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ABSTRACT

A new covariance analysis of n+'Li 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 that time and to incorporate
cross correlations between different experiments. The bulk
of the new measured data consists of some 10 new (or
newly revised) tritium-production measuremnents 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
dara base that was used. A two-dimensional sensitivity and
uncertainty analysis of the Lithium Blanket Module experi-
ments at the LOTUS facility was performed in order o as-
sess the effects of the new 7Li cross sections on tritium
breeding uncertainty in a realistic system.

INTRODUCTION

"The major interest in 7L.i for fusion energy applications
results from its potenuial use as a breeding material for iri-
tium.! Additionally, because large amounts of 7Li will be
required in tusion blankets for this purpose, it is important o
accuritely describe all neutron-producing reactions for neu-
wonic calculations, as well as charged-particle- and y-ray-
producing reactions for encrgy deposition studies. There-
tore, while th - discussion in this paper is focussed on the
TLatn,n'y) reaction, the other major n+71.i reaction channels
are also consudered.

In 1981 a major re analysis ot 7Li data was completed
for Revision 2 of ENDI/IB-V.2 Thet analysis resulted in a
maor change in the 7Litn,n1) cross section near 14 MeV,
namely, the cross section was decreased - )% relaiive 1o the
previous ENDE/Z-V evaluation. Since that time, a number
ol new measarements, nunnly of tritium:production cross
sectons, elastie scanernmng angular distributions, and neu-
tron emission spectra, have been conipieted. Consequently,
a new evaluation of n+ 'Lt cross sectuon and covariance data
hias been performed for Version V9ot ENDE/R 1o reflect the
new mformtion i the experoental dat base,

A two dimensional sensituvity and uncertainty analysis
was petoaned i order o assess the ettects of the new /1.
rasy sectons onacadcutational analysis of tntinm bieeding
i realste system. The Pathium Blanket Module (11IM)

experiments at the [LOTUS faciluy3 were selected for this
analysis, primanily because the experiments are well charuc-
terized and representative of fusion reactor blanket concenpts,
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 darta for
TLi is not yet complete for ENDF/B-V1. We expect. how-
ever, that incorporation <f the final Version VI emission
spectra will only slighily modify the present results.

NUCLEAR DATA EVALUATION
Analysis Description

As was the case with the ENDF/B-V.2 evaluation, co-
vuri;!ncc analyses have been performed of each of the major
n + il cross-section types for which experimental darta ex-
ist. The GLLUCS code system? was utilized 1o determine
evaluated energy-dependent cross sections and covariances
for each reaction type from inputted experimental cross sec-
tions with their associated uncertainties and correlations. In
addition to energy-depeadent correlations within individual
experiments, cross correlations between different measure-
ments from common tlux standards and half life in tritium-
counting experiments were included. The results of the
GLUCS analysis were combined using the ALVIN caode,’
under the constraint that all panial reactions sum 1o the total
cross section, with full account being taken of all covari-
ances from the GLUCS analysis.

Using a constant 49-point energy grid, independent
coviariance analyses were carried out with GLUCS for the
following four reactivas or combinations of reactions:

total cross section:

elasuc plus (n.ng') cross section 1o the first
excited state of Li;

1, (n,n'y tntum-prixduction cross section;

4. (n.2n) plus (n,2nd) plus (n,3np) plus (na)
CrOss sections.

b >—

Reactions (1)-(4) include all the partial reaction and
sciftering cross sectioms thiat must sum to reaction (1), the
total cross seenon. The data adjustment code, ALVIN, was
then used 1o combine the cross secniony and covanances
trom the mdependent GLUCS analyses, under the constrnt
that ¢y =gy + gy + ay. The results on the 19 point encerpy
pnd were smoothed, where necessaty, anec tie with spline
curves for the fimal evalaated results,



In addition 10 the above cornbined analysis, the
individual 7Litn,n) cross sections to the tirst and second ex-
cited states of 7Li were obtained from separate GLUCS
analyses of the individual reactions. Because the ().478-
MeV first excited state of 7Li is bound, the experimental data
base for the 'Li(n,ny) reaction consists mainly of (n,ny)
measurements. The secend exciled state at Ey = 4.63 MeV
is unbound by 2.16 MeV, and direct measurements of in-
elastic neutrons are available for the (n,n2) reaction.

