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REFERENCEMATERIALSFOR NONDESTRUCTIVE
ASSAYOF SPECIALNUCLEARMATERIAL

Volume2: ThinMetalFoilsof HighlyEnrichedUranium

by

J. K. Sprinkle,R. N. Likes,and H. A. Smith

ABSTRACT

This manual describesthe fabricationof referencema-
terialsfor use in gamma-ray-basednondestructiveassay of
small high-densityuraniumsamples. The samplecontainers
are smallPetridishes. The referencematerialsconsistof
thin circulardiscs of highlyenricheduraniummetal foil.
The 235(Jcontent rangesfrom0.2 to 10 g. The manual also
describesthe assay procedureused with low-resolutionde-
tectors.
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PART1

PRODUCTIONOF HIGHLYENRICHEDURANIUMREFERENCEMATERIALS
FROMTHINMETALFOILS
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I. INTRODUCTION

A. Roleof ReferenceMaterialsin NondestructiveAssay
Referencematerialsprovidetwo functionsin nondestructiveassay (NDA).

Iley are used to calibrateNDA instrumentsand to verifythe constancyof the
calibrations. Traceabilityis importantonly for the calibrationaspect.

Constancyof the calibrationcan be verifiedwith any materialthat providesa
stable,consistentsignal. Clearly,a calibrationis misleadingif the refer-

ence materialloadingsare not well known. However,the loadingvaluesneed

not be knownto much greateraccuracythan that achievableby the assay. If a

referencematerialis knownto one-fourththe expectedmeasurementuncertainty,
it contributeslittleto the overalluncertaintyof the measurement. (Thein-
vestigationof systematiceffectshas more rigorousrequirementson the accu-
racyrequirementsfor the referencematerials.)

The referencematerialsshouldrepresentthe samplesin aspectsto which
the particularmeasurementtechniqueis sensitive. However,contraryto popu-
lar thought,exact representationis not necessaryif the measurementphysics
is well understoodand properlyapplied. For example,for transmissioncor-

rections,the referencematerialsmust have transmissionsfor which a correc-
tioncan be made accurately,but they do not need preciselythe same transmis-
sionas each sample.

The secondfunction(thatof verifyingthe constancyof the instrument’s

calibration)merely requiresa stablereferencematerial. Becausethe tech-

niqueis nondestructive,the same samplecan be used repeatedlyto verifythe
same instrumentresponse. It is much easierto make a stablereferencemate-

rial than to ensurethat multiplereferencematerialsare accurateand appro-
priatein all necessaryways.

B. MeasurementApplications
The measurementsaddressedin this manualconcernthe bulk assay of ura-

nium samplesusingtransmission-correctedgamma-rayassaytechniques. The em-
phasisis on small samplesof high-densitymaterialwith uniformuraniumdis-
persion. The transmissionof a 185.7-keVgammaray throughthe samplemust be
finiteand measurable. The low-resolutiontechniquedescribedin Part 2 be-

comes difficultto use at transmissionsbelow approximately5%. Changingto
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a high-resolutiondetectorand a differenttransmissionsource allows this
techniqueto be extendedto transmissionsbelow1%.

As the sampletransmissionapproacheszero, the 185.7-keVassay changes
charactersignificantlyand a quantitativeassaybecomesimpossible. The op-

eratormay be able to use an enrichmentmeasurementplus a sampleweight and
an assumptionof uniformityto yield a 235U assay. The high-energygamma
rays fromthe 238Udaughter,234mPa,may be used if (1)thematerial is more
than a hundreddays old (thatis, if more than a hundreddays have elapsed

since the protactiniumwas separated),(2) the count rate is sufficient,and

(3) the samplecompositionis sufficientlyuniform. But the transmission-cor-
rected185.7-keVassay is meaninglessfor thosesamplesthat have a transmis-
sionof zeroat 185.7keV.

c. GeneralCharacterof the SelectedReferenceMaterials
The uraniumloadingswere chosento be typicalof those expectedto un-

dergo assay,allowingfor accuratetransmissionmeasurementand, in turn, ac-
curate transmissioncorrection. The nominal235U loadings (0.2,0.5, 1, 2,
5, 10 g) coverthe rangeof expectedsampleloadings. Therefore,the reference
materialshave sufficientmaterialto allow for good countingprecision,and
reasonabletransmissionsare obtained(20to 90%). All of the sampleswill be
in 4-cm-diameter,l-cm-highPetridishes;consequently,those dimensionswere
chosen for the referencematerialcontainer. Other containersmay require
differentcorrections.

