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FRAM: A VERSATILE CODE FOR ANALYZING

THE ISOTOPIC COMPOSITION OF PLUTONIUM FROM
GAMMA-RAY PULSE HEIGHT SPECTRA

ThomasE. Sampson,GeorgeW.Nelson,andThomasA. Kelley

ABSTRACT

We describe the characteristics aud features and demonstrate the
performance of a new code for determining the isotopic compositionof
plutoniumusinggamma-rayspectroscopy.Thisversatilecodecan measurea
wide range of isotopic compositions and is extremely easy to tailor to
specializedmeasurementconditions. Measurementprecision,accuracy,and
throughputaresignificantlyimprovedoverpreviousLosAlarnoscodes.

I. INTRODUCTION
Softwarefor determiningthe isotopiccompositionof plutoniumcontainedin arbitrarypluto-

nium-bearingsampleshasbeenin usein theUnittxlStatesforovera decade.Descriptionsof many
of the methods in use, their principles,and their performancemay be found in Ref. 1. Los
Alamos-developedcodes,LAPISandMUDP~havebeenin routineproductionuse since1981at
the Los AlamosPlutoniumFacilityand at the SavannahRiverPlant. Adaptationsof theseLos
Alamoscodesare also in use at the AtomicWeaponsEstablishment,Aldermaston,and British

NuclearFuelsplc,Selltileldin theUnitedKingdom.

Several years ago the Los AlamosPlutoniumFacility recognizedthe need for improved
softwarethatwouldenablethemto increasethrcmghputandardyze materialswithheterogeneous
Am/Pudistributions. This difficult samplecatego~ arises in the residuesfrom pyrochemical

purificationprv.esses. TheexistingMUDPIsoftwareat LosAlamoscouldnot handlethiscase.
At that time some improvedanalysiscodes were available,namelythe MGAcode3’4and the
GRPAUT5S6S7code. However,it is well knownthat implementingsuch complexcodes in a
productionfacilitywiththedeveloper/expertsnotbeingreadilyavailableforconsuhationpresents
difficultproblems. Ako, theMGAcodewasnot in wideuseandhadnotbeenwidelytestedon a
varietyof samplesat that time. Therefore,it wasdecidedto deve!opa codeat Los Akmos that
wouldbeeasierfor theuserto implementin LosAlamosfacilities.We alsousedthe bestfeature

of thecodesavailableat thattimeandmadeimprovementswherewarranted

1



Thisreportwilldissusstheapproachtakenin thecodedevelopment,the fea:um Sftheanalysis

anduseof thecmie,andwillalsopresentanddiscussmeasurementresultson a widevant~, of m-

terials. The origin of thenameFRAMforthecodeisdiscussedinAppendixC of thisrepcm.

IL GENERALAPPROACH
Designinga newcodeof thistyperequiresthatdecisionsbemadeinmanyareastha!governthe

ultimateriatureof theisotopicsystem.Someof thesedecisionswillnowbediscussed.

Reference1describestheavailableenergyregionsin detaiL For arbitrarysamples,onlyth.ce

regionshavebeenused. The 100-keVregionis bestfoxrapidanalysis,but has not beenusedfor
analysisof heterogeneous(Am/Pu) samples. It is alsothemostcomp!exregionto analyze. Ifone
desiresariaIysisin this region,it wouldbe best to makeuse of the availableMGAsoftwareand
avoida newdevelopmenteffort. The60X&keVregionis usedin systemsthatusea seconddetector.
The 120-to 450-keVregionis themostversatileregionfor usewitha singledetector. It provides

sufficientinformationto analyzeheterogeneous(An@u)samples.7Becausewedesireda versatile
analysissystem,we choseto use the 120-to 450-keVenergyregionin our analysis. Nothingin
thesoftwareprecludesanalysisat higherenergies,including6(X)keV,if theuserdesires.

B. FJumberof Detec,u~#

PreviousLosAIamossystemshaveuseda singledetector. Othersystemssuse twodetectors.
Singledetectorsystemsusuallyusea planargermaniumdetectorupto energiesof 400keVwhilea

two detector systemusuallyadds a moreefficientcoaxialdetector to acquiredata in the 30()-
700-keVrange.This providesadditionalinformationfor Z40PUandzdlAn]. The 241Amdata at
662keV yield improvedprecisionover that from singledetectorsthat do not use the 100-keV
region. The2’$% datado notadd significantlyto the precisionalreadyavailableat 160keVfor

typicalsingledetectors.Wehavenotchangedourphilosophythata singledetectorsystem,being
easierto develop,field,operate,andmaintainoffersthe bestoverallcompromisefor production
facilities.

P~tractlo~ .

TheRegionof Interest(ROI)summationtechniqueusedin previousLosAlarnossoftwarecan-
noteasilyhandleunexpectedinterferences.At leasttwootherprovenapproachesare availableto
remedythisweakness.Peakfittingby nonlinearleastsquarestechniquesis usedin theGRPAUT
isotopiccode.b With modemcomputers,analysistimeis not the problemit once was with this

method.Thismethodispotentiallysusceptibletounrecognizedinterferencesif thefullwidthat half
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maximum(FWHM)parameteris leftfreein thefitting. Theresponsefunctionmethodis a simpler
variantof peakfittitlgthatrequiresonlylinearleastsquaresfitting. It is wellunderstoodandhas
beenimplementalin severalLivermorecodes.s~gThegeneralapproachtakenwouldseemtomake

it morerobustwithregardto unm~ognizedinterferencesandpoorcountingstatistics.Reference1
desixibesthethreemethods,asappliedtoplutoniumisotopicdata,in moredetail.

LRehkEmktlQy C-uvg

Thedeterminationof therelatwcefficiencycumeis a fundamentalpartof theamdysisin nearly

all methodsof measuringplutoniumisotopiccomposition. Three generalmethodshave been
widelyused. In existingI.ANLcodes,the efficiencyis interpolatedor extrapolatedwithsimple
hnearor quadraticmethodsbelweenii smallnumberof relativeefficiencypoints.Thepeaksused
are thosefrom2%J and~lPu anda-efreedin thecode. Fleissner6 .J:.:~tie well-provenmethc.d

of fittinga polynomialfunctionin logEto therelativeefficiencydata. Gunniti takt; ~!isonestep
furtherby sing knowledgeof thephysicalprocessesinvolvedin the relativeefficiencycurveto
specificallyaccmmzfor detectorefficiency,cadmiu.-nabsorbers,andplutoniumself-absorption.
WehavechosenthemethodusedbyFleissnerbecauseit 1sversatileandeasy-to-implement.

PreviousLANLcodes as well as GRPAUTuse the provenmethodof peakpair ratios fium
neighboringpeaks. Gunninkusesthegeneraltechniqueof findinga leastsqwres solutionto a set

of linearequationsinvolvingpeakareas,relativeefficiency,andisotopicratiosas tm.imowns.We
usethis samegeneralapproachbecauseit usesmoreof the availabledataandcan providemstiit~

bm morepeaksfromeachisotopetocheckforconsistency.

F. SJIREDWOf~
● Singledetector

● 120-450-keVregion
● Responsefunctionanalysisforpeakareas

● Leastsquare fittingofpolynomialin10* correlativeefficiency
“ Leastsquaressolutionofsimultamxmsequationsformassratim

III. IMPLEMENTATIONFEATURES
The implementationof the chosen approachcan best be describedby discussingthe user

selectableparametersthat are accessiblethroughan extremelyversatileparameterfile structure.
Literallyeveryconstantthatgovernsthe analysisphysicscanbeeasilyaccessed,set, changed,or
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updated.Analysisparameterfilesaretailoredto broadrangesof sampletypesas ta- w is feasible,

Theprogmmcontainsa structureaccommodatingfourcategoriesof parameters. Wecalltke
“ Analysisparameters

● Defaultparameters
“ Diagnosticparameters
s Frogramdevelopment/Userawhoriizwionparameters

A. ~ .

The analysisparametersgovernthe physicsof the sptxtraldata analysis,that is, peakareas,
rlative efficiency,isotopicratios,etc.

.~ Eachpeakthatis analymdcanbeassigrxdanenergyinkeV,a branching
ratioin gammas/dKrttegration(notrequired),andan isotopename(notrequired).Wecandesig-
nateif the areais to be fixed,by branchingandefficiencyratios,to thatof anotherpeakor if the
areais to be summedwithanotherpeakbeforefindinga least-squaressolutionfor ratios(usedfor
coenergetic~lAm, 2~7Upeaksforexample).Wealsocansckct whetherthepeakis to beusedto
definetherelativeefficiencycu.we,usedin thesolutionforactivityratios,or both. Peakscaneasily

beaddedordeletedanywherein thepeaklist.

