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ABSTRACT

A new covariance analysis of n+7L.i cross section data has
been completed for Version VI of ENDE/B. The analysis
updates our 1981 work for ENDF/B-V.2 10 include new data
that has become available since thit time and to incorporate
crass comrelations between different experiments. ‘'he bulk
of the new measured data consists of some 10 new (or
newly revised) tritium-production measurements involving
about 70) new data points. The new analysis results in only
small changes in the previous evaluation of the tritium-pro-
duction cross section but significantly reduces the magni-
tudes of uncertainties due to the more extensive and accurate
data base that was used. A two-dimensional sensitivity and
uncertainty analysis of the L.ithium Blanket Module expeni-
merds at the LOTUS focility was performed in order 1o as-
sess the effects of the new 71.i cross sections on tritinm
breeding uncertainty in a realistic system,

INTRODUCTION

‘The major interest in 71i for fusion energy applications
results from its potential use as a breeding material for iri-
tiar ! Additionally, becanse lirge 1mounts of 71.i will be
required in fusion blankets for this pumpose, it is important to
accurintely describe all neutron-pradacing reactions for neu-
tromic calculations, as well as charged-particle- and y-ray-
producing reactions for encrgy deposition studies. There-
tote, wlile th- disenssion in this paper is focussed on the
Tty reaction, the other major 14711 reaction channels
arealso consulered.

hu 1981 amajor re aualysis ot 71 data was completed
lor Revision 2 of ENDE/B-V.4 Tt analysis resulted in a
unyor change wthe 7tam,u't) cross sectian near 14 MeV,
waniely, the cons section wats decreased 9% relajive o the
previaas ENDE/R-V evaliton. Since that tinw, a numiber
ut new neasurerients, ueinly of tntinme production cmss
sectonts, elaste scatermyg auguliar distributions, and uen-
ton erssion spectri, iave bheen conpieted. Consequenly,
4 new evaliation of ws /L cross sectuon and covariance data
s been perfonnied Tar Version V9ot ENDE/R w reflect the
acw mfmusitioa ntthie expetanentil data hise,

A twn dimensionsl sensinvity md ancertainty smlysis
wats petfuanied morder wassenss the ellects ot the new 71
cross sectons on g clenlational imalysis of it reeding
narealisoe systenn The Lithinnm 1thnteet Mondule t1IINY)

experiments at the 1.OTUS facility? were selected lor this
analysis, primarily because the experiments are well charac-
terized and representative of fusion reactor blanket concepts.
This analysis only includes the effect of changes in the cross
sections and associated covariances, because the final evalu-
ation of energy-angle correlated neutron emission data for
Li is not yet complete for ENDF/B-VI. We expect. how-
cver, thiat incorporation ~f the final Version VI emission
spectra will only slightly modify the present results,

NUCLEAR DATA EVALUATION
Analysis Description

As was the case with the ENDF/B-V.2 evaluation, co-
viriinee analyses have been performed of each of the major
u + 1.1 cross-section types lor which experimental data ex-
ist. ‘T'he GLLUCS code system? was utilized 1o determine
evaluated energy-dependent cross sections and covariances
for each reaction type trom inputted experimental cross sec-
tions with their associated uncertainties and correlations. In
addition to energy-depeadent correlations within individual
experiments, cross correlations between ditferent measure-
nients from common tlux standards and half life in tritium-
counting experirnents were included. The results of the
GLUCS analysis were conibined using the ALVIN cixle,?
under the constraint that all panial reactions sum to the w1l
vross section, with full account being taken of all cavari-
ances from the (1L.UCS analysis.

tJsing a constant 49-point energy grid, independent
cavariice analyses were “arried out with GLUCS for the
tollowing tour reactions or combiniitions of reactions:

totl cross sectiun;

cliastie plus (1,ng’) cross section to the lirst
cxcited stite of ‘Li;

1, 'y i pnxduction crass section;

Jo0 2w plas (L 2ad) plies (n, 3np) plus (i)
Crosy sections.

b -

Reactions (1)-(4) inchude all the partial reaction awd
seittering cross sections tat imast sua o reaction (1), the
total crovs seeaon. The datadpstnent code, ALVIN, was
then used to combine the cross sectnony sid covirniners
o the imdepedent GLUC'S mnlyses, widar the constrm
it gy gy + gy b ay . The resulis onthe 19 point enerpy
prd were sumothed, where necessiny, an tit wil sphine
cmves tor the tusl evilaned results,



