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soci:ll gonls through :Ilmost unboutkkd production of energy, or altcnlat i rc Iy,
it can :11s0 provik the source of uiq]r~’cekntud JL*SLmc tion capd]i 1 i t y. I:L1(JJ]’I
further obscrvd that %dcgua rds lin the scnw 01- i ntc’rmtional rIk*wlrrs to
detect ad thereby ktcr tiw diversion ad I;lisusc of nuclear nutcrids ) rcuw h
the ccntrd clawnt of any combination 01- mcdsurcs t:lhcn a:;uiust nuu lcu r I)rol i f-
eration; their cx istcncc hw hcc n Acwn :0 lx’ :1 primary condition for intc nKl-
tianal commerce and coopcrat ion in the nud udr f icld. . . . Intcrnat iwd in-
terest in tk potcwt id cffuct ivcncss of sdfo:l u rds continues to inu Ywsc,

. and intcns ive dcvclopmcnt \\ork \fill bc ~’sscnt id to make sdc{:ua rds hot tl
Ale crdi blc and more cost cl-fcctivc. . . . 1 need hardly nk’nt ion thd t tlw sup-
port KC arc receiving Irom member states is absolutely essential for tkwsc
progranlws , ‘‘

Effcctivc national safcguads systems arc indeed essential r wponcnts
of cffcctj.vc intcrm~ Lional ( I.lkl] salkguarck, hhich arc in tlwn essential to
tic h-idcsprc:d groh’t!l wxl acwptability of nuclear poKcr, and the comxxu.itdnt
wrlchiidc cxlmns ion of nuclca r trwlc. At tic lAE\ Salzburg Conl”crcnuc on
Nuclear POWY and its Fuc 1 Cycle 1, lcadin~ INL4 of[icials stressed tlmt not-
withstanding: the rcquircwnts for impro}-cd national and rnllti-nat i ondl sj.5t~ws
of nuclear matcrids accountancy ml control, the sine c ua non of u~f~wtlre in-L-—
tcmatiomd suf~’guard+ is indcpcndcnt Vci-if ica t ion~tnc l:W\ of cclql 1iWICC’
with the provisions of safqwa rds a: rccmcnts conclukl lwrsumt to the Xl‘1’WNJ
to tlw Statute of the IiUA It Kas further cm;iws izcd that this inilqcndcnt
verification is the basis of tic LW\ safcgun rds systcm find this rcsponsibi 1i t!
cannot be transfcmxl to any other authorities.

111. lWIH?INX F,\CILI’l”YSUWILUUJS S)HI.31 I)ESIGS
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conclusions can be rcachcd. TlN2htsti.nghouw, :Wlcrson design wus sclcctcd as
the rcfercncc [dci 1i ty for mixd-oxide fuel fabrication 24. ‘lllc convcrs Ion
fdcility is bwcd on a rcfcrcnuc Jcs ign by t-k Swannah ILivcr laboratory and
Savanmah Rikrcr 1)1:u~t 25. ‘h 13annwll Xucl C’ilr l:ucl Processing Plant at 132m-
w1l, Soutil Carol ina26 hw sclcctcd as the rcfcrcnce chemical sc~xwaticm.s fa-
cility.

Iv. CO.Wl.3N10.\U MILRLUS :\CCCM.NTING

In convcnti onal snfc~uards pract icc, the accountabi 1ity of nuclear ma-
tcrj als iiitl~i n a f:]c i lity and tlw (!ctcction of unauthorized removals hwc re-
li.cd, almost cxclus ivc 1) , on {Iisc ret e-item counting and material-balance ac-
colmt in: 101101(iII: periodic shutdom, clcanout, and physical inventory. “llle
classicol nat cri al b:lldncc is usuully dram around the entire facility or a
major port ion o:: the i)rOL-~55, und is i-omed by :]Jding all nwasurcd rccci pts
to 1hc i]l i t ikl1 IiCiLSLIrd j llL-cnt ol~- and subtracting all measured removals irom
tlm fin~l 1 w:]surcd in]cnlol:r. Ih]ri];: mutinc production, mtcrial control is
vcsl cd I;lrj!c.1: i n admi.n is t ruti vc oml process cent rols, augncnted by secure
stora:c for Ascrcrc itmw, scaled cent.aincrs, etc.

~1.lthousil I])is Ixwic m~thod of mat.trial-balance accounting is essential
to safeguards collt YO1of nuclear matcri als, the convent ions]. procedures used in
the l)as 1 havr illiimcnt lililit:ltions in scnsitivit!” and timeliness. Sensitivity
is 1imi ted by J_;Y.’:lStlYCiJiClltunccrtaintius that tight obscure the diversion of
relative’l)- lar::,c (Iuant.itics 01 S\21 in a large- througilput plant. Tillieliness is
linti tcd b)- t;w Ilr:lctic:il Ji f[icultics, the q)cnsc, and hcncc the infrCclucnc}’,
Of pYOCCSS SINItLIOi’hll,Cl C~Ii.3Llt, and ph}’sical invcntoq’; i.e. , a loss of material
could remain LIJdiscovcrcd until the next physical inventory is taken.



of the strategic viIl Lx2and sarcguards Lvlncrabil i ty of the material, which wi 11
depend on its location and form within the Iu-ocess and within the fuel cyclcl J.
Grmhxl safeguards consi dcrat ions arc d?ilrl~ importu.nt in the selection of unit
pmccsses and associ atcd key mcasurcmcnt pmnts.

l~lcmcntat ion of +wuuic or “near rCill time” LX3tCriillS mmsurcmcnt and
control requires the rapd, quant i tat ivc mcasurmcnt of nuclear miiterials
locally (c. g., in- line or at-l inc) at cad? unit process. fibdcrn nondcstruct ivc
assay techniques urc quite WC1l suited to rapid, direct in-1 inc mcasuremmt,
and NM instruments arc being devclolxxl, adapted and applied to process mc:]surc-
mcnt requirements in scvera 1 di ffcrcnt Ira)”s: (1) as tile primmy mcasurcmcnt
technique at a Unit-pmccss I)wndnq , ~:] as part of a conrplcmmtmy set con-
sist ing of timely, or even “cent inuous”, M3\ measurenwnts that may bc updat cd
by periodic analytical chemistry assay, [e. g., in ccn j unction with shutdom
and clcanout, as appropriate) dnd (3) to assay or verify tic contents of d i:;-
crctc i tcms such as scaled containers, fabricated picccs, f iniskd componcn Ls,
etc. (wilcrr tic nondestructive feature of the &ssiIy is particularity aclvant:l-
geous) .

