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MEASUREMENTOFTHEHIGH-ENERGYLEAKAGENEUTRON
SPECTRUMFROMTHE LITTLEBOYMOCKUP

A. A. Robba

ABSTRACT

We report measurementsof the leakageneutron
flux from a mockupof thenucleardevice explodedover
Hiroshima. Measurementswere madeat the noseand
the waistof the device in the energyrangeof 1 to 10
MeV usingthe liquidscintillatorNE 213. The technique
relies on pulse-shapediscriminationto eliminate
gamma-rayinteractionsfrom the neutrondata.

INTRODUCTION

Mostof thehumanexposuredatausedfor settingradiationsafety
guidelineshavebeenobtainedby followingthe survivorsof thenuclear
explosionsat HiroshimaandNagasaki. Properevaluationof thesedata
reqtdresestimatesof the radiationexposurereceivedby thosesurvivors.
Untilnow,suchestimateswere questionablebecausethe device explodedat
Hiroshimawasnever testedandthusnomeasurementsof the leakageneutron
flux or neutronspectrumare available. Instead,doseestimateshaverelied
primarilyoncalculations,whichremainunsatisfactorywithoutexperimental
confirmation.To supplytheseexperimentaldata,we measuredtheMgh–
energyleakageneutronspectrumfrom a mockup=of the Little Boydevice
operatingat delayedcritical. As canbe seenin the photographof the
experimentalsetup(Fig. 1),measurementswere madewith the mockuponan
outdoorstandto minimizethe effect of neutronsreturnedfrom the
environment.

EXPERIMENTAND METHOD

Neutronflux from the mockupwasmeasuredusinga 2-in.-diamby
2-in.-highcylindricalNE 213liquidscintillatordetector purchasedfrom
NuclearEnterprises.*The detectorwasmountedandopticallycoupledto an
RCA-8850photomultiplier.Becauseof thisdetector’ssensitivityto gamma
rays,we surroundedit with0.5in.of lead to reducethe eventrate dueto

mma-rayinteractionsin the detector. In addition,we usedpulse-shape
Zcrimina tion (PSD)to identifyandlater eliminate pulsesproducedby
gamma-rayinteractions.

*NuclearEnterprises.Ltd., Edinburgh,Scotland.



Fig. L
The Little Boy mockup on its experimental stand

It hasbeenshown2that in somescintillatorsthathaveseveral
scintillatingcomponents(for example,the NE 213scintillatorhasthree
scintillatingcomponents:3.16–,32.3–,and270-ns),highlyionizingparticles
deposita greater fractionof their total light outputin the longerlived
scintillatingcomponentsthando lesshighlyionizingparticles. As a result,
pulsesproducedby protonsfromneutroninteractionsin the scintillatorhave
moreslowlydecayingtails thando thoseproducedby electronsfrom gamma–
ray interactions.Thisdifference is commonlyusedto identifyneutronand
garoma-rayinteractionsinscintillatorsin a variety of ways.Mostcommonly,
thephotomultiplierpulseis integratedusinga longtime constantandthenit
is doubledifferentiated(delayline andR-C differentiationaswell as
combinationsof bothhavebeenusedjs-sto producea bipolarpuke inwhich
the zero crossingtime is,relatedto the pulsedecaytime. The time betweena

riminatortrigger andthe zero crossingof thispulsekconstantfractiondisc
measuredto producea parameterthatdiscriminates betweenneutronand
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gamma-rayinteractions.Thisanalogpulseprocessingis often difficult to
adjustandfine tunealthoughgoodresultshavebeenachievedusingthis
technique.

The lackof completelysatisfactory,commerciallyavailableequipment
implementingthistechniquehasled usto usea techniqueoriginallysuggested
by Morriset al.’ thatusesgatedcharge-integratinganalog-tdgital con–
verters (ADCS)to separatelyintegratethe full pulseareaandthe pulsetail
area. Pulsesfrom anRCA–8850photomultiplierare amplifiedby a fast
photomultiplieramplifier(LeCroy 612AM)so thatpulse-shapeinformationis
preserved. A constantfractiondiscriminatorthenprovidesthe gate for a
charge-integratingADC (LeCroy 2249A). Appropriatecabledelaysare
providedso that the gate andanalogpulsesarrive at the ADC asshownin
Fig. 2. The full pulseareais dividedby the pulsetail to producethe param–
eter usedfor neutrordgamma–ray d.iscrkmna“ tion.