In addition 10 the above cormbined analysis, the
individual 7Li(n,n) cross sections to the first and second ex-
cited states of 7Li were obtained from separate GLUCS
amilyses of the individual reactions. Because the (0.478-
MeV first excited state of 7Li is bound, the experimental data
base for the /L.i(n,ny) reaction consists mainly of (n.ny)
nicasurements, The sccend excited state at Ey = 4.63 MeV
is unbound by 2.16 MeV, and direct measurements of in-
elastic neutrons are available for the (n,n7) reaction.

To perform the above analyses, it was necessary to
obtain covariance matrices for each experimental data
measurement, In many cascs, sulficient information was
availiible to infer the correlat,ons in the experimental data,
and occasionilly the correlation mairices were even provided
directly by the experimenters. For several measurements,
however, it was necessary to make simple generic assump-
tions regurdirg the correlations present in different types of
experiments. For example, modern total cross-section mea-
surcinents were generally assumed to have a normalization
uncenainty of the order of 0.3-0.5% due 10 sample thickness
and composition uncertainty. Greater normalization uncer-
tainty was assumed for older measurements. The final
GLUCS/ALVIN cross sections were not found to be highly
sensitive to the exact assumpotions made, although i1 was ob-
served that signilicant overestimates of correlations can dis-
tort results, especially in energy regions where measured
data were scurce.

A simple error-doubling procedure was followed for
meiasurements that differed by more than two standard
deviatians from wrial ressits from GLUCS. That is, if the
results from a particular experiment differed from the
GLUCS combination of atl other experiments such that
x¥/point was greater than 4, then the uncertainties on all the
data from it expeniment were doubled. Such a procedure
wirs nieeessary for sorie 10 experiments out of the 50 used in
the analysis. 1t should be noted that some 7 of the 10 ex-
periinents with donbled errors were reported prior to 1965,
The wncertinties on (more recent IMeasureients were gener-
ally found to be more self consistent.

Lixperisinental Dot

Al availate experimental data for which 1easonable
crior estinies were feasible were ineluded in the GLUCS
amtlyses. A totad of somie 1400 experimerntal data points
were consilered, althonpl: the inal 3200 towal cross section
ponits were siveraged down to about SO0 points in order to
siinplily the aualysis. The new experiniental data on tritinm
poyductuon® 4 completed or revised since the previous
ENDI/ V.2 analysis, are siunmarized in Table 1. Other
new experimental data imchided in the analysis were the
chistie cross seetion results of Cluba et al ,'2 Shien et al 13
Altnncukov et al !0 and Drosyg et al .t a new 14 MeV
a2 cae poing from the work of Clirha et al, and new re-
aalts an the () cross secton from Cluba et al,, Drosg et
al, Schumdt et al M and Dekempeneer ad Liskien. Y

The ouly experunental data avalable in the cluerpy
rimpe 1620 MeV e the tital and (') cross sectis,
fherelome, e oudr o e an seenniite sepaition of the
[t cens sections at these enerpies, i optical wialel
o was petonmed covermg the eneny tnge 1020
MoV The elaae gl disiiibneon wmeasimentents ol

Hogue et al 20 and Shen et al.,!S wyether with an average of
the total cross section measuremeats?! from 10-20 MV
were fitusing the SCATOPT sphierical aptical model code. 22
The results were nsed to compate elastic crass sections from
15-20 MeV for inclusion in the GLUCS/ALVIN analysis.

Ve .

The total cross section that resulted from the analysis is
compared in Fig. | with white nemtron source measure-
ments2! between 2 and 18 MeV. The evaluted curve wirs
obtained by passing a spline carve directly through the
ALVIN results on the 49-poirt energy grid. The resulticy
curve is virtually indistinguishable from aur earlier ENDI/I-
V.2 evaluation, which is not sarprising as the same total
cross section data base was nsed in both analyses.

