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SAFLEGUARDS IMPLIEMENTATION IN THE NUCLEAR FUEL CYCLE

G. Robert Keepin
Los Alamos Scientific Laboratory
Los \lamos, New Mexico, U.S.A.

1. INTRODUCTTON

Recent nuclear poser projections of various nations! conservatively in-
dicate that sore hall-a-uillion mesawatts of nuclear electric zencrating cajpac-
ity will be comrdssioned arowsd the world within the next ten yvears. To fucl
this nuclear capacity will require the production of more than 75,000 tons of
natural uraniwn annually, sonic 53 million S\U to enrich it, and morc thun
12,000 ton: of fuel will have to go through fabricotion uand some form of spent
fucl disposition (c¢.g., storage, reprocessing, or some combination of thesc).

The challeage of how to strengthen and foster the worldwide growth of
nuclear power while at the suame time decreasing the accompanying risks of
nuclear diversion, prolifceration, etc., is being addresscd by tie lnternational
Fucel Cyele Lvaluwition (ISIFCE) Program and related fuel cycle studics presently
underway in a ucher ol cowatries.  wWhatever the results of INICL, it scens
clear that world noclear peower donsmids will, 11w the near future, rounire high-
throughput process facilitics to =uppory any of several altemative luel coycles
(or "mix" of luel cycles) that are sclected for irplementation in various coun-
tries.  And, since very large qumtitics of strategic nuclear naterinls will be
involved, nuclear safceionerds considerations are becoming a major factor in the
sclection of proces:s nd facility desizn/construction alternatives. ‘Today's
trend toward tightening revulations and increasingly stringent safecuirds  --
in both the cverail intamational ([AiL\) system, and the various covponent
State (mational) svsters -- further underscores the necessity for nuclear safe-
guards criteria to be fuily incorporated at an carly stage in tic desion of
future fucl cvele facilitics or centers - be they national, regional, and/or
intemational,

In the noclear enersy area particularly, the vital. iwportance of inter-
national cooperation, excismge, and understanding -- as exerplificd by tais
biannual serics of acitic iasin Fuel Gyele Conferences - has been stressed
by awemy leaders througheat tie world nuwzecar comamity 2503, Specifically
in the ficld of muclear safeguards it Das been repeatedly enphasized” * that
today ‘s monttting dersmds For hiydt- tecimoloyy safegunrds systoms (demands in
tems ol both fimmcial and human resources) will, ol necessity, require closcer
internationn! covperation and increasea technical exchange in the desi, test,
and cvaluation oi advinced safeguards technology and control systems,

11, IALLY INTERNATIONAL SAFEGUARDS  AND NATIONAL SAFEGUARDS  SYSTLAMS

At the 21st Session of the General Conference of the Intermational Atomic
Enerpgy Aveucy, tle Director teneral of the Apency, Dr. Sigvard FRlund®, in his
opening resarks on salevwrds and neaprolileration, woted that the LA is itself
a product of mm's awirencess ol the dichotorons natare ol nuclear cnerpy ==
i c., it can contribute signilicantly to the tullillment of vital cconomic and
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social goals through almost wibounded production of cneryy, or altematively,
it can also provide the source of uaprecedentad destruction capability.  Lhlind
further obscrved that "safeguards (in the sense of intemational ncasures to
detect and thereby deter the diversion and misusce of nuclear materials) remain
the central clement of any combination of measures token against nuclear prolil-
eration; their existence has becn shown o be o primary condition for interma-
tional comnerce and cooperation in the muclear field. . . JInternational in-
terest in thic potential effectiveness of sufcepnards continues to increasc,

« « «and intensive development work will be essential to make safeguards botn
more credible and more cost ceffective. ... 1 need hardly mention that the sup-
port we arc receiving Irom mcmber states is absolutely essential for these
programes."

Effcctive national safcguards systems arc indeed essential < mponents
of cffective international (I\E\) safcguards, which are in turn essential to
the widespread growth and acceptability of nuclear power, and the concond tint
worldwidc cxpansion of nuclcar trade. At the IAL\ Salzburg Conicrence on
Nuclear Power and its Fucl Cycle!, leading IAEA officials stresscd that not-
withstanding the requircwents for inproved national and rulti-national systowrs
of nucleur mitecrials accountancy and control, the sine qua non of clfective in-
ternational sufcguards is independent verification Dy the 1AL\ of compliance
with the provisions of safcpuards agreements concluded purswint to the NI and
to the Statutc of the I\AEA. It was further cmphasized that this independent
verification is the basis of the LE\ safcguards system and this responsibility
cannot be transferred to any other authoritics,

The importance of continucd technical developments and full-fucl-cycle
safcguards inplesientation both in .cmber states and internationally by the
IAEA has also been stressed by LEklund (amenyg many others) at Salzburg! and
elsewhere??1) along with specitic reference to the role of integrated material
accountancy svstoms, "'real time" materizl control systoms, containiment and
survcillance methods, and modeling techniques for cvaluating the effcectivencess
of modern saflcguurds systems. In various member states of the LA o prowing
nurber of safeguards developient test and evalwition programs arc wdeway, and
more arc planned.  As one conponent part of this overall coffort to cnikmece poih
national and intemmational safcguards, we shall review here some representative
major programmatic activities in tie United States in the arcas of safevuards
system design, technoloyy developrient, test, cvaluation and in-plant inplewen-
tation.

ITI. REFERENCE FACILITY SATGUARDS SYSTLM DESIGN

In the United States, as a part of the i, S. Department of LInergy, safe-
guards and Sccurity R&ED program®!*!2 conceptual designs ol integrated safcenmrds
and materials wrmagement systems have been developed and cevaluated for the suior
components of the back end of the LWR fuel cycle!?*!, These designs and sade-
guards perfomunce criteria are being used as the reference desipns in the
cvaluation of similar facilitics in altermative fucl cycles, presently under
study in INICE and related progroms.  These desions incorporate stute-of-the-
art materials accounting systems that can be closely integrated'® with advanced
physical protection systems’®™'%to provide overall fucility satepuards cfltec-
tiveness and mininum interference with plant operation, cfficiency, =nd through-
put.

