Environmental Monitoring for Nuclear
Safeguards

September 1995

OTA-BP-1SS-168
GPO stock #052-003-01442-4

¢

EMYIRONMEMTAL

MOMITORING

FOR

MUCLEAR

SAFEGUARDS




Recommended Citation: U.S. Congress, Office of Technology AssessmEny;i-
ronmental Monitoring for Nuclear Safeguard3TA-BP-ISS-168 (Washington,
DC: U.S. Government Printing Office, September 1995).




Foreword

n June 1995, the Office of Technology Assessment published

the reportNuclear Safeguards and the International Atomic

Energy Agencythe sixth in OTA's series of publications on the

proliferation of weapons of mass destruction. That report found
that the International Atomic Energy Agency’s traditional mission of
detecting the misuse of known nuclear materials and facilities
addressed only part—and probably not the most important part—of
the proliferation problem. To assure that states are not violating their
Non-Proliferation Treaty commitments, the International Atomic
Energy Agency (IAEA) must also verify that states do not possess
covertnuclear facilities—a mission that prior to the 1991 Gulf Watr, it
had neither the political backing nor the resources to conduct. In the
June report, OTA concluded that providing the IAEA with the
resources, the information, and the political support it needs to look
for such sites may turn out to be the most important aspect of a rein-
vigorated safeguards regime.

The IAEA recognizes the importance of this new mission and is in
the process of assuming it. One of the tools it is exploring to provide
some indication of the presence of secret, or undeclared, nuclear
activities and facilities invironmental monitoringModern sam-
pling and analysis technologies provide powerful tools to detect the
presence of characteristic substances that are likely to be emitted by
such illicit activities. This background paper examines the prospects
for such technologies to improve nuclear safeguards. It concludes that
environmental monitoring can greatly increase the ability to detect
undeclared activity at declared, or known, sites, and it can signifi-
cantly increase the chances of detecting and locating undeclared sites.

Completed in the last month of the Office of Technology Assess-
ment's existence, this paper will be the last OTA publication related
to the proliferation of weapons of mass destruction. OTA appreciates
the invaluable advice and assiata of the people who contributed to
this project and reviewed the draft material.
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ROGER C. HERDMAN
Director
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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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2 | Environmental Monitoring for Nuclear Safeguards

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.



Detectable
Emissions| 2

very industrial process releases someern of releases or in conjunction with auxiliary

trace of the materials involved. With data such as from export controls.

modern pollution control equipment, This chapter reviews the steps that must be

releases usually can be kept well belowfollowed by a nation clandestinely producing
regulatory standards for protection of humannuclear material, and identifies the signatures, or
health and the environment. Even with the mosPotentially detectable indications, that might be
figorous controls, however, some gaségitls, detected via environmental monitoring. There

and solid particles escape to the environmené'® tWo basic routes to produce fissile material

. . for nuclear weapons: enrichment of uranium to
High pressure fluids may seep past pump or

valve seals. Everv timesolid materials are obtain highly enriched uranium (HEU); and irra-
' y diation of uranium-238 in a nuclear reactor to

moved, tiny partlcles ar-e prodqced that _paS%onvert it to plutonium, which mudien be sepa-

through the finest ventilation filters. During (4iad from the remaining uranium and by-prod-

moments of carelessness or equipment failurg,cts in a reprocessing plant. These are

gross releases may occur. diagrammed in figure 2-1. Both approaches are
Processes to produce nuclear materials are rfeasible (both were pioneered in the Manhattan

exception. No matter which route is selected tProject) and present approximately equal diffi-

obtain fissile nuclear material, some traces otulty overalll Iraq consideredboth routes prior

materials used in the process will be releasedo 1991 but chose enrichment as its primary

Some of these materials amaique to the pro- focus.

duction of nuclear weapons, while others are

indicative of nuclear activities in general. SomeURANIUM ENRICHMENT

are not suspicious by themselves, but would provirtually all uranium occurring naturally in the

vide a warning signal if detected as part of a patworld consists of the same isotopes: 99.3 percent

L For further information on the two approaches, see Odhgess, Office of Technology Assessmerechnologies Underlying Weap-
ons of Mass Destructio®TA-BP-ISC-115 (Washington, DC: U.S. Gaament Printing Office, December 1993).

| 9
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FIGURE 2-1: Technical Routes to a Nuclear Weapon Capability
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U2%, 0.7 percent U, and a trace of U2*.2 To be
useful as fuel in a conventional light water reac-
tor (LWR), the level of U?* must be raised to
about 3 percent, which is known as low enriched
uranium (LEU). Weapons require HEU, which is
at least 20 percent U and preferably much
higher. Commercial enrichment plants producing
LEU currently use ether gaseous diffusion or
centrifuge technology.3 Either technology can
aso be used to produce HEU, but a plant
designed to produce LEU would have to be
reconfigured, at least in part, to produce HEU.
The process of enrichment is difficult because
U and U are chemically identical and only
dightly different in weight. Basically the process

— )LWeapon capability

consists of preferentially removing U?* so that
the end product has a higher fraction of U
However, current technologies cannot economi-
caly achieve a clean separation, so the waste
stream (called tails) of depleted uranium till
contains a significant amount of U?*. Commer-
cia enrichment plants typicaly produce tails
containing about 0.3 percent U**, instead of the
original 0.7 percent. Calutrons can achieve
greater separation and might produce tails of 0.2
percent or even less.

Uranium for the Hiroshima bomb was
enriched using calutrons, a form of electromag-
netic isotope separation (EMIS). This is a rela
tively simple but expensive and inefficient

> A minor exception is the uranium ore found in Gabon, which had undergone a slow chain reaction over a billion years ago, depleting

some of the U-235.

3 Another technology, sdvanced vortex tube, wasusedina South African commercial enrichment plant that was shut down “*arch

1995.
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technique that the United States quickly replacethe stage) drops back one or more stages and is
with gaseous diffusion methods. However, Iragre-enriched, until the desired level of the tails is
successfully constructed equipment similar toreached.
calutrons and produced a small quantity of HEU. A commercial enrichment plant is a highly
Lasers have also been used for enrichment, biomplex facility that must operate in a carefully
those technologies (atomic vapor laser isotopg@rescribed manner. Conventional safeguards are
separation—AVLIS, and molecular laser isotopedesigned to detect if the facility had been recon-
separation—MLIS) have not yet progressed outfigured to produce HEU. However, it is conceiv-
side the laboratory. Several other technologieable that a small portion of the cascade could be
have been consided, including aerodynamic isolated and dedicated to the production of HEU,
methods such as the Becker nozzle. particularly if it used LEU as feed materfal.
An NPT signatory intent on building an HEU Safeguards based on materials accountancy
nuclear weapon could, if it had one, convert avould have to be very thorough to detéuis.
commercial diffusion or centrifuge plant from More worrisome, a centrifuge plant could be
LEU to HEU production. It is very unlikely that temporarily reconfigured to produce HEU and
the entire plant could be converted covertly, sdhen converted back to LEU between inspec-
the country would have to abrogate its safetions® To forestall such a conversion and recon-
guards agreements. Alternatively, it could try toversion, safeguarded centrifuge enrichment
evade safeguards by converting only part of thelants are subject to a certain number of unan-
plant to HEU, hoping that such actions wouldnounced IAEA inspections per year. Alterna-
escape detection, or it could build an undeclaretlvely, a proliferator might build a new facility
facility using any of the technologies which it close by in order to reduce costs by sharing tech-
could master. nical, infrastructure, and administratigapport.
Both diffusion and centrifuge plants are Materials accountancy would not detect this
designed with large numbers of individualits.  facility, if it did not feed fom or supply any safe-
In a diffusion plant, each unit slightly increasesguarded facilities.
the enrichment of a large process stream. Many Natural uranium is ubiquitous, so its detection
diffusion stages are required—about 1000 to prodoes not, per se, signify any unusual activity.
duce LEU and maybe 3000 are required forAny discovery of uranium with isotopes in other
HEU, so the stages are linked in a cascade. Inthan natural proportions (or in chemical form dif-
centrifuge plant, each urdthieves a higher level ferent from natural uranium) is a sure indication
of enrichment but can handle less material. Manypf nuclear activity. Emissionfom the enrich-
units are connected in parallel to form a stagement process can occur at many places. Natural
but fewer stages are required than in a diffusiomranium must be converted to a gaseous form,
plant (fewer than 20 for LEU, about 60 for usually uranium hexaflouride (YF UF;is a col-
HEU). For either diffusion or centrifuge, each orless solid at room temperature, but becomes a
unit (and the entire plant) has two exit streamsgas at temperatures above 134 degrees F at atmo-
enriched uranium and depleted uranium. Thespheric pressure. In itself, Ywith any isotope
enriched stream proceeds through a series aff uranium is an indator, albeit a secondary
enrichment levels until the desired level isone, of enrichment because no other processes
attained. The depleted stream from each stagare known to involve it. Within the enrichment
(which has slightly less4°than when it entered process itself, small quantities of uranium may

4Producing LEU requires over half the separative work (enrichment effgtpoficing HEUThus starting with LEU instead of natural
uranium more than doubles thepacity ofthe HEU cacade.
5This could not be done with a diffusion plant which takes much longer to reaitibragm, leaving the action open to detection.



12 | Environmental Monitoring for Nuclear Safeguards

escape from anywhere in the cascade, at whateprocessed uranium, and therefore it's likely that
ever enrichment level the specific piece of equipplutonium was separated from spent fuef36U
ment happens to be operating. As the releasethn remain in an enrichment plant for many
UFg reacts with water vapor in the air, it precipi- years after it was introduced, contaminating sub-
tates out and can migrate from the process aresequent loads of natural uranium.
as airborne particles that are deposited outside Most |a|’ge, commercial enrichment p|ants can
the plant. Ugalso reacts chemically with the air pe detected through their emissions. If a prolifer-
to form UQJF,. These particles can show the full ator wishes to remain covert, emissiara be
range of enrichment, from depleted uranium toreduced to the point where they are significantly
the maximum enrichment attained. Thus thenarder to detect. A small, carefully designed,
detection of HEU at an LEU plant is strong evi-constructed and maintained plant producing only
dence that at some time the plant was operated ghough HEU for one or two bombs per year, if
a HEU mode. equipped with a ventilation system using high-
For use as fuel or as weapons material, thefficiency filters, could be quite difficult to
UF; must be re-converted to metallic uraniumdetect.
following enrichment. This process provides |5 aqdition to isotopically altered uranium, an
additional opportunities for the release of emisgnrichment plant may emit several other types of
sions. signals that could be detected. Gaseous diffusion,
Two other isotopes of uranium are also impor-gerodynamic, and electromagnetic separation
tant—U3* and U As noted above, ¥'is a plants are quite inefficient and release a large
trace constituent of natural uranium, but the fraCxymount of heat. This might be detected by satel-
tion is variable, unlike the other natural isotopesjjte observation or perhaps measurement of the
Most uranium contains about 52-54 parts pefemperature increase of a river if cooling water is
million (PPM) of %, but some ores contain gumped there. Centrifuge plants are much more
several PPM m0f§U234 provides two important  gnergy efficient, but they place unusual loads on
pieces of information. It can be used as a tracee electric powesystem. In particular, the cen-
to determine the origin of the uranium ore. It alsotrifuges operate at high speed and require con-
can indicate the typ<_a of enrichment usgd. This i§ersion of the line frequency to much higher
because some enrichment technologies (EMIgequency. The converters refleatiatinct signal
and lasers) distinguish betweerf*and U%, 501 intg the line that can be detected. Finally,
while others pass them through together. under some conditions, the distinct noise gener-

~ U*®appears only in uranium that has beemyted by centrifuges might be detected and recog-
irradiated. It is produced when an atom GfU i;eq.

absorbs a neutron and fails to fission. When

spent fuel is removed from a reactor, it may still

have more Ef°than does natural uranium. The PLUTONIUM PRODUCTION AND

fuel can be reprocessed to recover the valuablgEPROCESSING

U235 which must be re-enriched before it can beAn NPT proliferator has two main choices in
recycled. The &%will remain with the 335dur-  producing plutoniumfor weapon§: reprocess
ing these processes. Detecting?dt an enrich- spent fuel from its own power reactors, or build a
ment plant is proof that the facility has handledcovert production reactor. A country could divert

6 U238 decays to thorium (B, which in turn decays to33* Intermediary products can have different chemistry thariumarand
therefore may not remain in proportion to the origin&?U

7 A third choice, buying or stealing plutonium, either from the commercial nuclear power fuel cycle (if and when plutcpimeske
routine part of the cycle) or from a nuclear weapstade, is not considerdtere because threle of environmental monitoring would be
peripheral.



safeguarded spent fuel only fit is willing to con-
spicuously violate safeguards agreements. The
reprocessing could be attempted at a commercia
reprocessing plant with the intention to divert the
ensuing plutonium. For the foreseeable future,
however, no potential proliferator is likely to
operate a commercial reprocessing plant because
of restrictions by supplier countries and poor
economics. If the reprocessing plant were safe-
guarded, the diversion would have to be covert,
risking detection. A variation to the approach
would be to construct a small, covert reprocess-
ing plant which could extract plutonium from the
spent fuel. However, diversion of spent fuel from
a safeguarded reactor runs a high risk of detec-
tion by current safeguards procedures.

