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ABSTRACT

AARE, a code package to perform Advanced Analysis for Reactor Engineening, 1s a linked
modular system for fission reactor core and shiclding, as well as fusion blanket, analysis. Tts
cross-secuon sensitivity and uncertainty path presently includes the cross-secuon processing
and cformatung code TRAMIX, cross-scction homogcnization and hbrary rcformatung
code MIXIT, the 1-dimensional wransport code ONEDANT, the 2-dimensional transpon
code TKISM, and the 1- and 2-dimensional cross-sccuon sensitivity and uncertainty code
SENSIBL. In the present work, a short description of the whole AARE system s given,
followed by a detailed descripuon of the cross-section seasitivity and uncertnnty path

INTRODUCTION

The AARE modular code system[ 1] 1s being developed jointly by the Paul Scherrer Insutute (PSH)
a.ad the Los Alamos National Laboratory (LLANL). It is based on the DANDE (Applicd Nuclear
Data, Core Neutronics and Depletion) code system{2] which was developed for analyses of advanced
Liquid Metal Fast Breeder Reactor (LMFBR) concepts. In comparison 10 DANDE, AARE can be
used for wider range of reactor lauice cell, whole rcactor, shielding, and fusion blanket analyses
It includes additionally, the cross-section sensitivity and uncenainty and gencral purpose modules.
Its general descnption is given in reference 1. As with DANDE, the data s transferred between
the codes using CCCC[3] and CCCC-like{4] iiies. This minimizes the user's input, (and souices ol
crrors) as well as input inconsistencies in the s :quence of code calls.

The cross-section seasitivity and uncenainty padh is based on that reponted at IAEA Advisory
(iroup Meeting on Nuclear Data for Fusion Technology in Gaussig, GG R.[5] Since dus meenng the
CCCC -like TRISM{ 6] geomrtry file, GEOMTY, was incorporated into SENSIBL, The incomporation
of the ONEDANT[4] geometry file, GEODST and the CCCC files NDXSRE and ZNATDN 1§ under
way This will icad 10 a considerable reduction of user input to SENSIBLL

THE AARE SYSTEM

Currently AARE consists of hve modules  apphied nuclear dan, ncutromos, me nal aeplenen
sensitivity and a general purpose module The thermohvdiaulics module s ander prepacaion
block diagram s given an bigure |

The Nuclear Datz Module consists of the cross sectnon shiekling, coupling and 1eforma
program TRAMIX [ 1} a PSI epdase of the TRANSX CTR code| 7] and the cross sectnon b WY
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Figure 1. Block Diagram of the AARE System

The codes currently being used in the Neutronics Module include ONEDANT [4] a4 one
dimensi nal finite difference Sy transport cede for slab. sphencal and cyhndncal geomeines.
TWODANT.[9) a iwo-dimensional finite diffcrence Sy transport code, for z-y, r-z and r 8 pr
vieines; TRISM,[6] a two-dimensional finite element Sy transport code ti 1y, r-0 and torodal
scomcetrics using Inangulai elements; FINELM.{10] 2 three-dimensicnal finite element dilfusion
code for z-y, r-z, r-0, z-y-z and r-8-2 pecometnes using tnangular or rectangular elemeais and
SIXTUS-2.i11] a 2-dimensional nodal diffusion code for hexagonal geomelry
hexagonal -z version is currently in preparation.

In addivon to the aforementioned codes, the code SOLVERB, based on the coupled Py /il
method,[12] was included n the neutronics module. Eigenvaluc, Aoy or buckling scarches can i
performed

A Udimensional

The Depletion Madule presently consists of CINDER 312} with PSEupdistes, amd BT\
J(13] The CINDER-Y ¢ade s an enhanced version of CINDER Y :
Lrom the 1ISOTXS or GOXS file produced by TRAMIX, iis own non cvplic vrose weonon
AI'EW, and the RZFLUX tle produced by the core neutroni s module A wonal of 23
products and 26 scimides i 1RO (hiins are currently used i the CINGER U caleulanon

ouses exphot craa,

lor detalled matenial activation and tansmutation calculations of fusion redctors,

pletion moduic REAC 2 was included mio the sysiem
crove seenon bhhiary of over WM sotopes and 650 reactions

This code presentdy oses the T
Al watenals between 73



transmutatior .alculairons without reverting to chaining specifications.