. . .~h Informationon fittingregionboundariesis givenin unitsof
energyandthereforeis independeli;of theenergycalibration.Wedefinethetmunda.rksof eachfit-
tingregionandthecodesearchesthepeakiistandautomaticallyincludesall peaksdefinedin the
Egion. Thefittingregioninformationalsoincludesi!+edefinitionof thebackgroundfunctionto be
usedin eachregion. The startingenergyof up to four regicnsdesignatedas backgroundcan be
deiicedforeachfittingregion. Thesebackgroundregionscanbe insideor outsidetheboundaries
of the titting reg%n. The numberof data channelsin each backgroundregion is defined.The
numberof datachannelsmtis:ti~the sameforeachof thefourdesignatedbackgroundregionsfor

anyfittingregionbutmaybedifferentfor tach fittingregion. A veryusefulfeatureof thiscodeis
theversatilitythatarisesfrombeingabletochoosetheback&~unaftinc!ionforeachregionfroma

selectionof five functions. This gives unprecedentedversatilityto allow tile U.WF‘mtailor the
backgroundto the exact natureof the spectrumin each region. The five possiblebackground
functionsam:

“ Zroslope straightline
● Slopingstraightiine
Q Slopingstraightlinewithsmoothedstepfunction
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“ Quadraticbackgroundwithsmoothedstepfunction
● Smoothedstepfunctiononzeroslopestraightline

All theaboveparameterscanbeeacilysetorchangedforeachfittingregion.

.~ Thissectionof theanalysisparametersincludesinformationon all isotopesto
be analyzed. Anyisotopein thelist willbe quantifiedas a ratioto totalplutoniumin the sample.
il~formationincluded is the half-life, atomicmass, and the numberof the relative efficiency
fundoti. For materialswithheterogeneouscomponents,for example,americiumin a different

matrixthanpiutonium,theamericiumcomponentmayhavea differentrelativeefficiencyfunction
thanthepiutonhunisotopes.Isotopescanbeaddedordeletedfim tie isotopelist.

4. ~ ‘“** This list presentsthe userwiththe list of peaksthat are to be
usedtodefinetherelativeefficiencycume. Everyanalysisparameterfilecanhaveitsownselection
of relativeefficiencypeaksto fit tfiespecc~lcamdysisconditions.Theonlyrealrequirementis that
therebe twoor morepeaksfromeachisotopeincludedin thedative efficiencylist. Thedative

efficiencyfunctionhastheform:

Log(&)= c(I) + c(2)/E2+ c(3)L0g(E)+ c(4)~g(E)]2 + c(5)~g(E)J3

+ C(5+N) + C(5+N+M)

where

& =

E=
N=
M=

relativeeffkiency

garoma-rayenergy
numberof isotopes(inexcessof 1)definingtherelativeefficiencycurve
numberof differentrelativeefficiencyfunctionsforheterogeneousisotopesin

additionto theprincipalrelativeefficiencycurve

Therelativeefficiencyctuveis definedfmt bydesignatedpeaksi%omthefirstisotopein theisotope
list. ThecoefficientC(5+N)normalizespeaksfromthe Nthadditionalisotopeto theCLUVS.The

coefficientC(5+N+M)is the “betafactor,”whichgovernsthe shapeandmagnitudeof additional
rdative efficiencycurvesfor “heterogeneous”isotopes,isotopesthathavea differentspatialdistri-
butionin the samplecomparedto isotope#l. Theseadditionalrelativeefficiencycunwshavea
shapethatdiffersfromtheprimq cumebya factorexp@/E).

Anexampleof a ned fora secondrelativeefficiencycumeis inpyrochemicalresiduesinwhich
theamericiumis a saIt,typicallya chloride,andtheplutoniumis a metaldispersedin thesalt. Thus
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g~ rays fkomamericiumandplutoniumat the sameenergywillbe attenuateddifferentlyas
theyesca~ thesample.

5. ~Jo-. i“ Thecodeacceptsa listof peaks,and theirenergies,to use in a

piecewiselinearenergycalibrationbetweeneachpairc~fpeaksin the list. Thiscalibrationis typi-
callydonewithstrongsinglepeaksfromeachspectrum.Thelistcanbe tailoredtovarioussample

typesby addingor deletingpeaksfromthelist.

6 ~ Thesepeaksareusedtoparametrize theFWHMvsenergyrela-
tionshipfor theGaussianportionofeachphotopeakanalyzed.TheFWHMforeachpeakin thelist
is foundandfittedto a functionof thechannelnumberof theform:

FWHM(Ch)= f(Fl +F2*Ch + F3/Ch)

The F1 and F2 terms govern the expectedrelationshipfrom physicsprinciples. The F3 term

attemptsto accountfor theobservedflatteningof typicalcumesat lowerenergies.Thefittedfunc-
tionis thenusedto definetheFWHMas a functionof peakpositionfor anypeakin thespectrum.
Strongsinglepeaksareusedtodefmethisrelationship.Oftentheyare thesamepeaksthatareused
in theenergycalibrationandtheshapecalibration.

7. S~e or Tailin~ Calibration Pe~ The shape of each peak is defined for each
meawrment by theFWHMparametersandthetailingparameters. Thebasicpeakshapeis defined
as a Gaussianwithaddedkrms describingtheWing. Thetailingterns havetheformgivenbelow

-~.nrp of someof the shapeparametersis explicitlyin whichtheempiricallyknownenergyctepta~...- .
included.

Tail(Ch)= HT*exp[Ti+ T2*E+ T3*(Ch- X@]* [1- exp(T4*(Ch- X0)2)]

Ch=
HT=
x~ =

channelat whichtailcontributioniscalculated
heightof Gaussianportionof peak
centroidof Gaussianportionof peak

The threepararnetemTl, T2, andT3 aredeterminedfromleast-squaresfits to taildataafterstrip-
pingout Ae backgrou,~dand the Gaussianportionof the designatedshapepeaks. T4 is a fixed
functionof the FWHM. References1, 6, and 9 give more informationon this tailing shape
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function. The peaks in the ShapePeaks list are used to define the tailingparametersin each
spectrum Theycanbeeasilychangedfordifferentmaterialcategories.

. .~ The algorithmsthat determine

theseparametersforeachsptxtrumanalymdaxeiterativeinnatureandrequiresomestartingvalues.
Theparticularsting valuesarenotcriticalwhentheparametersarefreeto bedeterminedfromthe

spectrum.Theseparameterscanalsobe fixedwiththestartingvalues. As anexample,it maybe
desirable to fix the parameterswhen attemptingto analyze spectra with very poor counting
statistics. For spectrawithgoodstatisticsandsomeclean,strongpeaksthe usualprocedureis to
keeptheparametersfreeandthusdetermineFWHM,energycalibration,andshapeparametersfa
eachspectrum

9. ~-242C~
. . Theanalysisparameterfileallowsfortwoparameterstodefine

the correlationgoverning24% Currentlya singleparameteris used to define the correlation
amongthemxws or isotopicfractionsof ‘%, %, ~lPu, and239Pu.

242= K*240*241/[2392]

withamericiumbeingaddedbackto the~lpu beforecalculatingthecorrelation.Theuseris given
the optionof usingthis comelationor enteringhisown valuefor 242Pufor every measurement.
Empiricallyone typicallyfindsa correlationconstantK differentfromthatsuggestedby studieslo
thatexaminethecorrelationatreactordiwhargetime.

ukf.~
Theseparameterscontrolfeaturesof theusercustomizabledialogaid printout.TheyaIlowthe

userto sekct oneof threelengthsof outputrangingfroman isotopicresultssummaryto a printout
of dewil~dregion-by-regionfittingresidualinformation.Theseparametersalsogovernwhether
any of three different questionsare presentedto the operator. The first question that can be
presentedor suppressedgovernsthe2’%J correlation.If thequestionis suppressed,a correlation
is used. Presentingthe questkn to the operatorallowstie operatorto choosethe correlationor
enter the~zPu percentage.A secondparameterpresentsthe operatorwitha questionrequesting
t!!eentryof thedateandpowerfroma cidorimetermeasurement.If thisinformationis entered,the
codewillcalculatethetotalplutoniummassin thesampleon the calorimeterdate. If thequestionis
suppressedno totalplutoniuminformationwillk given,onlya resultfor the specificpower,Peff.

A thirdquestionconcernsspectraldata storage. If thisquestionis notpresented,no data storage
takesplace. Theseparametemgoverntheoperatordialogandprogmmoutputsothattheamountof
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inputlmformationneededfor thespecificmeasurementprogramat handis a minimum.Allof the
flagsgoverningthe defaultparameterscan be changedat any time, independentof the i~?lysk
parametersin use.

A seriesof diagnostictests is performedon everyspectrumto checkfor properspectrometer
operationandto givetheusersomeassurancethatthedataareof sufficientqualityforcorrectanal-
ysis. A secondseriesof tests is performedto verifythat the sampletype is appropriatefor the
selectedanalysisparameterfile. The parametersgoverningthesediagnostictestsare part of the
analysisparameterssotheycanbe speciilcto a sampiecategory.

