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measurementuncertainty. Second,only seven of the fifteencalculationsare

outsideof the one-sigmameasurementuncertainty.Third,the trendof the C/E

ratiosshown in Fig. 18 indicatesthattheNBS spectrumreproducesthe experi-

mentalintegralcrosssectionsreasonablywell formostvaluesof the threshold

energy.

TABLEV

COMPARISONOF MEASUREDAND CALCULATEDINTEGRALCROSSSECTIONS
FOR THREEREPRESENTATIONSOF THE PROMPTNEUTRONSPECTRUM

FOR THE SPONTANEOUSFISSIONOF 252Cf~

Reaction

235U(n,f)
115

In(n,n’)

58Ni(n,p)
47 .

Tl(n,p)
54Fe(n,p)

32s(n,p)
27

Al(n,p)
66 .

Tl(n,p)

51V(n,p)b
56 Fe(n,p)
48

Tl(n,p)
59 Co(n,a)
24

Hg(n,p)
27

Al(n,a)
197

Au(n,2n)

‘th

Q!@.

0.00
0.76

0.80

1.14

1.36

1.80

2.86

2.97

3.41

4.65

5.07

5.52

5.58

5.71

8.31

Measurementa

1216.0 t 19.46

201.0 t 8.2

118.5 t 4.1

21.58 t 1.16

87.63 k .4.35

72.52 f 2.96

4.891 ? 0.179

14.o4 t 0.61

0.713 t 0.059

1.440 ? 0.070

0.415 t 0.016

0.218 t 0.014

1.940 t 0.093

1.oo6 f 0.022

5.267 t 0.226

tfaxwellian

Calc. (C/E)

1238.657 (1.019)

182.804 (0.909)*

115.888 (0.978)

24.463 (1.134)*

89.968 (1.027)

72.665 (1.002)

5.375 (1.099)*

14.080 (1.003)

0.732 (1.027)

1.546 (1.073)

0.460 (1.107)*

0.243 (1.115)

2.404 (1.239)*

1.195 (1.187)*

6.817 (1.294)*

NBS

Calc. (c/E)

1235.918 (1.016)

181.936 (0.905)*

113.891 (0.961)

24.070 (1.115)*

88.346 (1.008)

71.447 (0.985)

5.140 (1.051)

13.474 (0.960)

0.688 (0.966)

1.416 (0.983)

0.410 (0.986)

0.217 (0.997)

2.159 (1.113)*

1.060 (1.053)*

5.650 (1.073)

Los Alamos

Calc. (c/E)

1235.720 (1.016)

186.009 (0.925)

114.039 (0.962) .

24.209 (1.122)*

88.323 (1.008)

71.662 (0.988)

4.967 (1.016)

13.014 (0.927)

0.657 (0.921)

1.322 (0.918)

0.377 (0.907)*

0.200 (0.919)

1.995 (1.028)

0.973 (0.967)

4.973 (0.944)

~ UsingENDF/B-Vpointwisecrosssections,unlessotherwisenoted,and express-
ing the results-inmillibars.

* Calculationoutsidetwo-sigmameasurementuncertainty.

a The experimentalmeasurementsare thoseof Grundlet al (Ref.37) and
Kobayashiet al.(Refs.38 and 39).

b The pointwisecrosssectionused in the calculationfor thisreactionis from
Smithet al. (Ref.40).
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The implicationis that reactivitymeasurements

culationsmay significantlyunderestimatecontrol

.+

evaluatedwith 6-groupcal-

rod worthsand all reactivity

worths evaluatedrelativeto controlrod positions(e.g.,temperature,void,

xenon,and excessreactivityworths).

Initialcalculationshave been limitedto 235U thermalsystems;calcula-

tionsfor othersystemsand inclusionof neutronspectraleffectsare proposed.

D. Evaluationof ExperimentalDelayedNeutronSpectra[T.R. England,M. C.

Brady (TexasA & M University)]

Experimentaldelayedneutronspectrawere receivedfrom K. L. Kratz (In-

stitutfiirKernchemieder UniversitatMainz,Mainz,Germany)in November1983.

