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Ty DIMENSIONAL CHOSS-SECTION SENSITIVITY AND UNCERGAINTY ANALYSIS OF
THr. LBN EXpERINENTS AT LOTUS

J.W. DAVIDSON and D, J. DUDZIAK
University of California,

Los Alnmos National Laboratory

Los Alamos, New Mexico BT5 15, USA

5. PELLONI and J. STEPANEK
Paul Scherrer Institute, (formerly EIR)
CI-5303 Warenlingen, Switzerland.

In recent years, the LOTUS fusion blanket fncility at IGA-EPF in Lausanne provided a series of irradiation
expreiments with the Lithinm Blanket Madule (LBM). The LM has buth realistic Msion blanket materials
amd configuration. It is approxinmtely an 80 em cube, and the breeding material is Li O, Using as the DT
wutron source the Huefely Neutron Generator (HNG) with an intensity of about 510" n/s, a series of
experiments with the bhare LBN as well as with the LBNM preceded by Ph, e and "ThO), multipliers were
earried v,

In o recent commuon Los Alamos PPSTefforet, o sensitivity and nuclear data uncertanty path for the modular
vode wystern AARE (Advanced Analyss for Renctor Engineering) was developed, This path includes the
cross wection code TTRANMIX, the ope dinmensional finite difference Sy transport code ONEDANT, the two.
dimensiosal finite element Sy transport code THISM, and the ane aned two dimensional sensitivity and
nuclear datn unecertainty coae SENSIBL.

For the nueivonic transport calealations, three 187 neatron group librarics nre presently available: MATXS8A
and MATXSHE hased on ENDEF/B YV evaluntions and MATIRT haved on JEF/EFF evaluations. COVFILS
2, 0 T4 gronp hlirary of neutron cross sections, seatlering matrices and covarinnees, is the data souree for
SENSING; the 74 group structure of COVEFILS 2 i a subset of the Los Alamos 18T group structure.,

Within the framewark of the present wark a complete set of forward and adjoint two dimensional ''RISM
caloulations were performed both for the bare, as well as for the Phoand Be preceded, LM using MATXSH
libtnties. "Then n two dimensional sensitivity and uncertainty analysis for all cases was performe:l, “The gonl
af this analysis was the determination of the uncertainties of a caloalated tritinm production per souree
nentton from lithinm alang the centeal Liy O roa in the LBM. Considered were the contributions from ‘11,
*Li. 'l.i. ' e, ""(', “.\'| “(), “Nn, ”1\', -'"H'I. natey nel e, ""Ni. and "*'PL T'he totn]l ypeertpinties
abtained lie hetween 1717 nied 2 6% The largest contributors were "Li (L 15%) and "0 (1 ,5%) for the
hare LIN, “He (2.217%) For the Be preceded LDN, and "' 1h (2.25%) Tor the Ph preceded LM,

I INTRODUECTTON of trihim breeding nnd neatron lus spatinl /specteal

. distrihution:. It ix approximately nn 80 cm cube,
The Littaum Blanket Module (LIIN) was con
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of TFTR, it was decided that the LOTUS facil-
ity at the IGA-EPFL in Lausanne (Switzerlind)
could provide a very valuable resolution of basic
technological uncertainties in fusion reactor blan-
ket physics.? The LOTUS experiments use the
Haefely Neutron Generator (ING) with a source
intensity of 5-10'2 n/s: this source has a well Je-
fined spatial/spectral disteibution with npotential
for a highly accurate analysis. Using this source a
series of experiments with the hare LBM as well
as with the LBM preceded by I'b. Be and T'hO,
multipliers were carried out.