The FWHMdiagnostictests the FWHMof a selectablenumberof peaksagainsta variable

upperlimit. Failureof thistestmayindicatea poorqualitydetectoror a countrate thatis toohigh.
Thepeakcentroiddiagnosticteststhecentroidof a selectablenumberof peaksagainsta * limit,

checkingforcomet stabilizeroperationandoverallsystemstability.Thetail areacheckteststhe
hction of thetotalpeakareaunderthetailagainsta selectableupperlimit. Thischecksfordetector
degradationfrom excessiveneutronexposure. The importantinterferencepeaks test is easily
customizedforeachsetof analysisparameters.It checksfor thepresenceof possibleinterferences
arisingfrompeaksor isotopesnotincludedin thepeaklistof theanalysisparameterfile. Analysis
of “nomal” plutoniumsamplesmaytypicallyrequestan interferencecheckfor peaksfrom235U,
239~p,ad 237NP.Such~&s wouldnotbe includedin thepeaklistifit wereUdikelyforhem to

be present because the presenceof unneededpeaks in the fitting process tends to reduce its
mbusmess.However,theinterferencepeakstestfora MOXsamplemightrquest onlychecksfor
239NP~~ 237NP,~sause 235u@s wouldalreadybe includedin the peaklist of ~ an~y~is

file.
A SLXOndtypeof diagnosticparameteris usedtocheckthesampletype. Thetestdeterminesthe

massratio fromany twopeaksand tests the ratioof the massratiosagainstan upperlimit. The
usesof this testare onlyconstrainedby theoperator’simagination.So far it has beenappliedin
two ways. The mass ratio of the 14i3-keVand 164-keV241Pupeaks should be unity for
equilibriumsamples.Ikiation fromunitymayindicatea nonequilibriumsample.Theamericium
mass ratio at 125kcV ratioedto that for a higherenergy,say 336keV or 370keV, americium
peakwilllikelydeviatefmmunityfora samplewhoseAm/Puratiois nothomogeneousthroughout
thesample.



Theseparametersgovernmanyfacetsof the softwaredevelopmentfor the code. They also

allowthe systemmanagerto setuserauthorizationsandpasswords.Theyareaccessedby an off-
lineprogram.

IV. HARDWARE/0PEIU4TIONALCHARACI’ERXSTICS
‘I?tesystemsbuilttodatehavebeenconstructedanxmda CanbermSeries90 multichannelana-

lyzer(MCA)anda DigitalEquipmentCorporatknMicroW”axII computeroperatingundertheVMS
operatingsystem. TableI showsthemajorcomponentsin a typicalsystem. Whilethe analogto

digital converter (ADC) and stabilizer must be Canberm units for compatibility, the linear
electronicsand other itemssuchas the amplifier,highvoltagebias supply,countrate monitors,
detector,andoscilloscopecanbemaktMmdelsotherthanlistedhere.

The abovesystemcan o-perateup to fourdetectorsandcountfour samplessimultamxmsly.
Filteringis typicallyaccomplishedwith0.080in.cadmiumand-0.015 in.copper.

We use a side-lookingdetectorto be compatiblewith the scan table that can rotate and
verticallytranslatethesample,a requirementforheterogeneousAm/I%materials.Thescantableis

controlledmanuaily.Scanheightis easilysetat thescantableso thatonlytheheightof thecanis
scannd. Thescantableis shieldedwith0.25in.of leadto reducethephotonradiationdoseto the
operator. The detectorwitha 2-in.-thickleadshieldis mountedon rails; the operatorvariesthe
detectorcountrate by movingthedetectortochangethe sample-detectordistance. The operator
canmonitorthedetectorcountratefimna counter/timerina nuclearinstrumentationmaitde (NM)
binon topof thescantablehousing.his arrangementallowsthescantableto beremotefromthe
dataacquisitioneiectronic~CA. Dataareacquiredat inputratesup to 50kHzat a shapingtime

of 1ps.

v. CALIBRATION
Isotopicmethods,suchas thisone, thatusefundamentalconstantsandintrinsicdative effi-

ciencycmes do notrequirecalibrationin theusualsense. However,onemustverifyeachanalysis
parameterfile accordingto appropriatesamplesandstandards.Oftenadjustmentsare necessary.
Withsomanyparametersavailable,userexperiencebecomesvaluable.God documentationand
knowledgeableusers are neededto fine tune the analysis. Commonuser adjustmentsare: (1)
branchingratioadjustrnen~(2) peakenergyadjustmentfor interferencesor newpeaks,(3) fixing
ofpeaksto otherpeaks,and(4)backgroundROIposition,numberof channels,andselectionof the

backgroundfunction. Mostof thesehave been studiedfor the rangeof plutoniumand Arn/Pu

mixtws thatmaybeencounteredandchangesarenotneeded.
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TABLEI
MAJORCOMPONENTSINATYPICALSYSTEM

Detector

Resolution:

MaxCountRate:
MCA:
DigitalStabiliza

AIX:
NIMBin:
BiasSupply:

Amplifier
CountRateMonitor

oscilloscope:
Computcm

Termi.nal:
Printer
PowerController:

LineFilterandReg.:
ScanTable:

ScanController:
ScanTableNIMBin:

CountRateMonitor:

CanberraPlanar,16mmdiamby 13mmdeep. Alendwindow.
<510eVat 122keV,ShapingTime~ 6 us, 1kHz

*6O eV at 122keV,ShapingTime= 1us, 50 kkb
>10000 MeV/s(typically>150 kHzfor 57C0source)

CanberraSeries90, l(i-kchannels
Canberra8232
Canberra8077
Builtinto Series90
Canberra3105
TemelecTC244
Canberra2071AS
Tektronix2225
DECMicroVaxH,VMSvers.4.4

5 MBmemory,RD53-71MBharddisk,TK50CartridgeTape,
RX50800-KBFloppyDiskDrive
DECVT220
DECLA75
DEC861C
TopazLine2, Model70306

CustomIANL Design
CustomLANLDesign
TennelecMB-2flC910

ORTEC871

Branchingratiosmaynotbethesamefromoneanalysisparameterfiletoanother.Whilethey
havenot physicallychanged,adjustingthemmaybe the only wayto accommodatereiativeeffi-
ciencycurvesdefinedby differentsetsof peaksor difficultback~ound fittingover largefitting
regions.Typicallysuchadjustmentscoma biasesof a fewpercentor less.

VI. PERFORMANCE

The initialtestingof theFRAMsystemhasbeenaccomplishedwithperhapsthewidestrange

of materialtypeseverpresentedto a newisotopiccode. Wewillpresentresultsfor themajorcate-
goriestested.
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Mm .

This class of materialscoversmost of the “usual”samplespresentedto isotopicsystems.
Here23TUis in secularequilibriumwith its241Puparentand americiumis distributeduniformly

throughoutall theplutoniumin thesample.Wehavemeasuredsampleswith2’$@ufractionsrang-
ing from 2% to 26% and z’$lAmconcentrationsfrom 80 pg/g Pu to 30000 ~g/g Pm TableII

presentstheacceptedisotopicvaluesfora subsetof thesamplesin thiscategoryof materials. Data
fromother samplesare similar. Whilesomeradiochemicalresultsare “accepted”for ZSSPUand
241,\m~d a fewof the2~8Puvalues havebeenassignedfrompKWiOUSgmHi3y sWmOSCOpy

measurements,themajorityof theacceptedvaluescomlefrommassspecrrormmymeasurements.A
fewof the individual“accepted”isotopicvalues arethoughtto beineirorandaredenotedwithan

asterisk.The isotopicerrorsautomaticallytranslateinto errorsin the sptxflc power,pen, which

arealsonoted. Valuesthoughtto be in errorareusuallyflaggedwhenthereis a lackof agreement
betweenthemeasurementsandtheacceptedvaluescoupledwithgoodagreementon thesameiso-
topefor severalsimilarsamples. The ammiciumvaluefor sampleAl-86 wasnot available. The

TABLEII

HOMOGENEOUS(Am/Pu)SAMPLES

AcceptedVducs(wt%)
~lkn

Sample ID 238 239 240 241 242 QmfllPu) (mJ#Pu)

STD-151
Al-92
Al-86
STDR3
CALEX
SRPSTDPUEU7
HS~OL
PUTIBSPC1
JOO132501
Sml 17
STD8
STD6
STD3
STD118
PE0382C
STD40
STD119
NBS946
STD116
STD120
LAO256C1O
LA0225BS
STD121
NBS947

