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Los Alamos Scientific Laboratory, University of California
LoFiAlamos,New Mexico 87544

and

P, B. Hemmig
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ABSTR4CT

A number of experimentshavebeen conducted in the United States
which have servedas benchmarksfor the testing of nucleardata import-
●nt in shieldingapplicationsand in’the validationof shieldingcalcu-
lationalmethods and procedures. Over the past several years, a cooper-
●tiveprogramamong U. S. governmental and Industrial laboratories has
been developed for thu purpose of prov3ding a data base for generaluse
in wtclearcalculations,This wozk hae been coordinated throu,ghthe
Cross SectionEvaluation working Group (CSEWG)administer~dby Brook-
havcnIlationalLaboratoryand haa resultedin the publicationc~fsevetal
version.of an EvaluatedNuclaarData File (ENDF/B). The number of nu-
clidesIncludcclLn the filts~the amountand accuracyof data given for ●

particularnuclida,and tho types of data givanfor a particular nuclid~
have been greutly●xpanciodf~omveraionto versionof ENDF/B. To give ●n
●xampleof particularintamo~ to the shieldingcommuntty,th~ moat r~csnt
varoion will contain37 nuclldeefor whfchcomplstegamma-ray production
data will be provided. The tostin and validationof the ENDF/Bdata is
dom within tha CSEWG by calculating● aaloctedgroupof benchmark●xperi-
mmto$ ●ach of which providae ineightto a particular mpact of the data.
Althou8hthesebenchmarks●ro spaciflcally eelsctod for datu testing,thsy
,U1OO●Qrvt the useful purpomeof validatingthe data proc-oaingccda ●nd
tha calculational deoi~n codoa. Exioting chioldlng ●x,parimmts m~ con-
tinually being Identif!id ●a being cuitable for benchmarks, and new Qx-
psrimento are balngplmumd ~pacificallyfor data ●nd calculationalcode
tootin~. In thitiregard,th~iparticipatinglaboratorioohaw wrked %n
C1OOC coonarattonwith tha United Statao AtomicEnergyCou@.aion, tha
Defmae Nucl@arAgency,●ni othor gova?nmental●~ancioa.

MASTER
*
Wotk parformedund~r the ●u.picosof tha UnitedStat@. Atomtc EnargyC~iaoton ‘



-2-

1. INTRODUCTION

Effectivedesignof shieldsfor fissionand fusion
reliabledata base of neutronand photoncross sections
of calculatlonalmodelingand computation. Independent
two requirementscan seldom
culatea nmdel of an actual
Experhents which have been
to be termed‘tbenchmarks.ot

1

be achieved, and the normal

reactors requires a
and proven methods
validation of these
procedure is to cal-

experiment with a particular data base and code.
selected for thi~ sort of application have come

E. A. Straker’has ider.tifiedtwo generalcategoriesof problemsthat
have been ,scceptedas benchmarks;uamely,integralexperimentsand reference
calc&tions ● Integralexperimentsare orientedtoward nuclear data testing,
●uch as gama ray product’Aoncross sections,or checkinga specific feature
of a calculationalcode,such as a geometry routine in a transport code. Ref-
●rence calculations,on the other hand,are used to verify that the physics
of ● calculationalcod~~is properlycoded. Rather comprehensive lists of both
types of benchmarksa?:egiven in Ref. 1, but in this reportemphasiswill be
placedon benchmarksthat can be used for the testingof nucleardata impor-
tmt in shieldingapplications.

Th data baae which is being developedas a cooperativeeffortamong
gowrnmental aad industriallaboratoriesin the United Statesis the Evalu-
●ted NuclearData File (ENDF/B). This work is coordinated through the Cross
SactionEvaluationWorkingGroup (CSEWG)which 1s administeredby the Nation-
●l NeutronCross SectionCenter (NNCSC)at BrookhavenNationalLaboratory.
A paralld data f~la in tha ENDF/Bformat,but containing data for nuclides
of particularinterestto the U. S. Departmentof Defense,is administered
by the RadiationShieldingInformationCenter (RSIC)at Oak Ridge National
Laboratory. The latestversionof ENDF/Bnow in preparationwill be partic-
ularly●pplicableto shieldingproblemsin that it will contain a) neutron-
imducad saw-ray production for 37 nuclidas; b) decaydata for 825 f~:jaion
product-; ●nd c) completereevaluations of the photoninteractioncrosd sec-
tioas for 87 ●lements. A list of the nuclideacontaininggamma-rayproduction
data ia @ven in Table I.

