Introduction
and
Summary 1

nvironmental monitoring is a potentially =~ Environmental monitoring was first used by
powerful supplement to current safe-the IAEA in Iraq following the Gulf War. The
guards techniques intended to preventagreement ending the war included the right for
the spread of nuclear weapons. Prior tothe United Nations to inspect all Iragi nuclear
the 1991 Persian Gulf War, the Internationakacilities (declared and susged) to determine if
Atomic Energy Agency (IAEA) administered any nuclear-weapon related activities had
safeguards primarily on the nuclear materialgccyrred. The IAEA has a mandate from the
associated with known commercial or researchnited Nations Security Council to perform

faC|I|_tC|jes. A_ccountmgfor I_]Eh's matecrjl_al ould these inspections. In the month between the end
provide notice were a proliferator to divert any t0¢ wq \yar and the start of the inspections, Iraq
obtain the necessary nuclear fissile material for

. removed much of the most incriminating equip-
nuclear weapon%.Events in Iraq revealed after

that war have demonstrated that such a Saferrjent, such as the calutrons used for enrichment,

guards approach addresses only part of the prog-nd concocted stories to explain the remainder.

lem. Probably more important to halting Inspectors took samples of materials within and

proliferation is ensuring that countries do notN€ar facilities, and swipes of dust that had col-
violate their non-proliferation agreements byected on the surfaces of equipment. These were
constructing covert facilities for nuclear material@nalyzed at various laboratories, including in the
production. Environmental monitoring,which ~ United States. These analyses played a key part
tests for the presence of materials that are likeljn demolishing Irag’'s cover stories and esipg

to be emitted by such activities, can help inspecits nuclear weapon program, which included ura-
tors detect undeclared activities at safeguardedium enrichment and plutonium expeenta-
sites and may be able to detect covert facilities dton. The program had not been detected in
undeclared sites. earlier inspections despite the co-location of pro-

1For a review of the history of nuclear safeguards and the International Atomic EnenggyAbat admirstters them, see: U.S. Con-
gress, Office of Technology Assessméniclear Safeguards and the International Atomic Energy Agéntn-1SS-615 (Washington, DC:
U.S. Government Printing Office, June 1995).
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totype facilities for the production of weaponssummary of the report and additional back-

materials with civilian, safeguarded facilities.
Subsequently, the IAEA used similar tech-

ground.

nigues in South Africa to provide additional MAJOR FINDINGS

assurance that all nuclear materials produced for
its voluntarily terminated weapon program were
fully accountedfor. These tehniques were also
used to check the North Korean declaration of
facilities and activities under the Non-Prolifera- _
tion Treaty (NPT). The results from the applica-
tion of these techniques, together with other
information accumulated by inspection teams,
led the IAEA to conclude that there were incon-
sistencies between theupbnium identified in
North Korea's initial report and the reprosieg
activities actually carried out.

The IAEA is now completing a series of field
trials in cooperating member states to determine
the efficacy of the techniques in a broad range of
applications, and the Agency proposes to make
environmental monitoring an integral part of the
inspection process for safeguarding peaceful
nuclear installations. The intent is to provide
additional assurance that a country is not
engaged in undeclared nuclear activity. Through
this and other proposals, the IAEA is assuming a
much more activist role in searching out any
efforts to produce weapons.

This report analyzes how environmental mon-
itoring works and what can be expected of it as
part of safeguards. Chapter 2 reviews the emis-
sions that can be expected from nuclear facilities

that are supporting a weapons program. Chapter

Use of environmental monitoring can signifi-
cantly increase the ability of safeguards to
detect undeclared nuclear activities at declared
sites.

Environmental monitoring is not a panacea
and must be used in conjunction with other
non-proliferation tools. Hoever, some relax-
ation of conventional safeguards may be war-
ranted as the new technigua® implemented

in a broader, more integrated scheme.
Technologies under development can signifi-
cantly increase the chances of detecting and
locating undeclared sites.