To achievethe dynamicrangemadenecessaryby thenonlinearlight
outputof NE 213(light output- E3/2),the photomtiitipliersignalis split and
datacorrespondingto threedifferent amplifiergainsare acquiredsimul–
taneously.Two ADC channelsseparatelyintegratethe full pulseandthe
pulsetail for eachamplifiergain. A blockdiagramof the dataacquisition
electronicsappearsin Fig. 3. Boththe live timer andthe gate generatorare
inhibitedduringthe processingof anearlier gate. Two-parameterdata(pulse
areaandPSDparameter)are acquiredby a LeCroy 3500runninga LeCroy
3500-25fast crate controllerto performCAMAC operationsandto do the
processingrequiredto obtainthe discruminationparameter. Dataare stored
asa two-parameterhistogram:full pulsearea (1024channels)versus
gamma-raydiscruminationparameter(32channels).
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Fig. 2.
Timing of the gate and linear pukes at the ADC.
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Fig. 3.
Data acquisition electronics.

DATA ANALYSIS

Neutron/gamma–ray separationis accomplishedduringdataanalysis.In
the dimensionof the PSDparameter,the datashowtwo peakscorresponding
to neutronandgamma-rayinteractionsin the scintillator. For eachpulse-
heightchannelthesepeaksare fitted, usingthe simplexmethod,Tby the sum
of two Gaussiancurves. Theparametersof the gamma–raypeakare then
usedto subtractgamma-raycontaminationfrom theneutrondataif there is
significantoverlapof the two peaks. Thesepeaksare lesswell separatedat
low pulseheightsandthusthiscorrectionfor gamma-raycontamination
becomesmoreimportantthere.

Theneutronpulse-heightdataare convertedto neutronspectral
informationusingthe responsefunctionsmeasuredbyVerbinskiet ale

4



Systemgain is calibratedusingthehalf-heightpointonthe uppershoulderof
the pulse-heightdistributionproducedby the 1.275-MeVgamma-rayfrom
zzNa. ~ point on the zzNa spectrumcorrespondstO 1/1.13lightUhL9
Calibrationdata in the neighborhoodof the 1.275-MeVpeak and the half
height are each fitted with quadraticcurves,which are then used to
determinetheheightof thepeakandthe locationof thehalf height.

Usingthiscalibration,themeasuredpulse-heightspectraarebinnedinto
the samelight unitbinsas were usedby Verbinskiin reportingthe NE 213
detector’s responsefunctions. The neutronspectrumis thenobtainedby
solvingthe Fredholmintegralequationof the first kind,whichdescribesthe
detector responseto anincidentneutronflux.

w

D(E)=~dE R(E,~)$(E) , (1)

E.

where~ is the pulseheightobservedfrom interactionsin the detector in light
units,E is the incidentneutronenergyinMeV, D(g) is thenumberof counts
observedin the detector asa functionof pulseheight,4(E) is the incident
neutronflux onthe detector asa functionof neutronenergy,andR(E,~)is the
detector responsefunction--thenumberof countsin dg aboutg observedin
the detector dueto anincidentneutronindEaboutE.

Inpractice, D is measuredfor onlya finite numberof discreteintervals
or rangesof the variableg.

E.

f

1+1
Di = d~ D(t) and

E:
L

m

Di =
1 dERi (E) $(E) ,

E.

(2)

(3)

where

‘i+l
Ri (E) =

1
d~ R(~,E) . (4)

Ci

To obtaina set of linearequationsthat canbe solvedfrom the neutronflux,
the integrationover E is alsoexpressedasa quadrature.

.