11, SHIELDINGDATA TESTINGBENCMARKS

~F/B data ●ra constantlybeing checkedthrougha comprahexwivedata
tasting programcarrhd out by CSEWG. In Phaao I data testing,the ●valua-
tiona ●ro checked for ●ccuracy, completenao-,●d uea of Mll experimental●nd
theoretical information. In Phase II tasting, the evaluateddata ma proceeaed
●md umd in calculating cartain integral ●xperiment.which have been spacifi-
oally●alected ● data tinting benchmark. Two types of ●xperlmentacurrently
being used in the shieldinsdata tasting program ●r~ shown in Table II. In
th first typa,●xperiments●re choeenon ● singlematerialbaeio●nd calcula-
ttoma ●re expectedto reveal -pacificdata defichncios. The secondtypeof
up~rimants uoed in Phaaa H shieldingdata teotingconsistsof multi-material
shieldwck-upa. Calculatienaof thaae ~xperlmantenot only Indtcatedefi-
eianciesin the ●valuatednuclaardatao but ●loo providatestsof tha ●ntiro
●higldinecodo ●yrn?em.

9



Of the benchmarks included in
experiments performed at Oak Ridge
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the “single material” types the “broomstick”
National Laboratory are the simP~est to cal-

culate. Basically, these transmission experiments were designed to test total
cross section data for several given samples over the MeV region. In each ex-

periment (see Fig. 1) the neutron sourcewas the oak Ridge Tower Shielding Re-
actor II (TsR). The d~tector was a nominal 5-cm by 5 cm NE-213 scintillator
and samples were placed nidway between source and detector. Care was taken to

collimate the neutron beam and reduce air scattering by proper shielding of all
elements of the experiment.

The calculations of tue various broomstick experiments* consist of fold-
ing the detector resolution function with a transmitted uncollided spectrum
derived from the total cross section of the nuclide under investigation. As
an example of the application of the broomstick benchmarks, results of calcu-
lations using the ENDF/B Version III Fe (MAT 1180) are shown in Fig. 2 for two
sample thicknesses. Discrepancies between calculation and experiment as well
as new measurements on the Oak Ridge Electron Linear Accelerator have led to
rather significant changes in the iron evaluation for subsequent versions of
ENDF/B.

Another set of “single material” benchmarks, namely the Lawrence Livermeza
Uboratory “pulsed sphere” experiments listed as SDTIO in Table 11, has been cal-
culated by ssveral laboratories and has served as a cross-check on codes and meth-
ods in addition to data testing. These experiments have been calculated with con-
tinuous energy Monte Carlo, multigroup Monte Carlo, and Sn methods. The experi-
mental set up is shown in Fig. 3. Neutrons emitted from pulsed spheres were meas-
ured as a functionof time,usuallyat two angles. Measuremmts were made of the
energyspectraleakingthroughthe surfaceof the spherewith a %orninaltt14-MeV
pulsedneutronsourceat the center. Spherethicknessesof 1/2 to 3 tip were em-
ployed. The measured neutron time spectra are sensitive, not only to the magni-
tude of the elastic and inelastic neutron cross sections, but also to the shapes
of the ~econdary energy and angular distributions for incident energeries near 14
MeV. Materials studied include 6Li, 7Li, Be, C, N, O, Mg, Al, Ti, Fet H@s ~zos
CH2, znd CF2. ExampLes of the application of the SDTIO benchmark are sho

?
in FlgaI

4 ●nd 5. In Fig. 4, a calculation perform,?dby LLL27 using the TART code2 is com-
pared with the pulsed sphere experim

!!Y
tal results for nitrogen, and Fig. 5 comp ee

these same reaulta with calculations performed using the Loa Alamos cod’1ANDY36

●nd the Oak RidgeNationalLaboratorycode 06R (unpubli bed),
3

All calcul.ationa
show good agreement for this EN’DF/Bnitrogen evaluation 1 (MAT 1133). For other
materials,particularly heavynuclideo,these●xperimentahave revealeda defi-
ciency in the production of high enargyaocondary neutrons.