Th- sensitivity Modnle presently consists of the two-dimensional perturbation theory code
PERTV([! .; and the one- and two-dimensional cross-section sensitivity and uncenainty analysis code
SENSIF ...

PERTYV is a two-dimensional perturbation thcory code. It computes reactivity cocfficient
trav” ses using first-order perturbation theory, cffective delayed neutron fraction, neutron gencration
tir ., the inhour/§; conversion factor and activity iraverses. SENSIBL, an improved and accelerated
v sion of SENSIT({15) and SENSIT-2D,[16] is a code based on first-order generalized penubation

eory.

At present cight coden are included i the General Purpose Module. They were designed
to collapse and comhine GOXG files, homogenize and/or print the cross-section sets from a GOXS
file, to pnnt and change isotopic densitics on a ZNATDN file, and 1o pnnt depletica history values
ctc. (Sce reference 1 for more details).

NUCLEAR DATA LIBRARIES

Four MATXS libraries based on the ENDEF/B-V evaluations were generated at Los Alamos using
the NJOY nuclear data processing systern[ 17} and are only available within the USA. These are the
30n/124 group MATXSS, 69n group MATXS7, 80n/124~ group MATXS6, and 187n/244 group
MA1XS8 libraries descnbed in reference 7.

Five additional libvanes based on the Joint Evaluation File/European Fusion File (JEF/EFF)
cvaluations( 18.19] were generated 1t F51,[20.21) also using the NJOY nuclear data processing sys-
tem.[17] These are the 70n group M AT70, 86n group MATB6, 175n/42~ group MATI17S5, 187n
group MAT 187, and 308n group MAT {08 libranes. They are described in some detail in refercnce
1 also.

CROSS-SECTION SENSITIVITY AND UNCERTAINTY PATH

The cross-scction sensitivity and uncenainty path consists at presen of the codes TRAMIX, MIXIT,
ONEDANT, TRISM and SENSIBL. The data linkage between these codes is pnmanly via CCCC
and CCCC-like daia files. Figure 2 disp'ays the 1- and 2-dimensional flows,

TRAMIX uscs the basic END, /B nuclear data in a fine-group MATXS hbrary formac| /)
gencrated from the NJOY code system [ 17]

TRAMIX 15 able to shicld resorance data in the whole energy range using the intcrmediate
resonance absorption shiclding methoa. (IR method),[22 24] by calculating energy- and sotope
dependent Goldstein-Cohen IR-factors and cnergy dependent Dancolf corrections. Using these,
the effecuve background cross-secuons can be calculated. This cffective background cross section
1s then used together with temperature for interpolation in background cross-section and temper
ature dependent cross-section tables [25] Both background cross sections and Dancotl corrections
arc calculated using the coliision probabihity method  An extensive tabulation ot the ¢ cape and
transmission probabilities 15 used. For a more accurate interpolaton, both are represented by auy
nents to their rational representaton. Slab, sphencal, cyhndnical, pebble-bed. double heterogencin
gramn, and clustier geometries are included. The method allows shielding of all zones i the svaem
Using the balance equauon, the average Huxes are determined o all the reons, saclusive ot
grains and their coatings. Using the rattonal expression {or the flux, the backpround cross conon
is determined for cach m z10n of the spatal system

The dencitv.de .andent 1R methind e haced v the socivnciena soen b o 0 Lkl ol IR
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Figure 2. Fow Diagram of the AARE Cross-Scction Sensiivity and Uncertainty Path

dent total and absomption multi-group cross-section tables (1] Having those icsonance parameters,
the Goldstein-Cohen method(?22.23] is used 10 calculate the IR -paramcters