II. PREPARATION

A. DesiredCharacteristics
The referencematerialsdo not need to resemblethe sample closely,l

but the calibrationwill be easierif they do. Reliablecorrectionsmust be
appliedto accountfor the sensitivityof the measurementtechniqueto certain
characteristics.The importantparametersfor a passivemeasurementtechnique

are the distancethat the gamma radiationmust travel to the detector,the
gamna-rayenergy,and the attenuationit suffers. Therefore,computationof a
correctionfor the gamma-rayattenuationrequiresthat the referencematerial
(andsample)be homogeneous;lumpsof gammaemittersor absorberscan decrease
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the amountof gannnaradiationemittedfrom the referencematerialwith no in-
dicationto the user from the bulk transmissionmeasurement. In addition,the
referencematerialmust be stablewith respectto settlingand migrationof the
specialnuclearmaterial.

If the referencematerialsand samplesare the same size and packagedin

similarcontainers,the samecorrectionfactor(CF)expressionappliesto both.
Otherwise,a differentCF is applicableeven when the transmissionsare iden-
tical. The CF explicitlycorrectsfor differenttransmissionsand different
samplegeometries.The CF can be a significantsourceof uncertaintyin the

assayif the transmissionis verylow. Consequently,a lowerlimitappliesfor

permissibletransmissions.
It is more importantthat the referencematerialsverifythe calibration

and operationof the instrumentthanthattheyspanthe rangeof representative
loadings. Similarloadingsfor the sampleand referencematerialsmay be used,
but are not required. In many cases,adequatemeasurementprecisionobtained

fromhighloadingsis more importantthanthe use of similarloadings.

B. ProductionUsingThinMetalFoilsof HighlyEnrichedUranium
Thin metal foils exhibitthe desired characteristicsof stabilityand

homogeneitythat referencematerialsrequire,withoutsacrificingthe capabil-
ity of measuringa transmissionat 185.7keV. Metal foilsof highlyenriched
uraniumcan be producedin the desiredthicknessesfrom cast billetsby stan-
dard hot, warm, and cold rollingtechniques. After the appropriatethickness
is obtained,circulardisksare cut from the metal foil. The roughcut can be
cleanedup to obtain a uniformcircle with smooth edges by sandwichingthe
uraniumfoilbetweenacrylicsheetsand turningthe sandwichon a lathe. Then
the foil aloneis etchedto removethe oxide,weighed,and coatedwith Krylon
CrystalClear.k The outer coatingis very importantfor the thinnestfoils,
whichtendto flakeapartduringoxidation.

c. PreparationResults
Twelvenew referencematerialsand two transmissionsourcesare shown in

Fig. 1. Two referencematerialswith
foilthickness,one with a diameterof

*Trademarkfor clearacrylicSPraY.

differentmasses were cut from each
3 cm and one with a diameterof 4 cm.



Fig.1. Twelvefoilreferencematerialsand two transmissionsources.
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The verificationdata indicatethat the detectorresponsesare independentof
the referencematerialdiameters. The two transmissionsourceshave a smaller

diameter(Z cm), to precludethe possibilityof their shinin9arounda sample
directlyinto the detector. Rubbercementwas used to bond the foils to the

Petri dishes. The Petri dishes can be handledextensively,however severe
mishandlingcouldbreakthe rubbercement. Anymovementof the foilinsidethe

Petridish could bias the assay. The Petridishesshouldnot be opened,and
care shouldbe takento avoidexternalcontamination.