The (n,n't) cross sections that resulted from the
ALVIN analysis were not as smoorh as the tota} cross sec-
tion, primarily because of the smaller and less vonsistent ex-
perimental data bise that went into the (a,n't) analysis, so
some smoothing of those results wias necessary. ‘lne
smoothed results are compared in the left half of Fig. 2 1o the
experimental {n,n't) data® 4 that have been obuained since
the ENDF/B-V .2 analysis, as well as to the older measure-
ments23 (right half of the figure) and 1o the earlier ENDF/13-
V.2 analysis2 (dashed curves). Clear'y the tritium-produc-
tion cross seciion from the present analysis differs only
slightly from the 1981 eviluation. Ihe new results lie higher
than the earlier analysis between 6 and 10 MeV., fall soe-
whit lower ubove 15 MeV, and are within -1'% near 14
MeV. It should be noted, however, that the coviinance na-
trit for the (n,n't) reaction is changed substantially. In par-
ticular, the standard deviations are signiticanily reduced he-
citus2 of the additzonal data in the analysis. A tatal a -
tainty of abont £2.1% is obtiined lor the 14-15MeV e m
as canipared o -4'% for ENDE/B-V 2,

The results for the elastic cross section are compared in
Fig. 3 to the available experumental daca basel3: and o ihe
ENDE/B-V.2 evahiiion. The new analysis represents the
experimental data quite well and difTers only slightly from
ihe earhier evilination,

Finally, the 7Li(nay) and 7Vitung) cross sections tis
result froni the independent G1LUCS analyses are compared
w expermental diata and o ENDE/D-V.2 in Fags, 4 amd 8,
respectively  The new (i) results are wdenuca! with the
carlier evalaition becaisse the sinne experimental datit ise
wis nsed. The new (n.np) evaluation hies higher tun
ENDE/B-V.2 at nentron energies below 10 MeV aml Lalls
lower at Ligher neatron energies, primurily reflecung the i
flnence of the new Dekempeneer and Liskien™ it and the
Gt du a covarianee malysis was not esed for the ()
reacuon in ENDE/B.V.2

SENSITIVITY AND UNCERTAINTY ANALYSIS
FOR THE 1.BM/LOTGS EXPERIMENTS

The Lithunn Blanket Module (1.BM) wis constineienl
ton testing on the Tokanutk Fasion Test Reactor ¢4 71
Wath e delay nomdertakmp DT operiation of THER, e was
decided that the TOTUS Lty at the Eeole Mfolytes e
Federale de Liasame i Swizerkid th PRy conlil prosande
anextrenicly vahalde resolniion of hasie techimlig ol
nerEnnies e beaon teector blanket phivacs ™ T he
soanee lor the TOTES expermnens has welldetimed pana



and spectral distnibutions with a potential for high accuracy
analysis. The LBM has both realistic fusion blanket
materials and a realistic blanket configuration. [t has been
designed for detailed experimental analysis of tritium
brecding and neutron flux spatial/spretral distributions. It
is approximately a cube with 80-cm sides, and the breeding
material is 1.i20. LiaQ pellets are placed in the leading 60 an
of stainless-steel rods (tl:e back 20 cm of each rod is solid
stuinless steel) which are are arranged in an hexagonal armay.

A collaborztive Los Alamos/Paul Scherrer Institug
(Switzerland) effort is underway to analyze the
1.OTUS/1.BM experiments being performed by EPFL..  The

B hee s pomeg
BEST AYAWLALL L LiPY

gouls of the analysis are first, to investigate the accuracy of
the most recent nuclear data on the part of the 1J.S,
(ENDF/B, versions V and V1) and the Enropean Commu-
nity (JUEF-1/EFF); and second, the adequacy of the comnion
I-, 2- and 3-D nentron transport and |- and 2-D sensitivity
and uncertainty niethods.} As part of this effort, a detailed
cross-section sensitivity and nncertainty analysis has been
pertormed for experiments using the Hhefely Neutron Gen-
eritor (1ING) with the 1.BM, both bire and preceded with
lead sind beryllium multiplier plates.26 In the wark reported
here, the sensitivity and and uncertainty amilysis was re-
peated for the bare LBM using only the new 7Li crass-sec-
tion evaluation.

Table . Summary of new 7Li(n.n't) cross scction measurements since conipletion of the 1931

ENDF/B-V.2 evaluaton.