As may bc infcrrecl from the forcgoinc, current trends in nuclear safe-
guards technolo~~a place i ncrcas ing c~inas~s on t imcl v masurcnmt and arm].ysis
of materials accounting &til of constantly improved quality. Tnc availiibil i t}-
of nwc and bet tcr input &t a underscores the need for an organi zccl framwork
of tcclu~iqucs to ensure efficient and complete cxt r(act i on of info nnat ion con-
ccrrting possible cliversinn of 5A:.!. Illc clisciplinc of. clccisioli m@-5i.s30 which
combines techniques fmrn es t imat.i on tI~cov, decision theory, and s ystcnls anal -
ysis, provides such a f ramcwork, and is well suited for statistical treatment
of tk i mpcrfcct matcrial - M ante data that I)ccolnc available sequentially i n
tim. The goals of clecisi.on anal~-sis arc (1) dctccti on of the cvertt (s] thdt
m~l has iJC’f2ndiVCrtC~, (~) CSt~l:VitjOn cJf t]le anmlmt (Sj di.vertcd, and (s) dctcr-
ndnation of the si gnlficancc o.f the estinatcs, .lugnwntcd by pat Wrn- rcco~ni -
tian txhniqucs sucil as tk V-mask test for Lusum plots ad t hc slam- scqucncc
chart, decision arm] ysis can bc used to rmhlce errors caused by subj ccti vc diltii
evaluation and to condense large collections of uata to a mall cr set of ]:]orc
dcscript ive statistics. ‘ihc usc 01 t.hcsc powerful, fornmli. 2cd tccnniqucs NAC
tic decision process mx-e timcl y and cffi cicnt w WC1l as mole consistent .znd
objcctivc31.

lhc availability of advanced NM ncasurement technology, t.ogcthcr with
in-1 inc process ins trumcntat i on, automatic itClil iknti.fication and vcrificuti.cn
CqUi]~llK!llt,i15 I(C1l iiS lXX]CrllCOli~WtCriZCd &itXl ~lill)”SiS Wld dU~Ll~)~SCliLWlilj;~’E!L’llt
technology, ila5 1cd to a Kholc new generation of d~mamic l,~tcri.als account .ing/
control systems timt arc currently in various sta:;cs of kvelcqulcnto ‘11:’J
degree of conplc.si t~ of the dj fl%rcnt systc]w ran~cs f ran s implc coqmtcri.aki
accwnting Sys tCliiS (c. g. p for discrctc itcm colltrul. ) to colq)lctc dCl]].o}-]iK*Ilt
of eacil of the advancwl tcchuolog ics nctcd Aovc. Some of the ntorc soldli.st i -
catcd lxltCriillS control and accounting systcrns king dcvclo~~cd arc sulmuri xkl
and dcwmcnted in “i:lblc 1.

In tic United States, the lMMW* program27‘47-50 at the Los illumes Plutcxl i [III]
processing filcilj ty rc]mcscllts one of tile Iimt Cxlxllsivc I{&llc fforts to in Lc-
gmtc ildvanc~xl Xl1:1t c’clmolo~;y with illltLXil:ltd d:lta-processing liK’tl’OtlSillklto

fully cvalw~c I]r:lct ica]. in-l)] Ult olwrti tion of d~IIWil;C Iwtcria]. account i IIL :111(1
COllt]-O1 011 il Ck’tili J.cd Unit -])roccss bils is. ;~ !luKh2r Of I~:\ IMXlSUJ”(?llK?llt S)-StL’l:L~
arc being dcvcl opcxl, or ildil]ltCd from exist in}; dcsi glls, commcrci:dlj’ nvui lilblU
cqui pmcmt, rtc. , I-ur ill-1 ill~’ il)”}l”l~ iilll~1.icathls in the ncw ~]lutunilu]l processing
facility at ‘I,\- 55, I,WL. ‘lllcse include:

WYYG~l~L’ aCrOII}-lll for ~.llilllii c Mltcriitls Control, or cqui va lent ly, for
lmll~ili~.Ndt.L’riil 1S .h.03Ulll i 111:.
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TABLE1.

MM IIYX.4NICMATI;RIAIS,WCOLNI’ISGSYSTE?.B

Facility, Location, Function

Carolina;
f.LlCl-

Gener~,i Electric
Vallecitas, C:llifornia;
l% fllcl-clcveloprnt
laboratory for LW%R

}kxud Laboratory
Miamisburg, Ohio;
M3Xfurl fabrication

ConinLstion Engineering
Windsor, Connecticut;
Nuclcnr fuel manufacturing

AECL
Chalk River, Canada;
Fwl nmtcrials dcvelop-
ncnt and fabrication

Y-12 Plant.
Oak Ridge, ‘hnesscc;
Inrichccl uranium
procwsing facility

System
Wne.—.

MIcs

GEKI’A

System Functions and Ccmnents Reference.—

Material Invcnto~ Control
Sjstcm. Diversion ‘detection,
mfonnation quahty, loss
localization, systcmnuulagc-
ment and control. .NLIIused.

Material distribution, diver-
sion detection. Primarily
automated record-keeping;
no NDAat this time.

Controllecl LJnit ~ccounting.
lhnceptual system for
accounting, diversion detec-
tion. No XLIAuscd.

Fuel Accounting and Control
Syteiim Timely and ~ccurate
reporting on S.3Nstatus and
flnw; TIO MIA as yet.

Intcgratrd ~uc]ear Mtcrial
ficounting and ContYol ~vstem.
Un-line nwtrria~ accounting,
data base mgmt.; no .NLIAas yet.

AccoLmtahili.ty, diversion de-
tection, physical invcntov,
WY, wrifjcation= Incorporates
on-!.inc or kcyboarcl verifica-
tion of weights.