Costs to the IAEA will be modest as long as
efforts are focused on sampling in and around
declared sites. Wide-area monitoring of the
atmosphere to detect undeclared facilities
would be very expensive. Wide-ars®nitor-

ing of waterways appears more practical, but
its application must be further investigated.
The support of the United States and other
member nations is essential to make the new
techniques work. In addition to financial sup-
port to get the program moving, laboratory
analysis, training of inspectors and |IAEA lab-
oratory staff, and research and development
are needed.

3 looks at the techniques used for detecting thosl.},jUCLE'A‘R MATERIALS AND
emissions, including sampling in the field andSAFEGUARDS

laboratory analysis. Chapter 4 reviews IAEAMany nations have the capability to develop
activities to implement environmental monitor- nuclear weapons, though some would require
ing. Finally, chapter 5 looks at technologies nowconsiderable investment in facilities and man-
in the laboratory that could improve the effec-power. The most difficult part of producing
tiveness of environmental monitoring in the nuclear weapons is obtaining the fissile material
future. The remainder of this chapter provides gunless it can be stoleR).

2 For a discussion of the technigalquirementdor making nucleaweapams, see U.S. @gress,Office of Tecmology Assessment,
Technologies Underlying Weapons\iéiss DestructionOTA-BP-ISS-115 (Washgton, DC: U.S. GovernmentiRting Office, December
1993), chapter 4 (“Technical Aspects of Nuclear Proliferation”) and especiaindpx 4-A(“Components, Effects, and Design of Nuclear
Weapons”).
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Nuclear explosives can be based on uraniunpledged not to acquire nuclear weapons or to
or plutonium. Natural uranium can be foundbuild nuclear faciliies with unsafeguarded
everywhere, but in order to be used in a weapomyclear material. Only Iraq is known to have vio-
it must be enriched. Natural uranium s@ts of  |5iad its commitments on a significanalg but

:}L‘;‘f ;32_;[0(%6? ' pugin;ﬁg'ii% ggfagsr;fnn;ﬁn?rgpo”h Korea is not in compliance with its safe-
uranium-234. Only the uranium-235 can supporfJuards agreement Wltr_] the_ I_A_‘EA_ becggse It
a chain reaction, meaning not only that its nuclerefuses to accept certain activities identified by

can release energy bijssioning or splitting, the Agency as necessary to assess the complete-
when struck by a neutron, but also that each fisness of its declaration.

sion releases sufficient neutrons to continue the Most nations have signed the NPT. Excep-
process. Enrichment, an expensive and technaions include Israel, Pakistan, and Indion-
logically difficult task, increases the concentra-members are not legally bound to refrain from
tion of uranium-235. Fuel for light water power developing nuclear weapons or to accept safe-
reactors must be enriched to about 3 to 5 percepf,ards on their facilities. However, essentially

uranium-235. A nuclear explosion cannot bey) n,clear exporters require all nuclear materials

achieved with less than 20 percent enrlchmentand critical nuclear-related equipment purchased

For an effective weapon, the uranium-235 con; .
. by other countries to be placed under safeguards.
tent must be much higher.

. : . Th ly indi ly developed faciliti d
Alternatively, a proliferant can uggutonium, us only indigenously developed facilities (an

which is produced by irradiating uranium-238 ina few pre-NPT exports) are not safeguar.ded.
) afeguards by themselves cannot stop prolifera-
a nuclear reactor. Spent fuel from a conventlona?