A collaborative Los Alamos/PSI effort is un-
derwiy to analyze the LOTUS/LIIM experiments
veing performed by EPFL. 'The goals of the anal-
vsis are first, vo investigate the accuracy of Lhe
most recent nuclear data on the part of the U8,
(ENDF/B, versions V and VI) and the European
Community (JEF-1/EFF); and second, the ad-
equacy of the common 1-, 2- and 3-D neutron
transport and 1- and 2-D sensitivity and uncee-
tainty methods, ™4

The first 2-D cross section sensitivity and un-
certainty analysis of the bare LIIM presented in
reference 3 indicated suprisingly large uncertain-
tics in the calculated tritivm production per source
neutron from lithinm in the centeal LiaO) rod near
the LBM steell reflector. This was caused mainly
by TLi, 'O and ™. "This lead o the assump-
tion that “Li, "0 und "*'Cr evaluations would
need Lo be improved. Latter, in a further annl-
ysin, it was found that the higher uncertninties
were caused mainly by incompletely included can.
celling eflects in the sensitivity profiles, when the
COVEFILS-2*% covariance datn library was used.

In parallel, also within the framework of a col
laborative Los Alamos/EPSHeffort, is the develop
ment of a one and two dimensional eeoss section
sensitivity and ancertainty pnth of the AARE mod
ulnre conde system.”® The main eflort concentreated
on the Turther development of tne cross section
semsitivity and uneertainly e de SENSIT 2% Ad
ditional Laatures were tnearpoarnted, such as the
capnhility to calenlnte complex renctions (such as
KERMA, dpnor He prodoction) when the covan
ance data becomes avalable, amd the reduction
of the user’s input using the geon ey file G

OMTY prodiced by TRISM, and extenstons to

consider wll contributions to the sensitivity pro-

files in relation to the covariances from the COVFILS-

2 library. A strategy was also developed for the
one-dimensional capability. This resulted in the
new cross seclion sensitivity and uncertainty code
SENSIRLA

The lack of suitalle benchmark problems made
it dillicult to test sensitivity oo des with a covari-
ance library,  Therefore a benchmark problem
for one and two-dimensions] sensitivity and un-
certuinly annlysis representative of a fusion reac-
tor blanket, was recently defined and SENSIRBL
wns extensively tested using this benchinark (See
reference 11).

As part of the recent effort, a detailed cross-
section sensitivily and uncertainty analysis has
been performed fur experiments using the UNG
with the LBM bare and erlso preceded with lead
and Leryllium multiplier plates. The work re-
ported here is Lhe cross-section sensitivity and un-
certninty analysis performed at Los Alamos using
the U.S. nuclear data hase. A companion analy-
sis will be performed at PSI1 using the European
Fusion File (E£F)'? when the cross seetion covari-
ance lile is available,

2 CROSS SECTION DATA LIBRARIES

‘I'hie transport and reaction crosy sections were
obtained from libraries in the MATXS8 187 neu
tron group format.'> MATXSSA, a library con
tainiug 31 isotopes nnd MATXSKIE, contnining 21
isutopes, all based on ENDF/B-V evaluations, were
used for nll materinls. Neutron spectra (187-group)
were cnlenlated fur ten regions of a 3 D model of
the LIWM using the Monte Carlo code MONDP M
The crnnsport nnd zeaction cross seetion dnta were
collapsed into the T4 neatron group strueture of
the COVEFILS 2%% cavarinnee datn library using
the ealeulated neutron specten. ‘T'he generation of
the collapsed transport libraries fromm the MA'T'XS
libraries was neeomplished with the eode ' THANSX
Crrp e

COVELILY 24 a library of maltigroup neutron
crosy sections, sealtering matrices, nnd covarinnees
(uneertainties and their correlations). The 14 ma



terials included in the first version of COVEFILS-2
are V11 ®LL, TLi, YBe, motc, AN, 1RO, BN, 27N,
nargi, natCp, natpe, maUNG and "2tPL. COVEFILS-2
was produced using various modules of the NJOY
nuclenr data processing system.!>'® It is largely
based on data evaluations from the ENDF/B-V
library, althe ugh some minor corrections and im-
provements are incorpornted. In cases where the
coviariance evaluation is missing (ns in the case
of Be) or judged to be inadrequate, private Los
Alamos evaluations nre ecmployed.'? The T4-group
structure was chosen for compatibility with the
extensive, general-purpose MATXSH [8T7-group li-
brary which was produced including scattering re-
actions for which covariance evaluations are avail-
able.