32,53

34

35,36

37

38

39,40

h



TAME I. (cont. )

Facility, LOcation, Function

Rocky Flats Plant
CMden, Colorado;
Pu processing facility

Karlsruhe Rescmch Center
Karlsruhe, F. R. G.;
Research, processing, hand-
ling, storage facilities

ARHal
Richland, Washington;
Storage ancl processing
facility

m:
Tokai-mum, Japan;
M3Xfuel. fabrication

AGw
Rarnwell, South Carolina;
Fuel reprocessing plant

MSL
Los Alnmos, %w Wxi.co;
Pu processing

System
Name

WC
CxIm4c

---

---

PINC

A(MAC

DYM4C

Systcm Functions and Ccmmcnts

Accountability, criticality
control, SIN cnlibr:ltion, S1’lh
masurcmmts.

&ncralizwl SW :Jccounting
and data handli’lg systcm for
variety of .SM1processing,
handling functions.

Accountability, process moni-
toring, laboratory bookkeep-
ing, monitoring and control
of storage lo&ltions.

Plutonium Inventory Control
=ystem usifi: on-line_WW
sensors and computerized
inventory, process control.

I.aboratory data systcm ancl
materials accounting and
control systcm. Some proc-
ess monitoring.

Accountability, in-plant SIN
instmmwntntion; computcriaxl
near-real-time inwntmy con-
trol; clata-base managerncnt,
unit pmccss SMl localization.

Refcrrnw

41,42

43

44

45

46

47-50
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(1) al)l~ltollilull sollltiol~:lss:ly soystcm (PIMS) for nmsuring PU conccn-
tmtions over tiw rungc 0.1 ‘Al g/L;

(2) a spec i ill i=cd tlmmal ncut ron coincidence counter ~C) for nmsuring
residues from V~riOW rccovcry proccsscs;

(3) a fast neutron coincidence system for hill-l of hcterogcncous materials
having high ( ~ ,n) backgroLuds;

[4) high resolution garmn spcctrumtxy for isotopic verification;

(5) product verification stations; and

(6) a variety of digital rmdout weighing clcviccs.

Ilcsign philosophy on WI instruments used for ~n-line plutonillm assay,
htis bern to k~~~;)Jclicutc ]Iilrts of the instmmcnt (c,g., detector and CICC-
tronics) cutsic!c glovcboscs hhcncvcr possiblcJ In Licsigning or adapting in-
Stll~lltS fOr $].OVC’hO.YIL5C’,careful consideration was Sivcn to the ih-equcntly
chcr~o]ik’ id a~{h~~-:lrL] niLtLlH2 of hU.Vhlg tO Korli thrOUgh glOVC.S. By focusing
attcnt ion on the spcci Iic functional USC of t.hc instmment and working closely
with proccss operators during instmmcnt dcvel opmcnt, it was possible to nmc-
i.m.izc opcrat ional convenience ~ihilC minjmizin~ requirt J operator time for
making the assay. L)YMiCin-plmt c.s.psricnce to dateq 9 has demonstrated that
process opcrdtcrs arc rcccptivc to entering material transactions at intc r-
active ccm~:~nltcr tcnni nals in t.hc’ prcccss mca, proviclcd the t imc and nw~hcr
of cnt Tics necessary to corq]lctc a transaction are reasonable. in order to
strcanilinc the transactions for process areas and spcciali=e them to reclucc
the iuno~mt of in[ormtion the operator must enter, a flexible “packet soft-
h’are‘‘ :qqn-each WLSdcvc loped that cnab lcs appropriate chngcs to bc rcacli ly
p~grii]:n!~d i-or any spcciali zcd process t r~ansnct ion.

Figure 1 shows the location of lAWC imtruments and terminals in the
plutoniun rccycl c win: of the 1.0s .Uamos plutoniun facility (IA-55). An inte-
gral part of tk I.NN\C systcm is a rigorous standards and nwasuremcnt control
program 49‘ 50that WSUYCSthe accuracy of tie assay data. llic program provides
quantitat iw linits -c+crror information and ensures that the individual in-
struments function properly by pcri odically checking their precision and cal -
ibrat.ion accuracy.

The basic stmcturc of the Dl?llC information handling systcm is shown in
Figure 2. lhc NLl,\instrumcms and iutcractivc tcnninals in each unit process
area transmit “WCstatus of SW in ~hc various stages of production to a cen-
t ral COlillLlt.Crsystcm dliti 1 acts as ti c ccntra.1 data mdnagcr for bi~!W. in tllc
computer (cf. l“ig. 2), Lhc data bust ,:iUlilgCKCIlt subsystcm accepts and verifies
incoming d:lta, updutcs invcntoly records imcdiatcly, and organi~cs the data
into fj lcs for cff ici cnt ret ricvuj of specific information. The real time
mtcri ds :Iccountabil i t}- (control) subsystcm drwis on the data base for con-
tinuous .;M tils r.oni tor iq! of .WI within the facility. ii measurement control
progr:Im l)crimli cd lly clxxks im t runwnt pcrfomancc; cent rol parnmct.crs arc
calcul [It ccl from infciwl t ion in tlm data base md are coliq);~rd with prc-dctcr-
mincd aldr]il lcwls. 11- alanu levels arc excccdcd, the systcm alerts the nu-
clear matcria]s officer -- or “s:1rcguar~Ls coordimt ion unit” (cf. Ref. 20,
l:i~urc 111-1). 35 :L Iocaj point for safc~:uurds dccisiom, tic sakguimls
coordimt ion unit i IN tracts with mmagcmcnt and process-control courd.i mt ion to
conLinu:l] ly :lssuss the S.1fC;:UO1’dSstatus of tllc l)lilnt (and to advise plmt lilml-
a:mcnt o r :l;)j)r(ll)~i ilLc Ycsl)(ll iSC oi)t ions :Irlcl rCCOmmC1lclCd Hct ions. SCWLIIL%S to

suy, S: I [~*LyKI rcLs condition mscs:wmt and associutud d~’cisi on amlysis l)rocc-
CIUn!!iz1 m:; t I)c CilYC1-tll1)’ h] :lllCCd tO LIVOid LIILIICLX’SSWY fake ilhxIs, h’hllC

s



ndntaining a hi!;h prcdmbi lity of cifcct ivc rcs[IonsLI to an actual Silft?gUu IX.L+

violation,
‘1

A kcy considcrat ion in the dcs ign of an :!cccptablc dymmic materials
control systcrl is the scrupulom md dnncc of any significant int m+ ion into
process opcrat i ons ml ovcral 1 plant production. Ilm world i 1 i Ly ilnd cf frc -
tivcnc!ss of my systcm ml k convinc 111:;1)demonst ril Lcd only througl 1 cxtcns i vc

.

inpliult opcratlon and cvaluution, as is currently in progrws ior a numhcr of.
the systems in “Iablc I.