power reactor contains plutonium, but using ittlon' They only provide warning that a nation is

presents several difficulties (especially for theBOt_ c%ml\ﬁ)ly.lng W|thd|tshagreemer.1ts. Ilt 'S Up _to the
covert proliferator). Every country known to hited Nations and the internationanemunity

have produced a plutonium explosive has chosel? take action !n response. o
to build a eactor whose primary task is the pro- When a nation becomes party to the NPT, itis
duction of plutonium that is optimizeidr use in  "équired to conclude a safeguards agreement
weaponé. In addition to a reactor, the prolifera- With the IAEA, to declare all its nuclear materi-

tor needs reprocessing capability to extract pluto@ls, and to establish a system of controls for
nium from the irradiated uranium-238. them. When the safeguards are implemented,
The NPT came into force in 1970 to provide aéach of the country’s nuclear facilities must be
mechanism for nations to gain access to peacefgPecified (declared) in an attachment to the
nuclear technology ithout giving rise to suspi- agreement. However, prior to the Gulf War, the
cions that they were using their facilities to pro-IAEA did not verify the completeness of this
duce weapon-related materials. Safeguards weeclaration. Nor could it inspect undeclared
instituted to check on their comptiee as part of facilities of non-nembers. It was never the
the treaty. Signatories to the NPT that had notAEA's expectation that its efforts would deter
tested a nuclear weapon before January967 all weapon programs, but it assumed that
(i.e., all except the United States, the U.S.S.Rnational intelligence programs would uncover
[now Russia], Britain, France, and China),covert efforts Iraq, North Korea, and South

3 Uranium enrichment technologies are discussebidh, appendix 4-B (“Enrisment Technologies”).

4 For discussion of the use of “reactor-grade plutonium” and “weapon-grade plutonium” for nuclear weapoits, ppe 181-134.

5 Bruno Pellaud, “Safegards in transition: Status, challenges, and opportunities,” IAEA Bulletin, vol. 36, No.3, 1994, Viestia,Au
pp. 2-7.
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Africa®, three very different cases, showed thaproliferating is operating one under full-time
these assumptions could not be depended on gafeguards.
all situations. Therefore a potential proliferator is likely to

There are several aspects to safeguards. THavor a small reactor/reprocessing plant or an
most prominent is materials accountancy, in€nrichment plant dedicated to the production of
which the total inventory of nuclear material in aWeapon materials even if it has a power reactor.
country is monitored to ensure that none idAEA inspectors do not typicallpave access to
diverted to weapon purposes. Besides measurirf&c'“t'es not on their Ils_t, even to buildings right
material inventories and material flows, inspec-next door to ones they inspect regulac’rlyl fact,

tors check facility operating records to see iffrom the perspective of a proliferant state, co-

. . " locating legitimate and illegitimate facilities has
everything is consistent. In addition, there may
several advantages. The peaceful facilities can

be perimeter monitoring devices and cameras__ . S
d critical o detect decl @rowde some camouflage for the illicit a4ties,
around critical areas 1o detect any undeclared,,, personnel may work on both, and they can

removal of nuclear materiél. share utilities, security arrangements, and other
Consider the situation of an NPT signatory (Offnctions.

a country that has agreed to equivalent safe- Tq strengthen its safeguards system, including

guards in order to import equipment) that decideshe apility to detect undeclared nucleaites,

to obtain nuclear weapons. It may have powethe |IAEA initiated Programme 93+2 in 1993.

reactors or research reactors, all of whighuld  Environmental monitoring is a centerpiece of

be under safeguards. Either might be used to prahis effort, including field trials that are now

duce fissile material, but the risk of detectionbeing completed. The IAEA's Board of Gover-

under current safeguards is high. The countryiors endorsed the general direction of Pro-

could abrogate its safeguards agreements argtamme 93+2 in its meeting March 27-30, 1995,

prevent IAEA inspectors from discovering thatand requested the Secretariat to prepare specific

these facilities were being used for weapon purbroposals for implementatio?.

poses, but that would almost certainly end that

nation’s ability to import nuclear fuel and equip- THE POTENTIAL OF ENVIRONMENTAL

ment, and would probably precipitate interna-MONITORING

tional sanctions. A large commercial Modern analytical technology has made environ-
reprocessing plant (or enrichment plant) is faimental monitoring an effective tool. A series of
harder to safeguard effectively than a reactoinstruments has been developed that can identify
used for research or for generating power, but nextremely small traces of materials. Uranium and
nation suspected of entertaining thoughts aboytlutoniumcan be detected and identified by iso-