3 CALCULATIONAL METHODS AND
HNG/LBM MODIEL

Cross-section processing, neutron transport, and
the cruss-section sensitivity and uncertninty anal-
yses were performed with the cross-section sensi-
tivity ancd uncertainty path of the modular code
system AARE {Advanced Analysis for Reactor
Engineering).”®  ‘T'his pach includes the cross-
section processing code TIRAMIX® (the eode based
on TRANSX CTH'), the one dimensional finite
diflerence Sx-transport eade ONEDANT,™ the
two-dimensional finite element Sy transport code
THRISM,'® and the one- and tw gimensionnl cross

section sensitivity and uneertainty code SENSINL M

Neutron transport caleulations were pecformed with
THISM, o computer progrnm for solving the two
dimensional neatral particle transport equation
in rectangulnr (2 y) and eylindrienl (r z) geome
tries using triangular fimte elements within n gen
ernl domain having curved or other nonorthogo
nal boundanes. The code SENSTBL was used to
perform the eross section sensitivity and uncer
tninty analyses. The algoarithms used nre based on
first order genernlized perturbntion theary, SEN
SIBL is coupled to ‘TRISM and ONEDANT vin
interfnee files, The forward and ndjoint angular
luxes ax well ns the geometry from THISM (or
ONFDANT) nre transferred nsinput 1o SENSIBL
on these files,

In the model of the BNG/LBA used for the

calrnlations with ‘TRISM, all of the rectangular
geometry of the LBM and IING was represented
by equivadent r-z geometry, The Haefely neutron
scurce was positioned 10 em from the front of the
L.BM grill plate (or multiplier plate face) the axis.
The IING has been the model for several studies
in both two- and three- dimensions?2'; the HNG
was maodeled for TRISM using 44 bands with as
many as 11 material regrons per band.

The LBM was subdivided along the axis into
2N bands, one in the grill plate, 22 in the Li0O
breeding zone and 5 in the reflector. In the ra-
dial direction the zones are Li;O, cladding, the
couling channel, one 2one with smeared LizO and
cladding, and oue gsone with smeared Liz O, cladding
and cocling channels. ‘T'he plexiglass surrcund-
ing the LBIM was omitted for simplicity. In thz
axial direction the zones were subdivided into re-
gions between 0.23 to 30.73 and 30.73 Lo 60.23 cin
for the precaleulntion of weighting spectra with
MONP The lead and beryllium multip:lier plates
were modcled as 5- and 6-cm-thick zones, respec-
tively, ndjncent to the front of the grill plate.

All TRISM forward nnd adioint calculations
were performed o the T4-neutron-group structure
with n I'4Sy approximation and eonverged o within
10 3 The forward source was distribuved in the
capper region of the Haefely generator using a
Gaussian shape on the copper surface representing
the target aren. A calculated souree spectrum??
ways distributed into the approprinte (nine high-
est) energy groups. ‘The adjoint sources for the
five detector regions were specifed ns the maero
scopic tritium production eross section for lithium
in the LizO detector volumes. The LBM enleula
tional model is shown schemaltically in Fig. 1.
T'he zone designations are as follows: 1 and 2,
LizO; 3 and 4, stninlesy steel cladding; 5 and 4,
homaogenized LizO and eladding; 7 and 8, homaoge
nized Liz O, clndding, and void; 9, grill plate stain
less steel; 10, reflector steel; 1 reflector steel with
vairl; nnd 12, v,

A total of IR THISM ealealation« were required,
three forward enleulations (for the bare LIYM and
for the lemed and heryllivm multiplier plates) and
Is adjnt enleulntions (five deteetor volumes for
cach of the LEM mnbtiplier configuentions)  The
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FIGURTE ;0 Material divisiony nnd detector pe
ginay speaficd in the TRISM geametry moadel for
the LIIM.