Two btnchmarkain Table 11, namely SDT6 and SDT7, wera specifically ●e-
Iacted for checking gamma-ray production croma aaction~ for ●lnglematorlale.
The ●xperimentalarrangementfor the two ●xperimentswas ●eeentiallyidantical
and 10 shownin Fig. 6. The only difference wao tluat15-cmof lithiumhydride,
not ohown in the figure,was placed In tha detectox beam batwaenthe dab and
the detectorcollimator in SDT7. The thermaland fast incidentneutron●pac-
tra wera measured for each ●xperiment,●nd th~ xoaultingphotonswere detected
with ● 12-cmx 12-cmNaI(Tl)datcctor. Calculationsof these ●xperiments n
be ●chieved with an gamma-ray production multigroupin~ code such as AMPX,

3
3!

MINX,33 or LAPHANO.4 Table 111 tilustracea calculation.va ●xperlmentfor

*A code l’BROMSTK’”frc calculatingthe broomstick ●xperiment.with ENDF/Bdata
i- ●vailableupon requestfrom Oak Rid8@Redi~ttonShioldi~ InformationCanter.
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SDT6 and Table IV shows similarresultsfor SDT7. Note that for all materi-
als givenas examplesin thesetables,only the calculationsfor iron (MAT
1180)lie outsideexperimentalerror.

The calculations for multi-materials benchmarks are different from the
single material type in that they can be of a “coupled” type; that is, the
gamma heating calculations are dependent upon prior neutron flux calculations.
Also, the cross section processing Ss much more extensive as such effects of
resonance interference, broadening, and energy and spatial self-shielding
must be taken into account. Finally, multi-dimensionalmodels are often needed
to properly calculate leakage from region to region. There are advantages,
however, in that much of the nuclear data for the various nuclides in the ex-
perimentsis exercised,includingthe elementalphotoninteractioncrosssec-
tionsneededfor the calculationof gamma-raytransport. Also, thesebench-
marksprovidea stringenttest of calculationaltechniques.

.

SDT8 is the ZPPR/FTR-2shieldexperimentperformedby Ar onne National
Laboratory15and HanfordEngineeringDevelopmentLaboratory.18 In that exper-
iment,the Zero power PlutoniumReactor (ZPPR) at the National Reactor Testing
Station, Idaho Falls, Idaho, was luaded to approximate the basic features of
the Fast Test Reactor (FIR): a 1000-liter, two-zone core surrounded by a one-
foot thick nickel reflector and a sodium-steel shield. A cross-sectionalview
la shown in Fig. 7. Various neutron reaction rates were measured, including

239Pu(n,f), and Na(n,y).10B(n,a), 238U(n,f), Gamma-ray heating was studied
using LiF thermoluminescentdosimeter,s(TLD), which were read and analyzed at
Hanford Engineering Development Laboratory.

A eeven-zone, two-dimensional (r-z, cylindrical) model, that has been
used for the calculation of SDT812 and in a previous calculational analysis,l~~14
is shown in Fig. 8. If a two-dimensionalmultig:moupdiffusion code such as
TWODS035 or Sn code such as DOT36 or TWOTRAN,37 or a multigroup Monte Carlo
cade euch as ANDY iS used for the cal ulation, multigroup data processing can

8be achieved with such codes as MC-2,3 ETOX-IDX,39 ENDRUN-TDOWN,40 ETOG-GAM,41
MINX, and AMPX for the neutroncross sections,LAPHANO,MINX, and AMPX for
the gamma-ray production cross sections, and GAMLEG,42 MINX, and AMPX for the
photoninteractioncross sections. If a continuous energy Monte Ca:lo code
such as MCN-MCG43 is used In the analysis, the basicENDF/Bdata can be pro-