To date, conceptual designs of materials management and accountability
systoms (ALL\S) have been completed for a LWR el fabrication plant?®, a ni-
trate-tooxide conversion plimt”', a large scule chenical separation fa-
cility’2and a nuclear criticality Tacility®?,  Tuel & Lornge and waste mmage-
ment facilitices are also under study.  Lach material accounting system design
is busced on ua specific refercnce facility so that realistic and quimntitative
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conclusions cun be reached. The Westinghouse, Anderson design was sclected as
the reference fucility for mixed-oxide fuel faubrication®®. The conversion
facility is basced on a reference design by the Savannah River Laboratory and
Savannah River Plant?°,  The Bamwell Nuclear Fucl Processing Plant at Barn-
well, Soutir Carolina?® wuas sclected as the reference chemicual separaticns fa-
cility.

IV.  CONVENTIONAL MATERIALS ACCOUNTING

In conventional sufepuards practice, the accountability of nuclear ma-
terials within a facility and the detection of unauthorized removals have re-
lied, almost exclusively, on discrete-iten counting and material-balance ac-
counting followiny periodic shutdown, cleanont, and physical inventory. The
classical material balunce is usually drawn around the entire [acility or a
major portion oi tie process, and is formed by adding all measurcd receipts
to the initial keasured inventory and subtractiny all measured removals from
the fimal weasured inventory, During routine production, material control is
vested largely in administrative axl process controls, augmented by secure
storage for discrete items, scaled contuainers, ctc.

Although this basic mothod of matcrial-balance accounting is essential
to safcguards control of nuclecar materials, the conventional procedures used in
the past have innercent limitations in sensitivity and timeliness. Sensitivity
is limited by nmreasurciient uncertaintics that might obscure the diversion of
rclatively Laroe qaantities of SM+ in a larye-througiiput plant. Timeliness is
limited by tie practical diflicultics, the oxpensc, and hence the infrequency,
of process shutdown, cleanout, and physical inventory; i.e., a loss of material
could remain undiscovered until the next piysical inventory is taken.

V. DYNAMIC HVITRIAL ACCOUNTTNG/CONTROL

Recently developed nondestructive assay (NDA) technology, state-of-the-
art conventionual neasurciient methods and special in-plant sensors, combincd
with \'uppoxtj\u copputer and data-basc management technology have provided
the necessary technical kasis for ruch wore cffective alternative methods of
safcguarding npuclear tacilitics., It nas been deronstrated for exaaple, that
considerably grvater sensitivity and timeliness in S\M control can be achieved
by subdnulm-' a nuclear facility into discrete accounting cnvclogcs, culled
unit processes, around which individual balances can be drawn®??®3 A\ wnit
process cim be one or more cherdcul or physical processes, and is chosen on
the basis of process logic, residence time of material within tie unit process,
and the ability to perfomm quantitative measurcments and draw a material bal-
ance. lhus, h_» subdividing a facility into unit processes and measuring all
naterial flows across unit process houndiries, the location and movement of SNM
throughout the plimt can be localized both in space and time, Material bal-
ances drawn around such unit prozesses are called “dynamic’ material balances
to distinguisih tham I'vom conventional balances drawn after o shutdom, clean-
out, ma physical inventory., s is the casc with any material balance based on
physical reasurcients, balances ciumot be closed completely (i.c., MUF = 0
precisely); this partly dnc, oL' course, to cver-prescent measurencnt uncertain-
tics, but also bhecausce sorr in process holdup and minor sidestreams are custon-
anl\ (amd generally for r-nod rcason) ueasurced less frequently than MAjor Ri-
tcu.lls tr nnxlu#s"d’ *7 such perturbations are normilly lhandled quite

adequately by uzine plant operational experience or "historical” data to in-
tcllncl tu)ml.s in noldup, minor sidestreams, cte., with these data being up-
dated when the appropriate moldnp and sidestream wmeasurcments are made.  In
some processes, the added contiol obtained by weasuring small sidestreams of
miterial wky be nestigible, and may not justily the difficulty and expensc of
miking the measurcments.  Suc: judgerents mst, ol course, be made on an in-
dividual process basis, taling into account "graded safeguards’ considerations
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of the strategic value and safeguards vulnerability of the matcrial, which w1 11
depend on its location and form within the process and within the fucl cycle!
Graded safcguards considerations are clearly important in the sclection of un1t
processes and associated key measurcrient points.

Imlcementation of dynamic or mear rcal time' materials measurcment and
control requires the rapid, quantitative measurcuient of nuclcar materials
locally (c.g., in-linc or at- line) at cacl' unit process. Modern nondestructive
assay tucnmqucb arc quite well suited to rapid, direct in-linc rweasurement,
and NDA instruments arc being developed, adapted and applied to process measurc-
ment requircments in scveral different ways: (1) as the primary measurcment
technique at a unit-process boundary, (2) as part of a complementary set con-
sisting of timely, or cven 'continuous', ND\ measuremcnts that may be updated
by periodic analytical chemistry assay, (e.g., in conjunction with shutdown
and clcanout, as appropriate) and (3) to assay or verify the contents of dis-
crete items such as scaled containers, fubricated picces, finished compononts,
etc. (whers the nondestructive fecaturc of the assay is particulariy advanta-
geous).

As may be 1n.ferred from the forc-'omg, currcnt trcnds in nuclear safe-
guards technology® place increasing cmphasis on timely measurcment and analysis
of matcrials accounting data of constantly improved quality. The availability
of more and better input data underscores the need for an or,g,.mi..cd framework
of t«..cluuquce to cnsure cefficicnt and complete extraction of 1nformat10n con-
cerning possible diversion of SNM. The discipline of decision analysis 10 which
conbincs techniques from estimation tiicory, cecision theory, and systems anal-
ysis, provides such a framework, and is well suited for statistical treatnient
of the imperfect material-balance data that become available sequentialiy in
time. The goals of decision analysis arc (1) detection of the cvent(s) that
SNM has been diverted, (2) estimation of the amoint(s) diverted, and (3) deter-
mination of the significance of tne estimates. Augmented by pattern-recogni-
tion techniques such as the V-mask test for Cusum plots and the alann-sequence
chart, decision analysis can be used to reduce errors caused by subjoctive data
evaluation and to condense large collections of data to a smaller sct of rore
descriptive statistics. ‘the usc of these powerful, formalized tochniques rake
the dcc1>10n process more timely amd cfficient as well as nmoic consistent znd
objectived!