To perform the above analyses, it was necessary to
obtain covariance matrices for each experimenial data
measurement, In many cases, sufficient information was
availuble to infer the correlat,ons in the experimental data,
and occasionilly the correlation mairices were even provided
direclly by the experimenters. For several measurements,
however, it was necessary to make simple generic assump-
tions regurdir.g the correlations present in different types of
experiments. For example, modern total cross-section mea-
surements were generally assumed to have a normalization
uncertainty of the order of (.3-0.5% due to sample thickness
and composition uncentainty. 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 assumptions made, although it was ob-
served that significant overesrimates of correlations can dis-
tort results, especially in energy regions where measured
data were scarce.

A simple error-doubling procedure was followed for
measurements that differed by more than two standard
deviatons from nal resuits from GLUCS. Thae s, if the
results from a particular experiment differed from the
GLUCS combination of ail other experiments such that
x2/point was greater than 4, then the uncentainties on all the
duta from that expeniment were doubled. Such a procedure
was necessary tor some 10 experiments out of the 50 used in
the analysis. It should be noted that some 7 of the 10 ex-
periments with doubled errors were reported prior to 1965.
The uncertainties on more recent measurements were gener-
ally tound w be more self consistent.

Lxperinienty Data

All availahle experimental data for which teasonable
error estimates were {easible were included in the GLUCS
amalyses. A totul of some 3400 experimental data points
were considered, although the imrial 3200 total cross section
points were averaged down to about 500 points in order to
simplity the analysis. The new expermental data on ritium
production,® M completed or revised since the previous
ENDEF/B V.2 analysis, are summarized in Table 1. Other
new experimental data included in the analysis were the
clastic cross sectian results of Chiba et al, 12 Shen et al 19
Altnnenkov et al, ! and Dresyg et al. !/ anew 14 MeV
(n,2n) data point from the work of Chiba et al., and new re-
sults o the {nung) cross sectuon from Chiba et al,, Drosg et
al, Sclunudt et al '™ and Dekenmipencer and Liskien. 1Y

The only expenmental data avalable in the cnerpy
range 16 20 MeV e the total and (n,n'y) cross sections,
Theretore, i onder o perit an accarate sepatation of the
il cens secttons at these encrpes, an optical model
analysis way perdonmed covenny, the encrpy tange 10 20
AMeVo The elnue anpulae distbuvon measurements of

Hogue et al. 20 and Shen et al 15 together with an average of
the total crosy section measurements2! from 10-20 Mev
were tit using the SCATOPT sphencal optical mode! code .22
The results were used 10 compute elastic cross sections, from
15-20 MeV for inclusion in the GLUCS/ALVIN analysis.

v: .
The total cross section that resulted from the analysis is
compared in Fig. 1 with white neutron source measure-
ments2! between 2 and 18 MeV. The evaluated curve was
obtained by passing a spline curve directly through the
ALVIN results on the 49-poirt energy grid. The resultiig
curve is virtually indistinguishable from our eartier ENDIY/B-
V.2 evaluation, which is not surprising as the same total
cross section data base was used in both analyses.

