flux, reac-
tion about startup parameters might be needed to gauge thien (1) allows also measurement of the antineutrino energy
significance of such changes for offline-refueled reactoras
such as LWRs.

vetp—et+n. 1)

E;=Ee—Mp+M,+m+0

m
IV. REACTOR SAFEGUARDS WITH ANTINEUTRINO . . . . . o
DETECTORS whereE; is the antineutrino energi, is the positron kinetic
energy,M,, M,, andm, are the proton, neutron, and elec-
As a reactor core proceeds through its irradiation cycletron masses, respectively, aBdm./M ) are terms of order
the mass of each isotope varies in time. Initially, only ura-me/M, that account mainly for the nuclear recoil. The reac-
nium is consumed by fission. As the cycle proceeds, plutotion in Eq. (1) has an energy-dependent cross section and a
nium gradually builds up and begins to fission as well. In thethreshold of~1.81 MeV.
course of 1 year or more, the total fissile inventory is slowly  Figure 1 shows the energy spectrum of fission antineutri-
reduced until the reactor must be refueled. Hence the relativeos, folded with the energy-dependent detection cross sec-
fission rates of the isotopes vary significantly throughout theion of Eqg. (1) for the two most important fissile elements
reactor cycle, even when constant power is maintained.  23%Pu and?*®U. Because of the spectral differences between
Antineutrino emission in nuclear reactors arises from thethese elements, the total rate measured in the 2—-8 MeV
B decay of neutron-rich fragments produced in heavy elerange will change significantly as a function of time, even at
ment fissions. Over the last two decades, many precisiononstant power. This rate is shown in Fig. 2 for a LEU-fueled
measurements and calculations of {Bespectra have been reactor(2.7% enriched uraniualong with the individual
performed=° in support of neutrino oscillation experiments rates for?*®u and®*®U. (Of course, only the total rate is
which, in turn, have directly measured reactor antineutrinaactually measured by a detegtofhe antineutrino rate is
spectra. Current experiments have reached accuracies offized by the initial enrichment and the neutron flux in the
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months ards. For the small-sized detectors needed for nuclear safe-

FIG. 2. The antineutrino event rate as a function of time. The relative rate oguards it is possible to use completely biocompatible scintil-
v events for 239Pu, 235U, and the sum of both, as a function of time, fronjators based on phenylxylylethane or di-isopropylnapthalene,
a representative LEU fueled power reactor. or to use blocks of solid plastic scintillator.

In the process Eq.l) the ionization signal from the™*

reactor. The latter quantity is adjusted with control rods and®nd its annihilation is followed by neutron capture providing,
soluble neutron poisons to regulate criticality and maintair?S Mentioned, a delayed coincidence that substantially re-
thermal power levelghere assumed constanThough not ~ duces backgrounds. The neutron capture time is AS0n
shown here, contributions from other isotopes suck%is simple organic scintillators, where the dominant process is
and?*Pu can be accurately accounted for and do not chang®® P—d+ ¥(2.2 MeV).

our results. Similar results are also obtained with diverse fue| -OWer backgrounds can be achieved by doping the scin-
and reactor types. tillators with elements having large neutron capture cross

As a rough figure of merit, for the reactor simulated sections, such as Gd, CI, or Li. Scintillators loaded with
1] 1’12 B - - .
here, a switch of a given weight percentage of plutonium ir0-1% Gd™* have a tight time coincidence80 us) and a
the core to uraniuntrelative to total fissile contentnduces ~Mgher energy~8 MeV) capture signature.
a change in the antineutrino count rate of about half this USing the well-known cross section for EQ) we can

percentage. Thus, in the largest commercial power reactofStimate the antineutrino event rate in a 1000 kg mass of

where the fissile content is approximately 3000 kg, a mea_scintillator at a distance 24 m from the core of a 3.4 GW

surement accuracy on the antineutrino count rate at beloower reactor. The detector standoff distance will of course

the percent level is required to detect diversion of an IAEAIfer depending on the reactor site: the example here is the
significant quantity of 8 kg of plutonium within the 1-3 distance of a detector_now under co_nstrqctlon at the San
month conversion time for unseparated plutonium. Smallenofre nuclear reactor in Squthern Cahfornla.. Othe_r reactqrs
commercial reactors, and research and plutonium productioff@ have shorter standoff distances. We obtain an interaction
reactors may have fissile inventories 5-10 times smaller ofat€ of 6850 per day and, using a 40% detection efficiency
less, so that removal of a significant quantity of plutonium&xtracted from Monte Carlo simulations, we are left with a
would require sensitivity to only a several percent change idneasured count rate of 2740 events per day. Our efficiency
fissile content. estimate is consistent with that reported for real homoge-
neous detectors.