Tritiwin 'raduction
prr Source Neutron

LB
Dretrcior . Muluiplier Plate
Vilume ! Rare Lead Heryllium
1 Ty  danzo b 251510 8 458710
| . T, ; 1.660-10 5 g 1381.10 8 1.073-10
2 Ty . LOTO-I0 B po1oa0 B 113810
© Ty - 695810 & 317310 % 3.145.10
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0Ty ! 2.800-10 ® L18310 *  L119:10
1 . Ta 3.620-10°% 279710 ¥ 2.441-10
, Ty | T8I8-10 7 69010 T A.398.10
5 Te ; L.786-10 ' 1.272.10°% " L0310
{ | Tr ; 222710°7 1061110 7  9.602:10

TABLE ©: Calculated tritium production per
source neutron in the five LBM detector volumes
for each multiplicr configrunation.

calculated forward response, the tritium produc-
tion per source neutron, is given in ‘Table | for
cach of the LBM detector volumes nnd multiplier
configurations.

4 SENSITIVITY AND UNCERTANINTY
CALCULATIONS

The goal of the cross-section sensitivity and uu-
certninty annlysis is to determine the uncertain-
ties of n caleulated response function, tritinm pro-
duction per source neutron from lithinm. In the
analysis reported here, the uncertninties in the
calculated tritinm production at five different po
sitions nlong the central LizO) rod in the LIIM
(see Fig. 1) were camputed using SENSIBL. ‘T'he
detector region mid points are at 1.0, 15.75, 29.0,
44.25, and 58.25 ervalong the central rod from the
rear of Lthe grill plate. The detector volumes were
248 em dinmeter eylinders of length 2.0, 2.5, 3.0,
3.0, and b cm, respeetively. For ench of five in
vestignled positions mentioned shove, nn wljoiet
caleulation with 'TRISM was performed using the
maeroseapie tritium production eross section as
the wljoant souree. “I'n cheek the consisteney of
the forward amd adjoint ealeulntions, a campari
son wias made hetween the tritium produaetion per
sunree neatran computed in the forward ealenin

& 9w & W >



Relative dilference between
inner products (%)

LBM - Multiplier Confignration

: Detecter

. Volume  Bare  Lead  Reryllium
1 A3 0372 0.302 _
2 0311 0101 INTTH
3 0.022  0.050 0034 :
4 1 0.093  0.087 0.073 }
5 i 0.070 0.022 G.024 i

TABLE II: Comparison of the inner products of
the forward < &, & > and adjoint < S, $* > cal-
culations for each LBM defector region and mul-
tiplier configuration.

tion for the detector region, < &, ® >, and the in-
tegral over the iING souree region of the product
ol the furward souree and the adjoint flux for that
detector, < S, ¢° . Perturbation theory predicts
that the inner produet relationship <. b KR >
.8, ° o shoald hold. The results of this com-
parison are given in ‘Table I1.

A total of 15 SENSIBL caleulations wese re-
ruuired for the sensitivity and uncertainty analysis;
five for the bare LIBM calculations and five each
for the lend and beryllium multiplier plnte ealeu
Intions. These caleulations required as input the
forward (three sets) and adjoint (15 sets) angular
fluxes enlculoted hy TRISM. In the caleulation
for the heryllinm moltipliee plate, the MAT num
her 1302 was specified for "Hel (the “1" denotes
the Los Alamos evaluation), ‘There ate four MAT
numbers for this nuelide on COVEFILS 2, 1301,
1302, 1303 wnd 1304, The covarinnee dnta for (he
(n.2n) reaction is represented as 1, 3, 9, and 27
(all) inelastie “lumps” for these MAT numbers,
respeetively, The respanse inpul was the macro
seapic tritinm production eross seefion for natural
hthium in LiaO eollapsed from IRT 1o 71 groups
using Lhe weighting speetra caleulated for the re
pionan which the detector volume was lacated and

including the appropriate 7Li cross section.

A possible large source of uncertainty in the
calculeted response is the cross sections [or the
copper in the HNG. Because this materinl is not
available in COVFILS-2 and since aluminum is
not & HNG/LBM material, 27Al was substituted
for "*'C'u in the SENSIBL calculations. With
some knowledge of the relative covariance data for
natey and 27Al cross seclions, an estimate can be
made of the contributicn to the uncertainty in ihe
calculated response from copper cross sections.
The contributions to the uncertainty in the calcu-
lated tritium production in the five LBM detec-
tor volumes calculated with SENSIBL are given
in Table III for all of the materials present which
have data in COVFILS-2. Materials used in the
calculation which did not have datacn COVFILS-
2 are l()"I llH. n-lK' M'Mn, nuC“' Olzn' n-lzl.'
and ™**Mo; in all cases except copper, these are
trace constituents.