The availability of advanced NDA measurement technology, together with
in-linc process instrumentation, automatic item identification and verificaticn
equipment, as well as modern conputerized data analysis and data basc managerent
technoloyy, has led to a whole new generation of dynamic waterials accounting/
control systems that arc currently in various stajes of developnent. ‘I
degrece of conplexity of the difl ferent systems Iangcs from sisple computerizaed
accounting systcris (c.g., for discrete item control) to complete deployment
of each of the advunced teclmologics noted above. Some of the more sophisti-
cated materials control and accounting systems being developed are sunmarized
and docuriented in ‘table I.

In the United States, the IYMAC* program?7?*77 5%t the Los Aluamos Plutonium
Processing Facility represents one of the rost extensive RED efforts to inte-
grate advanced NDA technoloxy with autoimted data-processing nactbods and to
fully cvaluite proctical in-plant operation of dynumic material accounting and
control on a detailed unit-process basis. A\ number of NDA measurement sy stens
are being developed, or adapted from existing designs, commercially available
cquipnent, cte., lor in-line iNMAC applications in the new plutonium processing
facility at TA-55, LASL. These include:

TNHC 15 tie acronym for Dynamic Materials Control, or cquivalently, for
Dynagic Materials \ccounting,



TABLE T.
SOME DYNAMIC MATERIALS ACCOUNTING SYSTEMS

ALCIL

System

Facility, Location, Function Name Svstem Functions and Comments Reference
General Electric ) MICS Material Inventory Control 32,33
Wilmingt:m, North Carolina; tem. Diversion “detection,
ULlg conversion to fuel- information qualitv, loss
bundlc asscrbly localization, system manage-

ment and control. NDA used.
Generui Electric GERTA Material distribution, diver- 34
Vallncitos, California; sion detection. Primarily
Pu fucl-development automated record-kecping;
laboratory for LMFBR no NDA at this time.
Mound Laboratory CUA Controlled Unit Accounting. 35,36
Miamisburg, Ohio; Conceptual system for
MOX fucl fubrication accounting, diversion detec-

tion. No WDA uscd.
Combustion Engincering FACS Fuel Accounting and Control 37
Windsor, Connccticut; System. Timely ard accurate
Nuclear fucl manulacturing reporting on SN status and

flow; no NDA as yet.

INMACS  Integrated Nuclear Material 38

Chalk River, Canada; Accounting and Control System.
Fucl materials develop- On-1line material accounting,
ment and fabrication data base mgmt.; no NDA as vet.
Y-12 Plant DYMCAS  Accountability, diversion de- 39,40

Oak Ridge, Tennessce;
Enriched uranium
processing facility

tection, physical inventory,
MDA verification, Incorporates
on-linc or keyboard verifica-
tion of weights.
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TABLE I. (cont.)

System

Facility, location, Function Name System Functions and Comments  Refcrence
Rocky Flats Plant NMG Accountability, criticality 41,42
Golden, Colorado; COMSAC  control, NDA calibration, NDA
Pu processing facility measurcments.
Karlsruhe Rescarch Centcr - Gencralized S\NM accounting 43
Karlsruhe, F.R.G.; and data handling systcm for
Research, processing, hand- variely of SNM processing,
ling, storagc facilities handling functions.
ARHCO - Accountability, process moni- 44
Richland, Washington; toring, laboratory bookkccp-
Storage and processing ing, monitoring and control
facility of storage locations.

* PINC Plutonium Inventory Control 45
Tokai-mura, Japan; system usinz on-line NDA
MOX fuel fabrication sensors and computecrized

inventory, process control,
AGNS AGMAC Laboratory data svstcm and 46
Barnwell, South Carolina; materials accounting and
Fuel reprocessing plant control systcm. Some proc-
ess monitoring.

LASL DYMAC Accountability, in-plant NDA 47-50

Los Alamos, New Mexico;
Pu processing

4b

instnmentation; computeri:zed
near-rcal-time inventory con-
trol; data-basc management,

unit process SNil locualization.



(1) a plutonium solution uassay system (PUSAS) for measuring Pu concen-
trations over the ramge 0.1+20 g/L;

(2) a specialized thermal ncutron coincidence counter (TNC) for measuring
residues from various rccovery processcs;

(3) a fast ncutron coincidence system for NDA of heterogencous matcrials
having high ( ,n) backgrounds;

(4) high resolution garma spectrumetry for isotopic verification;
(5) product verification stations; and
(6) a varicty of digital rcadout weighing devices.

Design philosopiy on ND\ instruments used for in-linc plutonium assay
has becen to keep delicate parts of tihe instrument (c.g., detector and clec-
tronics) cutside cloveboxes whenever possible. In desipgning or adapting in-
struments for ilovebox use, careful consideration was given to the freguently
cunbersome and awkward nature of hiving to wori through gloves. By focusing
attention on the specific functional use of the instrument and working closely
with process operators during instrument development, it was possiblc to max-
imize operational convenicnce while minimizing requircd operator time for
making the assay. DYMAC in-plant cxpericnce to date“? has demonstrated that
process operiators arce receptive to entering material transactions at inter-
active coucputer terminals in the process arca, provided the time and number
of entrics necessary to complete a transaction are reasonable. 1n order to
strcamlinc the transactions for process arcas and specialize them to reduce
thc amount of infommition tic operator rust enter, a flexible "packet soft-
ware" approach was developed that cnables appropriate changes to be readily
prograxmed ior any specialized process transaction.