The (n,n't) cross sections that resulied from the
ALVIN analysis were not as smooth as the toral cross sec-
tion, primarily because of the smaller and less consistent ex-
perimental data base that went into the (a,n'1) analysis, so
some smoothing of those results was necessary. Tne
smoothed results are compared in the left half of Fig. 2 1o the
experimental {n,n't) data®-14 that have been obtained since
the ENDF/B-V .2 analysis, as well as to the older measure-
ments23 (right half of the figure) and to the earlier ENDF/B-
V.2 analysis? (dashed curves). Clear'y the tritium-produc-
tion cross section tfrom the present analysis differs only
slightly from the 1981 evaluation. The new results lie higher
than the earlier analysis between 6 and 10 MeV, fall some-
what lower ubove 15 MeV, and are within =1% near 14
MeV. It should be noted, however, that the covanance ma-
trir for the (n,n't) reaction is changed substantially. In par-
ticular, the standard deviations are signiticanily reduced he-
causz of the additional data in the analysis. A ol a- -
tainty of about £2,1% is obtained for the 14-15MeV e n
as compared 0 -4% for ENDF/B-V 2.

The results for the elastic cross section are compared in
Fig. 3 10 the available experimental data base23. and io the
ENDE/B-V.2 evaluation. ‘The new analysis represents the
experimental data quite well and differs only slightly from
the earlier evaluation,

Finally, the "Li(n.ny) and "Li(n.n3) cross sections that
result fvom the independent GLUCS anilyses are compared
to experunental data and o ENDE/B-V. 2 in Figs, 4 and S,
respectively  ‘The new (n.ny) results are wentical with the
carlier evaluation because the same experimental datit base
wias used. The new (n.np) evaluation hies higher than
ENDE/B-V.2 at neutron energies below 10 MeV and talls
lower at Ligher neutron energies, primarily reflecung the in
tfluence of the new Dekempeneer and Liskien! daa and the
face that a covariance analysis was not used for the (n,n))
reacnon in ENDE/MR-V.2

SENSITIVITY AND UNCERTAINTY ANALYSIS
FOR THE LBM/LOTUS EXPERIMENTS

The Lithim Blanket Module (1LBM) was construeted
tor tesung on the Tokamitk Fusion Test Reactor LRy 7
With a delay inundertakang D) T operation of TEFTR, 1t was
decided that the LOTUS faciity a the Feole Polytechnigne
Federale de Lausanne in Swizerland (8 PEL ) could provude
an extremely viluable resolution of basie 1echnolopi al
uncertinues s tusion eector hlanket physos ™™ The
sorree tor the LOTES experiments has well detimed spanal



and spectral distributions with a potential for high accuracy
analysis. The LBM has both realistic fusion blanket
materials and a realistic blanket configuration. It has been
designed for detailed experimental analysis of tritium
breeding and neutron flux spatial/spectral distributions. It
is approximately a cube with 80-cm sides, and the breeding
material is Li20. Li>Q pellets are placed in the leading 60 e
of stainless-steel rods (the back 20 cm of each rod is solid
stainless steel) which are are arranged in an hexagonal array.

A collaborztive Los Alamos/Paul Scherrer Institut
(Switzerland) effort is underway to analyze the
LOTUS/L.BM experiments heing performed by EPFL..  The

RO e E s frrmeA
BEST AVAILALLL LUPY

gouls of the analysis are first, to investigate the accuracy of
the most recent nuclear data on the part of the U.S,
(ENDFE/B, versions V and VI) and the Evropean Commu-
nity (JEF-1/EFF); and second, the adequacy of the common
I-, 2- and 3-D neurtron transport and 1- and 2-D sensitivity
and uncertainty methods.} As pan of this effort, a detailed
Cruss-section sensitivity and uncertainty analysis has been
performed tor experiments using the Haefely Neutron Gen-
eriator (HNG) with the LBM, both bare and preceded with
lead and beryllium multiplier plates.26 In the work reported
here, the sensitivity and and uncertainty analysis was re-
peated for the bare LBM using only the new 7Li cross-sec-
tion evaluation.

Table 1. Summary of new 7Li(n,n't) cross section measurements since completion of the 1981

ENDF/B-V.2 evaluanon.