In contrast to TRANSX-CTR, TRAMIX also reads the NDXSR¢ and ZNATDN files con
taiming 1sotepie density spectiicatons, which can overtide the input specthications. This is especiathy
uscful dunng a single run with muluple calls to TRAMIX, duc 10 matenal depletion

TRAMIX accurately computes fission spectia from fission mutnces, conects selt scanter and
the first outscatter terms of the clastic scattenng mainces tor differences between actual thuy and
nbrary weigiting flux and produces a vanety of hibrary tormats which can be ased nmost tanspon
and diffusion codes  Addionzlly, the code coatains opnons for adjoint tables, wuxtures, Dopple
corrections, group collapsing, cell homogenization, themmal upscatter, prompt or steady state T o
transpon corrections and flexable response funcoon edits

MIXIT[6] 1s used 10 prepare ninxed, macroscopic cross secnon hibtanes in ciher BOT o
proup-ordered binary formats for use i transpont code calvulanons . The BODY format s that ot 5
XSLIB cross section hibranes as used i ONEDANT, T"WODANT and TRISAL The sroup ondoro

binarv form 1z that of the GPOIIYX S Liheaen ooed o TRICAE T .



cither BCD card images, or from the CCCC standard binary interface file ISOTXS. MIXIT can
also be used to combine BCD and ISOTXS input files into a single, and therefore much smaller,
problem-dependent input file.

TRISM is a computer program for solving the two-dimensional neutral panticle transport
equation in rectangular (z-y) and cylindrical (r-z) geometnes within a general domain having
curved or other non-orthogonal buundariecs. The spatial discretization 1s accomplished using iri-
angular finite elements and discontinuous linear tnal functions. TRISM is a follow-on version of
TRIDENT-CTR[26] which includes deterministic streaming capabilitics.[27] The use of this de-
terministic streaming option is uscful in mitigating the inaccuracies due 10 the “ray-effect” which
plague calculations for fusion systems with large intemal void regions. The use of tnangles in r-z
geometry allows a user to accurately follow curved or imregularly shaped boundanes and matenal
interfaces of toroidal and other fusion system shzpes. TRISM maintains all of the capabilities of
TRIDENT-CTR but incorporates a complctely new user-friendly, free-ficld input formar similar to
that of ONEDANT(4] and TWODUANT.[9] In addition, scveral new input and edit options have been
added.

SENSIBL is a code based on first-order generalized penubation theory. It has the capability
for cross-section sensitivity and uncentainty analysis, secondary-cnergy-disinbution (SED) sensitivity
and uncenainty analysis, and design sensitivity analysis. The code allows “lab, sphencal, cylindnical,
z-y or r-8 geometries and accepts group-dependen: quadrature scts.

Presently, SENSIBL is intended for usc with ONEDANT and TRISM. The tnangular mesh
nsed by TRISM allcws unique modelling capabilities that are applicable to fusion reactor configu-
«ations, and thus SENSIBL can also analyze these configurations. The forward and adjoint angular
fluxes calculated by ONEDANT and TRISM arc required input to SENSIBL. Because the number
of angular fluxes can be voluminous, a sophisticated data management scheme was necessary for
the code 1o keep the execution time and memory requirements within reasonable limits.

To date the special geometry file, GEOMTY, gencerated by TRISM has been incorporated
as an input to SENSIBL. This climinates most of the user gencrated input to the code. Duc w0
the tnangluar meshes used in TRISM, GEOMTY is not sinictly a CCCC file. The 1-dimensional
geometry fhle, GEODST, output from ONEDANT, together with the CCCC files NDXSRE and
ZNATDN, containing density data, will soon be incorporated into SENSIBL, thus eliminating further
the explicit user inpul.