Chapter 2 Detectable Emissions | 13

The second approach probably would involve
a research-type reactor, not a power reactor. This
fuel would aso have to be reprocessed, presum-
ably at a covert reprocessing facility.

However it is done, each step releases emis-
sions that can contribute to detection of the activ-
ities. Figure 2-2 shows the major points of
emissions where environmental monitoring can
play a role. Understanding the signatures from
the activities required to produce nuclear weap-
ons is critical to finding and identifying them.
The IAEA currently is documenting signatures
from all activities.® The United States has made
considerable effort in this area

: FIGURE 2-2: Major Points of Emissions
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particulate particulate other gases Particulate
Uranium
conversion and — Reactor EEE— Spent fuel
fuel fabrication
ﬂ\ "\\ A\\
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SOURCE: oOffice of Technology Assessment, 1995

8 personal COMMunicationwith IAEA staff, Mar.3] 1995.
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[1 Reactors Heavy-water-moderated reactors, such as the
CANDU reactor produced in Canada, would be
easier to use as a source of plutonium. The
Uranium must be fabricated into fuel which isCANDU uses ungnrlched uranium fgel, which
irradiated in a reactor. Plutonium results when aH"OUId be far §a5|er for most_countrles to pro-
duce. It also is refueled continualigstead of

atom of U8 absorbs a neutron and, through ab ) hut d hi ” q
decay process, is transmuted ta3wAll pluto- eing s Ut_ own. This provides two advantages
yto the proliferant. some fuel elements can be

nium isotopes are fissile (fission when struck b ) o
a neutron) but, instead of splitting, some atom?Xposecj only briefly, yielding weapon-grade plu-
tonium; and power is not lost during frequent

of Pw?%absorb a neutron and become&®urhis , _
refueling as in an LWR. However, there are rela-

process can continue to produce?®uand \
heavierisotopes. The longer the fuel is left in the iVely few heavy-water reactors in the world,
most of them in Canada. India has several also.

reactor, the more ptonium is crated, and the ) _
more is converted to the heavier isotopes. Small, plutonium-production reactors could
LWR fuel is in the form of enriched UQpel- be built covertly by many countries. Such a reac-

letized and encased in metal tubes (usually a zif®" could be moderated by graphite or heavy
conium alloy, but stainless steel has also beelfater (if these can be obtainedheut triggering

used). LWR fuel technology has been masteredvestigation) and operated with natural uranium,

by many countries and some potential proIifera-WhiCh would eliminate the need for enriched

tors could also be expected to produce adequafl®!: greatly simplifying the fuel cycle. The fuel

fuel. This is a plausible route under some condiltself is also easier to manufacture since it is irra-

tions, such as if a country were to abrogate itgiated under less deman_ding conditions than ina
safeguards agreement and keep the reactor opdi@ht water reactor, allowing the use of g
ating with indigenously producedudl. This such as aluminum. A non-power reactor which
approach is not very plausible if the proliferatorOPerates at a thermal output of about 30 MW
attempts to remain covert. Furthermore, normafould produce enough weapon-grade plutonium
power cycles produce reactor gradetgnium for 1 or 2 weapons per ye]a]rLarger reactors are
(with a high content of PéPand heavier isotopes @ISO possible. The Hanford B Reactor, a very
relative to P&9. Reactor grade plutonium can large, graphite-moderated reactor that uses natu-
be used to make an effective nuclear bomb, but fi@l uranium, could be a mod&l.

is distinctly inferior to weapon-grade plutonium Reactor operation produces a wide range of
(which has a low fraction of P9).10 weapon- isotopes. There are three types: fission products;
grade plutonium can be produced in an LWR, bugctivation products (when an atom of non-
the reactor must be shut down frequently and thguclear material such as steel in reactor compo-
fuel removed and replaced. The lack of powements absorbs a neutron); and actinides (an atom
generation during shutdowns is visible andof uranium absorbs a neutron to produce pluto-
expensive, adding significantly to the cost of thenium and higher elements). Some of the isotopes
weapon program. formed in these ways are naturally occurring,

Producing plutonium is technically simpler than
enriching uraniun?, but more steps aivolved.

° Designing and building a plutonium bomb is more difficult than producing a uranium “gun-type” weapotheltwis routes are com-
parable in overall difficulty.

10yse of reactor-grade plutonium in weapons has a significant probability of substantiatiingethe weapoyield. Furthermore, reac-
tor-grade plutoniungeneates significantly more heat from radioactidecay than does weapon-grade plutonium, cimashg weapon
design. See U.S. Congres§¥ffice of Technology Assessmeritechnologies Underlying Weapons of Mass Destruct®hA-BP-ISC-115
(Washington, DC: U.S. Government Printing Office, December 1993), p. 133.

Uys. Congress, Office of Teesblogy AssessmernTechnologies Underlying Weapons of Mass Destructipreit., p. 138.

12personal communicatiomith Ned A.Wogman Pacific Northwest Laboratory, Aug. 17, 1995.
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stable atoms which, not being peculiar to nuclear Small plutonium production reactors would

activities, do not provide unigue information. not need the same barriers. Fuel might be
Others are highly radioactive and decay so rapencased in a simple metal jacket not designed to
idly that they are unlikely to be detected in thewithstand great pressure, and the coolant might
environment in sufficient quantity to be a usefulbe air. Gaseous products are likely to be released,

signal. but the level of radionuclides is much lower than
The isotopes that are useful for detection off? @ power reactor.. _ .
covert nuclear activities are those that: Reactor operations are more likely to be dis-

covered when something goes wrong. Even a
minor upset, such as a thermal excursion that is
reversed before any damage occurs, stresses the
4 ) reactor and may result in short-term emissions.
- have chemical propertles favorable for A different type of signature associated with
transport.anc.i CO"?@”’ ] reactors is the heat they generate, which usually
e. are easily identified, especially throughis gissipated to the air or a waterway. Even a
characteristic decay radiation; small reactor capable of producing only 8 kg of
f. can be dEItII’]gUIShed from those W|de|y dis- plutonium per year releases about 30 MW of
tributed by weapons tests or reactor acCiheat. This level can be detected by infrared
dents, especially Chernobyl. devices on high-flying aircraft or satellites even
if the heat causes a temperature rise of only a few
degrees above the ambient. A small reactor could
Cbe hidden in an industrial area or near a thermal
power plant, which would make the heat emis-

a. are produced in reasonable quantity;

b. are not natural;

c. do not decay too rapidly to be detected;
d

Table 2-llists the radioactive isotopes that
meet these requirements. The exact eonss
from any given site would depend on the specifi

technology chosen and the systems aade ) | cLOl3 H the sianat
applied to minimize them. sions less conspicuous However, the signature
would still be useful irfrmation.

Emissions from reactors generally are small. . ) .
In conventional power reactors, the fuel is sealed Vg/hs;[e\éer k;nd gf ][eﬁlctqr Is used, thte fuﬁl will
inside tubes which in turn are inside the pressur robably be stored, T1olowingxposure, 1o aflow

. . the short-lived fission products to decay. Power
vessel. Leakage of fission products and actinides ) .
occurs only if the tubes leak (an increasingise reactor fuel is stored in a spent fuel pool because
. ; the level of decay heat production requires effi-
occurrence as the technology improves) into the. .
. . ient heat removal. Fuel from a small production
cooling water. From the cooling water, these an

: . : reactor could be stored iar. Emisions could
other radioactive products must escape hagt . -~ -
. . occur at this stage also. Liquid emissions could
pressure barriers. In a boiling water reactor, the
) . . occur from a storage pool because the water must
cooling water directly powers the turbine, pro-

- o o . be circulated and cooled. Storage could eliminate
viding additional opportunities for essions. S ;

L . gross emissions of short half-life productsy(e
Contamination is routinely removed from the? . .

o : o . “iodine-131, xenon-133) from reprocessing.

water to maintain its purity. Degasifiers, ion
exchange units and other systems are used. These )
are likely to be the source of most emissions | Reprocessing
particularly trittum and the noble gases such afkeprocessing of the irradiated reactor fuel is far
argon and krypton. Solid and liquid matter ismore likely to produce telltale emissions than
generally collected inside aled systems and operating a reactor. Typical reproses
should not escape in significant qtiéias. involves chopping up the fuel rods, dissng

13Anthony Fainberg, “Strengthening IAEA Safegds: Lessons from Iraq,” Cenfer International Security and Arms Control, Stan-
ford University, April 1993.
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TABLE 2-1: Isotopes Indicative of Reactor Operation

FISSION PRODUCTS

Mass Element Half-life Radiations (energies in Mev)

85 Krypton (Kr) 4.5 hours 0.151 y (75%), 0.305 y (14%); 0.8 B

85 Krypton 10.8 years (21%) 0.514y(4%); 0.7 3

88 Krypton 2.8 hours 0.196 y (26%), 0.835 y (13%), 0.898 y (14%), 1.530 y (11%), 1.836 y
(21%), 2.196 y (13%), 2.392 y (35%); 2.8-5.0 B

93 Zirconium (Zr) 1.5 million years no detectable emissions

95 Zirconium 64 days 0.724 y (45%), 0.757 y (55%)
Nb cascade: 0.766 y (100%)

95 Niobium (Nb) 35 days 0.766 y (100%)

99 Technetium (Tc) 210,000 years no detectable emissions

103 Ruthenium (Ru) 39 days 0.497 y (86%)

105 Ruthenium 4.4 hours 0.316 y(11%), 0.676 y (16%), 0.724 y (48%); 1.2

106 Ruthenium 374 days 0.512 y(19%), 0.622 y (10%), 1.050 y (9%); 3.5 B

129 lodine (1) 16 million years  no detectable emissions

131 lodine 8.0 days 0.364 y (81%), 0.637 y (7%)

132 Tellurium (Te) 3.04 days 0.228 y (88%), | cascade (below)

132 lodine (1) 2.3 hours 0.523 (16%), 0.668 y (99%), 0.773 y (76%), 0.955 y (18%); 1-2

133 lodine 20.8 hours 0.530y(86%); 1.3 B

133 Xenon (Xe) 5.2 days 0.081 y(37%)

135 lodine 6.6 hours 0.527 y (14%), 0.547 y (7%), 0.837 y (7%), 1.132 y (23%), 1.260 y
(29%), 1.458 y (9%), 1.678 y(10%), 1.791 y (8%); 1.3 3, Xe cascade:
0.250 y (90%)

135 Xenon 9.1 hours 0.250 y (90%); 0.9 B

135 Cesium (Cs) 2.3 million years no detectable emissions

137 Cesium 30.1 years 0.662 y (85%)

140 Barium (Ba) 12.8 days 0.537 y (24%); 1.0 B, La cascade (below)

140 Lanthanum (La) 1.7 days 0.329 y (19%), 0.487 y (43%), 0.816 y (22%), 1.596 y (96%); 1-2 B

144 Cesium 285 days 0.134 y (11%), 0.696 y (1.3%), 1.489 y (3%), 2.186 y (7%); 3.0 B

ACTIVATION PRODUCTS

Mass Element Half-life Radiations

3 Hydrogen (H) 12.3 years 0.019

14 Carbon (C) 5730 years 0.15

24 Sodium (Na) 15 hours 1.369 y (100%), 2.754 y (100%); 1.4 B

56 Manganese (Mn) 2.58 hours 0.847 y (99%), 1.811 y (27%), 2.113 y (14%); 2.8 B

59 Iron (Fe) 44.5 days 1.099 y (56%), 1.292 y (43%); 1.5 B

60 Cobalt (Co) 5.3 years 1.173 y (100%), 1.332 y (100%)

63 Nickel (Ni) 100 years 0.07 B

64 Copper (Cu) 12.7 hours 0.6 B (40%), 0.6 B+ (20%)

NOTE:

a. Isotopes with half-lives of less than 2 hours were excluded because they are likely to decay before they can be detected. The only isotopes
included with half-lives less than 100 days are krypton, ruthenium, iodine, and xenon, which are transported rapidly through the environment, and
those which emit strong gamma rays for easy detection.
b. Isotopes with half-lives of more than 100 million years were excluded because they occur naturally.

SOURCE: Office of Technology Assessment, 1995
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the fuel in acid, separating and purifying the plu-cles. Machining of the material to produce the
tonium using solvent-extractiorprecipitation, weapons component will add more particles to
and ion-exchange, and converting the plutoniurmran effluent stream.

to a metallic form. The PUREX process, the

most caonmon methoduses well-known chemi- [ Countermeasures

cal prrloceshse?- e g 4 dissolved /Ay country trying to produce plutonium
When the fuel is chopped up and dissolved in, oy will try to limit key emissions to the

an acid bath (usually nitric acid), all gaseousgreatest extent possible. Ventilation from the
products (e.g., krypton, argon) are released

be filtered with high effi-
Some of them are hard to trap. Therefore thi{rocess rooms can be fiered wi 'on e

i id ¢ iency filters that remove almost all particles.
stage can provide strong evidence of coverg, o, ordinary pollution control equipment can

actmty. The acid _ba_th can also lead to othey e effective vithout triggering any export control
emissions. The acid itself can fume or leak an otice Liquids can be held within the plant (at
be a chemicaindicator. Traces of uranium and least until the volume becomes unmaeable)
plutonium as well as other products are likely t05ases can be trapped. Even the noble gases can

be contair?ed. O_E)her r::her?]icals UBSSd i? the P'O%e adsorbed on activated charcoal or removed
cess such as tributghosphate (TBP) also may cryogenically and isolated, although these meth-

4 .
be released* Waste products from the purifica- ods are difficult and not 100 percent effective.

t_ion_ process can produce airborne particles or Such measures will reduce emissions, greatly
liquid runoff. Cooling water also could carry out complicating the detection of undeclared facili-

various productsf. . ) ties and activities. Hoawver, they will not elimi-
Based on emissions from fuel reprocessing afiate  the risk. In addition, on-site storage

Sellafield (United Kingdom) in 1991, a small j, reases the possibility of ajor accidental

(8kg of P'“ton'“m’y?‘r)’ emission-controlled releases, for example if a storage vessel ruptures.

reprocessing plant is likely to release annually: Such releases may be easier to detect than con-
12 mg carbon-14 split between air and water; tinyal small emissions.