Energy Range

First

Author and

Covanance

. hmmm -

26 499-16.03 Liskien, Geel Correlations inferred
| 14.9 Mackawa, JAERI -
l 14.74 D.L. Smith, ANL Correlatiors with 1981
measurements supplied
9 13.31-14.88 Maekawa, FNS(JAERI) Correlations esimated
Yb 13.40-14.79 Mackawa, Tokyo Univ. Comelations estimated
10 12 13.35-14.83 Takahashi, Osaka Univ. Correlauons esumated
I | 14.94 Goldberg, LLNL
12 ] 5.40-14.2 Chiba, Tohoku Uaiv. Correlations inferred
13 8 4.57-14.1 Swinhoe, Harwell Revision of 79 meas-
urements & coviriances
1.4 6 7.945-10.48 Qaim, liilich Correliaions inferred
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Figure 5.  Evaluated and measured12,18.19.23 ¢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 evaluauuon.

1 e Goal evaluaton of energy-angle correlated neutron
emission data for 7Li is being pertorined by BeynonZ using
a sequential breakup model. As that work is not expected to
he comple: - until the end of 1988, an interim version of the
ENDF/B-VI 'Li evaluation was constructed for the present
sensitivity and uncertainty analysis. [n panticular, a complete
ENDE-formatted file was constructed that fully retlects the
new cross section and covariance results descnbed above
and that utilizes the same neutron spectrum shape as Version
V.2. The main difference between this file and the eventual
ENDE/B-VI evaluation is that the excitation energy binning
technigue used for Version V.2 is employed here to describe
neutron cimission spectra rather than the energy-angle corre-
lation tormat (File 6) that will be used in the tinal evaluation.

The transport and reaction cross sections were obtained
from libraries in the MATXS8 187 -neutron-group tormat, 28
MATXSRBA, a library containing 3}l isotopes and
MATXSSE, containing 21 isotopes, and based on ENDI/B-
V evaluations were used for all materials except the new 'L
evaluaton. A special single-nuchide MATXSE tormatted li-
hrary was prepared for the new 7Li evaluation data,

Neutron spectra (|87 group) were calculated for ten
regions of a three dimensional model of the LLHM using the
Monte Carlo code MCNP.29 "The transport and reaction
cross-section data was collapsed into tne 74 -reutron group
sttucture of the COVEILS- 230 covariance data inary us-
my the calculated neutron spectra. ‘The generation ol the
collapsed ransport hibraries from the MATXS Libraries was
acomplished with the code TRANSX TR 8

COVEILS -2 s a hbrary of mualugroup neution cioss
swecttons, scatenny matrices, and  coviniances (ureertuntes
and their correlationsy, The L4 matenals included i the tyst
verston of COVEILS 2 ae |H, O, T, Ie, naver, N
Ty, 2INa, STAL masy, natcp) natpe DalNj ) and naph,

COVFILS-2 was produced using various modules of the
NJOY nuclear data processing system.3>33 Itis largely
based on data evaluations from the ENDF/B-V library, al-
though some minor corrections and improvements are in-
corporated. In cases where the covariance evaluation 15
missing (as in the case of Be) or}'udgcd to be inadequate,
private Los Alamos evaluations3 are employed. The 74-
group structure was chosen for compatibility with the
extansive, general-purpose MATXSS 187-group library
which was produced including scattering reactions for which
covariance evaluitions are aviulable. A special single nuclide
library (COVFILS-4) containing the covariance data for the
new ’Li evaluation was prepared using the NJOY system.
This data library was incorporated into COVFILS-2 for the
calculations reported here.

Neutron transport calculations were peiformed with
TRISM,35 a computer program for solving the two-dimen-
sional neutral panicle transport equation in rectangular (x-y)
and cylindrical (r-z) geometries using triangular finite cle-
ments within a general domain having curved or other
nonorthogonal boundaries. The code SENSIBLY6 was used
tu perform the cross-section sensitivity and uncertainty anal-
yses. The algorithms used are based on first-order general-
ized perturbation theory. SENSIBL is coupled to TRISM
and ONEDANT?? via interface files. The forward and ad-
joint angular fluxes as well as the geometry from TRISM (or
()lN[:'DANT) are transferred as input to SENSIBL on these
files.