As shown in Fig. 3, a practical detector could consist of
a 1 n? of liquid scintillator contained in an acrylic vessel. To

The detection of MeV-energy antineutrinos via reactionsimplify the readout, light from primary scintillation could
(1) has been standard in nuclear physics since the early exe absorbed in wavelength shifting plates and re-emitiéd
periments leading to the discovery of the neutrif@ver the  longer wavelengthsso that full collection can be achieved
past 45 years many detectors have been optimized and builtith a few photomultiplier tube&PMTs9). In our simulation a
in order to reduce backgrounds in very large fiducial massegespectable light yield of~-150 photoelectrons/MeV is ob-
and to improve the precision of the measurements. Modertained with four 5 in. PMTs. The antineutrino detection vol-
detectors, such as Chddzand Palo Verd®¥ have fiducial ume can be sufficiently isolated from external gammas and
masses of several tons and have run for a few years with totaleutrons using a-50 cm thick layer of water or borated
detector-related systematic errors on the antineutrino courgolyethylene. A plastic scintillator envelope, similar in shape
rate as low as 1.5%. Without being explicitly designed forto the wavelength shifters, can be used to identify and reject
the purpose, these detectors have run unattended for weeksismic rays crossing the detector.
There are few apparent obstacles to unattended operation for Very accurate predictions of the efficiency and back-
months or longer, as would be desirable for safeguards angkrounds in this type of detector can be obtained using simu-
monitoring purposes. Active media are organic scintillatordation packages such aseanT'® together with GFLUKA
based on solvents such as trimethylbenzene or isopropylbefhadronic interactionsand GCALOR'® (n transport. With the
zene mixed with paraffin oils, with very good time stability, few-meter concrete shielding from the reactor reducing arti-
compatibility with plastic hardware, and modest health haz{ficial neutron backgrounds to ambient levels, we find that the

V. DETECTOR SIZES AND EXPECTED RATES
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TABLE I. The probability that the indicated change in Pu inventory will be detecyea b tondetector, at 10
m standoff from a 3 GW reactor, within the indicated period of time. The IAEA goal is the detection of 8 kg of
Pu in 1-3 months with a 95% probability.

Probability of detection within the indicated

Fissile Amqunt of Pu number of days

Inventory Diverted

(kg) (kg) 30 days 60 days 90 days
2700 8 0.82 0.92 0.998
2700 30 >0.999 >0.999 >0.999

main background arises from cosmic-muon induced spallaef assumptions, diversion could be detected after about 2
tion neutrons that present the same time coincident signaturaonths of data taking.

as the antineutrino events. For a 20 meter overhead concrete In this example, only the difference between the an-
cosmic-ray shielding this background is estimated at 140 petineutrino count rate at startup and on subsequent days is
day, or about 5% of the signal. Random coincidencey of measured. This reduces systematic errors but assumes that
rays (and neutronsfrom natural radioactivity contribute a the initial fuel loading and fission rate in the reactor are
much lower rate and are neglected here. Finally, in manyyecisely known and provided by independent means. Deriv-
plants there are clusters of more than one reactor and hencggy the fission rate from the absolute antineutrino count rate
“background” will arise from the antineutrinos coming from jtself is of course also possible, but introduces the few per-
adjacent reactors. In general for multiple reactor plants thgent systematic biases already mentioned. Another limitation
distance between different cores is on the order of 100 M Of¢ the method derives from the fact that gathering of statis-

Lnog?, SOI that this b;ui)kgrcl)uqd is small, and_car:jln any CaSfes can occur only when the reactor is critical. In practice,
e directly measured by placing an antineutrino detector neaHriticality is maintained during refueling only in so-called

each core. . . “on-line refueled” reactors. In the more common off-line
Present low-energy antineutrino detectors have reache