5The Iraqi program is discusseddhapter 3. North Korea apparently builtfasilities prior to sigingthe NPT but has refused to declare
and accept safeguards on all of them even though the IAEA discovereddtse Sthuth Africa dismantled igeapon program prior to sign-
ing the NPT. Since the NPT applies only to its members, neither it nor the IAEA can be faulted for the behawiareshhers. It ismpor-
tant to remember that the NPT, even though the primary international non-proliferation mechanism, is not capable of addressing the entire
problem.

" The safeguards process is discussed in greater detail in U.S. Cofdfiessof Teehnology AsssesmentNuclear Safeguards and the
International Atomic Energy Agenagp. cit., footnote 1.

8|ndia, not an NPT party, epates reprocessing facilities that are under safeguards only when reprocessing safeguarded spent fuel.

9 The IAEA does have the authority to request so-called special inspections of any site if such inspections are necessgpdgitthe a
fulfill its safeguards respondibies. However, requesting a specialgaction must be firmly based oridmation that the gency is unable
to meet its safeguards obligations without access to specific Haoatins. This would be an extraordinary act that would not typically be
done in the course of a routine safeguards inspection.

10|AEA Press Release, “IAEA Board Gfovernors Holds Spring Meeting, Coreisl Nuclear Safety Issues and Strengthening of Safe-
guards Verification System,” Mar. 31, 1995.
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tope in less than nanogram quantities (a nandut dilution and varying wind patteresn make
gram is one billionth of a gram; there are abouthem harder to detect.
28 grams to the ounce). Particles as small as a The first step in environmental monitoring is
micron (one miionth of a neter or about sampling: wiping su’faces in the facility with a
0.000039 inches; the diameter of the period at theloth or tissue, or collectingad@es or other parts
end of this sentence is about 350 microns) can bef plants, digging up soil, scooping u@igr, and
analyzed. Many instruments are sufficiently senother means of collecting material that has set-
sitive to detect the fallout of plutonium from tled outside the buildings. Sampling is not partic-
above-ground nuclear bomb tests, almost all ofilarly difficult in most cases, but tHaspectors
which occurred more than thirty years a?éo. need training as to where to take the samples and
No industrial process can prevent minutehow to avoid cross-contamination (from one
traces of materials from escaping. Even the mostample to another, e.g., a trowel used to dig soil
sophisticated filtration systems can only reducesamples must be cleaned between each use, or
not eliminate, releases. In particular, enrichmenparticles from the first could give a false reading
plants release traces of enriched and depletad the next sample).
uranium, including highly enriched uranium The samples are then sent to a laboratory for
(HEU) for weapons if it is being produced. It is analysis. Two general types of analysis are
easy todistinguish isotopically altered uranium used—bulk and particle. Bulk analysis looks at
from natural uranium, and its presence is an indithe entire sample or a significant part of it. Anal-
cator of enrichment aiwity (but not necessarily ysis involves the application of many instru-
near where it is found). A detection of HEU ments such as mass spectrometers, which can
where only natural or low enriched uraniumseparate isotopes of an element by their masses,
should be is a clear warning signal that activitiesallowing measurement of the relative abundance
that could contribute to a weapons program aref the isotopes. Other instruments asere the
underway. Reprocessing plants release many figmissions of radioactive decay to determine the
sion products and other products as well as uraadioisotope. Particle analis selects individual
nium and plutonium. Plutonium is entirely man- particles, usually from the surface wipes, by
made, so its discovery in any significant quantityexamination under a microscope. Once isolated,
(i.e., at levels abovthose expeted to be found the particle can be individually analyzed, using
from known atmospheric nuclear tests or othemany of the same techniques. Particle analysis is
contamination) or with an isotopic composition more sensitive than bulk analysis because indi-
inconsistent with a State’s declaration is also aidual particle analysis can yield information on
warning signal. Emissions are discussed in chapthe precise formation of the particle, whialk
ter 2. analysis averages the particles together. How-
These releases can be readily detected at leever, particle analysis also is significantly more
els that are far below those that poseahndg to expensive.
human health. Tiny particles may settle out The IAEA's field trials involved sample col-
within process buildings or float out and be cardection at known nuclear facilities in various
ried by the wind, sometimes for very long dis-countries to explore the best ways to take sam-
tances. Wherever they settle—on plants, in theles and to determine the kind of information
soil, in waterways—they may be detected. Gasthat could be gleaned from the analyzed samples.
eous releases can be carried even further awakacilities examined included enrichment plants,