0.0023
0.0087*
O.O1O4*
0.0103
0.0095*
0.0144
0.0153*
O.U1O8
0.0112
0.0149*
0.0099

::E
0.0261
0.0264*
0.0651
0.0373
0.2229
0.3640
0.3640
0.0580
0.0604
0.0603
0.2674

97.971
94.606
94.228
94.041
93.860
93.782
93.792
93.806
93.876
93.579
93.476
93.476
91.930
90.385
89.690
87.139
87.262
84.974
79.804
79.806
82.289
81.986
81.990
77.608

2.009
5.262
5.605
5.766
5.860
5.862
5.865
5.881
5.903
6.154
6.328
6.328
7.615
9.000
9.693

11.768
11.784
12.374
15.455
15.455
16.288
16.490
16.491
18.802

0.0148
0.1099
0.1385
0.1623
0.2412
0.2762
0.2825
0.2604
0.1816
0.2134
0.1615
0.1614
0.3545
0.4848
0.4785
0.8282
0.7486
1.8431
3.3274
3.3257
1.0258
1.1102
1.1057
2.0990

0.0030
0.0142
0.0183
0.0208
0.02(M
0.0659
0.0452
0.0420
0.0280
0.0391
0.0254
0.0254
0.0772
0.1043
0.1123
0.2000
0.1678
0.5857
1.0496
1.0497
0.34CH)
0.3530
0.3531
1.2240

80
1760
: ::;*

1354
234*
11(Y
745*

1214
1209
1344

:%
2731
4225
4334
4231

25511
18459
25743
3528
4844
4889

27961

2.0545
2.4513*
2.4916*
2.5017
2.4424*
2.3419*
2.3334*
2.3813*
2.4374
2.4707*
2.4663
2.4663
2.8090
2.8574
3.0649”
3.4068
3.2385
6.7574
6.9228
7.7545
3.5083
3.6834
3.6883
7.6121

● Denotesacceptedvaluethoughttobeinccmec~notusedinaverages.
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value in the tablewasobtainedby assumingthe americiumconcentrationto be zeroon the mass

spectrometrydate. Thisis clearlynotcorrectso thevalueis flaggedeventhoughFRAMmeasure-
mentsshowthatthetablevalueis notfaroff.

InTableIII weshowthemass,measurementconditions,andmeasurementprecisionfor these
samples. The measurementconditionsconsistof a countrate in kHz and a count time in hours.
3oth representpracticalconditionsfor thesesamples.Weconcludethatcounttimesof 30minutes

to 1hourarerealisticandacceptableformostsamplescontainingenoughplutoniumforcalorime-
try. This is a factorof up to 3 less than the 1.5hourcount timecurrentlyused with the IANL
MUDPIsystem. Themeasurementprecisionfor24@uandPcffpresentedin the lasttwocolumns

is calculatedfromthe spreadof thedatafromthenumberof repeatedrunsin the5thcolumn. The

numberof repeatedruns ranges from 5 to20 for these samples.These realisticmeasurement
conditionsyieldmeasurementprecision forPeffthataretypicallyunderO.3%(1~l~ive standard

deviation).Thisprecisionisverywellmatchedto thatobservedfromcalorimetermeasurementsof
totalwattage.

TABLEnx

SAMPLEMASS,MEASUREMENTCONDITIONS,
ANDMEASUREMENTPRECISION

SingleMcas. SingleMcas.
No.of precisionfrom Prrzisionfrom

PuMass CtRate SingleMcas. Rep. RepeatedRuns RepeatedRuns
sampIeID (g) (Id-h) ct.time(h) Runs ‘Pu (%RSD) Peff(%RSD)

STD-151
Al-92
Al-86
STDR3

SRPSTDPUEU7
HSUESOL
PUTIBSPC1
JO0132501
STD117
STD8
STD6
STD3
STD118
PE0382C
STD40
STD119
NBS946
STDl16
STD120
LAO256C1O
LA0225BS
STD121
NBS947

2
10

1747
5

1736
500

;4
120
60

;$
875
1.7
0.8
1.7

;i:
875

0.;

3.3
18.5

72:
23

74:
40
22
4

:;
21

3.4
31

4

18!;
42
40

7.4
5

9
20
20
6

20

1:
15

1;
5

15

1:
15
15
15
15
15
10

3.68
0.68
0.99
1.18
1.64
1.15
1.36
1.65
1.43
2.2
1.56
0.81
0.92
0.81
1.24
1.13
1.38
1.5
2.13
1.27
0.96
0.82
1.13
1.01

0.24
0.08
0.14
0.19
0.33
0.13
0.19
0.29
0.27
0.33
0.21
0.12
0.16
0.31
0.2
0.26
0.29
0.13
0.21
0.18
0.22
0.23
0.28
0.12

12



The measurementprecisionfor PeffandZ40PUin Table 111is typicallya factorof 1.5-2,0

bstterthanthatof thepreviousLANLsystems2whilesimultaneouslyimprovingthethroughputby
a factorof 2-3. TableIVdisplaystheimprovementfor all isotopesovertheLANLMUDPIcode

for twosamples.The fmt portionof thecomparisonshowstheresultsof analyzingthem data
withthetwocodes. Theimprovementhereresultsfrombetteranalysisalgorithmsthatusemoreof
the data. The secondportionof the comparisonshowsadditionalimprovementarisingfromthe
abilityof FRAMto acquirequalitydataat highercountingrates;theimprovementisdemonstrated
witha differentdata set characteristicof actualFMM measurementconditions. The 1kg Pu02
sampleis sampleSTD40listedin TablesII andIII. The 500g Pu metalsampleis JOO132501in
thesametables.

In Table \’ we list the ratioof the averagemeasuredvalueto the acceptedvaluefor all the
samplesanddataacquisitionconditionsinTablesII andIII. At thebotwmof TableV weshowthe
averageof theratiosforeachisotopeandsample.Therowdenoted“Average”representstheaver-
agebiasfor theparticularparameteroier thewiderangeof sampletypesandcompositionsrepre-
sentedby the24listedsamples.Notethatit is under170forall isotopes.Thestandarddeviationor
%RSDof thisaveragecanbeinterpretedas thespreadin themeasurementslikelyto beencountered
in the measurementof any singlesampleandcan be viewedas a typicalexpectedmeasurement

accuracy.
The data in TableV wouldappearto indicatea possiblebiasfor 24~Amat a concentration

below1000ppm. Wehaveextensivedataonadditionalsamplescharacterizedbythreelaboratories
thatindicatethatPRAMis accurateto about1%for241Amconcentrationsas lowas 300@g Pu.

TABLE IV

COMPARISONOFMEASUREMENTPRECISION:FRAMandMUDPI

%RSDFmmRepeatedMeasurements

McasurcmcntConditions 238~ 239~ 240pUzQl~ ~lAm pe. Comment

1kgI%@,12%~,
13ld+z,1 h, 30 mcas.

1kgP@, 12%~,
40IWz,0.5h,15mcas.

500g F%metal,6%~
13Id-h,2 h,30mea.

500g Pumud, 6%~
22IcHz,1h,15mcas.

MUDPI 0.35 2.6 0.71 6.0 0.52
::; 0.25 1.9

samedamboth
0.38 3.6 0.42 codes

1.6 0.15 1.1 0.33 0.4 0.26 differentmcas.,
m sample

MUDPI 0.22 3.5 0.65 0.46
::; 0.11 1.8

- data,
0.33 ::? 0.26 bothcodes

7.2 0.08 1.3 0.27 1.5 0.24 differentmc.as.,
samesample

.
13



TABLEV

RATIOOFMEASURED/ACCEPTEDVALUES

Muwwi/Acupad

SampleID 238 239 240 241 241A~ P~ff

STD-151
AI-92
Al-86
STDR3
CALEX
SRPS-K)PUEU7
HSU’EWL
PUTIBSPC1
JO0132501
STD117
S7118
STD6
STD3
STD118
PE038C2

X!9
NBS946
STD116
STD120
IAO256C1O
LA(X22SBS
STD121
NBS947

Average
StdDa/.