Scmmhat un iquc in the nucl car fuel cycle, the convcrsi on il~~~s (i.e. ,
convert ing plutonium nitrate solution to pllltoniwn oxide powclcYJ present.s
a particularly cixl llcn!:ins sa icgulr~Ls 1)rol]l~’1:1~1. lllc convcrl ti 01?:11CO1lYCl%j c:1
facility hilJldlCS plUtOlliLhil i n lm~c qutant it i cs as il conccntr.ltml, rcl at ivu 1y
pUm mntcrinl ‘ii d] LjCllC!l.ill.1).1Oh’rildi at ion 1W%’]S, and is thcruforc cxt rum]).
attmctiw as a t~rgm for diversion. I:OrtLUliltCl}, tlK’SC SLW:lCattrihutcs i]1.S(1
Jm3kca conversion l-uciliLy iUJt’IXll)lC to strin:,ent s:lfcsuilr&, i. c. such I.caturcs
= WCll CIKlrilCtCYiX?d, rcht i vcly pure materials and low radiation lLIVCI.SI(i th
resulting greater wcwsibili ty to the pmwss, i.11 faci lita tc on-lim mc2surc -
nmt aml the full implcmentat i on of dynamic mteri als account ing and cent N J.

MxIeling and simulation techniques 5i hwc proved cstrcmcly WI uable in the
design, evaluation, and comparison of the relative cffcctivcnl?ss of altcn::lt i ye
proccsscs, Jusurcrrnts sys Kcrmsand matcriil]s accoLmt i.ng s t rmcgics. mc’sc!
techniques permit the predict ion of the ~manics 01 SW flow under a &lc ran::
of operating pararwtcrs, and the rzq]iJ accumulation of data for rclat lvcly 1ong
qxxating periods. For each faci 1ity, this approdI rcqui rcs: (1) . a de-
tailed dynamic mlcl of the process; (2). sinula lion of the model proccs.+ on a
difiital computer: [Sj. a ~maxlic moJrl of cacil m.xwuremcnt s}sstcm; (.1). : l-u-:+1..1
lation of account :Jl i 1i t} lw~urcncnts on SY.I flow and in-p roccss invent or i cs
gcneratccl by the mxlcl process; and, (5). evaluation Of thC siwlatcd IilC’il.;UJl!-
mcnt data from cadl tlccounting s tratcgy.

As a specific example of the pcrfomance of d}rnmnic materials il~count i]]~g,
in a modcml hightllrouyj~,n]t convc rsion ffici i ity, w ci t c rcccnt s .imlat ion
studies 21 on a rcf c rc’ncc ccm-crs ion procgss based on plutoniu:: [Y~ilC’llCO1I 1j
oxalatc prccipitution and talc.ination. In this conversion process, the kcy
~su~~]innt points \icrc 1ocatcJ at the ~:cccipt tank, the output of tllc precip-
itator and at the product louclout area. At the rcccipt ti.ulk the solution voj -
U= and concciltration arc mmsurcd, the conccnt ration being riwnsurml hy ml
absq~tion edge dc]l~ito]i~tc~ (to bc dcscribcd lat.cr). Ihe prouuct cu.mstcrs
containing plutonium ox idc powder arc mwurcd by a ncut ron Kcll cow tcr or
c.alorimctcr.

The cstirnated plutoniw:l detection scnsi tivity 1cvcls (for a sin@c-uni t -
process accounting stratcgyj are prcscntc?d in ‘r~tJlr2 11. L)ivcrsi.oll scnsitivil:!.
is given for periods of ollc matcridl Ixl]uncc (one batch), onc ti:ly (d])ilrOXiJ:Htcly

20 lXltCliCS), onc h’wk (ill‘pro.si IikltCl)- 125 butc~lcs ), and one month (appruximtc l,y
530 Mcllcs) . ll)c results i]i Tilblc 11 rdy bc cumparcxl ~iith current U. S. rc:,-
ulations52 which rquirc tht. collvcnt ional pcri odic K:ltcrial La] ancing in con-
vcl%ion pl.allts bc pcrfonxxl every tliO mmltlls I(it h a n~lttrial balance uncc rt:l i nt!’
(~ a) of lCSS th:ul 1].5’; of tile f~Cilit)- thl-OUgjll?Llt. “lhS limit of error cL)rrc!-
sponds to 53 kg 01 pl utoniwl for tlw rcf~’rcncc convcrsi on process, w!lich h:is :1
design t]lroughlwt of MM) k{! of plutolli LUilover a t!m :wllth period. J\ rcccnt
cstimutrs 3 of the .2LTli mjt uf c’rrur thut should lx’ ildl ic Fut)l c hy ]wriodic, Lk(o
mnth n~]tcri ill halmc in: in Coin-cu.sion p] ants is O.5S’1, d]ich COJ.-YCSpOJXlSto
aIljllllLKilMtCly 25 kg Of @ UtOlli LU:l fO~ thC lWfL?~CJICC ]IIWCSS .
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TAME II.

DIVER51CNSIMJ1’lW”ti 133RTtlE COWERSKINPROCESS

Average i)ivcrs ion Total at Time
per Batch of Detection

Detection Tjmc (kg Pu) (kg Pu)--

1 batch [1.35 h) 0.13 0.13
1 day 0.03 0.63
1 ~ieck 0.01 1.24
1 month 0.005 2.65

a For a single-unit-process accounting strategy as
described in Ref. 21.
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~csc and other process si.nmktion studies 13DZOBZ2 ~W clearly dcficmstratcd

that dynamic miitcrial accounting can offer dramatic iqmovmcnt in terms of
timlincss, spmial spccif i city and sensitivity, when coqmm! to convent ionul
nutcriak accounting pmcdurcs. In the fhl amlysis, of course, tllc cl”fcc-
tivmcss of any system mst lx fully bkmonstratcd ml proven out Umou;”,!l exten-
sive in-plant operation and cwluation by the process, qua] ity control and w-
tcrials miiagcnwnt pCOplCwho nust usc (i. e., “live with”) .’lc systcm on a
day- to-day basis.