125 g iodine-129 (for old fuel) to off-sitt  ynder some conditions, a proliferator might

water; even deliberately release contamination to con-
15 g technetium-99 to off-site water; fuse inspectors. This might slow down efforts to
2 mg strontium-90 split between air andlocate the key sites, but it also increases the like-
waterl® lihood that a major search will be mounted.

These are small quantities which are then The possibility of countermeasures suggests
spread over a wide area as the releases dispersgo things: development of ever more sans
While the concentrations appear to be minuteinstruments may be essential; and baseline analy-
ultrasensitive equipment such as the accelerat@es of suspect sites should be made as soon as
mass spectrometer and processes such as neutfossible. The latter, particularfgpr complicated
activation analysis (see chapter 3) could deteduacilities thatalready have released some con-
them in environmental samples. tamination, may make it possible to detect any

Final purification and conversion of pluto- changes in activity.
nium to metallic form is likely to produce parti-

14Richard R. Paternosteduclear Weapon Proliferation Indicators and Observables;12430-MS, Los Alamos National Laboratory,
December 1992.

15Briefing notes supplied by Ilvan Proctor, Lawrence Livermore National Laboratory, March 1, 1995.

18 pavid A. Kay, “Denial and DeceptioRractices of WMD Proliferators: Iraq afkyond”, The Washington Quarterly,8:1, Winter
1995.

17 Anthony Fainberg, op.cit. p. 30.



Technologies for
Detection of
Emissions 3

etecting the emissions discussed in theof all facilities suspeted of contributing to a
last chapter requires a variety of tech-nuclear weapon capdity. Within six weeks,
niques. The samples must be collectednspectors from the International Atomic Energy
from carefully selected locationsing Agency arrived to begin an exhaustive, and at
procedures to prevent cross-contamination. Theffmes dramatic, survey of Irag’s nuclear weapon
must then be transferred to the analytical laboraacilities.
tory. Many different lab instruments are avail- Much of the equipment and materials had
able. Selecting the instruments to be used@®en hastily removed and hidden during the war
depends on the type of sample, the materials th&"d the month following, so the inspectors used
might be found in it, the precision needed for thd"€ans other than conventional materials accoun-

answers, and other factors. Then the results mugney and equipment examination to detect activ-
be interpreted ities. Hundreds of samples were collected and

This chapter starts with a description of enVi_sent to various labs for analysis. Many of these

o . . _,samples were quite nontraditional. Inspectors
ronmental monitoring as used in Iraq, the first .
. . . .. took smears from the surfaces of equipment and
public demonstration of its value. Then it

i . . from the buildings themselves. They also col-
describes the various steps that constitute envj- . .
L . . . lected samples of soil, vegetation and water out-
ronmental monitoring. Progress in making envi-

ronmental monitoring a routine part of IAEA side the buildings. The first eight inspections in

S . 1991 produced 464 samples of non-nuclear
safeguards is discussed in the next chapter. . .
materialst The first set of analyses of samples

provided information tayuide subsequent sam-
THE IRAQI EXPERlE_NCE _ pling. It was important to get the results of the
The agreement ending the Gulf War includedanalyses rapidly so that subsequent inspections
Irag’s acceptance of United Nations inspectioncould be designed to build on that information.

Lincluding samples of construction materisigh as comete and steel, which are not considered part of environmental moni@ring.
Donohue and R. Zeisler, “Behind the Scenes: Sifie#nalysis of Samples from Nucleardpections in Irag,IAEA Bulletin January,
1992.
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The analyses were performed by the IAEAcussed in the following sections. The analyses
itself and at labs in several member statesfor the Iragi samples are listed in table 3-1.
including the United States. The IAEA has two The most surprising result of the analyses was
labs at Siebersdorf, Austria: the Safeguards Anathe discovery of isotopically altered uranium
lytical Laboratory (SAL) and the Physics, Chem-which did not match any known (declared) mate-
istry and Instrumentation (PCI) Laboratory. rials. Iraq was not known to have any enrichment
SAL, the prime safeguards laboratory, analyzegapability at all, making any evidence of enrich-
nuclear materials for uranium andugnium ment a surprise. That surprise was greatly com-
content and isotopic composition. PCl uses a difpounded with the discovery of extremely
ferent set of techniques to analyze for radionudepleted uranium (i.e., with a very low fraction
clides and other elements in the environmentpf U%%) that could only have been produced with
much of its work has been on the Internationaklectromagnetic or laser separation techniques—
Chernobyl Projec%.Specific techniques are dis- techniques not known to be in commercial use

TABLE 3-1: Samples from Iraq Processed at IAEA Laboratories in 1991

Inspection Non-nuclear materials Nuclear materials
1st 48 31
2nd 35 0
3rd 139 51
4th 41 0
5th 49 61
6th 7 0
7th 139 141
8th 6 105
Total 464 389

Measurements requested

Sample category Sample types Analyses requested
Non-nuclear materials Smears Presence of U, Pu, or radionuclides
(Environmental) Vegetation Amount of U, Pu

Soil Presence of F, Cl

Debris U, Pu isotopics

Rocks, Ores Presence of high explosives

Water
(Materials of construction) Graphite Purity, type or identity

Steels

Beryllium

Unknown metals

Nuclear materials

Uranium metal
Uranium compounds
Plutonium compounds
Polonium

U, Pu waste and scrap

Amount of U, Pu

U, Pu isotopics

Amount of polonium
Compounds of U, Pu

Trace elements in U compounds

SOURCE: D.L. Donohue and R. Zeisler, “Behind the Scenes: Scientific Analysis of Samples from Nuclear Inspections in Iraq,” IAEA Bulletin, Jan-

uary 1992.

2D.L. Donohue and Rolf Zeisler, “Analytical Chemistry in the Aftermath of the Gulf Wardlytical Chemistry1993, 65,359A-368A,

American Chemical Society.
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anywhere in the world. As discussed in chapteever, considering air particulate samplers
2, the only commercial-scale enrichment tech-mounted on its vehicles. These would direct air
nologies—gaseous diffusion, centrifuge, andthrough a filter as the vehicle moves, collecting
advanced vortex tube—discharge depleted uradust and other materials. This is a prsimg
nium with tails of about 0.3 percenf No one  approach in Iraq because the agency has many
believed that Iraq was ahead of western developsehicles and access everywhere. Car engine air
ers of laser enrichment, but it still took a whilefilters have also been used as collectors. Other
for experts to accept that anyoneuwld use such forms of environmental monitoring, such as the
an old, energy-inefficient technology as electro-collection of soil and plant saples, are still
magnetic separatiohAfter three inspections the being performed to verify compliance with
evidence from sample analysis and other meanggreements. On the average, one IAEA inspector
was compelling, and Iraqi officials were forcedis in the field every day in Iraq.

to reveal the EMIS program. Enrichment equip-  Early problems in the Iragi environmental
ment had been operated at Tarmiya anGnonitoring program have largely been over-

Tuwaitha, and additional facilities were undercome. Contamination ruined some samples. The
construction at Ash Shieat. When alutron com-  race quantities characteristic of environmental

ponents themselvgs were recovered and materé‘amples can be contaminated by exposure to
als analyzed, uranium in one sample was foundnost any source of radionuclides. For example,
to have only 0.06 percenfﬁ?. _one scientist from a U.S. national lab apparently
Other analyses also disclosed undeclared irrggagt tiny particles of nuclear materials from his
Qiation of uraniu_m to produce very_smal_l quanti-home lab at several sitegiving erroneous read-
ties of plutonium. Howver, this adtity,  ingswhen they were unknangly collected with
detected by analyses of conventional nucleaf,e environmental samplésGreater attention to
material samples, was a minor part of the Iraqjjeanliness and double bagging of samples has
program. In addition, uraniumidm three differ- oo important. In addition, contamination from
ent ore bodies was discovered, includindige- Chernobyl, especially cesium-134 and -137, was
nous production as a byproduct from an Iradineasyred in Iragi samples and had to be taken
phosphate plart. o _into account. Even natural uranium created prob-
Environmental monitoring was used to verify |ams. one building was ade of concrete that

th_e accuracy of the final Iraqi declarations. “_'Shad 25 parts per million of uranium, a level close
still used to verify that no covert nuclear materialy minable ore quaIit?.

production is underway. In particular, wide-area
monitoring of waterways is performed, \deig

a high probability of detecting any significant SAMPLING
production of plutoniunf. The IAEA takes The collection of samples is conceptually simple,
water, sediment, and biota (plants and animaldjut there are some complicated aspects. The
samples at 50 river stations in Iraq every twoobject is to collect gaseous, particulate or liquid
years. The IAEA does not maintain air monitor-emissions from a covert nuclear operation. The
ing stations because of the expense. It is, howintent could be to determine if undeclared activi-

3Anthony Fainbeg, Strengthening IAEA Safeguards: Lessons from, I@enter for International Security and Arms Control, Stanford
University, April 1993, pp. 11-15.

4 Since this sample was found on the collector of a calutron, it was not the result ofieevital monitoring. SeB.L. Donohue and R.
Zeisler, “Behind the Scenes: Scientific Analysis of Samples from Nuclear Inspections inA&4,Bulletin January 1992.

5personal communication WitAEA staff, Apr. 3, 1995.

6 personal communication WitAEA staff, Apr. 4, 1995.

7 bid.

8bid.
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ties are taking place at a declared facility, or tgplume from the facility is caught, very accurate
search for an undeclared fétyi. As practiced so and timely information can be gleaned. Gaseous
far by the IAEA, sampling has mainly been con-plumes can, under some camalis, be detected
ducted at declared facilities. The most importanfor hundreds of ntes. There are several prob-
techniqgue has been taking swipes from equiplems with gas and particulate sampling, however.
ment or other surfaces in the targeted facility.First, some emissions from nuclear activities
Swipes (or smears) are simply pieces of cloth ooccur in puffs rather than on a continuous basis.
paper (kept scrupulously clean to avoid contamifor example, when a reactor is opened for refuel-
nation) which are wiped on the surface andng, or a batch of spent fuel is chopped to extract
stored in a plastic bag. Wiping picks up particlesghe plutonium, gaseous emissions occur briefly.
that have settled on the surface. Even thorougBecond, the movement of the plume can be very
washing of surfaces is unlikely to remove all theerratic, depending on local winds. Thus the net-
particles, and inspectors learn where to find thevork must be fairly dense to have a high proba-
optimum places to take swipes. The swipes neeflility of capturing the signates. Not only is
not be taken directly in the process area to detegluch a network expensive to construct, but the
what activities took place thes common areas stations need to be visited frequently to collect
and adjacent rooms collect enough telltale partisamples or otherwise service the equipment. The
cles also, carried in by personnel, equipment, oflense network required with different sampling
by air currents. techniques for gases and particulates, their main-
Taking swipes inside a facility is the mosttenance, and particularly the laboratory analysis
effective technique of environmental monitoring. of the large number of samples required add up
It is a powerful tool that is generally unavailableto a very large operating expense. Furthermore,
to national intelligence efforts, which normally once a plume is detected, it must be attributed to
do not have such facility access. a source. This requires a meteorological database
Outside the plant, sampling can still involve as well as models to analyze the transport and
swipes, for example on window ledgegyns, or  dispersion of effluents.
shiny leaves such as aloe. However, it is often Emissions can get into watéfom liquid run-
easier to simply pick the leaves or other parts 0bff from the facility, by settling out onto the
the plants. Pine needles are goodllectors ground and getting washed away by rain, or by
because they have a sticky residue that is particsettling directly into the water. Holding ponds
larly likely to hold particles. Not only do plants are particularly desirable as sources because they
(biota) capture particles that have settled on theigcatch the runoff directly. There are two tech-
surfaces, but they also collect soluble materiahiques for sampling water. One is to just fill a
carried to their roots in groundwater. Thhista  bottle. The other is to pump water through a filter
act as integrators of emissions over periods ofo collect suspended material or an absorber to
weeks to years. Grazing animals @iso collect collect soluble or colloidal species. Lakes, small
particles, which are concentrated in their excrestreams, rivers, and seas/oceans are all possible
ment. sources, though oceans tendditute the signal
Similarly, soil near the surface can be col-rapidly due to mixing.
lected. Particles settle from the air and can A related collection medium is sediment in a
remain on the surface for many years. river or the ocean, which can be dug up and
Air samples, either gaseous or particulate, cabagged. Sediment can accumulate ovdoray
be taken either at stationary sampling stations goeriod of time, providing a record of what came
from vehicles traveling isuspeted areas. If the down river over time. It is tricky to select a rep-