The transmissionsthroughthe foilsat 185.7keV rangefrom 0.20 to 0.95.
The isotopicanalysisfor 235U variesfrom 93.15 to 93.40% for the different
thicknesses.Table I summarizesthe uraniumloadingsfor each Petridish. The
uncertaintyin the uraniummass is 0.001g. The fourthcolumnliststhe nomi-
nal thicknessesof the foilsbeforetheywere etchedto removethe oxide.

III. VERIFICATION

A; Introduction
Becausethe traceabilityof these referencematerialsis straightforward

and relieson very few assumptions,only two assay procedureswere used to
verifythe uraniumcontentof the new referencematerials. It is quite rea-
sonableto assumethat the metal foil is homogeneousand that its mass is due
to uraniumalone. The high-resolutionprocedureprovidesassayswit% less than
1% uncertainty;the low-resolutionprocedureprovidesassayswith a few percent
uncertainty. Reference2
techniques.

B. CalibrationReference

provides

Material.-. —.

The foilused to calibratethe
solutionsol It has an enrichment
consequently,its 235Umass is 2.34

c. Low-ResolutionSpectroscopy

a detailedexplanationof gamma-rayassay

Gamma-rayassayswith low energy
cy detectors(suchas NaI detectors)

assaysystemshas been compared
of 93.15% and a uraniummass

9“ The foil is 0.001in. thick.

to several
of 2.51g;

resolutionusuallyinvolvehigh-efficien- 1
and hence providehigh count rates and

9



TABLE I

TOTALURANIUMAND URANIUM-235MASSESOF THE REFERENCEMATERIALS

Nominal
Thickness
(in.)

235u
(9)

Uranium
(g)Ic’a

0.208
0.384

0.194
0.358

0.001
0.001

8778-A
8778-B

0.003
0.003

11404-A
11404-B

1.010
1.710

0.941
1.594

1412-1-A
1412-1-B

3.440
6.125

3.207
5.710

0.010
0.010

0.0135
0.0135

1455-4-A
1455-4-B

5.154
8.387

4.801
7.812

1456-4-A
1456-4-B

6.990
12.512

6.529
11.686

0.022
0.022

1456-2-A
1456-2-B

7.203
13.436

6.728
12.549

0.024
0.024

0.050
0.050

Trans-A
Trans-B

7.325
7.308

6.823
6.807

aThe A and B designationsfollowingthe ID numbersdenotethe 3-cm-
diameterand 4-cm-diameterfoils,respectively.

consequentlygood statisticalprecision. However,assaysbased on low-resolu-
tion detectorsare not as reliableas thosebasedon high-resolutiondetectors.
Small interferencesfrom garmna-rayswith energiesclose to the gamma-rayof
interestcan be impossibleto resolveand can bias an assaysignificantly.It
is also a nontrivialmatterto determinethe Comptoncontinuumundera peak.

Althoughfar-fieldassaysare relativelysimpleto execute,theiruse is
not appropriatefor very smallsamples. Unfortunatelythe low countratesfrom
less than 1 g of 235U in some of the foil samplesrequirethe samplesto be
much closer to the detectorthan the far-fieldprocedureallows. The small
sample-to-detectordistancemakes the assaymore sensitiveto sampleposition-
ing and samplenonuniformities.It is thereforeimportantthat the samplebe
thin and havea uniformthickness.
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TRANSMISSIONSOURCE .SAMPLE

I
SHIELOING

-—

SHIELOING

LOW
RESOLUTION
OETECTOR

I PROCESSINGI
r=l

Fig. 2.

Figure2 is a sketch
is uraniumand is slightlysmallerthan the sampleto preventit from shining

P!!!!!d
Low-resolutionassayconfiguration.

of the assayconfiguration.The transmissionsource

aroundthe sampleintothe detector. The source-to-detectordistanceis 8 cm.
The detectoris a 3 in. by 3 in. NaI, and the amplifieris gain-stabilized.
The Comptoncontinuumunderthe peak is estimatedby usinga backgroundregion
abovethe peak. Foil positioninghardwareis importantto ensurereproducible
countinggeometry.