11The United States, the Soviet Uni@md the United Kingdom ceased testing nuclear weapons above ground when they signed the
Limited Test-Ban Treaty in 1963. Free continued atmospheric testing, at a level far below the pre-test-ban U.S. and Soviet rates, until
1975. China detonated the world's last above-ground nuclear test in 1980.
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reactors, reprocessing plants, and research com- In most cases, environmental monitoring will
plexes. These tests have been completed, buabt produce a “smoking gun.” Rather, it will sup-
public release of the results is contingent on thely information that must be combined with
approval of the host country. Preliminary indica-other sources to determine what activities have
tions are that the field trials were generally suctaken place. Thus it is a supplement to conven-
cessful. In most cases, the sampling was able tiional safeguards, not a replacement. It could be
verify the declared activities at the facilities an extremely important supplement, particularly
tested'? These activities sometimes could beif the IAEA is successful in obtaining access to
detected several kilometers from the plant. sites and facilities related to tlieel cycle that

The IAEA believes that if environmental are currently not available for investigation.
monitoring had been part of routine safeguards Implementing environmental monitoring may
inspections in the 1980's, it would easily havebe controversial. The IAEA has determined that
revealed Iraq's weapons atties® Of course, it has the authority tonstitute such monitoring at
such monitoring would notecessarily have declared sites under agreements that have previ-
deterred these avities, be@use Irag may not ously been negotiated with states with compre-
have co-located them with safeguarded activitiehiensive safeguards agreements, but any change
that were subject to environmental monitoringfrom current practices may alarm some countries
had it known that this form of surveillance would even if they have no undeclared facilities. One
take place. However, as noted above, separatingroblem is in the detection of plutonium and
weapon activities from legitimate nuclear activi- other radioisotopes. If sensitive environmental
ties would have significantly raised the costs andnonitoring detects emissions from facilities
difficulty of the weapon program, and would per-claimed not to be emitting anything, public fears
haps have made it easier to detect covert facilimay be raised—even though the emissions may
ties through other forms of surveillance. be far below levels that could threaten public

The United States supported the IAEA field health and safety. Furthermore, licensing diffi-
trials in several ways. Altogether, the U.S. finan-culties may be encountered if any contamination
cial contribution has been $6-8 million over 3is found in the area of a facility. Also, under
fiscal yearst* Inspectors were trained; DOE's some conditions, competitive information may
national labs did many of the bulk analyses; ande divulged, such as the operating conditions of
the Air Force Technical Applications Center an enrichment or fuel fabrication plant. Thus the
handled most of the particle analysis. The K-25uclear industry in some countries may be con-
enrichment plant in Oak Ridge, Tennessee waserned. On the other hand, the IAEA is used to
one of the field trial sites. In addition, the United protecting any proprietary information it has
States is helping the IAEA design and construct @btained under safeguards practices, anaitlav
new clean lab for contamination-free handlingreasonably withhold any such information col-
and analysis of samples. Other IAEA memberdected through environmental monitoring,
also supported the environmental monitoringassuming that no safeguards violations were
program, and labs in many countries were usedound. Implementation must be done carefully
Few if any other countries, however, can matchand sensitively. One compensating factor is that
the analytical precision of the U.S. labs, particuthe information may be helpful to the host state
larly for particle analysis. in meeting its own health and safety goals.