9 Personal communication WitAEA staff, Apr. 3, 1995.
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resentative deposit; depending on the river flonclean room far surpass anything the IAEA has
patten, a specific piece of sediment could be &ad to construct in the past, because environmen-
single recent deposit or an old one with no recengal samples contain so much less critical material
material. In either case, the sediment could behan do the traditional safeguards samples of pro-

deposited when no nuclear material was presemdess materials. It is critical to avoid cross con-
even though at other times it was present. Coligmination.

lecting water plants is another option, as with ter-
restrial _plants: _One advan.tage of water as NALYTICAL INSTRUMENTS
source is that it is much easier to trace a detecte
substance up-river than up-wind. Whereasds A broad range of analytical techniques is needed
change, the watershed remains fixed. for light and heavy radionuclides with different

Construction materials, while not literally a modes and rates of decay (see box 3-1), inor-
source for environmental sampling, are also conganic chemicals, and organics. The specific ana-
sidered because the same analytical techniquégical technique chosen for a sample depends on
can be used on them. Moreover, they are likely téhe type of sample, the signature suspected, accu-
be collected along with environmental samplegacy requied, the rapidity with whichesults are
as part of the IAEA’s upgrading of safeguards.needed, and costs. Samples may be divided and
Steel and other materials from a reactor can carnested by several means. As environmental moni-
considerable information on the operation of thetoring becomes routine, the IAEA will archive
reactor. Even analysis of unirradiated materiakamples, or parts of them, to establish a baseline
can be useful as with, for example, steel pieces ithat can be compared with anomalies discovered
Iraq that had been thought to be parts of centriy the future, perhaps with more sensitinstru-
fuges for enrichment, but which were shown notyents.
to be maraging steel, a material critical for centri- The maijor categories of analytical lab instru-
fuge rotors. . ments are-

A careful plan is needed to know where and
how to sample to have the greatest chance of Radiometers (counters) which measure the

finding telltale emissions with a minimum of
effort. Inspectors cannot simply arrive at a facil-
ity and start collecting samples. For example, ik
prevailing winds blow consistently in one direc-
tion, there is little point in sampling intensively
upwind. If an HEU plant is suspected, tritium or,
noble gases are unlikely to beniéted, so gas
sampling will serve little purpose. The plan must
take into account the type of suspected activity,
the terrain, local vegetation, weather patterns,
funds available for analysis, and other factors.
Once collected, the samples adouble-

bagged to prevent contamination, and sent to the

IAEA’s laboratories which protect the samples
from particle contamination. A clean room is”
being built there with U.S. assistance. The clean
room, which will have carefully controlled and
filtered ventilation, will contain the shipping

type and intensity of radioactive decays (alpha
particle, beta particle, gamma ray).
Spectrometers to characterize the radiation
emitted by decaying or excited atoms; may be
combined with counters.

Mass spectrometers, that separasetdpes
according to their different masses and mea-
sure their relative abundance (i.e., they derive
a spectrum of masses). Several technologies
may be combined with the mass spectrometer
to improve sensitivity.

Microscopes and electron microscopes, for
examination of particles.

Traditional chemicainstruments such as titra-
tion or chromatography apparati, which deter-
mine which chemicals are present and their
concentration.

area, storage areas for sample archives, and arra-Specialized instruments such as lasers and

Iytical instruments. The requirements for the

reactor irradiation for activation analysis.
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BOX 3-1: Radioactive Decay

Radioactive nuclei spontaneously decay (break up), emitting observable radiation and transmuting
themselves into other nuclei. This process continues until a stable form is reached. Transmutation can be
accomplished by the emission of alpha rays (helium nuclei), or beta rays (electrons or positrons), or by
the absorption (capture) of an orbiting electron. Gamma rays and x-rays, which are part of the electro-
magnetic spectrum that includes visible light, may also be emitted, but this changes only the energy
level, without itself causing transmutation.

Only the heaviest nuclei emit alpha particles. These are mainly actinides, elements of atomic humber
89 (actinium) and higher. Uranium (92) and plutonium (94) are actinides. Alphas are emitted with charac-
teristic energies that can be measured accurately to identify the isotope of origin. Alpha spectrometry is
used to characterize nuclear weapon material.

Isotopes lighter than actinides that indicate nuclear reactor operation are fission products (from the
fissioning of nuclear fuel) or activation products (non-nuclear materials such as fuel cladding or reactor
components that have absorbed neutrons). These usually have excess neutrons, and so decay by emit-
ting electrons (positron emission or electron capture occur in nuclei that have too few neutrons). The beta
particles emitted by a given isotope range in energy from zero to a characteristic maximum. Measuring
the energy of a given beta particle gives very little information about its source, although a spectrum or
collection of beta particle energies can be used to identify a particular beta emitter. Thus, substances
such as tritium (hydrogen-3, which has an unusually low-energy beta) can be measured by a combina-
tion of chemistry and beta spectrometry.

Each decay carries with it a characteristic pattern of gamma rays and x-rays. In many cases, gamma-
ray spectrometry can identify an isotope by measuring the energies and relative abundance of the gam-
mas it emits. However, many isotopes do not emit an identifiable spectrum; the spectral lines can be too
weak or so myriad that a pattern cannot be identified. Also, the “fingerprints” of different isotopes overlap,
so that an abundant constituent can mask a rare one. Experience is needed to understand the cases
where gamma rays yield useful information.

SOURCE: Office of Technology Assessment, 1995.

Some of the most important instruments thajpreparation, and can be used for any of the envi-
can be used to analyze environmental monitoringonmental samples discussed above. Sensitivity
samples are described here. Microscopes anthn be high; short half-life isotopes can be identi-
conventional chemical techniques, such as aréied from samples containingnly thousands of
already used for safeguards materials analysigtoms.
are not included. Alpha-particle spectrometry—measures the

Gamma-ray spectrometry—measures energy energy spectrum of alpha particles emitted by
of gamma rays from radioactive decay. Eaclplutonium and other actinides so that the isotopes
decay has a specific energy level(s) which mayresent can be identified by their characteristic
be identified easily. This method is used forenergy levels (similar to the gamma-ray spec-
screening samples as it is quick and requires nisometer). This technology can measure the ratio
elaborate preparation. It also can identify a broa@df uranium isotopes in a 1 microgram sample,
range of isotopes, including fission productsproviding useful information as discussed below.
(e.g., cesium-134 and -137, ruthenium-106), actiPlutonium can also be detected in amounts less
vation products (e.g., cobalt-60), and actinideghan one nanogram.

(e.g., uranium-235, plutonium-239, and ameri- Beta spectrometry—a counter for beta
cium-241). It does not require isotope-specificdecay. The emitted beta particles (electrons) are
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directed through a fluid. In a liquid stillation  and any fluorescence measured. Many uranium
counter, fluid molecules struck by particles arecompounds fluoresce, and this instrument can
excited and emit flashes of light. The liquid scin-measure them with high setigity and accuracy.
tillation counter is used to measure strontium-90, |nductively Coupled Plasma Mass Spec-
an important fission product that can be releasegiometry (ICPMS) —the sample is atomized in
during reprocessing. Tritium is measured by gag high temperature plasma and directed into a
proportional countes, which produce current mass spectrometer. Onieside, the atoms pass
pulses whose magnitude is proportional to thehrough a magnetic field which forces them to
energy of the incoming beta particle. move in a curve, with thighter atoms curving
Neutron activation andysis—the sample is more sharply than the heavier ones. This separa-
irradiated with neutrons from a reactor or othertion allows them to be collected separately and
source to generate radioactive isotopes. Then theeasured, permitting their identification. ICPMS
gamma ray spectrum lines are measured to idean measure nanogram-quantities of uranium or
tify the radioisotopes; the intensities of theplutonium with good ecuracy. For example, the
gamma emission lines indicate the concentratioruranium-235/238 ratio of a sample with several
The process can be automated and rapid. It i®ns of nanograms of uranium can be measured
especially good for iodine-129, technetium-99with 2 percent accuracy. The procedure is
and elemental fluorine. rapid and requires no elaborate preparation. It is
Delayed neutron counting—the sample is particularly good for water samples because the
irradiated with neutrons. Fissioning isotopessuspect material must be in solutiamyway.
(U35 or P39 emit more neutrons, but not all at Over 70 elements can be surveyed.
the moment of fissioning. Some are delayed for a Thermal lonization Mass Spectrometry
matter of seconds. Counting the delayed neutron@IMS) —the sample is ashed and the residue (or
gives a measure of the fissile isotopes presenjust a particle) is attached to a filament. The fila-
Nanogram quantities of uranium or plutonium inment is heated by an electric current thigh
the sample can be measured. temperature, which vaporizes the sample. The
X-ray fluorescence (XRF)—the sample is vapor is ionized and the ions directed into a mass
stimulated by X-rays, gamma rays, or energetispectrometer, as with the ICPMS. The TIMS
particles to produce fluorescent emissions. Emistechnique can detect small deviations from natu-
sions from elements ranging frosedium to the ral isotope ratios. It is the most acateinstru-
heaviest elements of the periodic table can benent in common use to measure uranium and
measured and identified by comparison to stanplutonium composition and is especially valu-
dards for the various elements. This technique iable for low concentration samples (e.g., nano-
used for rapid screening of samples. It identifiegrams per liter). TIMS is more accurate than
chemical elements—and is good at detectindCPMS, allowing the detection of mordlude
metals, including uranium and plutonium—nbut it samples. The ratio of uranium 235 to 238 can be
does not differentiate among isotopes of thameasured to at least 0.5 percent accu?‘écy.
same element. However, the cost can be several thousand dol-
Laser fluorimetry—the sample is ashed lars per sample, about 2 to 5 times higher than
(burnt or oxidized under controlled conditions tothat of ICPMS.
remove combustibles and preserve the noncom- Accelerator Mass Spectrometer (AMS)—
bustibles) and dissolved in hot nitric acid. It isuses a particle accelerator as input to the mass
then illuminated with an ultraviolet (UV) laser spectrometer to achieve greater separation. This

10personal communicatiosith Philip Miller, Lawrence Livermore National Laboratory, Mar. 1, 1995.
11 i
Ibid.
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is the most sensitive instrument currently avail-trained observer. In fact, Russian particle analy-
able, and relatively few labs have one. It can bsis is largely based on intensive visual inspec-
used to measure small changes in the concentrden. This is a very different approach from U.S.
tion of naturally occurring but rare radiotopes analytical techniques and can discover different
with long half-lives (e.g., carbon-14 and iodine-things about a particﬂe“. The morphology, or
129, which are created by cosmic rays as well astructure of a uranium or plutonium particle
by nuclear activities). AMS can detect isotopicbears information as to how it was formed. For
concentrations of 1 atom in ¥pmaking it excel- example, a particle of uranium might contain
lent for trace samples collected far from the emitU0O,, U;Og, and UOg in various structures,

ting site1? depending on the temperature at which it was
formed. That indicates the process that was used.
BULK AND PARTICULATE ANALYSIS A scanning electron microscope (SEM) is used

. . . to provide a preliminary analysis, such as
Once a sample is collected, it can be examined in . . )
. ) . . whether the particle is crystalline or amorphous,
two major ways. First, the entire sample (or just a ; .
. . and whether other materials are embedded in the
portion) can be testedlsing one or more of the article
instruments discussed above. This is called buIF?

analysis. Not only the radioactive or chemical Particle analysis is considerably more labor
material sought, but the medium (e.g., soil Vegei_ntensive and costly than bulk analysis. Thus it is
. L e sed only where extreme sensitivity apici-
tation) and sometimes the collecting agent . . .
) g ag Sion is needed. In the IAEA field trials, bulk and

(swipes, filters) are tested. Bulk analysis reveal ) D .
information about average properties of the samparthIe analysis yielded approximately the same
results when samples rich in particles were

ple and indicates the presence of anomalouairectIy compared. Thus the two approaches

components. . .
. . complement each other, serving somewhat dif-
Alternatively, suspect particles themselvesferem pUIpoSes
can be isolated and analyzed. A swipe of a dirty '
piece of equipment can collect many thousands
of particles, so identification of the relatively few DATA INTERPRETATION
interesting ones can be difficult. The methodThe information produced by the techniques
used by the Air Force Technical Applicationsdescribed above cannot be expected to unambig
Center (AFTAC) laboratories is to extract theuously define whatever activities have taken
particles from the sampling media (swipe), attactplace. It may be conclusive, as when HEU is
them to a clear plastic (Lexan) and irradiate thenfound in a variety of samples at a LEU plant.
in a nuclear reactor. Uranium and plutoniumMost activities, however, can be concealed suffi-
atoms fission during irradiation and leave tracksiently that only some samples wilave any
in the Lexan. When viewed under a microscopeindications, and these may be inconclusive. A
the particles that produced the tracks can readilfew particles of plutonium do not guarantee that
be identified and isolatetf reprocessing is taking place, as they may be fall-
Individual particles can be examined optically out from the Chernobyl accident or weapons test-
and with an electron microscope, and then testeithg, or contamination from a legitimate research
by TIMS or other mass spectrometers as diseenter. Analysts must be experienced with the
cussed above. Much can be learned visually by aperations that could have produced them, and