The total uncertainties obtained lie between
1.74% and 2.63%. The largest contributors were
TLi (1.15%) and '%0 (1.35%) for the bare LBM;
"Be (2.21%) for the Be-preceded LBM; and ™*tpPh
(2.25%) for the Ph-preceded LBM.

The larger contribitions from 7Li in front of
the LIBM, witere the 14-MeV spectrum occurs, in-
dicntes bigger nncertuinties in the threshold reac-
tions, such as the inclastic seattering levels and/or
in the (n, n't) reaction, in compnrison to other
“whale-energy-range” reactions. The (n, 2n) down-
scattering of the source neutrons in lead or beryl-
lium (when the LBM is preceded by lead or beryl-
limn) mukes the threshold reactions of TLi less
important and Ir «is to a decrease of the relative
standard devintion,

Alsa, (n,rn) renctions in lead and beryllinm
show bigger cross section uncertainties than other
“whole energy -range™ reactions from thase two min
terinds, This leads to w lnrger uncertainty in the
TLi trtinm production in nont of the LBM, where
the first and second rollision weutrons are impor
tant. Due to the neatron thermaliantion on the
ather nuelides in the LM, the importance of the
(n.rn) reactions of lend aned beryllium and their
contribution to the total relative stundard devin
tion deersase townrdy The bk of LM,



The zontributions from " Fe are very small
even at the back of LBM where "**Fe has a high
concentration in the stainless-stecl reflector. The
same can be concluded with respect to "*tNi. The
contributions from "*'Cr are not large, yet still

higher when conpared to those from ™**Fe and C T T T LBM detector valume |
. . . - nate i 1l 2 3 a4 5]
considering mucl:‘:llm'nl!cr lsul.upl.(‘ densities of "*Cr | Material | Multiplier | felaiive siandasd |
as compared to "2tFe in Lhe stninless-steel reflec- ol ] devimtion(%)
tor. 1 ISare 1 .22 .04 .02 .01 02 |
{0 Lead AT 04 03 D2 06 |
. . . ! | Deryllium | .11 03 .02 02 .04 I
5 CONCLUSIONS v .y eryllium 02 booe
. v ' Y Bure 31 280 s 08 .43
e . Lo *Li Lead .47 .26 .09 .08 .18
. .lhe ul)lmnu‘l uncertainties in the cnlculated ' “";ﬁi‘um 23 a8 .07 .07 a7
tritium production per source ncutron caused by T Bare i.157 108~ 8T T4 T Two
the cross-section uncertninties nre acceptable con- TLi Lead 80 80 .71 48 .80
silering the uncertainties still coming ftom the '."'[”."“.'"!. 6873 LES 4T 89
calculational scheme and from the methaods. "iel I.::;
The obtained low uncertaintics does not imply .| DBeryllium | 2.21 108 .94 .68 .50
that there are no systeniatic errors in the evalu- “e l""; -"; 03 g: g: 01
. . = - n Len 0 .02 .01
.. .
nllun.l. l'hcrclor.e, in a next step, .I.he calculated Beryllim | 04 .01 .01 .03 .02
renclion rates Wl!l be compared with the newest T T Thare T Ta9 T80 114 0 1900 135
measured values in the LO'T'US experiments. 18() Lead 32 .85 .75 88 108
Also, a companion analysis will be performed nel s "';.’Y"'.“'?‘ :: :; '?:. _ :: . ':_’l
: = N Y A Yl AR A are . . . . -1 ]
at I’SI using l.lhc European Fusion File (EFY) when o Mu) Lead 8 .23 1T 1B .18
the cross-section covariance file i3 completed. Deryllinm 50 .18 .16 a9 .2
Dare 08 .18 18 23 L)
ST AN LIRS Lead 07 AT .15 .15 .87
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