From the safcgwirds ●nd nonproliferation standpoj nt, onc of the mxe prom-
inent altcnmte lhcl cyles currently under comidcrat ion involves the coproccs -
sing of both uraniun and plutonium (in a ratio of roughly 6 -10:1) in a fuel
reprocess ing facility. In general, alternative convcrsi on proccsscs that yj cld
a product usable only as reactor fuel mc clearly of potential interest fron;
the siifcguwk standpoint. One conversion process, tiprccal 5“ , has been dcvc 1-
opcd spcci fically ior production of mixed uranium-p] ut onium oxiclcs for fast
breeder reactor fuels, and snould be ideally suited for coproccbsing applica -
tions. T’nc COprccal lm ~2ss converts a coprocesscd U/Pu nitrate solution to a
mixed oxi Jc pom!cr throuah L“oprccipitation followed hy Cmalci.na lion. Iilc in-
togmtcd sa fcguards systcm structure is similar to the three studies rcfcrrcd
to abovc13~zc~22. The nudeling and sirmdation approach used previously has
ken appl icd to the design and evaluation of a material measurement and ac-
counting system for the Coprccal facilitys 5. Dynamic material balances can bc
drawn approximately every two hours about Llnit processes as wcl 1 :1s the who]r
pl’ocess , It is shown that dymunic materials accounting as compared to con-
ventional mterials accounting, c.ari detect divcrs ion in days or hours ins teal
of mnths, can localize diversion to a si] @c unit process accounting area in-
stead of the wfiolc process, and can markcdl,y improve divcxsion sensitivity.

VII, manmmr REclxr mlLo1311iNls ANDTIU3JIS

‘The i.mplenwntation of clynamic mtcrials accounting and control relies
heavily on modern msasurcmcnt technology, with particular emphasis on new S]LI
W@niqucs and in-plant instrumentation. In this section, tie review son~ of
the mccnt developments and trends in SW nmasurment tcchnolo!y and ,NDA
ins trumcnta tion.

For NRAof plutonium in general, and particularly for solutions, passive
-ra’ assay has proved ve~ u%eful, primarily for the determination of

~& z~l~ ~d 24 l:ti isotopic concentrations. Mcn isotopic colqxxi tion
is kn&n, or cletennincd indcpcndcntly, corrections can bc applied to yicl d
overall plutoniun concentrations to better than 1%sG.

‘IIIc increasingly popular technique of absorption edge dens itomctrys 7 of fc rs
mother ve~ k’crsati.lc fi~t]~Od fur A~r\ of solids as \icll ~ oil-1 inc n~~su~(?]ii~’1:t
of actinide concentration.s in process strcms. Ihe method is based on tl~e di f-
fercncc in transmission of gWiUIEl r~s with cr.orgies j 1~t above and just bclok:
the Kand L

w
absorption edges, which are uniquely characteristic of the

elements uz- um, plutonium and thorium. ‘lhe absorption edge mcthcd, being
based on the discrete electron binding energies in the clectrun shell structure
of tic atom, is thereby clcnnmt specific, r~t!wr than isotope spcuific AS is
the case with p~%sivc gwma rays emitted from the nucleus. The trallsmiss ion
source Llscd for absorption edge dens itomctry may bc Cj thcr an x-ray gcncrator58
or natural rwlioactil’c isotope(5) 57 . ‘1’hcx-ray generator has the wlvantagcs
that: (J). multiple, s imultuncous !Nl dctcmnimt ions such ~s plutonium and
uranium arc possible :yld (2). the cncr~v displacwncnt from the :lhsorpti on cd~;c
is limited only by the dctcctw rwol ut ion. i’dl .x- r:]y generator-lmcd absor] )1ion
edge dens itol~lctry ussay s t~~tion has been d, vcloixxl at Los ,Uams lor r:q~id,
si.multancolls mcasurmcnt of multi plc conccntra t i ons of S2N und source nutcr-
ials 59. “lIIc stution fores the basis for dcvclopmcnt, test and cvtduation of an
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on-l inc solution nssy systcm for me:wtri ng uranium and plutonium conccntrat iOIIS
of 1 to 50 S/litrr. Such a system IKIS bcwn proposed for insta 11nt ion and in-
lillc cvalllot ion at the cxpcri munta 1 coproccssing test location :lt the .%’.r.annuh
River Laboratory. Ihc need for j nc.is ivc mcasurcmcnt trchno Iogy for d i ffcrcnt
comhinat ions of Iissilr .WNJfcrt i 1c fuel nultcrials is undcrscorwl by the cur-
rent interest (e. g., in I’;IKE) i n coprocess ing as one of several al termt ivc
fuel qyclc possibil i t ic% for cnh:mcing safeguards in the back cnd of the fuel
Cycle.

TIIC assay of mult jplc NI by the abswpt.ion eclgc dcnsitomctry mthod
can hc C.onwellicnt1y ~er (onncd when the two f iss ionablc components arc present
in roul;h 1y cq~tn1 ,wmxult.s (rat ios between one and four). For concentration
rnti os Rrcatcr tl~ln fol w, the dcnsitomctcr wi 11 spend most of the l.imitecl pulse-
proccssinc time on the majm compnrnt (c. g., uranium in a coproccsscd strcaml,
lcavin!; the minor component (e. g., coproc.cssrd plutoni lml) with poor st~tist .ics
and thus poorly dct cml i ilcd. The c! osc prosim i ty of. the uranium ancl plutoni (1M
L1l 1 Cd~CS (] i. ] 68 kC]- and 16. ()(~fikC~’, rcspuct ivcl y) also limits t!lc rncrgy
r.angc l)CtliL’C’11the two L~I T edges, in which the rclcv.ant transm+ Tsi ons can bc
Incasurrd.

OilC ~PIJ?Yx~Ch 5 g to improve the measurement statistics is to uti lizc as
nuch data as possible. A t~~ical x-ray spectrum transmitted ‘Arollgh a uranium-
and zircon ium-bcari n~ solut Ion is shown in Pig. 3(a). For mperirncntal conven-
ience, zirconium can bc LISCCIto simulate plutonium because the zirconium K cdgr
at 17. 99S kcV is rcprc%entati VC’of the plutollilml Lr J1 CLIRC :{t 18.066 kN.
.Selcctcd rcsions of dnta IXIVChcrn 1+.nearly cxtrapolateil, as shcnm, to the
absorption cd:cs to clctcnninc the transmission ratios as shown in Fig. 3(a).