The theoretical backgrounds are given in references S and 160 The code allows the calcu
lation of the uncentaintics of simple, as well as complex, responses such as kerma, displacements
per atom (dpa), activation rates, or tntium breeding. The calculation 18 based on the calculation of
sensiivity profiles in connection with covanance data:

Al - S e et Mol )
_T - L L I rew !I'M' vw*.'_;_,", B th
all lﬂ;' all z'm'y’ Tem T oo
In this expression o ¢ represents the interaction cross section for reactions of type :on
1]
matenal mn energy group ¢, cov(o:m,a:,m,) 15 the covanance matnx tor the imdicated mudineo p

cross-sections, and Pf_is the relatve sensitivity profile of response [ tor crosy secton of
dehined by
7
pr At
™ o
dotm/ol.

The relauve sensiivity profile clearly can be anerpreted as the teactonad Chae oo

tesponse per {ractiona! cross section change Note that an By (1) the Bt two factors i
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The sensitivity profile for the response I can be expressed as

1 LMAX IGM ,
- ki } (3)

L A R IR D DI DR o
=0 =g
The integral of the response over the volume of the “detector” (which may be the cntire system) is

I= 3 Vid ¢! 3 N Rin, ()

s ¢ det all ¢ all zm

where V; is the volume of spaual in:erval 1, ¢?,f is the scalar flux in group ¢ in interval 1, and N,
is the local atomic density of material m in intcrval 1. The quantity R _ appcaring in Egs. (3) and
(4) is the “response function,” a response-weighted microscopic cross-section. If the response of
interest is the number of nuclear reactions of type z, then R, is just thc microscopic cross-scction
for that reaction. However, if the response of interest is the total nuclear heating, for example,
then R!,, is the panial kerma factor (in units of eV-bams) for rcaction z in material m in group
g. Other complex responses, such as dpa and total helium producticn, can also be accommodated
using suitable definitions of RY, .

The quantities ©? , x?., and ¢£f; appeaning in Eq. (3) are atom density-weighted, spatial
integrals of the flux defined in reference 5.

The first term in the brackets of Eq. (3) is the direct term.[28] Note that this term is non-zero
only if reaction z in material m contributes to the detector response function, so that both Rf_ and

¢ arc non-zero.

The second and the third terms of Eq. (3) compnisc the indirccy term. These terms are called
the “loss” term and the “'gain” term, respectively. Note that the indirect term receives contributions
only from intervals in which ihe density N, is non-zero. The indirect term may be denved from
the expression for the forward difference approximaunon, Eq. (36) in reference 29 or Eq. (17) n
reference 30 or Eq. (26) in reference 31, considenng a two-dimensonal gecometry and expansion of
the scatiering into L~gendre polynomial series and the flux angular cxpansions into the sencs of
sphencal harmonics.

Presently the MATXS8(7] coupled 187-ncutron/24-photon-group hibrary bascd on ENDF/B-
S, the MAT187(20.21] a 187-ncutron-group library based on JEF- I/EFF cvaluauons and COVFILS-
2.[32] the cross-section and covanance library, are used for cross-scction sensitivity and uncenanty
calculations with the AARE system. Whercas the MATXSS and MAT 187 librances are used as input
librarics for TRAMIX for transpon calculations with ONEDANT and after collapsing, with TRISM,
the COVFILS-2 library is the nput library for SENSIBL and is used for cross-section sensiivity
and uncentainty calculations

The 74-ncutron-group boundanes of COVFILS -2 hibrary arc included i the 187 group stru
ture of MATXSS and MATI187 hibranes. This cnables more accurate 1 dunensional 187 neutron
group calculagons with ONEDANT and, alter collapsing into 74 ncutron-group structure, with
TRISM and SENSIBL. The 187-ncutton-group hibrancs can be also ditectly collapsed ain TRANITY
using the hibrary ncutron-weighting spectruim or a known, (gencrated n g previous calcubations
ncutron flux file such as RZMELX or RMELUX fei example
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