Spectraldata were includedfor 87Br, 8gBr, 90Br, ‘lBr, 92Br, 92Rb, “Rb,

96Rb, 97Rb, and ‘8Rb. The data were in the form of countsper channelvs

channelnumberand a value of 4 keV/channelwas givento calibratea relative

energyscale.

All spectrahave been convertedto energyscales. The spectrafor 87Br,

‘2Rb, and ‘4Rb have been normalizedand reducedto 10 ket’-energybins, and

averageenergieshave been calculated.The energyscalesfor thesethreeiso-

topes are estimatedto be accurateto ?4 keV. The energyscalesfor the re-

❑ainingbromineisotopesshouldbe improvedto similaraccuracywhen correc-

tions are made to subtractthe thermalpeak presentin each of these spectra

(
89-92Br). Slightcorrectionsare also requiredfor the energyscalesof 96Rb

and ‘8Rb. The spectrumfor 97Rb appearsto containa backgroundof counts,

whichmust be removed,and requiresa slightcorrectionin its energyscaleto

achievean accuracyof t4 keV. Finally,these remainingspectrawillbe nor-

malizedand reducedto 10 keV bins and averageenergieswill be calculated.

These data are reducedto 10 keV bins becausemost of our measureddata

fromothersourcesand all modelestimatedspectrais in 10-keVbins.

We are, however,lackingan adequatemethodof determiningthe uncertain-

tiesassociatedwith the peaks. This is primarilydue to a lackof information

pertainingto the unfoldingprocedureused to convert the data from pulse

heightspectrato delayedneutronspectra. We have contactedK. L. Kratzand

hope to resolvethe problem.

Figures27 and 28 providecomparisonsof earlierdata receivedfromG6sta

Rudstam(SwedishResearchCouncilsLaboratory,NykGping,Sweden)with the cur-
87rentKratzdata for Br and 94Rb,respectively.
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Fig. 28. Normalizeddelayedneutronspectrafor Z = 37, A = 94.
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E. FeasilibityStudyof a ThermalNeutronDriven14-MeVNeutronSource[R.T.

Perry,T. A. Parish(TexasA&M University),W. B. Wilson]

The purposeof the studywas to determinethe feasibilityof usinga flat
6platecontainingLiD in conjunctionwith a UniversityResearchReactorto pro-

duce a simulatedfusionplasma neutronsource. The fusionplate would have

possibleuse in benchmarkingtheoreticalcalculationsof importancein fusion

reactordesign.

It has been well established53 that fusion neutronscan be produced

througha seriesof nucleartransformations,beginningwith a thermalneutron
6capturein Li:

n+6Li+ t+~+Q . (1)

If the 6Li is in the formof 6LiD,thenthe tritonproducedin Eq. (1) is suf-

ficientlyenergetic(2.73MeV) to producea fusionneutronf~om the d-t reac-

tion:

d+t+(y+n+Q. (2)

The IMW TRIGAResearchReactorat TexasA&M University’sNuclearScience
6

Centerhas facilitieslargeenoughto handlea platecontainingLiD of dimen-

sions60 x 60 cm. The averagethermalfluxacrossthe faceof the fusionplate
12 2

wouldbe 2 x 10 n/cm - s. The neutronsourcestrengthand spectrafromthis

fusionplatewere determinedin thisstudy.

A 324-gram6LiD plate measuring60 x 60 cm x 1 mm has been selected. The

l-mm thick sheetof 6LiD will capture99% of the thermalneutronsentering.By

computingthe variationof the thermalfluxinsidethe slaband usingthe range

of a 2.7-MeVtritonin 6LiD, it was calculatedthat between10 and 30% of the

the tritonsproducedwill escapea l-mm thick slab of
6
LiD. Thesetwovalues

are based,respectively,on whetherthe thermalfluxis assumedto be a beam or

isotropicon the face of the slab. The 6LiD couldbe thinnerthan 1 mm and

still capturemost of the incidentneutrons;however,the tritonloss would

becomeexcessive.