%RSD

1.05250*
0.87419
0.85894*
0.97921
1.06842*
1.00177
0.88949”
1.03558
1.01354
0.91994*
1.00869
0.99461
1.00565
0.98097
0.94287*
0.99931
1.01534
0.99791
0.99702

A:-
1.(M253
Lm
1.(X)596

1.00153
0.01409
1.40686

1.00083*
1.00017
1.00047
1.00049
1.00007
1.00007
1.00007
0.99964
0.99972
0.99985
1.00046
I.m
1.00013
0.99999
0.99917
0.99953
0.99934
1.00135
1.00121
1.00137
0.99880
0.998i9
1.00131
1.ato44

1.(MO08
0.00080
0.07959

0.959628
0.99727
0.99233
0.99206
1.(MOO7
0.99894
0.99914
1.~588
1.W55
1.00255
0.99328
0.99930
0.99827
1.m57
1.00687
1.00334
1.00517
0.99122
0.99388
0.99263
1.(X)583
1.00880
0.99894
0.99816

0.99952
0.00525
0.52541

0.95412”
0.99714
0.99922
0.99996
1.00229
0.99940
1.00210
0.99448
0.99855
0.99586
0.99415
0.99298
1.00528
0.99166
1.01979
1.(X3230
0.99438
0.99708
0.99960
0.99964
1.00490
1.00281
1.00035
0.99957

0.99972
0.00571
0.57108

1.21OO6*
0.99592
1.O361O*
1.00525
0.99821
1.11558*
1.13652*
1.10067*
0.99376
1.00415
0.99631
0.99870
1.00805
1.00922
0.99553
1.00454
0.99966
1.00591
0.99522
0.98929
1.01819
1.00148
1.00502
0.99396

1.(X)097
0.00691
0.69005

0.99924*
0.99685*
0.99888*
0.99900
1.00147*
1.00124*
0.99654*
1.00524*
1.00056
0.99782*
0.99908
0.99971
1.00105
1.OOO1O
0.99768*
1.00119
1.00190
1.00132
0.99703
0.99531
1.00150
1.00250
1.00134
0.99842

i:w
0.19586

●Vaks notusedinaverage.
Note:STD151notustxtinaverage.

Weconcludethatthebiasfor lowamericiumconcentrationsinTableVarisesfromthesamplechar-

acterizationandnottheFRAMmeasurement.
Thetablevalues foreach sample for Peffareplottedvs24% contentin Fig. 1. Valuesfor

sampleswith “accepted”valuesthoughtto be in errorarenot included(pointswithan asteriskin
Table‘4). The averagebiasforPefffor thisdatasetis zero. Thisis betterthanthepreviousLANL

Software.zFigure1 would be little changedif all sampleswere includ@ indicatingthat the
suspectedemorsin theacceptedisotopicshavelittleeffect,ontheaverage,onPeff.

B. Noneuuilibrium.HommzeneousArn/PuMaterials
Thesamedatadiscussedabovewexealsoanalyzedwitha parameterfileassumingno‘lPu-

237u ~ui~i~um. This may not prove that the analysis is correct for actual non~uilibrium

14
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Fig.1. Agreementwithacceptedvaluesfor analysisof sampleswithhomogeneousAmiPu.

samples,but it is a necessaryconditionfor thatto be true. Theparameterfile usedonly2~7Uand
Z39PUpe~s for relativeefficiencyandonlythe 148-keVpeakfor determiningthe 241Pu content.

The 148-keVZ41PUpeakwasremovedfromtherelativeefficiencycuxve.Also,the 159-keV”~4jPu
peakareawasfixedto the 148-keVpeakinsteadof the 164-keVpeak. Theseresultsare shownin
TableVIandgenerallyshowresultsthatarecomparableto theequilibriumanalysesinTableV.

. HeterogeneousAm/PuMaterials

Oneof themainmotivationsfordevelopingthiscodewasto analyzeprocessresiduesat the
LosAlamosPlutoniumFacilitythathadheterogeneousArn/Pudistributions.Thissituationarises
inpyrochemicalprocessingresidueswheretheamericiumis presentin a low-Zsaltmatrixinwhich
high-densityplutoniummetalresiduesare imbedded.In this situationtheplutoniumgammarays

aremoreattenuatedthanamericiumgammaraysbecausetheplutoniumgamma-raysareprimarily
self-absorbedby theplutoniumwhereasamericiumgammaraysareprimarilyabsorbedby thesalt
inatrix. Thereforeabsorptioncharacteristicsdependon theelementemittingthephoton. Thusthe
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TABLEVI

ANALYSISWITHNONEQUILIBRRJMPARAMETERS

Mcasun!dJAc-ct!pted

SamPkID 238 239 240 241 241A~ P*

AI-92
AI-86
STDR3

SRPSTDPUEU7
PUTIBSK1
JO0132501
STD117
SlD8

i%
s-ml !8
PE0382C
STD40
STD1i9
NBS946
STD116
sTD12il
LAO256C1O
LA0225BS
STD121
NBS947

Average
Std.Dev.

%RSD

0.86753*
C.135857*
0.97945
1,07102*
1.00285
1.03688
1.01024
o.~523*

;:=
1.00962
0.97280
0.94194*
1.0ooo4
1.01116
0.98228
0.98894
0.99301
0.98140
1.W1249
1.00489
0.99058

0,99824
0.01554
1.55697

l.a)an
I .00011
1.0(X)24
0.99983
0.99980
0.99934
0.999?6
l.lXlmo

::%
0.99935

i:ww
0.99906
0.99912
1.00382
1.00430
1.00433
0.99752
0.99754
1.00016
!.00389

1SK)031
0.00198
0.19772

0.99888
0.99830
0.99602
1.00387
1.00306
1.01CA9
1.00384
0.99608
0.99895
1.(X)495
1.(M730
1.00014
1.01270
1.00637
1.(X1692
0.97614
0.97877
0.97792
1.01175
1.01175
0.99922
0.98523

0.99948
0.01093
1.09368

0.99661
1.00238
1.00029
1.00576
1.00422
0.99923
0.99697
0.98445
0.99650
0.99608
1.01220
0.98647
!.02590
1.00801
0.99304
0.98635
0.99674
0.99944
1.01258
1.00760
0.99942
0.98961

M%%
0.97208

0.99349
1.03059$
1.00321
0.99573
1.09389
1.05954*
0.99186
1.(X)344
0.99061
0.99265
1.00197
1.00612
0.99307
1S30750
0.99625
1.01228
1.00019
0.99099
1.02016
1.00792
1.00542
1.0009

1.tX)538
0.02225
2.21265

0.99678*
0.999W
0.99923
1.00180*
1.00156
1.00436*
1.00019
0.99647*
0.9s949
1.00008
1.00174
0.99926
0.99831*
1.00234
1.00137
0.99969
0.99427
0.99245
1.00345
1.00419
1.00102
0.99661

0.99981
0.00312
0.31161

*VdueSnot usedinaverage.

relative efficiency for gamma ray emission is different for plutonium gamma rays and americium

gamma rays.

Fleissner7 has developed a method for analyzing these materials and it has been compared

with analytical chemistry in a single comparison on a small number of samples.l 1 These

comparisonsareextremelydifficult,expensi~”e,andtimeconsumingbecauseof the necessity for
totalchemicaldissolutionof largequantitiesof highlyradioactiveresidues.Thelimitedcomparison
withchemistryshowedan averagebiasof only 1.5910.It mayseemlargecomparedto resultson
othermaterialsshownabovein thisreport,but it mustbe put in propercontext. If conventional
nondestructiveassay (lNDA)plutoniumisotopicanalysismethodshad been used, biasescould

easilyhavebeen50-100%0.
Fleissner’smethodessentiallyassumesthatthesamplesare twocomponentmixturesthatcan

be representedby tworelativeefficiencycurves,one for plutoniumandone for americium.This
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samemethodwas adoptedfor use in FRAM. Becausethe Fleissnerapproachin GRPAUTand
FWM are similar,weshouldexpectsimilar,but notnecessarilythesame,resultsw!lenanalyzing
identicalsamples.Wewouldnotexpectidenticalresultsbecausethetwocodesusedifferentpeak-
fittingmethods,analysisregions,andbratichingratios,

Becauseonl)’a singlecomparison with chemistry was available, an additional comparison
program was established at LosAlamos, not only to test FRAM,but also to test other NDA tech-

niquesfor thesedifficultmaterials.IRAM measuredfivesamplesthatweresubsequentlycrushed,
blended,sampled,andanalyzedby analyticalchemistrytechniquesby the LosAlamosanalytical

chemistry grotip, CLS-1. Some of these same samples were also measured by Fleissner at Rocky

Flats prior to the crushing and blending. These comparisonresults for measurementson the hetero-

geneoussamplesare presentedin TableVII. Table \’IIa showsthe acceptedvaluesfrom mass

spectrometry(IDMSforamericium)on thecrushedandblendedsamples.In TableVIIbthemeas-
urementresultsfor the specificpower,Peff,are comparedto the acceptedvaluesfromchemical

TABLE VII(A)

AcceptedValues(wt%)
nl~ P~ff

sampleID 238 239 240 241 242 (ug/gI%) (mW/gPu)

MSE-1
MSE-2
MSE-3
MSE-4
MSE-5
ARF876642
XBLP121
XBLP278

0.00673
0.01093
0.01033
0.00928
0.00947
0.CU)741
0.01034
0.00761

93.9735
93.8035
93.7982
93.8893
93.8374
94.4436
93.9815
94.6056

5.8530
5.9496
5.8655
5.8720
5.8517
5.4180
5.7255
5.2540

0.1467
0.2032
0.2636
!).2044
0.2700
0.1160
0.2456
0.1088

0.02(K)
0.0328
0.0624
0.0250
0.0314
0.0150
0.0370
0.0240

TABLEVII(b)