D. High-ResolutionSpectroscopy
The additionof a high-resolutiondetectorsignificantlyimproves the

qualityof a gamma-ray-basedassay. The drawbackis a loss in detectioneffi-
ciency. However,the increasedabilityto resolveinterferencesand to accu-
ratelydeterminepeakareasoftenoffsetsthe loss in efficiency.

This setuphad a sample-to-detectordistanceof 20 cm. The detectorwas
a largecoaxialGe(Li). Becausethe transmissionat 185.7keV is largerthan
0.20,the uraniumsourceprovidedadequateprecisionfor the transmissionmeas-
urement.
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E. VerificationResults
The low-resolutionassay of 235U is generallybelievedto have an accu-

racy of a few percent,if it is done carefullyand the sampleattributesare
reasonable;5% uncertaintyis expectedfor most instances. A conservativees-
timateof the accuracyof a high-resolutionassay,subjectto the samerestric-
tions,is 1%. Table II lists the tag 235U mass valuesand the verification
assayresults.

Becausethesereferencematerialscame from six foilswith differentori-
gins, consistencyamong them is a partial verificationof their validity.
Figure3, a plot of the response(correctedcountsper gram) versusthe mass
(g 235U)for these referencematerials,shows consistencyamongthe different

isotopicanalysesand mass determinations.

TABLE II

VERIFICATIONASSAYRESULTSFOR 235U

IDa

8778-A
8778-B

11404-A
11404-B

1412-1-A
1412-1-B

1455-4-A
1455-4-B

1456-4-A
1456-4-B

1456-2-A
1456-2-B

Low
Taq Resolution

-_&!L (g)

0.194 0.195
0.358 0.359

0.941 0.942
1.594 1.58

3.207 3.21
5.710 5.75

4,801 4.82
7.812 7.85

6.529 ---
11.686 11.59

6.728 6.71
12.549 12.56

High
Resolution

(g)

0.192
0.363

0.934
1.596

3.169
5.712

4.792
7.758

6.483
11.623

6.780
12.408

tiThe A and B designationsfollowingthe ID numbers denotethe 3-cm-
diameterand 4-cm-diameterfoils,respectively.
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PART 2

USE OF HIGHLYENRICHEDURANIUMREFERENCEMATERIALS
CONSISTINGOF THINMETALFOILS





IV. INTRODUCTION

The highlyenricheduraniumreferencematerialsconsistingof thin metal
foils were developedfor use in high-or low-resolutionassay procedures.
Part 2 of this manualemphasizesthe low-resolutiontechnique;however,where
appropriate,the manual recommendsfutureimplementationof improvementsthat

can be achievedwithmore sophisticatedproceduresand equipment.
Transmission-correctedlow-resolutionassaycan be used with high-density

uraniumsamples,subjectto severalrestrictions.The samples(and reference
materials)shouldhave similarcontainersizesand configurations.Theyshould
be homogeneous.They must have measurabletransmissionsat 185.7 keV (typi-

cally>5%). If the samplesdo not fulfilltheserequirements,incorrectassays
usuallyresult. The amount of bias can be related (but not simply)to how
poorlythe samplesfulfillthese requirements.The more advancedtechniques
are less susceptibleto someor all of the biases.

An understandingof the measurementphysicsis essential. Good reference
materialsdo not guaranteegood
appliedto appropriatesamples.

assays. The assay techniquemust be properly

v. LOW-RESOLUTIONASSAYPROCEDURE

A. AssayConfiguration
In the assayconfigurationshownin Fig.2, the detectorshouldbe shield-

ed fromall sourcesof radiationexceptthe sampleand the,transmissionsource.
A thicknessof 1.3 cm of lead is sufficientshieldingfor 185.7-keVgammarays.
Gammarays of higherenergycan usuallybe reducedto acceptableintensities
by 5.1 cm of lead,howeverl-MeVgammaraysmay require20 cm of lead shield-
ing. Notethat the detectoris sensitiveto radiationfrom all directions. A
0.16-cm-thickcadmiumfilter(placedbetweenthe detectorand sample)is help-
ful in reducinglow-energybackground,suchas uraniumor leadx rays.