By cssrntial]y cl: ffcrentinting the traimnission curve (i.e., taking the
dif fcrcncc i.n M(T) at each dj scrctc cncr~q’ step, i, the plot shown in Fir. 3 fl~)
is obtained. (h-cr the narrw cncr~~ raflgc o C interest, the cmstant m:ltrix m:tLc-
rial cffc~-ts cnnccl OUI ml the nrt arcn under cnch “!mld’ in Fig. 3(b) is pro:’
port i onr 1 tG the density of the rt?spcct ive S.%tl, i .c., summing eve; t hc N channels.
of t%c “peak” in l:i.g. 5 [b) :

N

x

T.
h ~: = Aps es X

i=l

where A]ls is the cliwont i nuity in S.W mass absorption cocffi cicnt across the :11)-
sorption Qdgc?, ?S js the density of SY31and X is the thickness of the solution
Sample “

This appro:lch 5g of using the “pcwk” nrcn as n mc:lsurc of the SANcontent
has the distinct :IkIIL:IgL’ thnt more dutn points arc uti J,ixd in the data



‘his tccluliquc involves L X-rays typically in the 10-20 kcV rq;c ad
hcncc rcqui rcs a mthod of correcting ~or samplc ilttcn~ltioll C1-L%Cts on both
the incoming (illdllcing source) radiation and the outgoing (induced il uorcs -
cencc) X-rilyS. ,\ rcccnt innovation 0 in triuumission corrcctcd x-ray fluo-
rescence nmsurcmnts cqlloys an appropri.atcly selected transmks ion fo j 1 whose
induced Flmrcsccnce x-rays bracket t-h ckmctcristic line [s) from the acti n-
idc clcnmt to I)c amlywl. Mmsurcmcnts to &ltc indicate that with alq)ropr i -
atc cmkinations of source .nnd transln ission foil, assay accuracies and prc-
cisions of better than 1%should bc routinely achievable cm low-concentration
solutions (c. g. from ~10 g/R dohn to - (1.5 g/JI ).

The two mncwhat complementary NM techniques just clcscribed -- i .c. ,
absorption;; edge dcnsitomctry in the conccntrntion rungc 2 g/2 to 50 g/i and
transmission corrected x- ril~ i%orcsccncc . or lower conccntrat ions -- provide a
vcrsntilc, rclat ivcly SiliplC, and accurate nmns for assaying !iWbcaring solu-
tions found in lwdcrn h igil - throughput process filCil it i cs. I“hc importance of
possible Iuturc n;]plica tio]ls cf these Xl],l techniques to coproccsscd U and 1’u
solutions, or to altmmtivc fuel L-yclc mixtures such as U and Th, or U, 111id
Th scarcely needs claboratiol.

For highly radioactive solutions, the background suppression nl.ready in-
herent in the cncr~-sclectivc absorption edge technique miiy bc further cn-
hancecl by using a curved crystal spectrometer as .nn energy filter (with iI
few kcl’ width, ccntcrcd around the absorption edge of interest) for a hi}!]]
resolution cncrty dispersive detector 51. i:urthcr, dcvclopmcnt test and cva 1-
uation will bc required to ~ctmninc the value of this apprcmh to Mll of
hi~ly rmli~active solutions under plant conditions,

Onc arm that continues to present an in-plant mcasurcmcnt clmllcngc is
the clctcrmination of in-process holdup. Want holdup limsurcmcnts in spec i iic
locations arc f requcntly Imk u~ing ~)ils5iVC gtarzna-ray Incthcx.k” ‘“’2, und IX31U
rcccntly an intr!;ra 1 neutron dctcut ion IWXI1OCIhas been used to mmsurc tots 1
plutoniun hok.hq) in an entire process I-oomc3‘64.

Ncut ron coincidence colulting65 haS foullclWide Lqqlli cation in thC ilSSil~
of bulk plutoniuw prmluct, scr:q) ad wslx. The net coincidence count ri.Itcis

approximt cl y pm]?ort ional to t] ~c wci gil LL?(l IXLSS of 24 ‘IhJ I)lus other CVCI1 ]ll.utO -

nium isotopm. ! f the isu to]lic composition of the smqd.c i.s knohn, or .inJc-
pcndcnt 1y dctcn;linml, e.g. from GcLi spcctrometl j’, then coincidence cowll. i II{;
UII b~ LISCLIto dctc~lili.]lctot:]lpluto]]iLNIco]ltcnt. l:or coincidcllcc count in: o 1“

largC illiD[llltS Of lhl(12 or SC1.ii]) contain i llg light C’lclm:lts hming hi gll b ,]1 yicl..ls
such [M boron or JUuurine, co inci dcncc counters wi til short d i v-uwuy t inl~’+ ilill12

been dwcl opcd w m.ximi zf- thc rutio 01- rw 1 coi.llcidcncc cvcmts to accidcwta 1
event?, and thorchy reducr stotist i w 1 uncwtaint ies. Rcccnt RJJ) 011IK’lltl-oll
coincnlcncc COlllltCrSil:l%lJCCIld il-CCtCdtoward 11]1::1.LldiligtiSS:l)’Cll;)ill)l “ ; t)’ fLl~
Iarfie plutoni m sdmplcs. ~lil]llWw’Cl;KVltSh:kv~ lX’CI1 ]ikld~ in th dL’Lwtol.. , nml~’?.-
at.ors, and coinc i :knce ci rcuit r)’ to ~:i IV shorter d ic-mmy tire’s and co i]lui.dcllc~’
giltCS, ilIKl dccllxlsd cl.cctmlics Amlt im. This 11:1S])C!l’lllittl.’Ll ilCCUriltC ilSSil!’
of high .mws (u.:. , -2 k I
105 colults/sL’ccJnd .