PLUTONIUh4IS~OPICS MEASUREMENTS
COMPAREDTOCHEMISTRY

Pe~ xatioOf Pe~~tiOOf
sampleID WCLS-1 FLEISSNWCLS-1

MSE-1
MSE-2
MSE-3
MSE-4
MSE-5
ARF876642
XBLP121
XRLP278

0.9806 0.9612
0.9451 0.9338
no~M data 0.9929
0.9523 0.9472
noFRAMdata 0.9934
noFRAM data 0.9866
I.0049
0.9905

53627
48108
7153

45473
3373

45768
36135
35463

8.39452
7.79358
3.10914
7.47955
2.67261
7.47810
6.41189
6.29360
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assay. Forthesesampleswithmuchamericium,thecomparisonis influencedmainlyby theability
to measuret~ecomet Am/Puratiobecausethemajorityof the samplepowercomesfromameri-
cium. The two XBLP samples came from Los Alamos andmay‘betypicalof LosAlamosprocess
residues,so it is encouragingthat theanalysisby FRAMproducedgoodresults. The moltensalt

extraction(MSE)residueswereproducedat RockyFlatsfroma differentprocessandhavedifferent
packaging.It is not surprisingthatone typeof sampleshowsa biaswhileanotherdoesnot. Note

also that the FRAMmeasurementson the RockyFlats MSE samplesare at least as good as
Fleissner’smeasurementson the identicalsamples.Theaverageagreementon Peffis plotted vs

specificpowerin Fig.2. The averagebiasof 2.4%km thisverylimittxisamplesexis comparable
to thebiasfoundin Fleissner’soriginalstudy.~1

D. MI
.~
FRAMwas testedon a widerangeof mixeduranium-plutoniumoxidesamples.We made

measurementson twodiffe~nt samplesets,one with6% Z40PUand <1~0235U/U,and the other
with12%2’%J andhighconcentrationsof93$Z0enricheduranium.Theacceptedvaluesandrneas-

urememconditionsareinTablesVIIIandIX.
Thedatawereanalyzedwithtwoanalysisparameterfiles;onewasforhigh-enrichtxiuranium

samplesdefinedby z3jU/F%>0.2. This file used thestrongZ3SUpeaksat 143,163,185, and

g 1.10 - FRAM: HeterogeneousAm/Pu
E
~ 1.05 -
s
z 1.00 - ●°
s 9

g 0.95 – ●*
g

0.905
a

I

AverageBias: 2.4°h
~ ()& Rel. Std. Oev.: 2.6’%

080 ~.
012345678 9 10

Peff: (mW/g Pu)

Fig.2. Agreenuw;withacceptedvaluesfor FRAMnuwsurementson heterogeneous
saltresidues.
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TABLEVIII

ACCEPTEDVALUES FOR PLUTONTIJM ISC)TOPIC
COMPOSITION OFMOXSAMPLES

&unple JD 238 239 240 241
P-W<~~ mW/gPU

242 P~fl

HUA5301 0.0499 87.339 11.639 0.787 0.184 5097 3.4015
HUA5065 0.0664 87.076 11.797 0.883 0.175 12691 4.3717
HUA5062 0.0661 87.076 11.797 0.885 0.176 12508 43493
HUA8971 0.0590 87.057 11.792 0.883 0.209 6005 3.5653
HUA5069 0.0604 87.243 11.662 0.850 0.185 10703 4.1028
SRPSTDPUEU2-6 0.01439 93.782 5.862 0.2761 0.0659 234 2.3419

TABLE IX

CHARACTERISTICSOF MOX SAMPLES/MEASUREMENTS

Single Mcas. Pmzision
ct. Tim No. of

SampleID gh gu %235U ?.3Sufi (hours) Mm % P~ff 235u~

HUA5301
HUA5065
HUA5062
HUA8971
HUA5069
SRPSTDPUEU6
SRPSTDPUIN5
sRpsT13pwu4
SRPS7DPUEU3
SRPSTDPUEU2

373.1
306.1

243.5
236.3
114.3

1308.1
348.7
174.5
87.14
43.64

820.6
441.4

397.9
625.9
679.1
422.4

1351.9
1522.8
1605.8
1646.7

0.225

0.769

0.727
1.022
1.073

93.08
93.11

93.11
93.11
93.11

0.00496
0.01112
0.01191
0.02714
0.06397
0.3007
3.610
8.125

17.16
35.13

1
1

1
1
1

1
1

2
4

3.3

6
6

6
6
6
7
10
9
6
5

1.2 0.20 3.8
0.69 0.16 4.3
1.4 0.12 2.9
1.3 0.36 1.1
2.5 0.23 1.2
1.0 0.19 0.48
1.5 0.27 0.30
2.0 0.30 0.29
1.6 0.36 0.21
4.3 0.51 0.20
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205keVin the relativeefficiencycurve. For235U/Pu<0.2 wedid not includethe23%-Ipeaksin
theefficiencycurve. The235U/PuratiovariedfromO.005to 35,afactorof7500.

Thetwosampleswiththelargest 23sU/Puratios,SRaSTDPUEU2,3wereextremelydiff~cult
10measurebecauseof lowcountratesforplutoniumgammaraysandintensebackgroundcontinua

fromthe strong235Ugammarays. Evenwithlongcounttimes,measurementprecisionwasstill
poor. These large zqsU/Puratios probablyrepresenta practicallimit to the method.TableX

showsthe measummat resultsforall thesamples.TheresultsforPeffarealsographedin Fig.3.

We see a smallbiasof -1% for 240Puon the SRPSTDsamples. Ti~isprobablyarisesfrom the
shapeof thebackgroundcontinuumunderneaththe 160-to 165-keVregionandthe necessityfor
fittingit witha singlefunctionover this broadrange. Thereis also a biason americiumon the
SRPSTDsamples. Thesesamplesonly havea littleover200ppmamericium,whichfallsat the

reliabilitylimitof theFRAManalysisalthoughwebelievethatFRAMis accurateto -300 ppmin
the absenceof perturbingeffectsdescribedbelow. The analysisfor americiumin the important
125-keVregionis furthercomplicatedby an interferencefromthe231Thdaughterof235U. More
“tuning”needsto be doneon the branchingratios iii this regionto rtxiucetli~bias. The biasof
1.6%for 235U/Pufrom the SRPSTDsamplescould not be removedby simply adjustingthe
branchingratio, probablybecauseof the interactionwith the use of 235Upeaks in the relative
efficiencycume. Correctionof this biasfor the HUAsamplesis straightfonvard.Evenwithall
thesesmallbiasproblems,Peffwasstillaccuiate,on theaverage,to0.1%overthisenormousrange
of uraniumconcentrationsas shownin Fig.3.

TABLEX

MEASUREMENTREW’LTS--MOXSAMPLES

Ratio:Mca.wred/Accepfcd

Sampk ID 238 239 240 241 Am Pa Z3sum

HUA5301
HUA506S
HUA5062
HUA8971
HUA5069
SRPSTDPUEU6
SRPSTDPUEU5
SRPSTDPUEU4
SRPSTDPUEU3
SRPSTDPUEU2

1.0105
0.9999
1.0077
1.0049
1.0114
0.9922
1.0039
1.0205
0.9474
1.0086

0.9991
0.9984
0.9985
0.9997
0.9996
0.9992
0.9992
0.9991
1.0004
0.9992

1.00062

0.9986

0.9978

1.0005

0.9945
1.0130
1.0125
1.0146
0.9932
1.0122

0.9982
0.9983
0.9938
0.9936
0.9914
0.9970
1.0Ci3
1.0051
1.0064
1.0040

0.9542
1.0045
1.0184
1.0086
0.99%
0.9258
0.9213
0.9786
1.0752
1.400

0.9941
1SK)06
1.0057
1.0021
0.9996
1.0006
1.0008
1.(X)23
0.9982
1.0064

0.9924
0.9881
0.9804
0.9701
0.9863

*-

C..J17
0.9831
0.9854
0.9853
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Fig.2. Accwrac/forPefffromMOXsamples..

E S~dM_
. .

TheextremeSYJ.satilityof theFRAMsystemhasbeendemonstratedby its abilityto analyze
materialswithextremeisotopicdistributionsor interferencesor both. It is onlynecessaryto modify
a parameterfde toaccountfor thespecificmaterialcharacteristics.Typicallythiswillrequireabout
a halfday.