As noted earlier,the tritonproducedin Eq. [1) may resultin the d-t

reaction. While this is the principlereaction,the productionof neutrons

fromthe t-6Lireactionmust alsobe considered.
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The neutronyieldsfor thesetwo reactionswere calculatedusingthe thick
54target approximationwith methodologydevelopedearlier. Stoppingpowers

47used were thoseof Andersonand Ziegler. Neutronproductioncross sections

for 6Li were obtainedfrom a paperby A. K. Val’mer,et al.55 Linearinterpo-

lationwas used to obtainthe crosssectionover the energyrangeof interest;

thus,considerableerror couldbe present,particularlyat highenergies. The

neutronrangein LiD was computedfromthe stoppingpowerrelationshipto be 90

The d-t crosssectionswere obtainedfromMiley,et al.56pm.

The resultsof the thick-targetneutronyieldcalculationsfor a 2.73-MeV

tritonin 6LiD are 180 neutronsfromd-t reactionsand 107neutronsfromt-6Li

reactionsper 106 tritonsproduced. Thesevaluescomparefavorablywith ear-

lier calculations;57 however,they comparepoorly with experimentalvalues
57,58reportedin the literature. This discrepancyis probablydue to a combi-

nationof difficultiesin accuratelymeasuringthe high energyflux,the escape

of tritonsfromthe sample,and errorsin the basicinteractiondata.

The totalneutronproductionfor the 60 x 60-cmdevicedrivenby the 1-MW
.-

reactorwould be 9.6 x 1OL1n/s of neutronsfrom the d-t reaction. From the

T-6Lireaction,the devicewouldproduce5.8 x 1011 n/s.

The spectrawere calculatedassumingisotropicneutronproductionin the
59center-of-masssystem,

possibleenergyrangesin

ducedanisotropicallyin

that the d-t reactionis

which results in uniform energy distributionover

the laboratorysystem. In reality,neutronsare pro-

both the d-t and t-6Li reactions. We note,however,

dominantand the majorityof theseneutronsare pro-

duced at low tritonenergieswhere littleanisotropyis expected. Thus,we

felt that the spectraproducedwith thisassumptionwouldbe adequateand more

detailedcalculationswere not neededat thistime.

A secondassumptionmade in calculatingthe spectrawas that the product

nucleuswould be producedin the groundstate. This is well foundedfor the

dominantd-t reaction,becausethe productnucleus,He4, has its firstenergy

level at 20.1 MeV and this levelcouldbe populatedonly as a resultof d-t

reactionsinducedby tritonof almostmaximumenergy(2.73MeV).

For the t-6Li reaction,it is possibleto populatevariousenergylevels
8of the productnucleus, Be, thus conflictingwith the aboveground-stateas-

sumption. (Seecontributionby Hale, George,and Lisowski,p. 1 of thisprog-

ress report.) However,if neutronsare producedby a reactionin which the

productnucleusremainsin an excitedstate,the emittedneutronwouldreceive

50



a lowerenergythan if the residualnucleuswere in the groundstate. There-

fore,the high energyportionof the neutronspectrumwould be dominatedeven

more by the d-t reaction. As simulationof a fusionreactoris the desired.

goal, it is felt that, if the spectraproducedby thesecalculationsare ade-

quateto meet designgoals,thenthe actualspectraproducedwouldcertainlybe

adequateas well, our calculationsbeing on the conservativeside. In addi-

tion, 60work is currentlyin progress to producea more accurateT-6Lispectra

thatwillbe incorporatedin our work.

The spectrum,a compositeof d-t and t-6Li reactions,weightedby the

respectiveneutronyields,is shownin Fig. 29. Note thatthe spectrumplotted

in the figureis actuallya histogram,normalizedto 1, over0.1 MeV intervals,

and each bar representsthe fractionof the totalneutronscontainedin that

energyinterval. The small intervalsfor the histogramgive the appearanceof

a continuousfunction.

The totalneutronsource

blanketexperiments,for code

spectrum,dominatedby the d-t

tronspectrumcorrespondingto

strengthis probablyadequatefor fusionneutron

development,and for methodsbenchmarking.The

reaction,reasonablyrepresentsa d-t fusionneu-

a plasmatemperatureof about400 keV.

10-2

0.0 5.0 10.0 15.0 20.0 25.0

ENERGY(UeV)

Fig. 29. Neutronspectrafor (t,n)reactionsin 6LiD.
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IV. CORENEUTRONICSCODEDEVELOPMENTAND APPLICATION

Calculationsfor LCCEWG-5:FFTF Cycle1 Depletion*(R.J. LaBauve,D. C.