. - refueled reactor, a prolonged shutdown would have the effect
accuracies on the absolute efficiency of better than 2%%. . L . . .
! . . . of delaying the application of our test for detecting diversion
Much of this uncertainty vanishes for relative measurements,.

such as needed for many of the safeguard goals of intereé[nCe for example, diversion could occur at the beginning of

here. Statistical error scales with timas 1At, so that for al :ndonth Ior;g shutdown, w?;letthte antineutrino measure-
10000 events per dagachievable with a cubic meter detec- ment does not commence Untl startup. . .

tor about 10 meters from the coréa3 GW power reactor Antineutrino detection can also be used as a nonintrusive
1% statistical accuracy is reached with a day of data and/@y 10 meet the other goals mentioned earlier, such as de-

0.1% in 100 days. tecting gross changes in reactor power levels or changes in
fuel design. A reactor operator seeking to acquire plutonium

VI. EXAMPLES OF SPECIFIC SAFEGRARDS for weapons could choose to increase the reactor power,

APPLICATIONS thereby increasing the plutonium production rate. Alterna-

Wi id le of how to detect th tively, a hypothetical divertor of material might seek to fa-
€ Now consider an example of Now 1o detect the Te-;;a1q plutonium recovery at the expense of production rate
moval of fissile material from a core using an antineutrino

: : . . by lowering the reactor power level. Finally, an operator
measurement. We will rely on the changes in antineutrino . ; . .
c(?uld increase the plutonium production rate by adding fuel

rate occurring when Pu-bearing fuel assemblies are replaced . . N
with fresh fuel. For concreteness we assume a core with 1/\3;/|th atn increased tfractlton of U-238, ggjule;ng ot;etrhreactor
of its fuel assemblies containing fresh LEU, 1/3 containingOpera INg parameters 1o preserve criticality an € gross

fuel irradiated for 18 months, and 1/3 containing fuel irradi- POWer level. All of these diversion strategies are detectable,

ated for 36 months, as is typical immediately after refuelingat some level, through measqrement of antmgutrmos. Taking
in a reactor that has reached its equilibrium operating mode?S @n example the first and simplest case of increased power
Thus, in this case, even the initial core has significant PUEVeIS, consider a 10 MW tank-type heavy water research
content. On the 250th day of reactor operation, fuel assenf&actor fueled with natural uranium fuel, similar in design to
blies containing 8 or 30 kg of plutonium are diverted andthe Japanese JRR-3 reactdithis reactor produces about 2
replaced with fresh fuel assemblies. We chose a simple norkd of fissile plutonium per year. A 44 MW reactor with the
parametric hypothesis test, designed for sensitivity to syssame fuel and similar design, such as the German FR-2 re-
tematic shifts in data from an expected méam calculate ~ actor, produces about five times as much plutonium per year:
the probability that the measured antineutrino rate disagree&e can imagine that a reactor of the first type would be
with the rate predicted by a precise core simulatiassum-  covertly run at the power levels of the second and the excess
ing no diversion after a given period of time. Disagreement plutonium used for weapon production. For such research
is taken as evidence that diversion has occurred. The exeactors with transverse dimensions of 1 m or so, the detector
ample here was derived assumia 1 ton detector at 10 m could be located as close as 10 m from the core, so(that
standoff distance fim a 3 GWpower reactor. The results are this examplgthe increased power would change the absolute
shown in Table I: with this choice of hypothesis test and seantineutrino rate from 50 to about 220 per day, providing
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clear evidence for a change in operations without intrusivdhman at Sandia Albuquerque, and Vipin Gupta, Carolyn

inspection of the reactor. Pura, Will Bolton, Larry Brandt, and Pat Falcone at Sandia
California.

VII. CONCLUSIONS

Our analysis shows that antineutrino detection holds
considerable promise as a tool for monitoring many types ofthttp://www.iaea.org/worldatom/Periodicals/Factsheets/English/
nuclear reactors. The potential applicability of the method  safeguards-e.pdf
extends to hundreds of reactors worldwide. The advances in/tP//www.iaea.or.at/programmes/a2/oprconst.html
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