12 i
Ibid.
13personal cmmunicationwith Peter Aldred, Advanced Nuclear Applications (AFTAC analytical lab), Vallecitos Nuclear Center, Mar.
2, 1995.
14 personal communicatiosith IAEA staff, Mar. 31, 1995.
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the tools, such as burn-up computer _codes, F  TABLE 3-2: Measurement Sensitivities (TIMS)
can be used to understand thessibilties. In

addition, they must know how much data isEement Detection Isotopic analysis
required to reach conclusions, and how reliable 5x10% atoms  5x10% atoms
the data must be. Further sampling and analysi: 5x10° 5x108

may have to follow the first indication to deter- Am 2x10° 2x108

mine if it was an isolated anomaly or truly indic- Np 2x10° 2x108

ative of illicit operations. SOURCE: Don Rokop, Los Alamos National Laboratory, 1995.
Reaching conclusions on the existence of
undeclared abtities is likely torequire a multi- isotopes or chemicals found? How consistent
dimensional analysis, of which environmentalWith these sources are the forms of the discov-
monitoring will be only one part. Environmental €red substars? If the suspect activity is taking
monitoring itself will make a strong case if sev-Place, what else should be found? How long, and
eral different signals (as discussed in chapter 2§t What scale, has it been taking place? Is addi-
can be verified, especially for reactor operatiorfional sampling necessary to confirm these find-
and reprocessing. Uranium and plutonium isoinNgs, and what sort of samplisgould it be?
topes, perhaps in conjunction with other This information also must then be analyzed
actinides, are a good indication of reprocessing®n @ country- and site-specific basis before any
Finding other radionuclides such as fission andiccusations can be made. What other activities
activation products, and chemicals such as tribudre known to be taking place? Is the country
tyl phosphate, would greatly strengthen the indicapable of mounting this kind of operation?
cation. Finding tritum in weerways or the air What other indications (g., imports of equip-
strongly suggests reactor operations. ment, movement of technical personnel) support
As has been noted above, even minute trace¥ contradict the conclusions? Are the topogra-

of radioisotopes can be detected. With the mor@hy and local weather patterns of the suspected
sensitive instiments, a few million atoms of ura- Sité consistent with finding samples where they

. - )
nium can be sufficient for measurement and &vere found-

few billion can determine the full isotopic finger- Analyzing large numbers of environmental

print, as shown in table 3-2. The ratio of certainS@mMples will generate huge amounts of data.
Keeping track of all the data will be difficult.

isotopes can yield valuable information. For

example, the ratio of uranium-234 to -235 carfdequate provisions must be made for comput-
indicate the type of enrichment that was used®'S and software to handle, process, and store the

The bigger the sample, the more information that"formation.
it yields. With a sample containing 0.1 to 1.0
grams of plutonium (implausibly large for an CONCLUSIONS

environmental monitoring sample, but easilyThe analytical techniques described in this chap-
available from conventional safeguards or aer can detect and characterize routine goniss
smuggling case), an analyst may be able to teftom nuclear facilities. They are sufficiently sen-
the date of separation from spent fuel; thesitive to have a high probability of detecting
method of casting; irradiation time; the original covert activities to produce nuclear weapons
enrichment; and the reprocessing technitfue.  materials if the sampling is close to the facility.
The lab information must be analyzed by anLong-distance monitoring, especially of the air,
experienced analyst to extract the appropriatés more problematical. The more dilute the emis-
conclusions. What are the possible sources of theions become, the less likely that critical

15personal communicatiosith Sid Niemeyer, Lawrence Livermore National Lab, Mar. 1, 1995,
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materials can be distinguished from backgroundtienced and uses already available, more sensi-
or that they can be traced back to the sourcedive equipment. Technologies under
Sampling and analysis will improve over the development may improve analytical capabili-
next few years as the IAEA becomes more expeties, as discussed in chapter 5.
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he International Atomic Energy Agency  Sweden—tests were conducted in the vicinity
(IAEA) is moving to take advantage of of five separate nuclear facilities. Three were
environmental monitoring to strengthen nuclear power stations with a total of 10 reactors.
its safeguards. The United States andlhe others were a nuclear research facility and a
other members have strongdypported this ini- fuel fabrication plant. All were on or near the
tiative with funding, expertise, and assistancecoast (Baltic Sea or Kattegat, across from Den-
with lab analysis. Implementation will call for mark), and samples were taken of coastal water,
careful planning to minimize costs and maximizesediment, and biota up to 30 km away. Analyses

effectiveness. proved capable of detecting activation products
from reactor operation (e.g., Co-60) up to 20 km
FIELD TRIALS from the site. In addition, a small ammt of

The IAEA has conducted a series of field trials inhlgh-burnup plutonium, clearly - dstinguished
11 cooperating member nations to determinetrom fallout, was found near the research center.
how best to conduct environmental monitoring South Africa—an enrichment plant at the

and the results that can be expected. A variety d?_elindaba site produced the highly enriched ura-

installations were tested in order to gain experi-nlum used in South Africa’s seven nuclear weap-

2 .
ence with reactor operation, enrichment, repro-ons' A second plant on the site produced LEU

cessing, and other functions that are likely to béor South IAf”%aS p?wer reac_:tors. 'I;jhese plants
employed in a weapon program. are now closed. Soil, vegetation, and water sam-

Results from several countries have beerples were gollected in and_ near the facility
released including Sweden, South Africa, Aus_grounds. Swipes were taken in and near the pro-
tralia, Argentinat cess buildings. The vegetation samples, includ-

ing those taken well away from the facility,

1 These results are drawn largely from: BruPellaud andRichard Hooper, “AEA Sdeguards in the 1990s: Building on Experience,”
IAEA Bulletin vol. 37, No. 1, Mrch 1995.

2 For further information, see Adolf von Bzlenann, Garry Dillon, an®emetrius Perricos, “Nuclear Verification in South Africa,”
IAEA Bulletin vol. 37, No. 1, Mrch 1995.
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showed traces of enrichment activities. Particlahe United Kingdom, Indonesia, Netherlands,
analysis of swipes was consistent with bulk analand South Korea. A total of 12 trials (two in
ysis and showed in detail various levels of uraJapan) were conducted.
nium enrichment, including depleted and natural |nspectors visited the sites, collected the sam-
uranium, and LEU and HEU. The swipes gaveples, and sent them to IAEA headquarters. From
comparable results whether taken in the procesgere they were dfributed to various laborato-
area, auxiliary rooms, or outside the buildings. ries, including the IAEA’s own lab at Seibers-
Australia—the Lucas Heights Research Lab-dorf, as noted in chapter 3. Labs in the United
oratories has conducted a variety of activitiesstates, United Kingdom, Russia, Hungary, Fin-
Swipes inside a building housing a small centriang, Canada, and Australia also participated in
fuge enrichment development program that waghe analysis. In the United States, bulk samples
closed and dismantled 14 years ago still showegere sent to the Oak Ridge National Laboratory,
evidence of enrichment, including LEU andhich distributed them among the analytical labs
depleted uranium. One surprising result was the o5 Ridge, Savannah River Technology Cen-
discovery of uranium depleted below declaredter, Los Alamos and Lawrence Livermore

Ievelsl, dashalnz\'N as f0.3 _p_e_r(ient. Invﬁsugit'oq\laﬂonal Laboratories, and Pacific Northwest
reveare ¢ IS was ominitial tests, W en the Laboratory. For example, Livermore analyzed
centrifuge was fed with depleted uranidrBtart- . L

more than 200 samples for the field trialsing

ing off with depleted uranium, which has a Ura- ~oms and TIMS for uranium isotopics, and

nium-235 fraction lower than that of natural o .

. . AMS for iodine-129 from reprocessing or reactor
uranium, produces tails that are more strongly . . - .

operation. Samples intended for particle analysis

depleted than are produced from natural ura- t 1o the Air F Technical Appli
nium. Isotope production included monbdenum-V_vere éen 0 ¢ ed_'r .borf:e echnica pﬁ’('c"’:
99 (for medical use) from irradiating targets in at'obnS err:ter orh |str|||ut|9n to 'tT’ netcwor 0 q
reactor. Swipes showed both target material anﬁ1 S, Suc a_s atthe Va eC'_tOS NF’C ear enter an
the irradiated products. McClellan Air Force Base in California.

Argentina—the Pilcaniyeu gaseous diffusion The_ field trials demon_strated the practicality
enrichment plant produced LEU until 1991. The©f environmental monitoring under a broad range
output was used to improve performance in £f conditions. Most dectad activities were veri-
heavy water reactor, so the enrichment level waied, although in some cases, particularly in the

low, only 1.2 percent. This level is harder to dis-0c€an sampling off Japan, the signatures had
tinguish fom natural uranium than the 3 percentbeen so diluted that the results were limited. As

enriched LEU used for light water reactors.would be expected, streams are better sources for
Swipes were taken inside the process and othé&@mples than oceans. The process can be
buildings. Other samples included vegetation anémproved as more experience is gained. Inspec-
soil around the site, and river water, sedimentors will be trained to avoid contamination and to
and biota both up- and downstream of the facilpick the best locations for sampling. Distribution
ity. Analysis showed depleted and natural uraand analysis should become more efficient. Data
nium and LEU consistent with declarectigities interpretation, in particular, is a skill that takes
at the site. time to learn. For example, correlations@ng

Other countries participating in the field trials the isotopes detected in a sample often are more
included the United States (the K-25 enrichmeninformative of the process under investigation
plant at Oak Ridge, Tennessee), Hungary, Japathan the quantity of any isotope aldhe.

3 personal communication wWitAEA staff, Apr. 4, 1995.
4 Briefing by IAEA staff, IAEA, Apr. 3, 1995.
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In addition, not all samples will have to be As indicated in chapters 2 and 3, enrichment
analyzed. Some can be archived until anomalouglants and reprocessing plants are easier to detect
results suggest a more intensive analysis. Furthdéfnan reactors. In particular, reprocessing plants
work will also identify the key signatures that produce a variety of emissions that can be found
environmental monitoring can expect to identify, in several different types of samples. lodine from
allowing improved focus and fewer analytical Dounreay and Sellafield in the United Kingdom
deadends. Both sampling and analysis will béas been detected in samples taken at the Chalk
better in a few yaa, allowing improved results River facility in Canada by using a very sgive
at lower cost. accelerator mass spectrometer. Vegetation sam-

I the field trials had only verified activities Ple€s 30 km from Dounreay showed clear radio-
that were known to have taken place at knowrfluclide evidence of reprocessiigOf course,
sites, then little could be concluded on the feasiPounreay is a very large source; a small, clan-
bility of discovering clandestine activities. How- destine reprocessing plant probably could not be

ever, several anomalies were also discovered that€€n” from as far away. Enrichment plant signa-

turned out to be due to activities that werelU'® aré hard to detect using water sampling

unknown to the inspectors. One was the detect_echniques, even those that concentrate radionu-
tion of depleted uranium at the Australian siteCIIdes from high volumes of water. Lichens and

noted above. Another was the detection of pluto-mOSS are better media for detectisignatures

nium at the Oak Ridge enrichment plant. Thefror.n enrichment plants. Reactors were detected
ainly from on-site water samples. A small,

source turned out to have been reprocessed urg]]-

nium with traces oplutonium fom the Hanford andestine reactor would be quite hard to detect,
. . . ’ Fspecially if the background included a signifi-
Washington facility that had been re-enriched a L
cant amount of contamination from fallout from

Oak Ridge many years earlier. Clearly, ENVINONT, Lclear weapon tests, Chernobyl, or the produc-
mental monitoring can uncover preugy

o tion and use of radioisotopes for medical or
unknown activities. "
i research purposes. R&D facilities were best
Other anomalles ha\{e yet to be fully characterized by swipe sampling inside the
explained. Cesium found in Hungary could haveyjigings: these samples produced unambiguous
been from leaky fuel at the reactor, or it Cou!dsignatures, especially for isotopes such as ura-
have been from Chernobyl. More was found inyiym-235. Outside such facilities, vegetation and

downstream sediments than upstream, indicating,ater samples showed evidence of nuclear activ-
a reactor source, but the difference could alsgjes as far as several km away.

have been a result of variable fallout or poor tha measurement of radionuclides from on-

sampling? If from the reactor, one would have gt sampling proved particularly effective. For

expected to find cobalt-60 (an activation producisetopes of uranium and plutonium, particle anal-
of steel) also, as was the case in Sweden, bykjs gave more precise results than bulk analysis.
none was associated with the Hungarian cesiumrhe combination of on-site samples and particle
At another site, a particle of HEU (30 percentanalysis was so sensitive that samples taken in
enriched) was found that had no relationship tcommon areas in enrichment plants showed
any activities at the site. It may have come fromcomparable results to process room samples.
a previous visitor. Contamination, whettiesm  However, the field trials also demonstrated that
an inspector or introduced in staging areas, is thether sampling and analytical techniques work
most probable explanation for most anomalies. well too; nuclear activities can be detected at

5 personal communication witAEA staff, Apr. 4, 1995.
6 .
Ibid.
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least several kilometers away from the esiie  on member states for much of the analytical
point, and bulk analysis gave the same generalork as environmental monitoring becomes a
results as particle analysis, although not asoutine part of safeguards inspections. dntf it
clearly. However, bulk techniques could analyzemay have to expand its network of laboratories
a larger portion of the sample, increasing theys the work load grows.