Lnergy Range

First Author and

Covinance

26 499-16.03 Liskien, Geel Cuarrelatons inferred
| 14.9 Maeckawa, JAERI R
| 14.74 D.L. Smith, ANL Correlatians with 1981
measurements supiplied
Ya 13.31-14.88 Mackawa, FNS(JAERL) Correlations estimated
Yb 6 13.40-14.79 Mackawa, Tokyo Univ. Cuarrelations estimated
10 12 13.35-14.8) Takahashi, Osaka Univ. Correlanons estnuited
1 | 14.94 Goldberg, [LLNL
12 } 5.10-14.2 Chiba, Tuhoku Usiiv. Correlations inferred
13 8 4.57-14.1 Swinhoe, [larwell Revision of 79 meas-
nureinents & caviriinees
1.4 6 7.945-10.48  Qaim, Jiilich Cuarreladons inferred
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Figure 5.  Evaluated and measured!2.18.19.23 cross sec-
tions for the 7Li(n,112) reaction to the 4.63-MeV second ex-
cited state ¢ 7Li. The dashed curve represents the ENDF/B-
V 2 evaluatiun,

Y e lnal evaluation of energy-angle correlated neutron
emission data for 7Li is being pertorined by Beynon?7 using
a sequential breakup model. As that work is not expected to
he comple: - until the end of 1988, an interim version of the
ENDE/B-V! 'Li evaluation wis constructed for the presemt
senasitivity and uncertainty aralysis, In particular, a complete
ENDFE-fonmatted file was constructed that fully reflects the
new cross section and covariance results descrnibed above
and that utilizes the same neutron spectrum shape as Version
V.2. The inain diffcrence between this tile and the evenuual
LENDI/R-VI evalinition is that the excitation energy binning
techinigue used for Version V.2 is employed here to describe
uentron ¢inission spectra rather than the energy-angle corre-
Lition torimat (1ile 6) that will be used in the final evaluation.

The trinsport and reaction cross sections were obtmned
frow liliraries in the MA'TXS8 187 -nentron-group tormat, 38
MATXSBA, a library coutaining 31 isotopes and
MATXSRE, contining 21 isotopes, and hased on ENDI/RR-
V cvalaations were ased for all inaterials except the new /1
evalinon. A special single-nuchde MATXSE Tonnatted li-
hiary wics prepared for the vew 71 evaluation data,

Neutron spectrit (187 group) were calenlited Tor ten
reious of a three ditnensional niadel of the 1.BM using the
Monte Carlo code MCNP.29 The transpart and rescton
cross-section ditg was collapsed into wie 7-4 - rentran group
stinctire of the COVEILS- 230U covarianee data hibary as-
my the caleulated nentrou spectri. The generation of the
collapsed wansport hbriaries T'rom the MATXS hbraries was
aceonplished with e code TRANSX IR 8

COVEILS - s a hbrary of munlugionp aention cinss
WO, sGHteHng nLrices, sid  covinaanees Gecertinies
andd their correliatirasy, The Dhaaternlds mc-hided mthe tist
verston of COVEILS 2 e N 000, 71, e, wigee ) Uy
togy, DUNG, STAL 0alS wakepoa e SGENG . i)y,

COVFILS-2 was produced using various modules of the
NJOY nuclear data processing system. 3233 ¢ is lurgely
based on data evaluations trom the ENDF/B-V library, al-
though some  niinor coirections and improvements are in-
corporited.  in cases where the covaruince evalumion iy
missing (as in the case of Be) or}'udgcd 10 be inadeyuate,
private Los Alamos evaluations are eniployed. The 74-
group structuie was chosen for compatibility with the
extinsive, general-purpose MATXSS 187-group libriary
which was produced including scattering reactions for which
covariance eviluitions are avalable. A speciul single nuclide
library (COVEILS-4) containing the covariance data for the
new ’Li evaluation was prepared using the NJOY system.
This dawa library was incorporated into COVFILS-2 tur the
calculations reported here.

Neutron transport calculations were peitormed with
TR1SM,35 a computer program for solving the two-dimen-
sional neutral particle transport equation in rectangular (x-y)
and cylindrical (r-z) geometries using triangular finite ¢le-
ments within a general domain having curved or other
nonorthogonal boundaries. The code SENSIBLI6 was used
to perform the cross-section sensitivity and uncertainty anil-
yses. The algorithms used are based on first-order general-
ized perturbation theory. SENSIBL is coupled to TRISM
and ONEDANT?37 via interface files. The forward and ad-
joint angular tluxes as well as the geometry from TRISM (or
ONIDANT) are transferred as input to SENSIBL on these
files.