The detectoraxis, the samplecenter,and the centerof the transmission
sourceshouldall lie on the sameaxis. The sample-to-detectordistanceshould
be 8 cm or largerfor the smallPetri-dishsamples. If the sampleconsistsof
discreteparticles,the samplethicknessmust equalat least10 particlediame-
tersto obtaina validtransmission.



Figure4 shows detailsof the sampleand the transmissionsource. The
low-resolutionsystemessentiallyrequiresthe use of the sameenergygammaray
for both the assaypeakand the transmissionsource. A goodcandidatefor this
type of transmissionsourceis a thick foil whose diameteris approximately
one-halfto two-thirdsthat of the sample. The transmissionsourcemust have
a uniformdistributionof uranium,and it shouldnot be allowedto shinearound
the sampleinto’thedetector. The capabilityof repositioningthe transmission—
sourceto give the same intensityi&extremelyimportant.—

Reliableassayscan be accomplishedwith single channel analyzers,but
multichannelanalyzersallow more flexibility,give a better indicationof
whetherproblemsare arising,and are easierto set up. Stabilizationof the
systemis required,despitethe fact that brokenstabilizerscouldwell be the “
most difficultproblemto troubleshoot.Photomultipliersare not sufficiently
stablewithoutassistance,and smalldriftsin the peak locationcan bias the—— —— .
peak area determinationsignificantly.Low-resolutionsystemscan use short
amplifiertime constants;consequently,they are less sensitiveto pileupand
deadtimeeffects. However,it is still good practiceto limit the count rate
to 10 000 counts/sor less. High-resolutionsystemsshould use a rate loss
correctionsource,2 enablingthemto toleratecountratesup to 30 000 counts/s
or mere.

\
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B. DataAnalysis
The totalcount

tractions,B1 and B29

A = P - + -62

in
to

.

the peak region,P, is subjectto two backgroundsub-
obtainthe net area,A.

(la)

The statisticaluncertaintyin A is expressedby Eq. (lb).

(Y(A) =JP+B1 +B2 . (lb)

The first background,61, is the total count in the region just above the
185.7-keVpeak region. The two regions,peak and background,should be the

samewidthand are countedduringthe samedata acquisition.When singlechan-
nel analyzersare used,a reasonablewindowwidth for P is 160 to 210 keV; for

‘1’ a reasonablewindowwidth is 220 to 270 keV. If only one singlechannel
analyzeris available,the two regionsrequiretwo separatecounts. Thisprac-

ticecan lead to difficultiesif the backgroundchangesbetweenthe two counts.
Background subtraction‘1 corrects for the Compton continuum under the
185.7-keVpeak,which is due to higherenergygamma rays. Clearly,this sub-
tractionis invalidif the backgroundregioncontainsa gamma-raypeak. The
secondbackground,B2, is obtained fromP - B, with no sampleand no transmis-
sion source. If this backgroundis nonnegligible,the assay positionand
shieldingshouldbe altereduntil it becomesnegligible,if at all possible.
BackgroundsubtractionB2 correctsfor 185.7-keVgamma rays that originate
from somewhereother than the sampleor transmissionsource. If B2 is non-
negligible,the operatormust determinethat it does not vary, or else expect
erroneousassays. High-resolutiondetectorsgeneratespectrathat allow for
easier,more reliablepeakarea determinations.

The gamma rays emitted from within the sample may suffer attenuation

before they reach the detector. The attenuationeffectsoutsidethe sample
containershouldbe the same for all samplesand referencematerials;conse-
quently,they can be ignored. The attenuationcaused by the (empty)sample
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containeris negligibleand can be ignoredin theseassays. If differenttypes

of containersare used, the containertransmissioncould well be different.
23% is spreadUnifomly throughout‘heIf the matrixis homogeneousand the

sample,the averageself-attenuationcan be relatedto the transmissionthrough
the sample. Consequently,a correctionfactorbasedon the sampletransmission
can be calculated.The sampletransmission,T, is givenin Eq. (2a).