chances of getting a “hit.” The different tech- 1o |AEA is building one essential facility for
niques complement each other and any of ther}, o aw safeguards program—a clean lab to
may be most appropriate for particular Condi'receive samples from the field, perform some

tions. analyses, and hold other samples until they can
be transferred to its network afutside labs.
TRAINING Samples cannot be sent directly to an outside
Taking samples for environmental monitoring isanalytical lab because it is necessary to maintain
somewhat different than conducting conven-confidentiality for the inspeted faciity. The
tional safeguards inspections, and inspectorgagmples are kept anonymous, which may involve
must _be adequately trained. Most_inspectors arfapackaging and péitting them. As has been
technically competent (they routinely samplepteq, it is essential to avoid contaminating these
process lines and operatephsticatedinstru-  s3ynjes. and a clean room—where the air flow is

menf[s), and (_anwronmental sampling tasks ar%arefully designed and filtered—is necessary to
relatively straightforward. However, the sam-

lina strateav must be carefully planned. an roperly handle them. The clean lab will be at
ping strategy yp " (giebersdorf, Austria, where the IAEA already
contamination standards are much more stringe

than for conventional safeguards. Furthermore%as a large laboratory, but it will be kept separate

the quality assurance procedures are demanding™m the other labs to minimize the risk of cross
For example, inspectors have to record exactifontamination. It will contain some of the basic
where a sample is taken. The mechanics of thEStruments such as an electron microscope and a
sampling can be taught in a day or two, but''MS. The IAEA must be able to independently
proper procedures must be learned over a longé&@nfirm results (especially positive results) to
period. In addition, enhanced observational skillgnaintain its credibility with inspected states, but
(e.g., the ability to notice suspicious or anomafor analyses requiring expensive techniques such
lous equipment) must be taught so thapectors as AMS and particle analysis it must continue to
can comply with the new activism in seeking outrely on member states.
evidence of proliferation, as suggested by the The clean lab is expected to be in operation by
IAEA Programme 93+2. the end of 1995. The total cost for the lab itself
Only a few inspectors have had training in(not including instruments) will be $3 million, of
environmental sampling techniques. Oak Ridgeyhich $1.5 million is being covered by the
provided training for most of those involved in ypjted States. The equipment to be housed in the
the field trials (about 10). An |n|t!al training Pro- facility will cost approximately another $2 mil-
gram has been conducted at Seibersdorf, with thg,, \which will come from the IAEA’s regular

first group in June 1995. budget’ Additional funding ($160,000) could be
used for a low-level gamma spectroscopy system

TECHNICAL CAPABILITIES AND to screen samples. The clean lab operations will

THE NEW CLEAN ROOM require two professionals and two technicians.

The IAEA did relatively little of the lab analysis U.S. help is technical as well as financial. An
for the field trials and expects to continue to relyAmerican expert has been loaned to the IAEA

7 Briefing by IAEA staff, Apr. 3, 1995.
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for two years to help design and construct thaleclare all their nuclear material and establish a
lab, and other expertise also is being transferredsystem of controls for it. The IAEA measured the
Many improvements are expected in thematerial and verified that none had been misap-
future. Instruments and techniques under develpropriated. Verification that no other activities
opment in the United States are reviewed irnwere taking place was not seen as part of the
chapter 5. Other work that may be relevaniAEA’s job, even though countries commit under
includes environmental restoration of weaponshe Non-Proliferation Treaty (NPT) to refrain
facilities. Studies of sh radionuclide absorption from developing nuclear weapons in any way.
by vegetation, and groundwater or ocean currenthis approach was adequate only if all members
movement provide information and models thatcould be trusted, in which case such verification

the IAEA could use. arguably would not be needed at all. It was
shown to be fundamentally flawed when coun-
QUALITY ASSURANCE tries such as Irag and North Korea proved them-

The trace levels of materials sought in most Samselves willing to ignore their commitments.
g The new approach dmdied inthe IAEA Pro-

les require very stringent quality control in . L
P d y g quality ramme 93+2 is much more &gst. If fully

order to avoid contamination and inaccurat -
. implemented, as the Board of Governors indi-
results. For example, inspectors may need new

throwaway suits and booties eveday. The cated it would be at the Mard®95 meeting, the

IAEA is establishing proper procedurfs tak- IAEA,W'" search for }Jndgclared autnes_. The.
ing and handling samples. Sampling kits hav States_ Fiec_laratlon will still be .the startm_g point
been designed and provided to inspectors Witﬁﬁr verlflcathn, .bUt the IAEA will look for igns

U.S. lab help. Generally two inspectors arelhat contradict it. For example, the IAEA could

needed—one to collect the sample and the oth&Poperate with supplier states to determine if any

to hold the bag it goes into. The two Cannotcountriesare importing equipmemconsistent

change roles during the day because of the risk (Wlth peaceful, declared uses of nuclear power. It
cross contamination. could also conduct literature searches and

Analytical labs also must practice strict qual-demand more infqrmation from inspe_cted
. . ! state€ The IAEA might take a country-wide
ity control, both in the handling of samples and

in the analysis. Some of the network labs ma approach—yvhere might an undeglared f?‘?'."ty
Xﬁe,con&derlng factors such as national abilities,

have been unaccustomed to the need for suc " dt h d h d
quality control, because contamination occurrecﬁﬁzeitr,;se’ ane TOPOgTApTY, At oW €08 one

several times. h ) ¢ ds f il still b
One of the clean lab’s important functions will The main safeguards focus wi st e on
clear material, but the scope of verification

ggégsf&nsure adequate quality assurance at activities will be expanded considerably. Envi-
ronmental monitoring will be a key part of this
approach. Environmental monitoring may serve
IMPLEMENTING ENVIRONMENTAL as a warning flag that other inspections are
MONITORING needed. By itself, it is more likely to indicate
The IAEA has been shifting its fundamental subtle inconsistenciesather than gross discrep-
approach to safeguards. In prior years, particuancies, if in fact undeclared agties are taking
larly before the 1991 Persian Gulf War, its objecplace. It will also raise confidee where they are
tive was primarily to verify that a state was doingnot taking place. Thus it will be a sorting tool
what it said it was doing. States were required taised in combination with other conventional

8 personal communication witAEA staff, Mar. 31, 1995.
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safeguards, not a replacement. For example, if kkely to be necessary to develop and test the
country has reactors but no reprocessing facilimeans to find undeclared sites, especially repro-
ties, the IAEA could use environmental monitor-cessing and enrichment plants. By definition, this
ing to verify that no reprocessing is taking place means long-range monitoring, especially of riv-

With that assurance, the frequency of insigerst  ers, which were not intensively examined in the

to verify that spent fuel has not been divertedearlier field trials.

(now every three months) could be reduced, The IAEA and several member states, includ-
since environmental monitoring can give aing Canada and several Scandinavian countries,
timely warning? already are discussing field trials specifically
Such a reduction in inspections entails somejesigned to detect such activitis Tests in
risk because a country might send its spent fuekeapon states would be particularly useful,
to another country for reprocessing without noti-but—given the power of environmental moni-
fying the IAEA. Alternatively, it could construct toring—they would have to be carefully
a clandestine reprocessing plant and not operattesigned to avoid compromising national secu-

it until ready to quickly construct nuclear weap-rity. The United Kingdom might be a possibil-
ons. Environmental monitoring would not detectity_ll

either of these avenues. However, both introduce a getailed plan for implementing environmen-
considerable uncertainty and the potential fokg monitoring will be needed. An outline was
delay. Shipping spent fuel could be slow andyrepared for the June IAEA Board of Governors
might_ itself be detected. The reprocessing COUMmeeting, but the full plan will not be ready
try might not apply the same level of secrecypefore 1996. The full plan should cover topics
increasing the potential for detection, or mightg,ch a5 facilities that will be subjected to envi-
not even return the plutonium. Unused reprocesSynmental monitoring, the level of effort of
ing plants, even small ones, are likely to require g§,spectors at each kind of site, the training and
significant shakedown period and are likely toequipment they will need, the labs to which their
release _detectable emissions _before purifyi”%amples will be sent and the type of analysis to
substantial amounts of plutonium. Thier, o qone procedures for quality assurance, how
environmental monitoring can support a reducrent safeguards will be modified, and the
tion of_ inspections if_accomp-anied by .political cooperation that may be needed with the host
analysis and broader information gathering.  giate This plan will need considerable input from

IAEA operations personnel and review and
O Planning acceptance by member nations.

Further study will be required before environ- In addition to the general plan, specific plans
mental monitoring can be fully integrated into will be needed for each site. Sampling must be
the safeguards system. The major uncertainty idone on the basis of the known operations at the
over the ability to find undeclared sites. Findingsite and expected signaturgsssible undeclared
these will be very different than finding unde- activities, and the specific site characteristics
clared activity at declared sites. Potential prolif-such as topography and environmental condi-
erants will have greater incentive to buildtions. The IAEA is documenting signatures from
undeclared, covert facilities if they judge thatall relevant activities (see chapter 2). A current
weapon activities co-located with safeguardedproject at the Pacific Northwest Laboratory is
facilities will be detected. Mre field trials are developing a computer program, the EM

9 Personal communication WitAEA staff, Apr. 4, 1995.
10Briefing by IAEA staff, Mar. 31, 1995.
11personal communicatiosith IAEA staff, Apr. 4, 1995,
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Assessment Tool, which helps the user to plai] Costs
inspections based on site and operational chara Xdding environmental monitoring to the IAEA’s

teristics, and on safeguards needs and capabili.i iies should not greatly affect its buddgt.
ties. This tool could be quite useful for wide arean, o the past nine years, the Safeguardssiiui

mc:n_l:[[prlllng.th | il h o f budget has been under a zero growth restriction
nitiady, the pran will have to focus on sam (actually it has been slightly negative when cor-
pling at declared sites. It will be very expensive . . " .
; . . ~rected for inflation). Additional costs for inspec-
if every safeguarded site has to be exhaustivel 0
lon and analysis will have to be largely balanced

sampled and analyzed. Nevertheless, the |IAE : . - )
o bty reductions in other activities, such as material
has to be sensitive to member concerns abou

) . ) S accountancy, and by learning to do more with
being unfairly singled oubr closer examination. y y g

. " ess. As noted above, the frequency of some
Perhaps a list of critical facilities can be selecte : .
o . inspections may be reduced because of environ-
initially, with the number (e.g., 50) large enough

. R mental monitoring. The United States paid for
to avoid charges of discrimination but small . : .
. most of the field trial laboratory analysis, but the
enough to be manageable. Baselines for the

facilities could then be establish&tiBaselines | EA will have to cover these costs when the
: : . activities become routine. U.S. assistance has
will be especially important at research com-

plexes that have a variety of activities that coulqaISO included cost-free experts, who are individu-

produce emissions similar to weapons produc:dls whose services are provided free of charge to
tion. (Such places would be logical sites forthe IAEA, but both the United States and the

covert nuclear facilities if remote siting is not IAEA have limits on how many such experts can

possible.) Future samplean then be compared be supported. Safeguards in general, and envi-

with the baseline to see if any new activities havéonmental monltorlng_ N partlcular,. cannot be
been introduced? seen as a U.S. operation. Other nations must also

be involved both financially and technologically
0] Data interpretation for the IAEA to maintain its credibility. Fortu-
ala Interpretatio nately, the level and breadth of support from

Interpreting the information that is developedother members has been qugteod.
will be a particularly important function that will

also be e.speC|§1IIy dlfflcult to implement. If a, ONCERNS OVER ENVIRONMENTAL
confrontation with an inspected state ensues, | ONITORING

must be based on very strong evidence with vir-
tually no chance of error. The IAEA mustend The IAEA will have to deal with several con-
considerable effort on this area. Confidence igerns on the part of insped nations. Environ-
hard to quantify, especially since environmentaimental monitoring is predicated on finding
monitoring is so differenphilosophicallyfrom  radionuclides released from nuclear facilities to
current safeguards. The United States is providthe local environment. Many people are worried
ing assistance in this critical ar¥aRussia and about exposure to any radioactive materials.
the United Kingdom also could provide usefulEven though the level of radiation sought by
help. However, much of the equivalent workenvironmental monitoring is far below any that
done by member nations is classified and will banight cause health problems, some people may
difficult to share. become concerned that any radioactivity is being

12Briefing by IAEA staff, Mar. 31, 1995.

13 Anthony FainbergStrengthening IAEA Safeguards: Lessons from, I@enter for International Security and Arms Control, Stanford
University, April 1993.

14personal communicatiosith IAEA staff, Apr. 4, 1995.