In the maodel of the HING/LLBM used for the cialcula-
tians with TRISM, all of the reciangular geometry of the
LM and 1ING was represented by equivalent r-z geomeiry.
The Haefely neuwtron source was positioned 10 ¢m tfrom the
front of LBM on its axis. The HNG has been modeled Tor
several studies in both two- and three-dimensions: 38.3Y the
HING was inodeled for TRISM using 44 bands and iis many
as 11 material regions per band.

The 1.BM wis subdivided along the axis into 28 bands, one
i the grill plate, 22 in the 1.i20) ieeding zone and § in the
rellector. Inthe radial direction the zones are Lix(), cludding,
the couling chanaei, one zone with homogenized 1,120 !
chidding, and oue zone with homogenized 1.ix(), claddig
and cooling channels. The Plexiglas surronnding the the
L.BM was onnted tar siniplicity. 1n the axial direct'nu the
sones were subdivided mto regions between (.23 o 10.73
and 4073 1o 60.23 cin for the precalculation of weighting
spectri with MCNDP. Al TRISM turward and adjomt caien

Litions were pertormed w the 74-uentron-gronp structinre
with a 115y approxinition and converged to within 103,
The forwird sonrce was disiribeated in the copiper rogion of
the Hacetely generator asig a Cassian ='ape on tee copper
smbiice rcl)rcsc:nmg the urget area. A calealated somree
spectrr® was distnbated into the appropriate Gnue high

est) energy gronps. The adjomt sourees for the tive dererior
1cgions were spec-lied as e nicroscopie trimn production
vrnss section Tor lithinan in the i) detector volimes.  The
LBM calenlavonal moded is shown schenatically m Fip o,
Fhe zone destgaittions are as Iollows: Tand 2, 1o, Gl
A4, stndess sweel chudding; 9 aml 0, homwopemzed st amd
chhbug; a8, homogemzed oy Lddoge, and sonl, 9,
prdl plate stimless stee); 10 eecton steel; and 1 etheoun
sectwith viand,
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Iigure 6. Matenl divisious and detector regions specitied
i the TRISM geonietry maodel for the 1. BM.

The goal of the cross-section sensitivity and uncer-
tinty analysis is to detenmine the uncertuinties of a calenlated
response tinction, tritiutm praduction per source helitron
frot lidiinm, In the analysis reparted licre, the uncenanties
in the calenlated witimm production at five different positious
along the cantral 1,10 rod in the 1.BM (see lig. 6) were
canpuited nsing SENSIBLL. The detector region mid points
are st 1.0, 15.75,29.0, 4325, and 38.25 ¢ alaug the cen-
wat rod Irom the reir of the grill plate,

Por each of five investigated positions mentioned
above, an adjoint clenlation with TRISM was perfonned
usitig the acroscopiiv ritimn production cross section as the
aljoint sonree, To clicek the consistency ol the torward i
adjomt calenbitions, & comparison wis made between the
titn production per soarce nentron computed i the for
ward mode Tor the detector region « (D R> and the corre
spondungy value computed as an imepral over she TING
sapeer epeon ol e poslnet of the Torward soee ad the
aljom i tor it detector - 8,040 Pertaration theory
predicts thar the niner product relatouship DR -
<S5 Shendo olds The vesualts of tins compaiison are
pvena Fabile 2

Tulile 2. Comparison of the inner products of the forwird
<D R> and adjoint <8 t1D*> calculatons tar each
1.BM detector region.