In the madel of the HNG/LLBM used for the calcula-
tions with TRISM, all of the reciangular geometry of the
1.BM and HNG was represented by equivalent r-z geometry.
The Haefely newtron source was positioned 10 ¢m from the
front of LBM on its axis. The HNG has been modeled lor
several studies in both two- and three-dimensions;}8.3Y the
1ING was imodeled for TRISM using 44 bands and as many
as 11 material regions per band.

The [.BM was subdivided along the axis into 28 bands, one
in the gnil plate, 22 in the [.i)0 breeding zone and 5 in the
retiector. I the radial direction the zones are Li (), cladding,
the cooling chiannei, one zone with homogenized [.i20) and
cladding, and vne zone with homogenized Lij0), cladding
and cooling channels, ‘The Plexiglas surrounding the the
LBM was omtted for simplicity. In the axial direct'on the
sones were subdivided into regions between (.23 1o 10.73
and J0.7.3 10 60.23 cm for the precalculation of weighting
spectra with MCONP. AL TRISM forward and adjoint caicu

lations were performed in the 7-4-neutron-group structure
with a 1’38y approximation and converged 1o within 103,
The forward source was distributed in the copper region of
the Haefely generator using a Gaussian Lhape on the copper
surface rcl)rc.\cnung the rarget ares. A calculated source
spectrum?? was distributed into the appropriate (nne high

est) energy groups. ‘The adjomt sources for the tive detector
1egions were specclied as the macroscopie trinum producton
cross section tor lithiuim in the Li0) detector volumes. The
LBM calculanonal madel is shown scheniically in Py 6,
Fhe 7one designations are as tollows: Tand 2, 100, Vand
A4, stnless steel cladding; 9 and 0, homopgenized 10 and
cladding; 7 and 8, homogemzed 1O claddimg, and sond, 9,
gl phate stndess steel; 1O, retlector steel and 11 retlecion
steel with voud.
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The goal of the cross-section sensitivity and uncer-
tainty analysis is to determine the uncenteinties of a caleulated
response function, tritium production per source hcutron
from lithium. In the analysis reported here, the uncenainties
in the calculated titum producuon at tive different positions
along the central Liz0 rod in the LLBM (see Fig. 6) were
computed using SENSIBL. The detector region mid points
are at 1.0, 15.75, 29.0, 44.25, and 38.25 cm along the cen-
trak roxd trom the rear of the grill plate,

For cach of five investigated positions mentioned
above, an adjoint caleulation with TRISM was performed
using the macroscopic tritium production cross secuon as the
adjoit source, To check the consistency of the forward and
adjoint caleulations, a comparison was made between the
tmtum production per source neatron computed in the for
witrd muode tor the detector region « (D R> and the corre
sponding value computed as an integral over ihe HNG
soucer e on ol the prodoct ol the torward somee and the
adjort tlux tor that detector < S,(D* >0 Pertarbation theory
predicts that the mner product refatonship DR -
<S5, ¢hr s Sheala hold, The resalts of this companson ate
pvenn Fable 2

Table 2. Comparison of the inncrlgroduc(s of the forward
<O R> and adjoint <§,P*> calculanons tor each
[.BM detector region.

Relatve ditference
hetweet inner
products (r)

L.BM

Detector

Region TLi(v5.2) TLi(v6)
1 0.593 0.5%8
2 0.344 0.342
3 0.022 0.021
4 9.093 0.098
5 0.070 0.066

A total of ten SENSIBL calculations were n:q’uircd for
the sensitivity and uncenainty analysis, five for the /Li(v5.2)
culculations and five for the 'Li(v6) calculations. These cal-
culations required as input the forward (tw. sets) and adjoint
(ten sets) angular fluxes calculated by TRISM. In the calcu-
lations for 7Li(v5.2), the MAT number 1397 was specitied
for this nuclide in COFVILS-2 while the number 307 was
specitied for 7Li(v6). The response input was the micro-
scopic tritium production cross section for natural lithium in
Li20 collapsed from 187 1o 74 groups using the weighting
spectra calculated for the region in which the detecion volume
was located and including the appropriate 7Li cross section.