1
ccaagdby a co e such a~ ETOPL.44 Samplecalcule:ionsof the neutronpart of
tho axperlment 5 using multlgroup diffusion and Sn theories are shown in Fig. 9
●nd thosa for the photon part of the experiment46 using Sn theory shown in
Fig. 10. Note ir4Fig. 9 that tha agreement of the calculation with experiment
is good ●xcept in tho deep shield region. Improvement here might require more
datailad treatment of the cross eectiondata, includinghigherorder scatter-
ing,●rid/ora moro complexgeometricalmodal of the experiment. As can be
●aon in Fig. 10, the poor calculationof tha neutron flux is also evident in
tho game-ray productioncalculationin the shield. Tha discrepancyshown in
tho dapl,tadzone in FIR. 10, however,ie due to an incorrect eatlmate of the
raaonanc~●alf-shieldingof the gamma-ray productioncroea ooctionein the xQ-
Rion ●nd haa baan complataly ●ccountedfor in ● ●ubaequmt calculation.
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111. EXTENSIONOF THE SHIELDINGBENCHMARKPROGRAM

Although great progress has been made in the CSEWG data testing bench-
mark program in the last few years, the list of experiments shown in Table 11
is by no means exhaustive, and plans are to increase the scope of the program
to provide better testing of both the more extensive nuclear data to be in-
cluded in later versions of ENDF/B and the more sophisticated calculational
approaches being developed in the United States and in the rest of the world.
This objective is being achieved by the specification of new benchmarks from
among the many existing shielding experiments and by the design of new experi-
ments for particular use as shielding benchmarks. In the first category are
additional “broomstick” experiments for stainless steel, calcium, nickel,
chromium, carbon, uranium-238$ oxygen, and neon that need to be activated as
single material benchmarks. Also, there are the sphere experiments for nitro-
gen, carbon, aluminum, and steel performed at Intelcom Rad Tcch47 in which
secondary neutron and gamma-ray spectra were measured at several angles. The
experimental geometry for this experiment is shown in Fig. 11. A high-power
Ta/Al/Se Linac target was used to produce intense 50-nsec (FWHM) photoneutron
pulses. The small test saunpleswith diameters on the order of a neutron mean-
free-path were located at the detector end of the neutron flight path. The
5-cmx 5-cm NE-213 detector used to detect secondary gamma-rays and scattered
neutrons as e function of time (hence inciden~ neutron energy) at several angles
is shown in the fi~ure. A sample of the data from one of these experiments is
shown in Fig. 12. As can be noted from Table II, there are no single material
benchmarks for testing photon interaction data. There are several United States
experlments49~50 that are currently being examined for suitability of applica-
tion in this area.

.

Severalmulti-materialexperimentsare bein consideredfor selectionas
CSEWGbenchmarks. !One exampleis an experiment conductedon the engineering
mock-upof the FFTF. This experimentwas performedat the ZPPR (ZPPR-3)and IS
similarto the ZPPR/FTR-2experimentbut much more extensivein scope. A three-
dimensional model is needed to adequately describe the experiment se calcula-
tions would either have to be done wi~h three-dimensiorialdiffusion theory or
Monte Carlo or “model reduction“ correction factorswould need to be provided
for calculationsin less than thteedimensions. Also, some experimentsrecently
carriedout at the TSR may qualifyan benchmarks. Theseexperimentsincludethe
measurementof gamma-rayproductionin an inconelslab,the FTR first-fission
measurementin storedfuel posltiona,and the controlrod channelstreamingex-
periment.