Relanve ditference
lietween inner
products (‘)

LM

Detector

Region 7.i(v5.2) 71.itv6)
I 0.543 0.588
2 0.344 0.342
} 0.022 0.021
4 1.093 0.098
5 0.070 0.066

A total of ten SENSIBL calculations were n:q’nircd for
the sensttivity and uncertainty analysis; five for the /1.i(v5.2)
calculations and five for the 'Li(v6) calculations. These cal-
culations required as input the forward (tw. sets) and adjoint
(ten sets) angular fluxes calenlated by TRISM. In the calcu-
Lations for 71.i(vS5.2). the MA'l' number 1397 was specified
for this nnclide in COFVILS. 2 while the number 37 wis
specitied for TLi(v6). The response input was the nuicro-
scopic tritium production cross section tor natural lithitm in
Li20 collapsed from 187 1o 74 groups using the weighting
spectra caleulated for the region in which the detecion volume
was located and including the appropriate 7Li cross section.

A possible large source of uncentainty in the calculated
response is the cross sections for the copper in the 1ING.
Because this material is not available in COVIFNLS-2 and
since aliminum is not a 1HING/LLBM naaterial, 27 Al wis sub-
stitited for MAICY in the SENSIBL calcalations. With some
knowledge of the relative covariance data for "Cu and 27Al
Crogs seetons, an estinite cian be naide of the cantiibution to
the uncertainty in the calculated response from copper cross
scetions,

The contributions to the nnceruiinty in the cilentated
tritimn prodaction in the live LM detector volunies cilen-
lated with SENSIBL are given in Table 3 tor all of the n-
erialy preseut which have dat in COVIEINLS-2, Matcnaly
used in the calenbion which did not hiive data on
COVEILS-2 are 08, 103, vk, SNy, oatey, ey, onyy
and 90, inall cases except copper, these are thce con-
stitnemts. The effect of the new 71 evalution is o subsi-
tlly reduce the contbation o it prodacting uneer
Gty Tronn 70 data me the inmer -most zoues, the overall m
i prodoction nncerimy is reduced by - O-8% nnthe two
mmer zomes, snd 7Liis o lowger the dommant sodree of un
ety nithose zones.



‘Table 3. Contributions to the Uncertainty in the Calcuiated
Tritinm Production per Source Neutron Using
TLi(v5.2) and 7L.i(v6) Cross-Section Fvaluations.

LBM detector region
b

L 2 3 4 5
Matenal TLi Cross Relative stuidard daviaton (%)
Secnon

Uy Nev2 2 04 02 01 o

vt 22 04 02 0l o0

by i vy 3 28 15 06 13

TLi-vt 31 28 1S 06 13

TLi TLi-v2 t1s 109 87 74 K0

TLive 22 51 68 67 79

nale Tiv2 .07 03 02 01 0l

TLi-vt .07 03 02 01 01

160 Liv2 29 90 114 130 135

TLivek .29 49 L14 129 135

nalcy, Tiv2 87 21 18 13 13

12741 vl 87 27 18 13 13

natcy Tev2 08 16 18 23 103

vt 08 16 18 22 10

milEe Ttiv2 8BS 35 31 30 55

i-vt 85 35 R 30 .55

naiy; Ti-v2 4 11 12 13 14
v 04 0 a2 13 4

Total Ttava 179 152 1.S1 tSss 197

Tavt 133 117 140 152 197

SUMMARY

The 71.i cross sections and covariances for the
IENDIE/B-VI evaliiated dama file have been impruved uver the
previons evilluation by consisleratiun of new experimental
data since 1981 in a covariance analysis. The usefulness of
this type analysis is highlighted by the fact that the resulting
TLitnar't) cross section ditTers little from that of the previous
covirrianice analysis, despite the availability of auch more
accnnite aud cousistent data. ‘The major impict of the new
wmeasureitients on the evaluaton is w signiticantly reduce
meertaiaties in the evilited data id to nuprove the associ-
acd covarninees,

The effects ol the new ’Li evaliation were assessed by
performing a detiailed seusitivity and nmncerimy mnlysis of i
HINCG/L DM e, livst nsing the prior ENDIF/B-V.2 evilu-
aton nid dien sulistitnting the new interiim ENDE/B.VI
evithuion into the amalysis. The nutin result of the uew
evitlmtion is o significantly reduce the imeertiiny i tritmm
prowdiction dee to 'Linkat in the imer most zones ol the
calenblitions. Bedase ol the reduction w unceriiinty frn
the TLi i, the need fTor unpraved accaricy i data lor other
wraernls sucinas 100, @nCEaud 9% e iy apparent.

ENDI/B-VI eviluations for other fusion materials are
described in another paper at this conterence. 4!
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