Di = ~ Rti$j + ci, for 1< i g I ,
j=l

(5)
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or invector notation,

ThematrixR nowalsocontainsthe quadraturecoefficients for the pointsEl,
E2, ..., Ej and~1$...$Cirepresents errors from all sourcesincludingthat
introducedby the quadrature.Inthisworkwe haveusedthe following
simplestquadrature

m

[

J J
dERi (E) @(E) = ~ Ri(Ej) @(Ej) AEj = ~ Rti $j ,

E. j=l j=l

althoughthe formalismappliesto anyquadraturemethod.

(6)

Equation5 is overspecifiedbecauseI, the numberof pointsinwhichthe
pulse-heightdataare available,is larger thanJ, thenumberof pointsat
whichtheneutronflux is obtained.Thus,it seemsreasonableto seeka
solutionby the least squarestechniqueinwhichwe minimizethe quantity

(7)

whereUiis the estimatederrorin the measurementDi. However,it canbe
shownlO~llthatstraightforwardsolutionof thisminimizationproblemis
unstablefor smallerrors. Thisis dueto unboundedextraneoussolutionsthat
canbe introducedintothe resultby smallerrors(for example,by roundoffor
truncation)andcanswampthedesiredsolution.We haveusedthe“least
structure”technique12~13to controloscillationswhilesolvingfor o in Eq.5.
The least structuretechniquefindsthe ‘smoothest”solutionconsistentwith
the measureddata. It doesthisby minimizingthe squareof the numerical

ximationfor the secondderivativeof the solutionsubjectto theappro
constraintthatX2. I. We introducethe Lagrangemultiplier,A,andminimize
the quantily

[F(z) + A-l X2] , (8)

where

ximationfor the secondderivativeof the solutionfor theis a numericalappro
caseof equalenergyintervals. A similarexpressioncanbe derivedfor the
situationof unequalintervals. Setting
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andthesolutionis obtainedfrom

LITTLE BOY LEAKAGESPECTRA

The resultsfrom two measurementsmadeat thewaistandnoseof the
Little Boymockupappearin Figs.4 and5. Theseresultsare presented
withoutcompensationfor the effect of the leadusedto reducethe gamma–
ray event rate in the detector. Bothmeasurementswere madewith the
leakageflux incidentonthe curvedsurfaceof the cylindricaldetector
reproducingthe geometryusedbyVerbinskiinmeasuringthe detector
responsefunctions.Thedistancefrom the centerof the Little Boycore to
the centerlineof the detectorwas2m for bothmeasurements.For the waist
measurement,the detectorwasat theheightof the core centerwhereasfor
the nosemeasurementit wascenteredonthe axisof themockup,directly
aboveit.
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Fig. 4.
Waist measurement of the neutron
flux at 2 m from the core center.

NEUTRONENERGY(MeV)

Fig. 5.
Nose measurement of the neutron
flux at 2 m from the core center.



Themeasuredneutronfluxwasnormalizedto thenumberof fissions
occurringin the mockupusinga BF~ionizationchambercalibratedby Hansen
andForehand.*Foilsof 23SU(0.001in. thick)were irradiatedin the mockup,
after whichthe fissionproduct,‘gMo, waschemicallyseparatedandthen
countedin a 47rflow counter. Correctionsfor the flux shapein the moclmp
were madewith the aidof ~ discreteordinateneutrontransportcalculations.

Sincethe measurementsreportedherewere made,dataacquisition
systemimprovementshavereducedthe total processingtime per event to
approximately100vs. Withthisincreasedspeed,we expect to no longer
requirethe leadgamma-ray shieldandto be ableto rely onpulse-shape
discriminationaloneto eliminate gamma-rayeventsfrom the data.

Thesemeasuredspectraprovidethebest availableestimatesfor the
Hiroshimaneutronsourcespectra. Comparisonsto a variety of calculations
andearlierspectralestimatesare nowpossible. Basedonthesecomparisons,
morereliableneutronexposureguidelinesshouldresult.

*G. E. HansenandH. M. Forehand,private communication.
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