15personal communicatiosith IAEA staff, Mar. 31, 1995.
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found. Public opposition could increase just byinformation to a company back home. This is a
the knowledge that inspectors are looking formore easily managed problem thaublic oppo-

such radioactivity. Release of information on thesjtion. The IAEA already has access to plants
material found could increase mgsition even with competitive concerns and is able to main-
more, no matter what the levels are. Plutonium igain confidence. Strict confidentiality of the sam-

particularly worrisome, as many people arepies as will be accomplished by repackaging at
unaware of how ubiquitous it is. Regulatorythe Siebersdorf facility, will help.

problems also are possible if radioactimateri- In addition, the advanced states may worry

als are found. - . . .
about compromising their own national security

Some states will have to make significant hnol 5. S £ th Ivtical tech
adjustments to accommodate environmentaﬁe_‘C nology secrets. some of the analytical tech-

monitoring. Where operators have downplayeof”ques that are used for environmental monitor-
the emissions of plutonium and other radionui"d Wwere developed for national security
clides, new approaches to explaining the resultBUrPoses, and these states may not wish them to
will be needed, especially if standards have actubecome more widely known.
ally been exceeded. A compensating factor is
that environmental monitoring may be quite use-CONCLUSIONS
];lgf;?r th:alztatce)vfraalllchlrﬁ\cl)zt Itr?aggvr?s hser?cl)tur} da?)iEnvironmental monitoring will significantly

y 9 ) ’ increase the effectiveness of IAEA safeguards,

able to accept environmental monitoring, though . . .

o ._especially for the detection of undeclared activi-
they may want to place some conditions on it,; declared si imol . hould b
such as the release of information. ties at declared sites. Implementation should be

A second concern is over competitiveness.relatively straightforwardthough considerable

Emissions can contain information on the prc,_planning and consultation with all parties to the
cess used in an enrichment or fuel fabricatiorfictivity will be necessary. As th&EA becomes
plant. If this information falls in the hands of more proficient, and improved technologies are
competitors, it could be damaging. The IAEA made available, capabilities should expand con-
employs nationals of many different states, and isiderably. U.S. assistance will be essential in this
is not impossible that one would pass theprocess.



Future
Technologies

esearch currently under way is develop-of concern without on-site inspection. The other
ing new technologies that could approach is for shorter-range technologies that
improve significantly the effectiveness could sample a stack plume from a convenient
of environmental monitoring. This nearby ground location.
chapter first discusses how monitoring effective- The schemes for remote environmental moni-
ness might be improved, next summarizes théoring discussed here are optical in natustna
general directions of laboratory research, andiltraviolet or infrared light. There are active

then describes some specific approaches. schemes that supply the light they need, and pas-
sive schemes that use existing sunlight or ther-
STRATEGIC DIRECTIONS mal radiation. In either case, the moning

instrument views the area under investigation

One significant improvement expected in future i | )
and analyzes light received from it.

environmental monitoring ilemote sensingthe gi din th . . h
ability to collect information without physically As discussed In the sectidmproving Tech-

collecting samples. Remote sensing could b@ology, such techniques can identify airborne

valuable for rapid screening of many sites, esper-nOIeCUIeS’ but with only moderatecaracy and

cially if that must be done without the coopera-SpeC'f'C'ty' They are much less sttive to solid

tion of the state. (Note that this is not an IAEAmate”al’ and—in most cases—they cannot dif-

function.) Two approaches are possible: aeria‘ererm""te among isotopes of the same elemfant.
and ground-based, remote surveillance. Spacé—jowever, they are na’_[u_rally adapted to surveying
craft already have unrestricted ovigfit rights, 2 large area for suspicious occurrences, and can
and flights for aircraft at altitudes above 10 kilo- seIAect ‘?d fgcus on afsm.alll]?pot W.Ithm that area.
meters could become acceptable under an Open not. er direction of signi |can'F _mprovement
Skies Treaty: Sensors that operate at theseW'" be instruments ofreater sensitivity and/or

ranges could be used routinely to monitor areagelectlwty. This would allow future _mvestlga-
flons to use smaller samples (possibly down to

lus. Congress, Office of Tesblogy AssessmentY/erification Techologes: CmperativeAerial Surveillance in International Agree-
ments OTA-ISC-480 (Washington, D@J.S. Goernment Printing Office, July 1991).
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single dust particles), process samples that ammass spectrometry, chromatography, and bench-
more dilute, measure additional contaminants, otop chemical analysis. Finding specific mole-
provide higher-quality answe The most dra- cules in the environment is useful for many
matic improvement comes from combining two missions, from detecting a chemical weapon pro-
different technologies so that the substance beingram to measuring pollution; new technologies
measured passes two independent selectiofay be truly dual-use, with application both to
screensGreater speedwould allow the process- national security and to civilian needs. On the
ing of more samples for greater statistical accupther hand, a specific molecule may have many
racy. legitimate sources, and its presence oinlgi-
Portability is also desired. Some new tech-cates an anomaly worth further investigation;
nologies are intrinsically small-scale, and otherg|so, some signature molecules will not be found
technologies are being miniatue. Aninstru- i the environment for reasons such as low vapor

ment that can be hand-carried at an inspectiopressure or because they react with atmospheric
site can provide immediate results to guide theyases to form other species.

inspection strategy. At present, an instrument
weighing 61 pounds can be called portable; Infrared Spectroscopy

standards will change with further mlnlaturlza-Infrared “fingerprints” observed by infrared or

tion.
Features of remote sensing and portabilit)}_q"’man spectroscopy (box 5-1) can be used to

could be combined by mounting instruments oHdentify particular molef:ular_ specit_as. Chemists
an aircraft and flying it to the inspection site. usually record the entire fingerprint spectrum
using a laboratory infrared source, and laser

There it can fly through an exhaust plume, col- . .
lect samples, and analyze them immediately. Raman spectroscoﬁ)natgrally gives the entire
spectrum. Another technique under development
that will cover a broad spectral region is a pas-
IMPROVING TECHNOLOGY sive airborne infrared spectromeferlterna-
Two kinds of technologies are under develop+jyely, it may be possible to look at individual
ment for environmental monitoring to detect agpectral features using DIAL (differential
clandestine weapon program. One kind looks fogpsorption LIDAR), in which a laser alternates
suspicious isotopes, such as uranium-235 Opetween the frequency of a characteristic molec-
technetium-99 (as does most current technologyjar absorption line and a different nearby fre-
as discussed in chapter 3). The other kind look§uency, and the receiver lookgor a
for suspicious molecules, such as HF (hydrogerorresponding change in return signal due to the
fluoride) or TBP (tributyl phosphate). (See thepresence of the absorbing molectile.
end of this chapter for another possibility: l0ok-" |1¢-2rad or Raman spectroscopy is able to

ing for waste heat from a concealed nuclear ra{etect molecules as vapor in air, and in solution.

tor.) For the lighter elements (hydrogen to oxygen),
o different isotopes of the same element astirh

[ Identifying Molecules guishable because their vibration frequencies,

The chemist has many analytical tools to identifywhich depend on mass, can be differentiated. It is

molecules of interest: infrared spectroscopyless suited for analyzing solid aterial, or for

2Brian Andresen et al., “A Small, Portable Gas Chromafiigauadruple Mass Spectrometer for On-Site Analysis,” Lawrence Liver-
more National Laboratory, UCRL-ID-116939, April 1994.

3 Briefing by C. Chen, Brookhaven National Laboratory, Jan. 10, 1995.

4 Briefing by A. J. Ramponi, Lawrence Livermore National Laboratory, Mar. 1, 1995.

5 Briefing by Lyn Pleasance, Lawrence Livermore National Laboratory, Mar. 1, 1995.

6 Briefing by C. Chen, Brookhaven National Laboratory, Jan. 10, 1995.
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BOX 5-1: Infrared Spectroscopy

Different colors of light are waves with different oscillation frequency and correspondingly different
wavelength (which is the speed of light divided by the frequency). The characteristic vibration frequen-
cies of molecules are in the infrared (IR) spectrum; the much higher frequencies to which atoms respond
are in the ultraviolet (UV). Visible light occupies the intermediate region between UV and IR, to which
many substances do not respond. These substances are therefore transparent.

Light frequencies are so large that the numbers are hardly meaningful. For example, water vapor
makes air essentially opaque to a broad band of infrared radiation near a wavelength of 6.2 micrometers.
This corresponds to a frequency of 5 x 1013 Hertz (cycles per second). It is more usual to specify this fre-
quency as 1600 waves per cm, or a wave number of 1600 cml.

Most molecular species have a number of infrared absorption lines, or characteristic frequencies that
they absorb strongly. The spectrum of light that has passed through air containing these molecules will
show narrow dark bands (spectral lines) due to that absorption. The pattern of lines forms a “fingerprint”
that identifies that molecular species.

Raman spectroscopy is another way to measure a molecule’s infrared fingerprint. Here light of high
frequency (visible or UV) interacts with the molecule, and re-emitted (scattered) light is analyzed. Due to
the Raman effect, some of the scattered light will be shifted in frequency by an amount equal to a charac-
teristic frequency of the molecule. With a single-frequency laser source, the returning light will display a
spectrum with bright lines corresponding to molecular frequencies—also a fingerprint.

SOURCE: Office of Technology Assessment, 1995.

distinguishing among isotopes of heavy eleimasses. The heaviest atoms weigh about 250
ments, for which the relative changes in vibrationatomic mass units (amu—approximately equiva-
frequency due to mass differences are muclkent to the mass of a hydrogen atom). Interesting
smaller. organic molecules range up to 10 times this
In a mixture of many different molecular Spe_value, andiologicalmolecules can reach several

cies the fingerprints are likely to overlap, obscur-hundrefj thougand amu. Molecules are broken up
ing some of the lines and complicating by the ionization necessafgr mass spectrome-
identification. Also, large and interesting mole- {ry- Thus a single molecular species can give rise

cules tend to have poorly defined spectral feal® @ Spectrum of different fragment masses,
tures with broader absorption lines than smallefVhich define the mass spectral fingerprint for

simple molecules. As a result, infrared or Ramar]ihat mOIeCL_”e' | h
spectroscopy can be expected to identify and Conventional mass spectrometers (see chapter

characterize simple molecules but may not bg’) seglaratte inc_i identify attoms or rpol?cules
very sensitive to the large complex molecule according to their response 1o magnetc forces.

. . o %onized molecules are accelerated electrically
important to environmental monitoring. Remote
and follow a narrow path through a magnet,

sensing by infrared spectroscopy doefeifthe which bends their trajectories: the larger the

IpOSSIb"Ity of .rapldl3;scree.n.|ng .Ia.rge areas 1o mass, the smaller the deflection angle. These sys-

ocate any regions of suspiciousiaxy. tems need relatively large samples because the
ionizer and molecular throughput are not very

Mass Spectrometry efficient.

Chemists use mass spectrometry to identify mol- Improvements in magnetic spectrometer effi-

ecules based on their masses, and are thereforiency are discussed below in connection with

concerned with measuring a wide range ofidentifying particular nuclei. In addition, more
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sensitive technologies using electricdes have specifying reactants and procedures, before they
been demonstrated. lon t?aand time-of-fligh@ can be used in practice. Chromatography is an
mass spectrometers do not need a narrow patbstablished technique that is already in use for
and the latter can measure molecules of biologienvironmental monitoring.

cal size. These technologies can be combined

with laser ionization, which causes less damagg Identifying Isotopes

to molecules and further increases the efficiency o
compared to other types of ionization. The nuclear scientist also has a numberofst

Future mass spectrometers will have greatl)yv ) . .
improved sensitivity, making this already us,efuIMZTc'tt.Of theﬂl}@y nugltldes arbe r?jdlfaitl\ée’ agd the
technique much more useful. radiations they emit can be detected and ana-

lyzed (see chapter 3). Mass spectroscopy can
determine the relative abundance of different iso-

Other Tools _ N _ _topes. Other techniques involve inducing the
Molecules can also be identified by their chemi-3toms to emit characteristic radiations. Activa-

cal properties. Liquid and gas chromatographyion analysis (neutron bombardment resulting in
are techniques where the sample is mixed with §e\y radioactive isotopes due to transmutation or
carrier that flows _through. a column to SeF’arateﬁssion) was covered in chapter 3. There are also
mixtures of chemicals; different substances ar%ptical resonance (scattering of characteristic

carried _through the colgmn at dllfferent rates,Iight frequencies) and induced radiation (emis-
depending on how they interact with the surfaceSion of characteristic x-rays or gamma rays).

coating of the column. Thus chromatography -

. . These tools are more specific than those used
separates the sample into fractions that come ijt identf lecul dth lei thev detect
of the system at different times. The molecule o O ldentity molecu'es, an € nuciel they detec

interest comes out at a time established by prevf’j-‘re much less ambiguous indicators of a clandes-

ous tests, and that fraction can be analyzed furtlne weapons program. The tools are also less

ther. Electrophoresis is a similar techniqueSUItabIe for dual-use. However, some of them

where substanceare mobilized by an electric have been applied to studying the fossil record of

current instead of a flow of material across a surlh® €arth's history by measuring elemental and

face. isotopic abundance ratios, yielding information

These analysis techniques are considered" Varous geological and meteorological pro-

destructive in that they use up the sample, preZ€SS€s:

cluding further tests. However, it is possible to

construct a surface which selectively attractdVieasuring Radioactivity

some molecules and holds onto them withouCounting atomic disintegrations is a mature dis-

destroying them. A micromechanical surface-cipline (see chapte8), and this chapter is con-

acoustic-wave sensbcan compare the density cerned only with advanced state-of-the-art means

of molecules held by different surfaces, provid-of doing so. Radioactivity provideshaghly sen-

ing still another “fingerprint” that can be used tositive means of detecting atoms or molecules that

identify the molecular species (se®pecific have previously been selected and concentrated.

Approachep Its application to capillary electrophoresis and
Tools that use chemical interactions requiretritium measurement will be mentioned later (see

the development of a “cookbook” of recipes, Specific Approachés

7 Briefing by Aaron Garrett, Los Alamos National Laboratory, Feb. 27, 1995.
8 Briefing by Charles Wilkerson, Los Alamos National Laboratory, Feb. 27, 1995.
9 Briefing by Tony Ricco, Sandia National Laboratorigsb. 28, 1995.