1,) I)lutolliml samj)lc~ with counting r;.JLcs on LIIL’order ol~
“1’O(lCCOllLlikldLltCil ~i)-nwlicr:qc Oi- llKilSUITlilL’l)tflTNl 1(2SS

than onc l!IVM to !:,~~ilt~~r tlli~] J k;, [1 (11.l:d range’ coillc ik]lcc cwnt~’r CEi; 11.t)yin;:
rCllL)Vill)lC Gldlili.lliilS lW’WS 11:1:;lX’L’11LIWL’lO])(XIGG. Ji ])rWtiUil1 lil:[itilt.ion 011
Coincid(?nccCWIIILin: in the lli;~lIILKS )“iii~~~l)is t]lcacuuruc}. wi 111w])ic!l rcllui ru~l
Silmplc scl f Multi,jjl i~ll i.oll ur.)rrc’ct i.oils L-ill] lx il])]ll iuic 7.

Rcprmcnt:it iVC 1)1.(Yi S icnw il]kl ilCClllHL-i C.S cxll i.l)itcdby n(ult1.011COiiXi -

clCnCcColulturs in tik’prou’s:; L’IIVim:k’llt illl’ S;K)\{ll i11.l’ill)lC J I1 l_O1’tllC~L’1lL’1.il1
catc~:orics Of l)tUdllCt , SCIIII) illd \\’ilSt’C56. .
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nations of liu-opc, in .Japan, the [hli tcd States and the LJnitcd Kinl:dom, some of
the larger critical Lkilitics will soon bc coming under MIX saik:;uurds.

I12c major Silff2~U~l~C.lS plublcm is the t imcly vcri ficatiorA of in-reactor
invcnto~ during ]wriods of reactor operation. ‘Illis I(il 1 rcqui rc a judicious
applicuticul of mm+llr~wullt td.n.iqucs and m rci”ul dcsi :n of statist iCil1 sampl.iII::
plans to permit the incorporation of routine ins]wct ion and vcri fication acti-

vitics into nonxd filL:ility oiw rations. ‘~wh.nical @ Imcntat.ion p as prcsclltJy
forcsccn23 will mpl.oy rapid Nl).\ techniques to measure CO1]cct ivcly the fuel
pieces cent aind j n rmctor [lIc1 drmcrs and in viud L :, Lo IY”.gc GUI istcrs, id !.0
pcrfonn intcgrdl mxHumiiCnt S or Imct i.-~’ity on the cnt.ire ,-cactor invumtory ( i n
suitable rcfcrcncc conii!;uration) -- K%Ktivity llL’il!!lllVlilL’lltSbeing ]I:lrt icul il ~1)-
scnSit ivc to Sli Kill d iSC1’Ci~WICjL’S i !i the rcmtor j IIVC?lltOq’, ‘lhc llorl:hlc’ i iiAIX1

}ML%been cvalu:ltcd, C:l libratd Wld deployed in ],U;I1illqwct ions ilt :1 lil~~~ fL15t
critical facilityys’ 7;. Sin~c neutron coinc idcncc connt.il~~ dctcrminus tlw
24‘PU COlltL’llt, Sll])i)lL’l:\L’!lt~17~ gwnn I:ICnSLIIYNIk’IItS oi isotxq)l u rdt k ilr~ nc’mkd
to providu ml indcpcmkmt vcriIic:lt.im of f issik mnt cnt. ];i ~;urc h slmw :1
z])])]~ criti c:ll ~isscid)J J“ fLICl drill(c]. king a~~:ll”c}dllSjllg a COl:bilHt .i0]1 Of tile
}IMW (in llori =ollt:ll ~oll ~iguration) ~or coinc~ dcncc countin!; :u]J illl 1 U2\ .in-
trhsi c gcrl:~~ i~l dctC’Ct@?. 1{.ith its coil illIiltOr 10r lllCiIsuYcl;Kllt.O[ I)],llto. ! il.lhl

isotopic. g:unnn- line r:lt j 0s. lhis combination Of IIUltrOllI)lLIS~dlmilil].ilytccil-
niqucs for invcnto~y wri fication in fast critical asscmhli cs has the pxcnt LiJ
for cxtcns.ivc Wlq)lic:lt ion in I;W.I illtL?XUliltionn 1 sa fcslurds insl)rct icm. In tc~;r:l-
tion of such StiltC-Of- the-art rapi~l llWISL1l’L’ll!Mt iml vcri~icntion tuchnolo~;y
with Rmlcm con ta i ]wrnt :ukl sul~ci 1lance mca.~llrcs 7B ,WKltll~ ir pructi~.:11 ill)-
pliCiltiOll to critical l.ilCilitiL?SStloldd provik il high l(?VC1 Of’ :lSSlll”LUICC’ tll:lt
diversion of $jgliif kimt lpimt j Li LX d- SNl Ciul k dCtCctcd on il ttim>l.}r busi:; .
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essential functions in carxying out its ~ldatc of indcpcndcnt vcrirication of
each f:lci 1i ty suhj cct to JAM s~ic!;uar~s within u ~;ivcn H:lte. Ihcsc func t ions
incl udc Ycvi.mi o [ fuc i 1 i ty dtx ign, OiWXYlting records iuld reports, and vcrilic:l-
tion of nucl cur wturials mxw~t i ng prwxxlurcs ml rwords, including dcvc!. -
opmt of impcwt i on sampl ill:; plans ml indcpcndcnt vcri~ication by d.i~cct
assay of nuclcxlr untcrid 1s. lIIStlllUK?lltilt ion nwds for the latter ilulction arc
nmy, but ior prcwnt pragmt ic puq)ows, tlwsc needs can hc lun~)cd into two
tiflc catugorius: 11) tilL’ “llL’rc and noK’‘ nculs -- c. g. , portable or transport-
able JUIA, or other, mxkmrcmmt cqui pncnt for rcl i able assay and vcrif ic.at ion
in the field, :HN1(2) the “COIiliIl# attractions” needs -- e.g. , mt.hods, instru-
nmnts and tcchn iqucs for indc!!cndcnt verification of safeguards cffcctivcncss
of various Q’prs of advanc cd m-p] ant li~ltcrials ,account ing and cent rol syst cm<
(i.e., as givcll in ‘Mlc 1).