T = [A(s + T) - A(S)] s (2a)
A(T)

whereA(S + T) = the net area of the 185.7-keVpeak determinedwith the sample
and transmissionsourcein place,A(S) = the net area with the samplein place
and the transmissionsourceremoved,and A(T) = the net areawith the transmis-
sionsourceplacedover an emptycontainer. The uncertaintyin T is expressed
in Eq. (2b).

o(T) 02[A(S+T)] + 02[A(S)I + CJ2[A(T)I
--r=

[A(s + T) - A(S)]2
(2b)

A2(T)

Transmissionsbelow 5% requirea high-resolutionsystem. At these low trans-
missions,the low-resolutiontechniquerequiresvery long count times and is
susceptibleto minorbackgroundfluctuationsthatmay causesignificanterrors.

The correctionfactor,CF(T), is approximatedin closed form for a slab
geometryby

~F(T) = -~n(T) . (3a)
1 -T .

.

.

●

✎

The uncertaintyin CF(T) resultingfrom an uncertaintyin T is shown in Eq.
(3b).
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u(T)u(CF) = ~- ● — . En(T)u(T) .
T-1 (T) (T-1)2

(3b)

The low-resolutiondetectorsrequirethe use of the same energygammaray
for boththe assaypeakand the transmissionmeasurement.The intensityof the
185.7-keVgammaray from a uraniumsampleis limitedby its self-attenuation;
consequently,no strong sources are available. This limitationrestricts
transmissionmeasurementsto transmissionsabove5%. High-resolutiondetectors
can take advantageof strongersourceswith gamma rays at nearbyene;giesand
reliablymeasuretransmissionsbelow1%.

The CF is usedto generatethe correctedcounts,CC, fromthe net area,A.

cc = A “ CF(T) .

The associateduncertaintyin CC is shownin Eq. (4b).

(4a)

(4b)

c. Calibrationand MeasurementControl
The generalprocedurefor gamma-rayassayis outlinedin the assayequa-

ti on:

whereM = themass of 235U and K = the calibrationconstant. The uncertainty
is shownin Eq. (5b).
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. (5b)

The calibrationis determinedwith known referencematerialsand by inverting
the assayequation,as shownin Eq. (6a).

The correspondingstatisticaluncertaintyis shownin Eq. (6b).

(6a)

(6b)

The initialcalibrationshouldbe based on repeatedmeasurementsof at 1east
three referencematerials. Because low-resolutionsystemstypicallyhave a
calibrationthat varieswith the transmission, more than threereferencemate-
rialsmay be needed to determinethe calibrationcurve. Two equationswere
investigated:

(7)

and

,

Y= l%lw (8)

wherey = mass in g %, x = CC, and A and B = the fit parameters.Equation

(8)gavethe best results.

22



When the calibrationhas been established,it shouldbe verifiedwith the
assayof a referencematerialeach day that the systemis used to measureun-
knowns. At leastone verificationassay shouldbe done both beforeand after
the assaysof unknowns. If there is any reasonto suspecta systemmalfunc-

tion,more frequentverificationis appropriate.The low-resolutiongamma-ray
assay techniquedoes not assay nonhomogeneousmaterialscorrectly,nor can it
distinguishbetweenhomogeneousand nonhomogeneoussamples. If previousre-
sultswith certainsamplesindicatethat a bias may exist in the calibration
constant,but the verificationassaysindicatethat the calibrationis valid,
then the uncertaintyassociatedwith the assay shouldbe increasedunlessan
investigationof inhomogeneitiesor samplefill heightsinvalidatesthe assay
results. Withoutdetailedknowledgeof the presentsample,any attemptto use
previousresultsto correctthe calibrationis unjustified.Becausethis de-
tailed knowledgeis rarely,if ever, available,the user is left with the
choiceof eitherguessingthe calibrationparametersor increasingthe uncer-
taintyto reflectthe lackof information.

The continuedvalidityof the uraniumcontentof the referencematerials
can be assuredby a comparisonwith freshsolutionstandards. A somewhatless
rigorousassuranceis obtainedby demonstratingone or more of the following:

● the responsedoes not changewith time;
o the responseis consistentwith the responsesof other known
uraniumsamples;

● physicalsecurityis employedto preventtampering;or
● visualinspectionindicatesno deteriorationof the foils.
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