Mass Spectrometry

As already mentioned, the weak point of conven-D

tional mass spectrometers is collection effi-
ciency. An instrument with greatly improved
efficiency has been developed by conibg
state-of-the-art technology isotope sparation
and ion optics? It has a better ionizer and a
broader beam path.

Optical Resonance
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SPECIFIC APPROACHES

Laser Remote Sensing

The U.S. Department of Energy (DOE) has a
program called CALIOPE (Chemical Analysis
by Laser Interrogation of Proliferation Efflu-
ents). This is a collaborative effort involving five
national labs, whickare pursuing various ideas
for laser remote sensing. It is intended to culmi-
nate with an airborne field demonstration of the
most promising ideas. Current research efforts

Individual atoms can respond strongly to lightinclude:

that is tuned to an atomic transition frequencya
For example, extremely small quantities of
sodium can be measured by resonant excitation
and re-emission of yellow light at 589 nanome-
ters wavelength. This method is very selective
for atomic species (nuclear charge); combining it
with mass spectrometry to select for nuclear
mass provides an absolutely unambiguous identi-
fication of a particular isotope. Unfortunately,
the strongest responses come from the alkali
metals (sodium, potassium, rubidium, and
cesium), and the application of this technique to
other elements is not obvious.

Induced Radiation
When a solid sample is bombarded by a particle
beam (of electrons dpbns), or by gamma rays,
the atoms and nuclei in it can be stimulated to
emit radiations. All except the lightest atoms will
produce x-rays characteristic of the atomic spe-
cies. X-ray tubes use electron bombardment; use
of ions or low-energy gamma rays to irradiate
samples can give a cleangignal. In addition,

Enhanced UV Raman Spectroscopy:A
characteristic of the Raman effect is that the
return signal is weak. ¢ing ultraviolet instead

of visible light can inoease the signal by a fac-
tor of 1000, and changing (modulating) the
laser output and lookingfor changes in the
return can result isuppressing the noise by a
similar factor!! Ultraviolet light does not
travel well through the atmosphere, limiting
this technique to distances less than 1 kilome-
ter. Its best application may be on-site charac-
terization (of stack plues, for example)
instead of airborne use.

MWIR (Mid-Wave Infrared) DIAL (Differ-

ential  Absorption  LIDAR): Recent
advances in tunable infrared laser tedhgp
have made it possible to probe the spectral fin-
gerprint lines of many molecules with a single
instrument covering the spectral range from
2.5 to 4.5 micrometer¥ This instrument
could be used at airborne ranges of many kilo-
meters.

Early tests are encouraging, but much devel-

opment work remains before any of these con-

ion bombardment of many of the heavier nucleicepts could be used routinely in the field. The
causes Coulomb excitation, in which the nucleugltimate sensitivity and specificity of these tech-
is stimulated to rotate and to emit gamma raysologies are still to be determined:; it is not easy
characteristic of the nuclear species. These methe detect the fingerprints of molecules in trace
ods are sensitive and selective for most nuclei ofoncentrations, and most molecules, even if
interest, and will be applied more often in futuredetected, are uncertain indicators of clandestine

instruments.

activity.

10Briefing by Jane Poths, Los Alamos Scientific Laboratory, Feb. 27, 1995.
U Briefing by C. Chen, Brookhaven National Laboratory, Jan. 10, 1995.
12Briefing by Lyn Pleasance, Lawrence Livermore National ratooy, Mar. 1, 1995.
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* IR tracking system: Correlates an IR signa-
ture with the other sensor data.

[J Airborne Measurements

The Department of Energy also has a program
called AMPS (Airborne Multisensor Pod Sys-  Thjs program will reduce to practice several

tem). Three different sensor pods have been builgchnologies already available in the laboratory.
and are being tested on a P-3A airctdft: A pod carrying multiple instruments is amcel-

1. Synthetic aperture radar; lent way to collect airborne data. Experience will

2. Optical imaging sensors tell whether the instruments chosen are the right
3. Effluent species identification. ones—for example, whether the molecule detec-

While all three pods are intended to gathetors (jon trap and echelle grating) see any useful
information on clandestine activity, only pod 3 signals.

will demonstrate technologies for environmental
sampling and analysis. Three instruments will] chemical Identification

sample the air through which the plane flies , _ : o
(which can include an exhaust plume of a Sus_SeveraI different advanced ideas for identifying

pected facility), with high sensitivity due to the molegules ar.e being developed and improved.
large volume of air sampled, and two additionaIThey include:
instruments will view the area within several.

lon trap mass spectrometry:Catches ionized
kilometers of the plane:

atoms or molecules in an electrostatic trap
where they can be held and measured pre-
cisely. Sensitive to parts per billion or l¢see
above)!®

Time-of-flight mass spectrometry

* Real-time radionuclide analyzer: Collects
particles and some vapors on filter cartridges
and promptly records their high-resolution
gamma-ray spectra. With a cycle time of 1"

minute, it can detect short-lived radionuclides
with a sensitivity that can reach 5000 atoms
per cubic meter of air (for substances with a 4-
hour half-life).

lon trap mass spectrometer:Collects chemi-
cal vapors and analyzes them, with a sensitiv-
ity that can reach parts per trillion. -
Whole air sampler: Collects air components
for later analysis.

Echelle grating spectrometer:Analyzes sun-
light reflected off the ground to determine the
molecular absorption in an exhaust plutfiét
covers a wide spectral range, from 2.0 to 4.2
micrometers, recordgontinuously over the
entire range with very high spectral rkgmn,
and is sensitive to parts per million in a 1-
meter-wide plume.

(TOFMS): Electrically accelerates molecules
and measures how rapidly they move, with
heavier molecules moving more slowly than
lighter ones for a given accelerating voltage.
TOFMS can measure the weight of molecules
up to several hundred thousand amu in néss.
Microsensor arrays: A micromechanical sur-
face-acoustic-wave sensor is built with a
coated chemical reagent that selectively
attracts some molecules and holds onto them
without destroying them. Since the propaga-
tion of sound waves along the surface depends
on the density of adsorbed molecules, such a
sensor can measure the concentration of the
substance that binds tb An array of these
with different chemical surfaces will show dif-
ferent densities of attcted molecules, and

13Briefing by Bruce Roberts, Pacific Northwest Laboratdigr. 3, 1995.
14Briefing by A. J. Ramponi, barence Livermore National Laboratory, Mar. 1, 1995.
15 Briefing by Aaron Garrett, Los Alamos National Laboratory, Feb. 27, 1995.
16Briefing by Charles Wilkerson, Los Alamos National Laboratory, Feb. 27, 1995.



thus offers some hope of identifying the
molecular speciet’
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machine. The result is an unambiguous identi-
fication of the nuclidé! (Ordinary mass spec-

The two electrostatic mass spectrometers have trometers do not produce x-rays because the
been demonstrated in the laboratory, and they atoms have too low a speed.)
offer significantperformance benefits. They also
may offer easier portability, because they do not Mass spectrometer designs of the future will
contain magnets. The microsensor array is in thdraw on these teclologies, as well as electro-
research stage; it seems better suited for monitostatic mass spectrometer (see above)apiital
ing changes in abundant molecules (that is, prodetection (see below) technologies, to produce
cess control) than for identifyingure ones. the best instrument for each application. Greater

sensitivity and selectivity is the major benefit.

O Nuclear Mass Spectrometry

Various improvements to ordinary magnetic [] Optical Resonance Spectrometry
mass spectrometry (chapter 3) are under deveb

. ifferent isotopes of the same atomic species
opment. They include:

absorb and scatter light at slightlyfdifent char-
= Laser ablation source:Laser light is focused acteristic frequencies. With extremely precise
on a single dust particle or a small region,frequency control, a laser can be tuned to interact

vaporizing only the selected material foput  selectively with one isotope and detect it. Practi-
to the mass spectromeﬂ@r. cal applications include:
« Improved design: A mass spectrometer sev-

eral thousand times more efficient and more
sensitive was constructed using modern
advances in isotope saptor and ion optics
technology. It can measure the isotopic com-
position of atmosphé& Kr and Xe from 10-cc

Photon burst detection: The atoms pass
through a series of detectors while being illu-
minated with light at the desired isotope’s
characteristic frequency. The corresbtiope
will scatter light into each detector as it passes

air samples, and it can do so accurately enough py. The wrong isotope may occasionally scat-

not only to detect reactor emissions (natural
and fission-product Kr and Xe have different
isotopic ratios), but to distinguish between
uranium and plutonium reactor sourd@s.
Accelerator mass spectrometry: This
extremely sensitive technique (chapter 3) is
being extended to a large part of the periodic
table?®

Projectile x-ray detection: The accelerator
mass spectrometer can be modified to select
for atomic species as well as nuclear mass, by
observing the x-rays that result when the
selected atoms hit a target at the end of the

ter light, but will not trigger all of the detec-
tors. This method has demonstrated the ability
to detect a rarisotope at a dilution of 10 parts
per bllion in ordinary krypon, and the current
goal is 10 parts per trillion (the natural abun-
dance of radioactive krypton-85). The method
may apply to 40 or 50 atomic species, includ-
ing many important fission products.

Optical trap detection: The atoms are caught
and held in a magneto-optical trap, due to the
combined effects of resonance light and a
magnetic field. Their presence is measured by

17Briefing by Tony Ricco, Sandia National Laboragst Feb. 28, 1995.
18 Briefing by Brian Andresen, Lawrence Livermore Laboratory, Mar. 1, 1995.
19Briefing by Jane Poths, Los Alamos National Laboratory, Feb. 27, 1995.
20Briefing by Ivan Proctor, Lawrence Livermore Laboratdvar. 1, 1995.

2Lpid.

22Briefing by H. Oona et al., Los Alamos National Laboratory, Feb. 27, 1995.
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the intensity of scatterdight. This technique expected to be sensitive to tritium at back-
may be limited to the alkali metads. ground levels (the abundance at which it is
found in the absence of a local source: two dis-
integrations per minute per cubic e of
air).27 Not yet built.

In the laboratory, both of these methods have
been applied to atoms coming out of a mass
spectrometer, with the promise of much greater

sensitivity and selectivity. In addition to technology development, new
methods of data analysis are being pursued.

[ Nuclear Identification “Nuclear Archeology” analyzes the isotopic
Several miscellaneous ideas for identifyingratios of impurities which have been irradiated in
nuclei are being researched. These include: reactor components. Given a sample of graphite

) . . moderator taken from a nuclear reactor (i.e., a
= Capillary electrophoresis: A small instru-
research reactor or a gas-cooled power reactor),

ment that analyzes nanoliter quantities of lig- . . . .
L . 7 the method measures the isotopic ratios of impu-
uid in minutes; it has been used to separate

fission products. In this application, a counter”t!es SECh as barium and titanium. This ((:Ijeter-
detects the radioactivity of different fractions; mines how many neutrons were generated over

other detection schemes gressible. The sys- the reactor’s lifetime, and therefore its power his-

tem offers small size and speed; may be morf"y- Discrepancies with reported use can indi-
adapted to process control than to trace elecate that the reactor was used for undeclared

ment detectiod? purposes, possibly including the production of

- Particle-induced x-rays: Bombards a filter or Plutonium?® This is a new application of rela-
swipe containing particles of interest with ionstively conventional technology.
from a high-voltage accelerator. The system
can locate a particle and then focus on it. Thé ] Thermal Imaging
resulting x-rays and gamma-rays give a nons
destructive simultaneous measurement of al
atomic species fromodium to the high end of
the periodic table, and can also provide som
indication of isotope ratios in heavy nucfgi.

OE is also building an experimental satellite

hat will view the earth in 15 different spectral

gands covering the visible and infraretit will

measure local ground and water temperatures to
Relatively costly. an_absolute accuracy of 1 degree K (Kelvin).

- Laser ionization mass spectrometry of This should be §uff|C|ent t_o detect the_ waste heat
iodine-129: Improves the efficiency of a mass from a clandestine plutonium production reactor.
spectrometer to detec®tby a factor of 1,000 For example, the flow of cooling water from
over conventional techniqueS, by using a |ase$UCh a reactor into a river or lake has been mod-
to selectively ionize the iodine atorfA spe- eled and would appear as an easily detected
cial-purpose tool. plume of higher water temperature. This is a

» Automated hydrogen isotope systemAuto- demonstration program, not a monitoring pro-
mated system to extract tritium from air andgram, and the satellite is expected to operate for
count it. One measurement every three houronly one to three years.

23Briefing by Dave Vieira, Los Alamos National Laboratory, Feb. 27, 1995.
24Briefing by Brian Andresen, Lawrence Livermore Laboratory, Mar. 1, 1995.
25Briefing by Arlyn Antolak, Sandia National Laboraies, Feb. 28, 1995.

26Briefing by Bret Cannon, Pacific Northwest Laboratory, Mar. 3, 1995.

27Briefing by Paul Reeder, Pacific Northwest Laboratory, Mar. 3, 1995.

28Briefing by Bruce Reid, Pacific Northwest Laboratory, Mar. 3, 1995.

29personal communication with Bob Courtney, Sandia National Laboratépess, 1995.
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