Fipure 1 shows the location of DYMAC instruments and terminals in the
plutoniun recycle wing of the los Alamos plutonium facility (TA-35). An inte-
gral part of ‘the DYMAG system is a rigorous standards and measurencnt control
program"’ *0that assures the accuracy of the assay data. The program provides
quantitative limits-of-crror information and cnsures that the individual in-
strunents function properly by periodically checking their precision and cual-
ibration accuracy.

The basic structurc of the DYMC infonmition handling system is shown in
Figure 2. The NDA instrumcnts and interactive terminals in each unit process
arca transmit the status of S\M in the various stages of production to a cen-
tral coiputer system whicih acts as tic central data wmmager for in?\C. 1n the
conputer (cf. lIig. 2), the dato base camnagenent subsystem accepts and verifies
incoming data, updates inventory records impediately, and organizes the data
into files for cfficient retriceval of specific information. The rcal time
miterials accowsitobility (control) subsystom draws on the data base for con-
tinuous .itatus monitoriny ol SO within the facility. A measurenent control
program periodically checks instrument performuuice; control parancters are
calculated from infonrsition in the data basc and are compared with pre-deter-
mined alarm levels. 167 alamm levels are exceeded, the system alerts the nu-
clear materials officer -- or "safcguards coordination unit'" (cf. Ref. 20,
Figurce 1T1-1). A5 a focal point for safcguards decisions, the salcguards
coordination unit interacts with wmnagement and process-contrel coordination to
continually asscess the safepuards status of the plant and to advise plant man-
agement of appropriate respouse options and recommended actions. Needless to
say, salepuards condition assesament and associated decision analysis proce-
durcs®! st be carefully balanced to avoid unneccessary false alanas, while



miintaining a high probubility of effective responsce to an actual safcguards
violation.

A key consideration in the design of an acceptable dynamic materials
control system is the scrupulous avoidance of any significant intrusion into
process operations and overall plant production. The workability and cffec-
tiveness of any system can be convincingly dermonstrated only tiarough cxtensive
inplant operation and cvaluation, as is currcently in progress ror a mumber of
the systems in lable 1.

VI. PROCESS SIMULATION AND SAFLGURDS FFIECTIVENESS EVALUATION

Somewhat unique in the nuclear fuel cycle, the conversion process (i.c.,
converting plutoniwn nitrate solution to plutonium oxide powdci) presents
a particularly ciiallenping safeguards problem?!,  The conventional conversicu
facility handles plutoniwa in large quantitics as a concentrated, relatively
pure material with generally Zow radiation levels, and is thercefore extrerely
attractive as o target for diversion. Fortunately, these same attributes also
make a conversion fucility weennble to strimgent safecunrds, i.ce. sach reatures
as well characterized, relatively purc materials and low radiation levels with
resulting precater accessibility to the process, 11 facilitate on-line nicasure-
ment and the full implementation of dynamic materials accounting and contrc ..

Modeling and simulation techniques®® have proved extremely valuablze in the
design, cvaluation, and compariscn of the rclative cffectiveness of altemitive
processcs, medsurcrents systems and materials accounting strategics. These
techniques permit the prediction of the dynamics of SXil flow under a wide range
of operating paramcters, and the rapid accumulation of data for rclatively long
operating periods. For each fucility, this approach requires: (1). a de-
tailed dynamic rodel of the process; (2). sirulation of the model proces: on a
digital computcr: (3). a dvnamic rodel of cach measurcient system; (1). simu-
lation of accountability mcasurcments on SN flows and in=process inventorics
generated by the nodel process; and, (5). cvaluation of the simulated nicasurc-
ment data from each accoumnting strategy.

As a specific cxample of the performuince of dynamic materials accountiny,
in a modern highthroughput conversion facility, we cite recent simulation
studies?2! on a reference conversion prowess based on plutoniwn (valence II1)
oxalate precipitation und calcination. In this conversion process, the key
mesurcikent points were located at the receipt tank, the output of the precip-
itator and at the product loadout arca. At the receipt tank the solution vol-
ure and concentration are micasurcd, the concentration bheing mcasured by an
absuiption edge densitoieter (to be described later). The prouuct cunisters
containing plutonium oxide powder arc measurcd by a ncutron well counter or
calorimcter. :

The cstimated plutonium detection sensitivity levels (for a single-unit-
process accounting strategy) are presented in Table 11. Diversion sensitivity
is given for periods of oie material balance (one batch), onc day (approximitely
20 batches), onc week (approximately 125 batches), and one month (approxiwmately
530 batches). The results in Table II wmuy be comparced with current U. S. reu-
ulations®? which reauire thiat conventional periodic material balancing in con-
version plants be perfomed every two month: with a material balance uncertainty
(2¢) of less than 0,5% of the facility throughput. This limit of error corre-
sponds to 33 Kg of plutoniunm for the roference conversion process, which has o
design throughput of 6000 kg of plutoniwi over a two wmonth period. A recent
estimate®? of the 2 ¢ limit of error that should be achicvable by periodic, two
nonth maiterial balancing in conversion plants is 0.38%, which coriesponds to
approximately 25 kg of plutoniwa for the reference process.



TABLE II.

DIVERSTON SLNSITIVITY? FOR THE CONVERSION PROCESS

Average Diversion Total at Time
per Batch of Detection
Detection Time (kg Pu) (kg Pu)
1 batch (1.35 h) 0.13 0.13
1 day 0.03 0.63
1 r.eck 0.01 1.24
1 month 0.005 2.65

3 For a singlc-unit-process accounting strategy as
described in Ref. 21.
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These and other process sinulation studics!??29222 have clearly deronstrated
that dynamic matcrial accounting can offer dramatic improvement in terms of
timeliness, spatial specificity and sensitivity, when compared to conventional
materials accounting proccdures. In the final analysis, of coursc, the elfcc-
tiveness of any system nust be fully demonstrated and proven out throw::h cxten-
sive in-plant opcration and cvaluation by the process, quality control and ria-
terials management people who must use (i.e., "live with'") .ic system on a
day-to-day basis.