George,T. R. England,W. B. Wilson,and R. E. MacFarlane)

Calculationsfor the FFTF, Cycle 1 (A and B) depletionpart of LCCEWG

Benchmark+561 62were run using the DANDE code system illustratedin Fig. 30.

As was done for our calculationsfor theFFTFHighPowerCharacterizeexperi-
63 64ment (HPC)part of LCCEWG-5, the TRANSXcode wa< used in the dataprocess-

65ing module to generatethe ISOTXS file, the DIF3D code was used for core
66neutronic calculations,and the CINDER-3code for depletion. The basic

67
nucleardata used as inputto TRANSXand CINDER-3were fromENDF/B-V proc-

68essedby the NJOY code into 80- and 154-groupfine-grouplibraries,respec-

tively. (Note that the Revision-2evaluationfor 239Pu is not includedin

these fine-grouplibraries.) The weightingspectraused in the TRANSX and

CINDER-3codes for collapsingto 12 groupswere thosefromthe two-dimensional

R-Z HPC model as calculatedwith the DIF3D diffusioncode. Detailsare given

in Ref. 63.
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Fig. 30. DANDEcodesystemfor reactorcoreanalysis.

-kLCCEWG-5(LargeCore Code EvaluationWorkingGroup-Problem5); see Ref. 61.
FFTF (FastFissionTestFacility)
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The nodal,three-dimensionalhexagonal-Zoptionof the DIF3Dcodewas used

for the principalcore neutronicscalculations.The prime advantageof using

the nodal option is in gainingrelativelygood accuracyfor short computing

times. The DIF3D calculationaltime used in a singledepletionstepwas about

four❑inuteson the CRAY computer. The disadvantageof the nodaloption,how-

ever, is that considerablespatialresolutionis lost. In our FFTF ❑odel,

describedbelow,a hexagoncontainsonlya single“x-y”mesh point,in contrast

to ~ triangular-Zfinite-differenceproblemin whicha hexagoncontainsa mini-

mum of six meshpoints. Consequently,our calculationalresultswere restricted

to regionaverages.
~:..”

Comparisontwo-dimensionaldepletioncalculationswere also run in which

the nodalhexagonaloptionwas specifiedin the DIF311code. Comparisontwo-di-
69mensionaltransportdepletioncalculationswerebegun,usingthe TWOHEXcode,

but due to time/fundinglimitations,these could not be completed. Running

times for the two-dimensionalcore neutronicsmodulewere abouttwentyseconds

for the diffusionand threeminutesfor the transportcalculations.

The inputconfigurationfor CINDER-3was essentiallythe sameas thatused

in the HPC calculationswith the exceptionof the occurrenceof differentfuel

assemblieshavingdifferingexposurehistories,therebyrequiringthe designa-

tionof more regions. As a result,a singledepletiontime-steprequiredabout

15 secondson the CRAY computer.

To obtain a startingmodel for FFTF Cycle-lAdepletion(BOC-lA),a six-

time step DANDE run was made to estimateexplicitnuclide,fission-product

lump, and individualfission-productdensities. The explicit-nuclideand ag-

gregatefission-productlump densitieswere transferredbetweenthe core neu-

tronicsand depletionmodules via ZNATDN,the standardfile70 for explicit

nuclidedensities;the individualnonexplicit-nuclidechaindensities,however,

remainedin the depletion❑oduleand were updatedin each timestep.

The six time steps used in the approachto BOC-lAwere selectedmainly

fromFig. 6 of the benchmarkspecifications61 and includedirradiationtimesof

10, 15, 19, 24, and 32.4 full-powerdays, followedby a shutdowntime of 120

days,which was estimatedfrom

that Assembly#2607 (Fig.6 of

ceived23.6 fullpowerdayswas

Table I of the benchmarkspecifications.Note

the benchmarkspecifications)thatactuallyre-

assumedto have received24.
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The exposureschemeused in the approachto BOC-lAis outlinedin Table