12personal communication with International Atomic Energgraystaff member, Mar. 31, 1995.
13personal communication with International Atomic Energeraystaff member, Apr. 4, 1995.
14personal communicatiosith Ira Goldman, U.S. Department of Energy, Jan. 11, 1995.
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The field trials have demonstrated that costs toeprocessing of a batch of fuel. Furthermore, all
the IAEA of implementing environmental samples collected by these stations would need
monitiring should be modest. Samplitgn be to undergo laboratory analysis. At a minimum,
done in conjunction with regular inspections.samples would have to be screened with a rela-
Environmental sampling requires personnel withtiively low cost technique to determine if any
only several days of training and relatively sim-require more precise analysis. Since the number
ple equipment. The lab analyses are more experf samples would be high, costs would be also.
sive than the sampling, especially for particleHence air monitoring can be quitepensive.
analysis. The data indicate that bulk analysis is Technology now under development should

probably adequate to detect undeclared aCtiVitYmprove the capality to conduct environmental

at most facilities, and that with appropriate Selec'monitoring in several ways. Some will allow

tion of samples to be tested, the costs will not b‘?eal-time remote sensing. The Department of

prohibitive. h be abl Energy's CALIOPE (Chemical Analysis by
(;n Some cases, the IAE'A_‘ may eI abie 10 aser Interrogation of Proliferation Effluents)

reduce inspections when environmenta monltorProgram, a collaborative effort at 5 national labs,

ng 'Tc't |n_troducefq. Fotrhe>t(ample,t|f e_nwrotnment?lis intended to produce instruments that ¢eom
monitoring confirms that a country IS ot operal~, e 4 site’s perimeter, measure the constitu-

ing a repracessing plant, then inspection of spenéms of a plume of emissions in thie. Real-time

fuel need not take place as often in order to pro- . )
L . : . 15 xenon and air particulate measurements are
vide timely warning of diversioh®

Wide area monitoring to detect undeclaredbemg developed by the Department of Ener_g_y.
o . Other developments would increase the sensitiv-
facilities is much rore problematic. Some mate-

rials can be carried long distances, either in th('aty of laboratory instruments, permitting the anal-

air or in waterways. Mnitoring rivers is not dif- ysis of samples even mordg!le th"’?” those thaF
ficult, and positive findings can beraced can bestudied today. Portability of instruments is

upstream. Furthermore, sediments often coIIec‘P{mOther goal so that inspectors can get an imme-

at various places, establishing a record of Whagiate indication of suspect isotopes or chemicals

has come downstream. The IAEA already isand monitor more intensively. Successful devel-

monitoring water in Irag. However, it is rela- ©Pment of these projects should significantly
tively easy for a small, covert facility to mini- improve the effectiveness of environmental mon-

mize liquid runoff, and in dry areas there may nottoring. However, some of these projects may
be sufficient rain to wash away and concentraté?volve technology that cannot be given to the
material that settles out from the asphere. IAEA because of U.S. national security con-
Therefore, clear signals may not emerge. EffecCerns.

tive air monitoring requires a great many sta- If successfully implemented, environmental
tions, because a plume can follow an erratignonitoring will be an important part of interna-
pattean. Thesetations must be monitored fre- tional non-proliferation efforts. In addn, it
quently over an extended period if they are tanay prove to have a role in verifying the Com-
catch a sporadic, short-duration plume, such agrehensive Test Ban Treaty and nuclear material
might result from the opening of a reactor or theproduction cutoff agreements.

15 Environmental monitoring will not detect a complete but unused reprocessing plant, nor any plans to send the spent fuel to another
country for reprocessing. However, both these approgmoésbly wouldentail considerable delay and uncertainty inghecurement of
plutonium relative to having a@ven capabity already.