L P4UIQIMJ“ m-23~ WehavedemonstratedthatFRAMcanmeasuretheisotopiccomposition
of 238puh~t-soWe-Wadematerialcontaining-80% 23%%.Themeasurementisdificuh kause

of theweakgammasfromthelowconcentrationsof 239>240Pu.Limitedmeasurementshavebeen

donebuttheanalysisproceededroutinely.Thebiasesthatremaincanbeimprovedwithmoredata.

m-24~ We have also measuredsampleswith high enrichments(80-95%)of
M2~. Whilewestillcannotdirectiymeasure~2Pu, thecollectedspectraCm b WMIYZXXIwith no

code modifications.Thecompl~eisotopicdistributioncanbedeterminedif thecomet ~2Pu per-
centageis entered. If thisis notkno~vn,theuserstillhasaccessto ratiosof theotherisotopes.
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3. MQwwIU%. . This isotopearisesin samplesas the decayproductof M3Amand is
sometimesseenin highbumupmaterials.Whileits strongestgammaraysareat 22Ske~’and277

keV,it is gammaraysat 209keVand334keVthat interferewithnormalanalyses. It is straight-
forwardto includethesegammaraysin theanalysisparameters,andwehavesuccessfullyanalyzed

sampleswith>500ppm~~Am. At thislevelthe209-keV~9Np peakis over5timesas intenseas
the208-keVpeakandthe334-keV2JgNppeakis about10timesas largeas its 332-keVneighbor.
Wehavealsoanalyzedmaterialsin whichthe~3Am- 239Npis heterogeneouswithmpect to the

plutoniumin thesample.

VIL CONCLUSION
The-M codehasdemonstrateditsversatilityfor measuringthewidestpossiblerangeof

material types and compositions. The keyto thisversatilityis ananalysisparameterfilethatcanbe
easilymodifiedfor the specificmeasurementconditionswithoutanytimeconsuming,laborinten-
sivemaincodechanges. Theperfonmmccof thisnewdataacquisitionandanalysissystemis im-
provedsign~lcantlyin accuracy,pmision, andthroughputoverpre~-iousLAiWcodes.
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APPENDIX A
ANALYSIS PHYSICS OF FRAM SOFTWARE

INTRODUCIION
FRAM is a fixcxi-energycode in contrast to some general-purposecomputer codes that use a

variablepeaklocation--foundbya ieast-squaresfitof thecentroidof thepeak. Becausetheenergies

of theplutonium,americium,anduraniumgammaraysarewellknown,wecanknowthe location
of thepeakaccuratelyin advance.Thisinformationrtxlucesthenumberofvariablesin theproblem,
becauseit is not necessaryto fit thepeaklocation. Predeterminingothervariablesgoverningthe
peakshapeallowsthe fitting to becomea linearfittingprobleminsteadof thenonlinear,iterative

problemthatarisesin general-pm-posepeakfittingcodes. Thegeneralapproachtakenin FIU4Mis
responsefunctionanalysis.

PEAKS“mE ANDRESPONSEFUNCI’IONS

Thenxponse function,whichis fit to thepeakby linearleast-squarestechniques,is a simple
Gaussianwitha short-termtailof theform:

R(X)= HT*~XP(-A*(X-XO)**2)] + T(X)
with

T(X)= HT*[EXP(T1+ T2*ENERGY+ T3*(X-XO)]*
[1 - EXP(-T4*A*(X-XO)**2)]

whereA = 2.77259~**2.

BACKGROUNDDETERMINATION

The backgroundis determinedby linear least-squaresfitting of selectedchannelsin the
spxm-umto thefunction:

BKG(CH.NO.)= Cl + C2*(CH.NO.)+ C3*(SUMOFCTSFROM

CH.NO.TOENDOFREGION)+C4*(CH.NO.)**2

The numberof thesetermsis specifiedin the parameterfile. The third termgivesthe step
background.Specifyinga -2 for the numberof termsin theparameterfilegivesthe fwstandthird

termsonly,thatis, a stepfunctionon a constant,zeroslopecontinuum.
The backgroundis computedand storedin an array for later use. After the first iteration,

whenpeakareashavebeendetemined, thebackgroundis recomputedby least-squaresfittingof
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the same function to the (spectrum - tail) data. This is useful whenthebackgroundregionsarevery
closeto a peaksuchthattheGaussianhasgoneto zeroin thebackgroundchannels,butsomeshort-
termtailcountsarestillin thebackgroundchannels.

The first stepin FRAMis to determinethe tailingconstants. This is done by first fittinga
Gaussian to the selected tailing peaks from a point where the count is greater than 0.75*HT on the

left side to 0.25*HTon the right side. This fit is done on the natural log of the (spectrum -
background),andgivesa valuefor thecentroid,FWHM, and height (HT) of the Gaussian. This is
a linear tit, because the natura! log of a Gaussianis a quadratic in X. The Gaussian is then

computed, and subtracted from the (spectrum - background), so that the residual is the tail. The
logof theresidualdividedby theroll-offfunction[1 - EXP(-0.4*A*X-XO)**2)],is leastsquares

fit from the (centroidchannel - 1.8*FWHM)throughthe (centroidchannel - 0.3*FWHM).
Channelswith negative residuals are not included in the fit. Usingdata fromseveralpeaksgives
the threetailingconstantsT1, T2, andT3. The fourthtailingconstant,T4, is fixedat 0.4, a value
thatappearsto be ingeneraluse.

Thenextstepis thedeterminationof thefunctionforFWHMas a functionof channelnumber
XOin the form:

FWHM(XO)= ( (Fl + F2*X0 + F3/XO)

This proceedsby subtractingthe tail function,T(X) above, from the (spectrum - back-
ground)datafor a peak. The resultshouldbe pureGaussian,andits logarithmis fit by linearleast
squaresto a Gaussianin channelnumber.The fittingrangeis from0.5*HTon the leftof thepeak
to 0.25*HTon therightof thepeak. Thisrangewasselectedbecausethepeakis betterdefinedin
thecenter.

This fit givesthe FWHMfor a singlepeak. The FWHMSfor all of the FWHMcalibration

peaksare fit by linearleast-squaresto thefunctionof channelnumbergivenabove. The threecon-

stants,F1, F2, andF3 aredetermined.

PEAKCENTROIDSFORENERGYCALIBRATION
Peakcentroidsforall peaksin theenergycalibrationlistareneededto carryout the segment-

by-segmentIinearenergycalibration.Thepeakcentroidsarefoundbyfittinga quadraticin channel
numberto thelogarithmof (spectrum- background- tail). Thefittingrangeis from0.25*HTon
theleftof thepeakto 0.25*HTon therightof thepeak. Theenergycalibrationis thenassumedto

belinearbetweeneachpairofenergycalibrationpeaksin thelist.
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DIAGNOSTICCHECKS

Four typesof diagnosticchecksaredoneafter the tail,FWHM,andenergycalibrationhave
been determined. These checkscomparecertain parametersagainstpredeterminedlimits and

providewarningmessagesif thelimitsareexceeded.Thecentroidcheckdoesa fullnonlinearfitof
a (Gaussian+ tail)to (spectrum- background).If thebackgroundhasnotbeendeterminedfor that
peak (peak is not in a previouslydefinedregion)a linear backgroundis interpolatedfrom the
minimumthree-channelcountsumsin regionsof width8*FWHMaboveandbelowthepeak. This
nonlinearfit appliedto an energycalibrationpeakgives the samechannelcentroidas the linear

procedureoutlinedaboveto withinaboutO.(XI1channels.
TheFWHMcheckdoesa linearinterpolationof the(spectrum- background)oneachsideof

thepeakat halfmaximum. Becausethe tail is not subtracted,theFWHMthusdeterminedby this
interpolationis slightlygreaterthantheFWHMdeterminedfortheFWHMcalibration.

The tailareafractiondeterminestheratioof thetailareato total(tail + Gaussian)area. This
isdone byevaluatingthefunction,whichis theanalyticalintegrationof thetailfunction.

Thediagnosticcheckforinterferingpeaksis doneby gettinga segmentof spectrumof width
10*FWHMabut the suspectedinterference,calculatinga linearbackgroundfromthe minimum

three-channelsum over a 5*FWHM ~gion on each side of the peak, and summing the peak area as

the spectral data minus this linear background from -1 *FWHM to +l*FWHM on either side of the

peak location. This is donefor twopeaks,and the ratioof peakareasis printedandcomparedto
thetestlimit.

A fifthdiagnostictest is doneafter the isotopicsanalysishas beencompleted. The general
formof this testcomparesthe ratioof the massratiosof twoselectedpeaksagainsta limit. This

typeof test can be customizedto givevariousdiagnosticssuchas nonequilibriurn,heterogeneous
Ana/Pu,w highamericiumdata.