XII. The exposureeach assemblyreceivedis indicatedby a letterof the

alphabet,with the exceptionof thosereceiving32.4 full-powerdays to which

no letter is assigned. Otherwise,thosewith a finalletter“A” received24

days; those with “B,” 19 days; those with “C,” 15 days; thosewith “D,” 10

days;and thosewith “E,”O days. The compositionsof all otherregions,above

and belowcore,were as specifiedfor theHPC calculations(Ref.63). Note that

for thispart of the calculation,no replacementor changein positionwas made

for any of the assemblies,as indicatedin TableA-1 of the benchmarkspecifi-

cations;thus,each remainedin the samepositionduringthe entirecalculation

for the approachto the conditionsof BOC-lA. The controlassemblybankwas,

however,positionedas indicatedon p. 10 of the benchmarkspecifications.The

referencekeff at the end of thisseriesof calculationswas 0.98358. Details

are shownin TableXIII.

Results for the Cycle 1 diffusion,three-dimensionaldepletioncalcula-

tions(DIF3Din the corecalculationalmoduleof DANDE)are shownin TableXIV.

Cycle 1A was run in two time steps,17 and 17.1days,respectively,and Cycle

IB was run in four 16.95-daytime steps. A shutdownperiod of 94 days was

assumedbetweenEOC-lAand BOC-lB. The controlassemblybank was proportion-

ately withdrawn for intermediatetime steps. The reactivitygain between

sub-cycleswas the sum of 0.0005in keff for the 94-daycoolingtimeand 0.0013

for the additional1.3-cm control rod bank withdrawal. The final keff of

0.98353for EOC-lB comparedwith 0.98358for BOC-lAindicatesthe calculated

reactivityloss/controlbank worthto be essentially“imbalance.” The discre-

pancyamountsto onlyabout0.02C/full-powerday.

For comparisonpurposes,a seriesof two-dimensionaldepletioncalcula-

tionswas run for Cycles1A and IB. Core mid-planegeometryand nuclideden-

sitieswere used in the two-dimensionalmodel,and the “extrapolationdistance”

of the DIF3D card type 12 for representingbucklingwas variedto givea keff

approximatelyequal that for the three-dimensionalBOC 1-Amodel. The result-

ingbucklingwas 4.395x 10-4/cm2.Note that,as the begiming time for Cycle-

1 was takenas zero for the two-dimensionalruns,the individualnuclidechains

in the depletionmodule were all initialized;whereasthe firstCINDER-3run

for the three-dimensionalproblemswas a continuationof the approachto Cycle-

1 depletion. All explicitnuclidedensities,includingthose for the fission

productburnup,however,were taken fromthe three-dimensionalBOC-lAproblem.

54



TABLEXII

DESIGNATIONSOF COREREGIONSFOR LCCEWG-5FFTF CYCLE-1MODEL

Region
Number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Region
Name

ASF
ARF
INF
F32C
GPF
F32
Ics
CRS
NAC
BPC
ABC
APc
DE2B
F42E
F32B
DEIR
F32D
F42B
F42
F31
DRL
SRB
F31A
F41B
F31B
DE5
DE6
DE3B
VOT
HA6
W42B
DE4
F41E
LRS
RR1
URS
HA3
W18B
RR2
USNA

Zone
Number

1
2
3
21
5
17
15
4
6
7
8
16
19
33
20
18
22
32
30
23
9
31
28
31
29
26
27
24
35
37
39
25
34
10
11
13
36
38
12
14

Assembly
Type

AxialShield-Fuel
AxialReflector-Fuel
Insulator-Fuel
DFA-3.2
Gas Plenum-Fuel
rIFA-3.2
ICSA
ControlAssemblyShield
S.R.Na Channel
BelowPoisonChannel
C.R.Absorber
AbovePoisonChannel
I)E1-2
DFA-4.2
DFA-3.2
DE1-lR
DFA-3.2
DFA–4.2
DFA-4.2
CFA-3.1
Driveline–ControlAssembly
SRF-1and 2
CFA-3.1
CFA-4.1
DFA-3.1
DE1-5
DE1-6
DE1-3
VOTA
HAO06
WB042
DE1-4
CFA-4.1
LowerRadialShield
RadialReflector//1
UpperRadialShield
HAO03
WB018
RadialReflector#2
50%UpperShield,50Z Na