From the safeguards and nonproliferation standpoint, onc of the more prom-
inent alternate fucl cyles currcntly under consideration involves the coproces-
sing of both uranium and plutonium (in a ratio of roughly 6-1J:1) in a fucl
reprocessing facility. In gencral, alternative conversion processes that yicld
a product usablc only as reactor fuel arc clearly of potentizl interest from
the salcguards standpoint. One conversion process, Coprecal®' , has been devei-
oped specifically for production of mixed uranium-plutoniua oxides for fast
breeder rcactor fucls, and snould be idcally suited for coprocessing applica-
tions. The Coprccal pre uss converts a coprocessed U/Pu nitrate solution to a
mixed oxide powder througn Coprecipitation followed by Cocalcination. The in-
tegrated safcguards system structure is similar to tie three¢ studies referred
to above!?»2€»22_ ‘The modeling and simulation approach used previously has
been applicd to the design and evaluation of a material measurcment and ac-
counting system for the Coprccal facility35. Dynamic material balances can be
drawn approximatcly cvery two hours about unit vrocesses as well as the whole
process, It is shown that dynamic materials accounting as corpared to con-
ventional mterials accounting, can detect diversion in days or hours instcad
of months, can localize diversion to a single unit process accounting arca in-
stead of the whole process, and can markedly improve diversion scnsitivity.

VII. MUASUREMENT TEQINOLOGY RGD - RECENT DEVELOPMENTS AND TRENDS

The implementation of dynamic matcrials accounting and control rclies
heavily on modern mcasurcment technology, with particular emphasis on new NDA
techniques and in-plant instrumentation. In this scction, we review some of
thz recent developiments and trends in SNM mreasurcment technoloey and NDA
instrumentation.

For ND\ of plutonium in general, and particularly for solutions, passive
gamma-ray assay has proved very useful, primarily for the determination of
3%py, ?*!py and 2"!Am isotopic concentrations. When isotopic cokiposition
is known, or determincd independently, corrections cuan be applied to yield
overall plutonium concentrations to better than 153,

The increasingly popular technique of absorption cdge densitometry®? offers
another very versatilc nmethod for NDA of solids as well as on-linc measucenont
of actinidz concentrations in process strecams. The method is bascd on the dif-
ference in transmission of garma ravs with crorgies just above and just below
the K and L absorption cages, which are uniquely characteristic of the
elements ur:{Mum, plutonium and thorium. ‘The absorption edge methed, being
bascd on the discrete clectron binding cnergies in the clectron sliell structure
of thc atom, is thercby clement specific, rather than isotope specific us is
the case with passive gamma rays cmitted from the nucleus. The transmission
source uscd for absorption cdge densitometry may be cither an x-ray pencrator®®
or natural radioactive isotope(s)®’ . ‘The x-ray generator has the advantages
that: (J). multiple, simultancous SNM determinations such as plutonium and
uranium arc possible and (2). the encrgy displacement Irom the absorption cdie
is limited only by the detector resolution. JAn x-ray generator-vasced absorption
edge densitonetry assay station has been . veloped at Los Alamos for rapid,
simultancous measurcment of multiple concentrations of SXM and source mater-
ials®%, ‘Ihe stution forms the basis for developrent, test and cvaluation of an
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on-linc solution assay system for measitring uranium and plutoniumm concentrations
of 1 to 50 ¢/liter. Such a system has been proposcd for installation and in-
linc cvalnation at the experimental coprocessing test location ot the Savanmih
River Laboratory. The need for incisive measurcment technology for different
combinations of [issilc and fertile fuel miaterials is underscored by the cur-
rent intcrest (c.g., in INICE) in coprocessing as once of scveral alternative
fucl cycle possibilities for cnhancing saflcguards in the back cnd of the fuel
cycle.

The assay of multiple SNM by the absorption edge densitometry method
can be convenicently perlormed when the two fissionable components arc prescnt
in roughly equal amounts (ratios between one and four). For concentration
ratios grcater than fonr, the densitometer will spend most of the limited pulse-
processing time on the major component (c.g., uranium in a coprocessed strecam),
leaving the minor component (c.g., coprocessed plutonimm) with poor statistics
and thus poorly detcrmined. The close proximity ol the uranium and plutonium
L1y cdges (17.168 kel and 18.006 keV, respectively) also limits the onergy
range between the two LIpp edges, in which the rclevant transm’ :sions can be
measurcd.,

Oac approach®?® to improve the measurcment statistics is to utilize as
much data as possible. A typical x-ray spectrum transmitted throngh a uranium-
and zirconium-bearing solution is shown in Fig. 3(a). For experimental conven-
ience, zirconium can be uscd to simulate plutonium because the zirconium K cdue
at 17.998 eV is representative of the plutonium Lyfy cdge at 18.066 keV.
Selected repions of data have been linearly extrapolated, as shown, to the
absorption cdges to dectermine the transmission ratios as shown in Fig. 3(a).

By cssentially differeatiating the transmission curve (i.e., taking the
difference in 2n(T) at cach discrete energy step, i, the plot shown in Fig. 3(b)
is obtained. Over the narrow cneryy range of interest, the constant matrix mite-
rial cffects canzel out and the net area under each "peak! in Fig. 3(b) is pro~”
portionrl tc the density of the respective SNM, i.c., summing ove: the N channcls.
of the "pcak" in Fig. 3(b):

&N — = An . X
i=1 i-1 = &

where Apg is the discontinuity in SNM mass absorption cocfficient across the uab-

sorption edge, fg is the density of SNM and X is the thickness of the solution
sample.

This approach’? of using the "peak” avea as a measure of the SNM content
has the distinct advantage that wiore data points are utilized in the data
anolysis, thereby resulting in a more precise determination. TFor o solution
containing 6.2 » Ir/% and 37 3z U/%, repeated runs of 1000-s counting time
have shown that the uranium content can be mcasured 24 one-halfl per cent and
the zirconiim content to two per cent.