F1171NGRESPONSEFUNCIIONSTOSPECFRALDATA

The(spectrum- background)is fit to responsefunctions,whicharecomposedof oneor more
peaksevaluatedat thecorrespondingchannelnumber.Thereareprovisionsfor up to tenresponse
functions,but testinghasbeendonewithat mostfiveresponsefunctions.A responsefunctionfor
a singlepeakis theGaussianpIustail function,R(X)givenabove, centeredat thechannelnumber
specifiedbytheknowngammarayenergyandthelinearsegment-by-segmentenergycalibration.It
is setup so thattheareaof theGaus~ianportionof theresponsefunctionis 1.0,andso thattheco-

efficientgivingtheamountof theresponsefunctionis itselftheareaof theGaussian.Theresponse
functionformultiplepeaksincludesa majorpeakwithGaussianarea= 1.0as above,butwithother
peaksaddedin and ratioedto the majorpeakby a factorcomposedof ratiosof branchingratios,
efficiencyratios,and(ifa differentisotope)activityratios. Thecoefficientgivingtheamountof the
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xesponsefunctionin thefit to (spectrum- background)is theareaof themajorpeak. Theareasof

theminorpeaksaredeterminedfromthemajorpeakusing the ratio factors.
The relativeefficiencydependson the peak areas, which in turn weaklydependon the relative

efficiencyif peaksare ratioedto otherpeaks. For thisreasonan iterativeprocessis performedto
findpeakareas,relativeefficiency,andthenpeakareasagain.

RELATIl13EFFICIENCYDETERMINATION

The relativeefficiencyvs energy is fitbylinearleastsquaresto:

LOG(EFF)= Cl + C2/E**2+ C3*LOG(E)+ C4*[LOG(E)]**2
+ C5*[LOG(E)]**3+ DELTAFCNNORMALIZATION
FOREACHISOTOPEAITERTHEFIRST+DELTAFCN

NORMALIZATIONFOREACHADDITIONALRELATIVE
EFF. FCN.

REIATIVE ACIWITYDETERMINATION

Therelativeactivityof eachisotopecan bedeterminedby linearleastsquares,if the relative

efficiencyis known,by thefunction:

COUNTS= IU4TIO(1)*BR(1)*EFFI + RATIO(2)*BR(2)*EFF2+ ...

where COUNTS is the sumof countsfromall conrnbutingpeaksand the termson theright-hand

sideare the productsfor eachof thepeaksin that sum. This is usefulfor co-energeticpeaks,but
alsofor anypeaks,whichoverlapso that the individualpeakareasare not wellknownwhilethe
sumof thepeakareasis reliablyknown. There is, however,no requirement that the peaks be close

together,or even in the same region.

The fitting of COUNTS to the terms above determines the activity ratios, RATIO(I), ratios of

the activity of each isotope to the main isotope, isotope no. 1.

A finalcalculationusesthemassratiosof theisotopestocomputetheisotopicpercentagesof
the plutoniumisotopesand americium. This is the only part of FRAM, besides inputting 242Pu
data,that is notcompletelygeneral. Thecodealsocalculatesthemassratiosof anyotherisotope,
whichis notplutonium,and liststhemrelativeto plutonium.Alsospecificto plutoniumsamples,

thecodecalculatesandliststhespecificpowerandtheamountof 2’$@ueffective.
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APPENDIX B

SOFTWARE OFTIONS

Programoptionshavebeendesignedso thatall routineoperationscanbe performedwithout
leaving the program. Only a few seldom-usedhousekeepingfunctionshave to be accessed from an

offlineparameterchangeprogram,notdiscussedhere. Theoptionsand featuresbrieflydiscussed

belowwillgivethereadera goodideaof theversatilityof theFMM software.

OPERATORMENU

A Awy--

-Performsa complete assaysequenceincludingoperatordialog,dataacquisition,data analysis

(typically takes - 25 s on MicroVaxII), and output oi results. Operatordialog can be
customizedto minimi~ thenumberofquestions.

W MtxwusmentMml..

This unique feature of FRAM allows essentially “one button” initiation of a measurement con-

trol run on a standard sample. A file contains all necessary information on acceptable meas-

urement control samples including their isotopic compositions, their dates, sample descrip-

tions, and count times. Also kcluded is a historical standard deviation for each measured

isotope and Peff. The operator merely selects the proper sample from a menulistand starts

the assay. At the completionof the counttime, the data are amdyzedand comparedto the
siored,decay-corrected,acceptedvaks. The comparisonis madein unitsof the historical
standarddeviation.Dwiationsoutsidecontrollimitsareflaggedandtheresultsareproduced
in a formconvenientfordirectcontrolcharting.

Allowstheoperatorto stopanassayinprogressandreturnto theoperatormenuwithoutana-
lyzing the data.

Allowstheoperatortorestartdataacquisitionona measurementthathadbeensuspendedwith
the “S”command.

Stopsdataacquisitionuntilresumedmanuallywiththe“R”command.Usefulfor fillingLN
dewarsduringdataacquisition.
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w suDe-- -miserFuncti~

Allows users with proper authority to access the supe~isor menu. Seedcscriptionof
supervisorfunctionsbelow.

.- erm“nate

Allowstheoperatorto stopanassayinprogressandreturnto i.licoperatormenuwithanalysis

of datacollectedto thatpoint.

theprom
Returns the user to the VMS operating system. Must have proper authority to carry out this

operation.

SUPERVISORMENU

AD--Awv FromD Ski
Analyzesspectraldata files stork on the systemdisk. Dataare readdirectlyinto the com-

puter,bypassingtheMCA. Thismodecanbeusedforoff-lineanalysis.

Au–Autocvcle

Enables an operator to repeat an assay sequencea selectednumberof times without requiring

intementionbetweenmeasurements.

Am-fhtwjde FromDisk

Analyzes multiple data files from the system disk that have been stored with sequential file-

name extensionswith the AU option. No operatorinterventionis required between analyses.

~--Chanze Paramete~

Allowstheuserto accessnearlyeveryparameterthatgovernsthephysicsanalysisandopera-
tor interface.Discussedmorefullyin a separatesectionbelow.

-- un ISOPOW
RunstheISOPOWcodewhichcalculatesdecaycorrectionsforplutoniumandamericiumiso-

topicresults. Canbeusedconcurrentlywithothersystemoperations.

J?D--ReadSmctrum intoMC~

Reads a spectrumfroma datafdeon thesystemdiskintotheMCAmemoxy.
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. ..- nte ~ to Disk

WritesspectraldatafromMCAmetncnyto a datafileon thesystemdisk.

Returnstheuserto theSupervisormenu.

CHANGEPARAMETERS
~e Def~ Eightdifferentflagsor parameterscan be set with this option,without

dependingon theanalysisparameterfilein use.

Askoperatorfor samplepower?
Askoperatorfor242Puinformation?

Databasenameforanalysisparameters(defaultdmabase)
Instrumentidentification
Numberof iterationsinanalysis
Levelofdetailprintedin analysisresults
Shouldspectralcountsbeautomaticallysavedondisk?
Isoperatorterminala VDT(VideoDisplayTerminal)?

Ana -lvsis Par~ This part of the CH option controls the physics analysis.

Theseparametersare keyedto a specificanalysisparameterfile or database. Selectionof
most of theseoptions invokesanothermenu to alloweditingof the associatedparameters.

Databasename

Peaks for relativeactivityandisotopicscalculation
Initialvaluesforconstants
Displaya spectrumin theSeries90MCA
Peaksandisotopesforefficiencycalibration
PeaksforFWHMcalibration
Isotopenamesanddata
Listparametervalues
Peaksforenergycalibration
Peakdata
Regiondata
Peaksforshapecalibration
Switchto anotherparameterdatabase
Exit
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metew These options set parametersthat control measurementdiag-

nosticsmadeoneachspectrumto assureproperspectralquality.
Databasemime

Stabilizationpeaks

FwHM peaks
TailF*S

Interferencepeaks
Massratios



APPENDIX C
THE NAME “FRAM”

It has beena longstandingcustomin the SafeguardsAssayGroupfor the projectsoftware

engineerto namethe analysiscodethathe/sheis developing. In thiscase the softwaredeveloper
alsodeveloped the physics of the code. The author (GWN) being of Scandinavian descent chose ~

the name FRAM for this code as explainedbelow.

FIUM is the acronymfor Ebuxi-energyResponse-functionAnalysiswithMultipleefficiency,
andas suchdescribesthedetailsof this spectrumanalysiscode. At the sametime,FRAM,in the
ScandimvianJanguages,means“forward”or “onward.”

FRAM“Onward!”was the battlecry of the Vikingsin the strugglesfor unificationof the

Nordiclands. FRAMwasalso thenamechosenby FridtjofNansenfor the versatilesailingship
usedon hisarcticexpedition(1893-96).FRAMpermittedNansentocomecloserto theNorthPole
than anyonebeforehim. The versatilityof the polar shipFRAMwas demonstratexiwhenOtto
Sverdrup used her for another arctic expedition (1898-1902), and when, after only minor
modifications,RoaldAmundsensailedFRAMto and throughtheantarcticseason his successful
expeditionto theSouthPole(1910-1911).

It is hopedthatspectrumanalysiswithFRAMmaybringuscloserto thegoalof extractingall

the informationfrom gamma-rayspectrawithaccuracyand precision,and that the versatilityof
FRAMwillbeappliedtoas yetunfomeenanalysisproblems.
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