We now turn to the iwbjectof new integralexperiments. Sweral new ex-
periments●re plannedin the next few years,primarilyto test shieldingmethods.
The distinctionbetweendata testingand methods t%sting benchmarks is rarely
clearcuto However, In planningnew data testingexperiments,one attemptsto
use only one, or at moot a few, materiala,and to minimizethe calculational
●pproximations.In methodstestingbenchmarks,one tries to use materialswith
well-knowncross sectionsin relativelysimpleconfigurations.In both types
of ●xperiment,one aceks to use ●Impl-:well-definedaourceein order to mini-
miza the ●ffectsof sourceuncertainty. Planned●acperhentowhich addreasim-
portantproblem●rea. in FBR shieldingdesignIncludemeasurementsof neutron
deep pmatration, secondary gama=-xay production, game-ray heat%ns, pin stream-
Inu, direct streaming, and cavity &l.:.eamlng.
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Iv. SUMMARY

Considerableprogresshas been made in the United Statesin the last
few years in identifyingspecific,experimentsfor use as shieldingbench-
marks. Thesebenchmarkshave been successfullyappliednot only in the
testingof nucleardata used in shieldingcalculations,but also in valida-
tionof data processing,modeling,and calculationaltechniques. This pro-
gram is being expandednot only to includemore of the existingshielding
experiments,but also to includenew experimentsspecificallydesignedfor
applicationas shieldingbenchmarks.
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TABLE III

PRELIMINARY RESULTS

.’
GAMMA-RAY PRODUCTION ARISING FROM THERMAL CAPTURE

GA~MA ENERGY
lNTERvAL

(Mm]

1.0 -
1.s -
?.0 -
?.5 -
300 -
3.s -
4.0 -
4.s -

“:5.0 -
5.5 -
600 -
6.5 -
7*O -
7.5 -
8e0 -
80S -
900 -
9,s -

1000 -
10*S -

1.s
2.0
2.s
3.0
3.5
400
4.5
5.0
5.5
6a0
6.5
7.0
7*S
8e0
8.S
900
9.5

10.0
10.s
1190

MAT=l180 MAT=l133 MAT=1156
I RON NITROGEN SODIUM

PCT PcT PCT
EXP CALC OIFF Exp CALC DIFF EXP CALC DIFF

126 152 - 21 0.0 0.2 --
455 336 ● 26 30.0 25.9 14.7
99 163 - 65 0.0 O*1 --
152 181 + 19 6.4 S*9 7.8

. 302233 - 30 000 0.7-.——
i 88 194 -120~22.8 2003

-.— -
T82 27r

83 60
25 35

25C’ 151
?55 236

13 7
139 12s

1?80 1268

20 25
83 102

—=---&c O*O 0.0
● 28 13.4 12.4
- 40 43,3 38.7
+ 40 25.2 21.7
& 7 15.2 1403
● 46 0.0 000
● 10 7.8 7.4
+1 0,0 O*O

3.s 3*4
- 25 O*17 ;:;
- 23 1,6

O*O 0.1
000 O*O

11.0 10.0

-0

7,5
10.6
14.9
S*9

-09

2,9

31.3

WT AV DIFF 31 WT AV DIFF 10.9

TABLE IV

PtiF~lMINAQY RESULTS

GAMMA-RAY PR(’Nl(JCTInN FROM A FAST NEUTRON

GAWA FNERGY MAT=llRO
INTERVAL

tMEV)
I I?ON

PCT
EXP CALC OTFF

100 - 1.5
10% - 2.0
?.0 - 2e~
2.5 - 300
300 - 3.s
3.5 - A*O
4.0 - 4.s
4.5 - 5.0
5.0 - 505
5,5 - 6.0
6.0 - 6.5
6*5 - 7.0
?*O - 7*S
7,5 - 1000

WT AV DIFF 15

MAT=1134
OXYGEN

PCT
ExP CALC OIFF

79 90 - 14
76 48 ● 37

143 132 + 8
2S4 232 * 9

76 92 - 21
182 199 - 9

34 1S ● 56
14 3+79
1? ●6 +S0
31 33 - 6

115 118 - 3
0 0 -0

WT AV OIFF 14

—

SPECTRUM

MAT=1156
SOOIUM

PCT
EXP CALC DIFF

k b

59 p ● 97
131 9< + 24

47 37 ● 21
50 60 - 20
22 $ ● 64
15 1? ● 20

7,3 , 9.4 - 29
4,6 1.3 ● 72
2*9 1.0 + 65
3*7 401 - 11

90 80 ● 11 40? 1.S ● 64

55 47 ● 15 2.4 O*3 ● 00

w

WT bv OIFF 13 WT AV f)IFF 40