While absorption-cdee densitoretey techniques can provide acenracices of
% or better for solution conceitrations above V5 grams per liter, measurcment
uncertaintics increase to sreater than a fow per cent for sample concentrations
below 2 /% To achicve hivher precision in the ND\ of lower-density solu-
tions, noew tecdmiques of eneray=dispersive x-r forescence (R are being
investigated at Low . wos®? Like absorpti Jdie densitometry, NRE also )
measwres the total celesental concentration. owever, by judicious choice ol
the isotopic sonree fe.gr., %A with a 4351, 88 heV ¥ ray) nsed to indice
particnlar fhwrescener X rayvs chrmcteristic of actinide elements, the need
for an X-ray generator can be eliminated, thas reducing the cost and simpli-
fyimy the vesign o NDA equiprent for solution weasmemnts at lower concen-
trations, "



This tcchnique involves L X-rays typically in the 10-20 keV range ar:d
hence rcqui res a nethod of correcting for sample attenuation cftects on both
the incoming (inducing sourcc) raduuon and the outgoing (induced rluores-
cence) x-rays. A recent innovation®? in transmission corrcected x-ray [1uo-
rescence measurcnicnts cnploys an appropriately sclected transmission foil whosc
induced fluorescence x-rays bracket the characteristic linc(s) from the uactin-
ide clement to be analyzed. Measurements to date indicate that with appropri-
ate combinations of sourcc and transmission foil, assay accuracies and pre-
cisions of better than 1% should be routinely achicvable on low-concentration
solutions (c.g. from~10 g/2 down to ~0.5 g/2 ).

- The two somcwhat conplementary NDA techniques just described -- i.c.,
absorptioii cdge densitoimetry in the concentration range 2 g/2 to 50 p/d and
transmission corrected x-ray fluorescence .or lower concentrations -- provide a
versatile, relatively sinple, and accurate means for assaying SaM-bearing solu-
tions found in modern hignh-throughput process facilitices. The importance of
possible futurc applications c¢f thesc NDA tcclniques to coprocessed U and Pu
solutions, or to alternative fucl cycle mixtures such as U and Th, or U, I'u and
Th scarcely nceds claboratio:.

For highly radioactive solutions, the background suppression already in-
hercent in the cnergy-selective absorption cdge technique may be further cn-
hanced by using a curved crystal spectroneter as an cnergy filter (with a
few kcV width, centered around the ahsorptlon cdge of interest) for a high
resolution energy dispersive detector®! Yurther, development test and cval-
uation will bc required to determine tl‘c value of this approacih to ND\ of
highly radinactive solutions under plant conditions.

Onc arca that continucs to present an in-plant measurcment challenge is
the determination of in-process holdup. Plant holdup measurcments in specific
locations arc frequently made using passive garma-ray methods"?? %2 und more
recently an integral ncutron detection mcthod has been used to measurc total
plutonium holdup in an entire process room€?¥?6%,

Neutron coincidence counting®® has found wide application in the assay
of bulk plutonium product, scriap and waste. The net coincidence count rate is
approximatcly proportional to the weighted mass of 2*%Pu plus other ceven pluto-
niun isotopes. If the isotopic composition of the sample is known, or inde-
pendently determined, e.y. from GeLi spectrometiy, then coincidence counting
can be used to deteraine total plutoniiwga content. lor coincidence counting ol
large awounts of Iuy, or scrap containing light clements having high o,n yields
such as boron or iluurm y coincidence counters with short dn‘-.ma) tlmu\ have
been developed to maximize the ratio of real coincidence events to accidental
events, and thereby reduce  statistical uncertaintics. Recent RGD on neutron
coincidence commiers nas been directed toward upprading assay capaba”ity for
large plutoniun sanples. Inproverkents have been nade in the detector.., moder-
ators, and coinci:ence circuitry to rive shorter die-away times and coincidence
gates, and decreased electronics deadtime.  This has permitted accurate assay
of lngh W8S (Cattey ~2 Kir) plutonium smuples with counting rates on the order ol
10° counts/sccond.  To accommdate a dvhamic range of measurcient Lrom less
than onc gram to preater than & Ky, a dual range coincidence counter crployving
renovable cadiiwa sleoves has been developed®®. A proctical limitation on
coincidence counting in the high nass ranpe is the accuracy with which reguired
sample sclf multiplication corrections can be applied®?.

Representative precisions and accuricics C\chil)itod by ncutron coiici-
dence counters in the proces: onvuonunl are xno\m in Table I'll ror the ‘general
cateporics of product, scrap and waste®



TABLL: I1I

TYPICAL WIUTRON COINCIDLESCE COUNTER UNCLRTAINTILS
Precision Accuracy

Material Catcpory O (%)

Teed and product 1 1
Scrap 2-8 Z
Waste 10-15 : 5-10

A 232¢L Simffler' assay system®® based on neutron interrogation and
delayed neutron counting has been evaluated in the labor~tory tor bulk somples
containing uraaiiza and/or plutonium. ‘this unit h:ns he- lapted to the assay
of large (55 gal) barrels ol hot radiocactive waste®® m. .o the assay of uranium
feed materials as well as scrap .md haste from the rcactor fuel (U-A1) fabri-
cation at the Soviennd civer Plant?®. The Shuffler can also be used for the
measurczent ol ~ U, *3°U, and plutom.um over a wide nass ranae (1 myg - 2 kg)
asing thermal-neutron interropation for the low mass ranue and fast-neutron
interrogation lor intemsediate and hich rass samples. A prototype shuftler
systcnl is being Jdesipned for test and cvaluation at the Idaho Chemical Proces-
sing Plant where it will assay the 2° U content in radioactive centrifuge sluge
from the fliorinel Jissolution process? . It is important to note nerc that a
comprehensive review of NDA wethods for determing bur nup, and/or fissile content
of irradiated nuclear fuels has recently been COll‘l)lL‘LLJ . ‘This in-depth re-
view covers all applicable NDA techniques including samma spectroscopy, passive
ncutron .omtm--, active neutro. interr_gation (including #3*Cf source inter-
rogation?? ) ncutron resonance absorption, reactivity and calorimetry.