In rcsj msc to the ca tc::o~ 1, ‘Ilcrc and now” needs, portable NM instru-
nrnts and tcchnd 0:; ics spcci f.ictt 1ly lwqui red by IAlif inspectors for field usc
arc hcillg dcvcl opcId, cv:d LKItd, and il:~ll cmrntcd* in c.oopcrat ivc program lJc-
twccn the l,llil :11111tii ifcrrllL lmxicr stiltCS. Onc such l)r’oglluil, in the Cilsc of
tic hi. M Slntc.+ l-W cxar~)l c, is the spccia]. tcr.lmi C:I1 ussistamx progrm
which is cocmii ll:lt ml by Illc Intcrnntio;iill %liifluards I’roj cct W [ice (lSIV) at
IIrool,il:n.cn Sat i O]M1 Laboratol~ Md part icipatcd in by several U.S. I.X)li1abora -
torics including lfis ,Wmms Scientific Laboratory, Samlia Labor:ltorics, Arfionne
Nat ional lallorato ry, l)iic ific Northwest Laboratory und Brookhavcn Xation:ll
LabolYltWy. ‘Iiw m j or task iIrcas of the program] arc dircclxxi ilt six func -
tions of IAEA s:d~cf:u:lrds activity: (1) . rmsurcmcnt tccimolo~, (2). trilh-
ing, (3). S~St Clil studi~’s, [-l) . M!ormt ion proccss i.ng, (5J. Slnl’ci lhncc

and cow ‘immt, am.1 (6 j. supl)ort for fic Ld OpCrilt ions. U. S. technical ex-
perts nnd consultants wc also lnwidcd on a cost- free Ixusis unckr individu:ll
COIltl-ilCt.S Ifi Lll til~ 1,1.1-lfi.

‘Jllc catc$;ol~ 2, “coming attractions” ncmls arc cl.oscly linked wjth comin~g
dramt.ic chd;l$cs in intcrnat jonillsalkg~.l:lrdsill@WIC!lit’ilti011OVCI’ thC llCXt fch’

yc:lrs :

(1). A%more} .facilit j cs come under IA121SflfC~ll:lld.S, there will bC il grcwt
incrcasc in the slwcr volurw of inform] t ion th:lt must. bc gathcrc~l,
assimi 1ilt(’~1 :111(.ILlll:l.1.)’axl.

(2) .



st rinucnt S:I fcguards ,WILIscum i ty rcqui rcmmts -- large seal c fa -
cil it ics of the future h-ill employ tiMcl y, on-line wtcria 1 mcasurc-
mnt and accounting systems together with automted proccssin!:, rc -
nntc hand] ing equipment etc. , to the Iili.txi.lllunlL*Xtcllt pritcticd)lc.

Thus it is essential that approprii.ttx ncthods and techniques bc
dmwlopcd for cl-fcctivc illsiWCtioll :ukl verification by Ml:l (aml
national) hpcctors.

Given the g~tiiil: trend toward automation ml incrcascd sophistical ion in
nuclca r lint cri a1 mxsummmt ~ processing anLI haw.1]i ng sys tcms in to&ly ’s com-
petitive worldwide nuclc;lr industry, t hc chall W;C of cffccti-ticly safc!yi:lrdi nf:
that indust I-y is clear. ]\Llt illOllJ h“it]l dl(2 dlfi 1lCIlgC CONICSiln illl]lO~~:lilt IIc’W
opl)ortunit y, hSllTUCh iLS dl’tWICCd I!utcria 1s Wcuunt mlcy SJ’S tcllb Cm, ill fi.lct,
provj de far IIDrC incisivw h ION!cdgc (iii both t mc .anrlspaw j of p] ant imvnto r>
than ]KM CV(T bL’Cll Wail ill~l C i II thC ])ilSt. ‘hiS kllOWICdgC l:llSt, Of COULW’, bC
full y mail ubl.c to Ihc in.spcctor i.Lswell :LS the plant o])crat.or. To furhr
strengthen inJq~cnJcnt vcrifj cation cq)oh ilitics, ncw tcchniqum and prmxdurw
arc being imcsti gatcd to enable the i !lsi)~cto]- to c-arry out ImCCSSaII- il]d~y Kml -
cnt cdibrat ion :Ilkl mcasurcmc]lt control fuilctions on vnri LIUS:lssny instru::.’llls ?
material f.lm:;, process OjK’r:lt.iOIkS,etc. Also in the large illltOliKltCd fll~’1 U}”L.lL.*
faci litics envisaged for the i’uturc, there wolllcl k mininkll ])crsonncl :IwLsss to
hazardous in-]wocrss nutcriul (c. g., ])lutonium], anti tilis strict collt:li Immt
fcat~vc will ccrcain.ly provide illl adJcJ nwasurc of protection axainst ti]c ~t or
diwrsion of SXd. Furthcmorc, Iul 1- t i;m rcsj Jcnt i.nspccticn is anti d.]XltL’Ll i n
t.hc l:lrgc-sCillC rcj;i ~llii 1 fuel LTCIC plants o ~ ti w rut urc, tius J;iving tim i.n-

spwtor nmc opportunity to ~;ai.n I)ct 1cr umlcrst:wd in~; and familiarity with
phnt opcratj 011S, Ilwtcrj ill accounting illld cent rol.
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FIGURECAPHONS

Fig. 1. IMLIICInstrumcntnt.inn for the Plutoniun Recycle Wing of the
Ncw Plutonium Facility (TA-55j at Los Alamos.

Fig. 2. DYMICInformation llanclling Systcm.

Fig. 3. Absorption Fxlgr l’)cnsit~try of?fultiplc SW .Solutions.
a (upper plct). Continuous x-ray spcct~ transnlittcd thrci[:~h

a solution containing uranium and zirconium.
Data arc straight-line extrapolated to the absovtion
edges to detmmi;le the transmission ratios at the
edges.

b (lcwcr plot). The difference in the log of the measured transmission
spcctnnn (in a nbovc) for a fixed-energy incrcmcnt as
a i%nction of energy.

Fig. 4. MEA Portable Tli.gh Level ?icutrun Coincidcncc Counter (f{LNCC)for
Assay of High-Nass Plutonium Samples.

Fig. 5. Electronics Package for the LMM HLNCC,Including I1igh-Voltage
Supply, Six Alnplificrs, Discriminators, and Shift-Rrgistcr Coincidence
Circuit.

Fig. 6. Measurement Setup for a ZPIW Prawcr, .Showing the 11’ISCCfor Mutron “
Coincidcncc Counting and the IAEA Intrinsic Germanium Detcctnr with
its Collimator for !Jlasurcmnt of Plut.oniurn Ganma-R-iy 1.ine l?ntios.
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