Exposure
(days)

15.0

32.4

19.0
0.O
19.0
32.4
10.0
19.0
32.4
32.4

19.0
24.0(23.6)
19.0
19.0
32.4
32.4

““19.(-I

19.0
32.4
0.0

19.0

55



TABLEXIII

APPROACHTO CYCLE-1A

ExposureTime
(Days)

0.0

8.4

5.0

4.0

5.0

10.0

0.0

CoolingTime
(Days)

0.0

0.0

0.0

0.0

0.0

0.0

120.0

Rod Position
(cmWithdrawn)

49.3

43.2

43.2

43,2

43.9

42.6

42.6

K-effective

0.99898

0.99056

0.98964

0.98844

0.98768

0.98335

0.98358

TABLEXIV

CYCLE-1RESULTS3-DIMENSIONALCALCULATIONS

TotalExposure CoolingTime Rod Position
(days) (Days) (cmWithdrawn) K-eff Comment

0.0 0.0 42.6 0.98358 BOC-lA

34.1 0.0 53.0 0.98344 EOC-lA

34.1 94.0 54.4 0.98527 BOC-lB

101.9 0.0 81.3 0,98353 EOC-lB

The two-dimensionaldepletionresultsare shown in TableXV. Note that

the reactivitylossfor the firsttimestepshownin the tableis lessthanthe

average. As indicatedabove, this is due to the fact that depletion,i.e.,

densitychangesfor the chainnuclidesbeforeCycle1, was not accountedfor in

the CINDER chain structurefor the two-dimensionalruns. On the otherhand,

the coolingtimebetweenCycles1A and 2B causesa somewhatlargerthanaverage

valuefor reactivitylossto be givenfor the firsttimestep in CycleIB. The

overallCycle1 reactivitylossof 10.1$/full-powerday for the two-dimensional

calculationsis about6% lowerthanthe 10.7C/full-powerday calculatedfor the

HPC experimentin three-dimensions(seeRef. 63).

The two-dimensionalreactivityloss is consistentwith calculatedcontrol

rodwithdrawaldistance,however. Figure31 showsthe worthof the controlas-

semblybank as calculatedusing the l/3-coreHPC model describedin Ref. 63.
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TABLEXV

CYCLE-1DEPLETIONS2-DIMENSIONALRESULTS

TotalExposure
(days)

0.0

17.0

34.0

34.0

51.05

68.0

84.95

101.0

CoolingTime
(days) K-eff

0.0 0.98355

0.0 0.97853

0.0 0.97296

94.0 0.97350

0.0 0.96729

0.0 0,96181

0.0 0.95636

0.0 0.05092

Cycle-1ReactivityLoss

Note:@eff= 0.00318used in cents/FPDcalculations.

ReactivityLoss
(Cents/FPD)—

1030

1025

1020

1015
$alU
1.010

1.005

1000

0.995

9.3

10.2

--

11.5

10.2

10.1

10.2

10.1

Solid- Calculation Using One- 7
Third Core HPC Model

x - Calculation Using Cycle-lA
BOC Model + 0.011

I I I
)

1 I I I I
45 50 55 60 65 70 75 60 t

ControlBankPosltlon(cm)

Fig. 31. FFTF controlbankworth (nodepletion).

5
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(A few calculatedpointsare shownusingtheBOC-lAfullcoremodelfor compar-

ison.) Readinga keff value of 0.99670from the graph for a rod positionof

42.6 cm, the initialwithdrawnpositionfor Cycle1, and addingthe two-dimen-

sional calculatedreactivityloss of 0.03263for Cycle 1 resultsin a graph

value of 1.02933for keff. This is equivalentto a rodwithdrawnpositionof

81.0 cm, which comparesfavorablywith the experimental81.3 numbergiven in

the benchmarkspecifications.

Two-dimensionaltransportdepletioncalculationsusing the TWOHEX code

were begun,but time/fundinglimitationsdid not permitcompletion.The first

run of the series,BOC-lA,usingthe two-dimensionalDIF3Dbucklinggavea keff

of 0.99201, indicatinga transport/diffusion“correction”of 0.0086 Ak/k.
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