A particularly interesting application of ncutron coincidence counting
in the area of international zafeguards, is the portable lligh Level Neutron
Coincidence Counter (LiLMWC) \\.llul was developed for evaluation by the Inter-
national Atomic inergy apency’”.  The portable INCC, shown in ILLUIC 4, wias
designad for ficld use by LALA inspectors in the as<ay of a wide var ior\ of
plutonim saaples.  The term "high level' reiers to tie high neutron count

Tates (Colte, Up lo ~ 0% cownts/see) produced by larve scvu ral kg) l’ut)a or
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plutoniua retal sanples.  The recently upgraded dotector”® consists of 15 ? lle
proportioml counters cibedded in 0 polyethylene slabs which form a hexagonal
well (., Fizure d); the caplete assenly is ~ 30 cm wide by 75 cn high and
weighs approxinately a5 ke ihe newly - developad clectronics packine for the
IAA HINCG, shosn in Figure 5, ineludes high-voltaye supply, amplificrs, Jdis-
x_umnnun\ shift repister coincidence circuitry, and control and display
circuitry?®.  With the new HINCC a 1 kg plutoniwm saxple can be measured to a
standird deviation of 1% or better in 10 scconds.

In addition to measurine oxide and retal sanmples in various configurations
and containers, e HLsdt has been applicd 1o the measurcment of plutonium
content in mixed oaide Luk el dssenblicen”® and to the assay and nulupuulcnt
verification of Iuel inventories in fast critical assemblics’®*7?7, The Jatter
application represents an pportant salceguards area botih for international and

domestic salegunrds, and wirrants some lurther discussion here.,

Critical asscubly rescarcn Tacilities are used to sinmulate advanced reactor
designe == the Larsent snch tacilitics being found in the United States, United
Kingdom, Japan, Federal Republic of Gersmny, France, and the USSR, A tvpical
critical Tacility waintain: amoinventory ol o fow Inmdred to o l'en thousmnl
Kiloprasis ol relatively pince smd hidhly enriched SNi distributed in wemy thou-
sands o s ll el picces. \s intermational salepnards under INFCIRC/I55 (tae
so=called NI "™ wicel Avereerent') come to be appdied in the large industrial
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nations of lanopec, in .Japan, the United States and the United Kinpdom, some of
the larger critical facilities will soon be coming under 1ALEA salcej;uards.

The major saflcguards problem is the timely verification of in-reactor
inventory during periods of reactor operation. This will roquire a judicious
application of measurcment techniques and carcful design of statistical sampling
plans to permit the incorporation of routine inspection and verification acti-
vities into nommal facility operations. Technical implementation, as presently
forescen?? will cnploy rapid ND\ techiniques to measure collectively the fuel
picces contained in reactor fuel drawers and in vanlt storige canisters, and to
perform integral measurciients of reactivity on the entire ccactor inventory (in
suitable reference confijuration) -- reactivity measurcments being particularly
sensitive to smull discrepancies in the rcactor inventory, The portable HisGe
has been evaluated, cialibrated and deploved in 1AEN inspections at a laree fast
critical facility?®*7¥, Since neutron coincidence cownting determines the
240py content, suppleroatary gammg measurcments of isotopic ratios arc needed
to provide an independent verification of fissile content. Figure o shows o
ZPPR critical asscubly fuel drawer being assayved using a corbination of tie
1ILNCC (in horizontal configuration) for coincidence counting and an 1\LA in-
trinsic germuniwn detector with its collimator for mecusurckient ol pluto.tilm
isotopic gunma-line ratios. This combination of ncutron plus ganmi 1ay tech-
niques for inventory verification in fast critical asscmblices has the potential
for cxtensive application in IALN international safcguards inspection.  Integra-
tion of such statc-of-the-art rapid measurement and verification technology
with modern containment and surveillance necasures 78 and their practical ap-
plication to critical facilities should provide a high level of assurance that
diversion of significant quantitics of SNM can be detected on a timcely basis,

VIII. INTERNATIONAL S\FEGUARDS AND THLE TFUTURI

There is today an increasing awnreness and apsreciation of the ulobal
naturc of the safcguards problem and the vital Iapeivtance of effective inter-
national (IAL\) safeguards -- as well as the various individunl nations! safe-
guards systems that are the essential "building blocks" of an c¢lfeciive in-
temational saleguards systen®,  Clearly tie overall eoal for safeenarding
the worldwide nuclear indnstry is m ensenble of offective  ational systons
meeting certain broad consensus stmdards == the wihole enscable hmctioning
under an overlay of truly cffective international =areaanrds iaspection and
verification. As we are ail acutely aware, we're a Laye v {rom this in-
portant poal,and its acnicvenent will clearly require wmen Jdedication and hard
work on the part of the LA and individual nations == inclnding both supplicr
and recipicent nations.

In describing herein certain elements of rhe U S, Satecuards R pro;m,
I've triced to convey something ol the thrust or aunar . 8. =aleamrds teco-
nology in respect to both intemnational and deaecstic ore ards. T is impor-
tunt to note that although nost bi-ic techmolo,y doevelop: ents nave potential
application in both intcrnational mul mationn ] =afcenard:, the pecesssoy Tol-
low-through phascs af cnvineering desipn, test and icla evaluwation my oresult
in sipgnilicantly different final hardware product:, calibration procadiures, and
deployment giethods,

An important part of the overall safernards R4D efTort in the United
States is the developwent of technolopy and ¢quipment in response to specilic
nceds of the International Atomic lnergy Agency.  The LA perfoms cortain

¥t should De noted that "selegnards', as used by the LB\, implics
intemational =alepumdsy to avoid any possible conliimion, we have usaed
the qualilying adjectives, "intemational’ or "dome:ztic” lor "mational")
when a distinetion between the two levels of safcpuards is desired,
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esscntial functions in carrying out its mmdate of independent verification of
cach facility subject to ITAL\ sareguards within a given State.  These functions
include review ol facility design, operating records and reports, and verificia-
tion of nuclcuar raterials accountinyg procedures and records, including devel-
opment of inspection sampling plans and independent verification by direct
assay of nuclear miterials. Instrmentation nceds for the latter function arc
mumy, but for present pragmiatic purposcs, these needs can be luped into two

time categorics: (1) the "here and now'' needs -- e.g., portuble or transport-
able N\, or other, measurcment cquiprent for reliable assay and verification
in the ficld, and (2) the "coning attractions' nceds -- e.u., incthods, instru-

ments and techniques for independent verification of safeguards cffectiveness
of various types of advanced in-plant uaterials accounting and control systems
(i.e., as given in Table 1).