A possible large source of uncenainty in the calculated
response is the cross sections for the copper in the 1ING.
Because this material is not available in COVEILS-2 and
since aluminum 1s not 2 HNG/LLBM nsaterial, 27Al was sub-
stituted for "Cy in the SENSIBL calculations. With some
knowledge of the relative covariance data for "&Cu and 27Al
crogs sections, an estimate can be made of the contnibution
the uncertainty in the calculated response from copper cross
sections,

The contributions to the uncertainty in the calculated
tritium production in the five LBM detector volumes caleu-
lated with SENSIBL are given in Table 3 for all of the ma-
terials present which have data in COVEULS-2, Maenals
used in the calculation which did not have data on
COVFEILS-2 are 'OR, TR, g, 59\ n, natCy, 647y, nat/r,
and "Moo, in all cases except copper, these are tice con-
stituents. ‘The etfect of the new /Li evaluation is to substan.
tally reduce the contribution to tntum production uncer
tunty from 7L data m the inner-most zones. The overall un
uum production ancertiinty is reduced by 0.45% 0 the two
wmer zones, amd TLiis no longer the donunant source ol un
certanty i those zones.



Table 3. Contributions to the Uncertainty in the Calculated
Tritium Production per Source Neutron Using
TLi(v5.2) and 7Li(v6) Cross-Section Evaluations,

LBM detector region

L 2 3 4 5
Matenal TLi Cross Relative staadard daviation (%)
Section
Iy Taev2 2 04 02 01 02
vt 22 04 02 01 02
L Tiva N 28 15 06 13
TLi-vi . 28 15 06 13
TLi TLi-v2 115 109 87 74 80
TLivi 22 51 68 67 719
nalc Tiv2 .07 03 02 01 01
vt .07 0m 02 01 01
160 Live 29 90 114 130 135
TLiovl .29 49  L14 129 1.35
natcy Tive 87 21 18 13 13
1274l vt 87 27 18 13 13
nacy Tav2 08 16 A8 23 1.03
vl 08 16 18 22 102
natfe Ti-v2 8BS 35 Ry 30 .55
TLi-vl 85 35 RY| 30 .55
natyj iv2 04 11 12 13 14
vl 04 1 a2 13 4
Total Nava 174 152 1Sl 155 197
Tuve 133 117 140 152 197
SUMMARY

The TLi cross sections and covariances for the
LENDI/B-VI evaluated dara tile have been impruved over the
previous evaluation by consideration of new experimental
dara since 1981 in a covariance analysis. The usefulness of
|h|s type analysis is highlighted by the fact that the resulting

"Litn.an'y) cross section ditfers litle from that of the previous
cavariance analysis, despite the availability of much more
accurate and consistent data. The major impact of the new
measurements on the evaluation is 1o signiticantly reduce
uncertainties in the evaluated data and to improve the associ-
ated covarnnces.

The effects of the new ’Li evaluation were assessed by
performing a detailed sensitivity and uncertainty analysis of a
FING/LDBM maodel, first using the prior ENDE/B-V.2 cvala-
ation and then substituting the new interim ENDE/B-VI
evaluation into the analysis.  The main result of the new
evaluation is 10 \l;,nllu antly reduce the uncernainty m tnuum
production due to 'Li data in the inner most zones of the
calculations. Becaase of the reduction in uncertiainty from
the 7Li data, the need for unpmvul accuracy in data for other
meternaly sucias 100, MCy and B e s apparent.

ENDI/B-VI evaluations for other fusion materials are
described in another paper at this conference. 3!
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