In response to the catcgory 1, "here and now'" nceds, portable NDA instru-
ments and technolopics specilically required by LMEA inspectors for field use
arc being developed, cvalunted, and implemented® in cooperative programs be-
tween the IALA and different wember States. One such program, in the case of
the United States for example, is tie special tecnnical assistance progran
which is coordinated by tne Internatioual Safeguards Iroject Office (ISPU) at
Brookhaven National Laboratory énd participated in by several U.S. DO labora-
torics including los Alamos Scientific Laboratory, Sandia Laboriatories, Argonne
National Luboratory, Pucific Northwest Laboratory, und Breokhaven National
Laboratory. ‘Ihe mjor task arcas of the program’® are directed at six func-
tions of TAEA safecpuards activity: (1). measurcment technoloyy, (2). train-
ing, (3). system studies, (4). infomation processing, (5). surveillance
and containment, and (6). support for [icld operations. U. S. technical ex-
perts and consultants are also provided on a cost-free basis under individual
contracts with the IAEA,

The catcpory 2, "coming attractions' neceds arce closcly linked with coming
dramatic changes in international safeguards implesentation over the next fow
years:

(1). As more facilities come under TALA safepuards, there will be a great
increcase in the sheer volwe of informition that must be mathered,
assimilated and analy:zed.

(2). Purswmt to "\I'I' safepnards’ concluded under INFCIRC/153, new types
of larpe, hivhi thromghynt facilitics located in large industrial
nations will coue under A salcpuerds Lor the first time.  Such
key fucl cycle facilities include isotope =eparation plints, spent
fuel reprocessing plants, conversion and Tucl fabrication plants
prodirring mixed oxide el for power reactors, fabrication plants
for highly cnriched uraniun Iuel lor resciarch reactors, and large
critical asscnbly facilitices.

(3). With the rapid increase in the 1 ber and size of [ucilities under
intemational salevwirds, the LAUA will be required to deal with
complete mclear el ovcles within individual nations, or closely
coupled international/regional proups ol nations with relatively
less inlTomuation available on nuclear materials transfers from sup-
plier tu recipient.

(). For a host ol technical and cconomic reasons, including operational
cfficiency, quality and process control, radiological and criti-
cality safvly -- not to mention the need to reet increasingly

FL IOt TE Case in point is the TAEV [lish Level Neutron Coincidence Counter?®

(HINCC, desceribed in Section VI. above) which has recently been evaluated
and deployed by the B inspectorate?®=77,
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stringent safeguiards and sccurity requirements -- large scale fa-
cilities of the future will employ timely, on-line material measurc-
ment and accounting systems together with automated processing, re-
mote handling cquipment etc., to the maximum cxtent practicuble.
Thus it is essential that appropriate methods and techniques be
developed for effective inspection and verification by LM\ (and
national) inspectors.

Given the growing trend toward automation and increcased sophistication in
nuclecar material measurciient, processing and hardling systems in today's com-
petitive worldwide nuclcar industry, the challenge of cffectively salepnanrding
that industry is clcar. But alonyg with thie cicillenge comes an importint new
opportunity, inausmuch as advanced materials accountancy systems can, in fact,
provide far morc incisive knowledge (in both time and space) of plant inventory
than has cver been available in the past. ‘This knowledge rust, of course, be
fully available to the inspector as well as the plant operator. ‘To further
strengthien independent verification capabilities, new techniques and proacedines
arc being imestigated to cnable the iuspector to carry out necessary imdepoend-
ent calibration and measurcment control functions on various assay instru..onts,
materianl flow:, process operations, cte. Also in the large antomated fuel cyele
facilitices envisaged for the {uturc, therc would be minimal personncl aceess to
hazardous in-process material (c.g., plutonium), (nd tihis strict contaimaent
featvre will cercainly provide an added measure of protection against thert or
diversion of SN, Furthermmore, full-time resident inspecticn is anticipated in
the larpe-scale rerional fuel cycle plants ol tiie future, thus piving the in-
spector nore opportunity to gain better understanding and familiarity with
plant operations, material accounting and control.

Whatever fucl cycles, or "mix" of fucl cycles, arc to be pursued in various
countries, groups of countrics, or regions of the vorld, the nuclear safevwirds
cocmunity can, and [ beliceve will, continue to meet the challenve of developing
and implementing ceffective safeguards for the fuel cycle facilites ol the
futurc.
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FIGURE CAPTIONS

DYMAC Instrumentation for the Plutoniir: Recycle Wing of the
New Plutonium Faciiity (TA-55) at Los Alamos.

DYMAC Information llandling System.

Absorption Fdge Densitometry of Multinle SMM Solutions.

a (upper plot). Continuous x-ray spectrum transmitted through
a solution containing uranium and zirconium.
Data arc straight-linc extrapolated to the absorption
edges to determine the transmission ratios at the
edges.

b (lower piot). The difference in the log of the measurcd transmission
spcctrum (in a above) for a fixed-energy incrcment as
a function of energy.

IAEA Portable Tligh Level Neutron Coincidence Counter (IHIINCC) for
Assay of High-Mass Plutonium Samples.

Electronics Package for the IAFA HINCC, Including :ligh-Voltage
Supply, Six Amplifiers, Discriminators, and Shift-Register Coincidence
Circuit.

Measurcment Setup for a ZPPR Nrawer, Showing the IINCC for Neutron
Coincidence Counting and the IAFA Intrinsic Germanium Detector with
its Collimator for Mcasurcment of Plutonium Gamma-Ray Line Ratios.
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