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ABSTRACT

AARE, a code package 10perform &lvanccd ~nalysls ior ~cactor ~ng!nccrmg, ISa Imlwxl
modular systcm for tissmn reactor core and shickhng, as WCI1as fusion blankc[. arMlysIs. IIS
cross-section senslliwty and uncertainty palh prcscmly Includes the cross -sccuon pruccssmg
and ,tforrrmls.sng code TRAM IX, cross-section homogenization wsd llbr~ry rclormutbng
code MIX IT, the 1-dimensional ua’rsporl code ONEDANT. k 2-dmcnsmnal rmnsport
code TRISM, and the 1- and 2-dimensional cross-seer.ron scnsi(lvlty and unccruumy c~xic
SENSIBL. In tie present work, a short dcscrip(mn of (Iw whole AARE syslcrn IS glvcn,
followed by a dclaIlcd description of Usccrms-scc[mn scnsl[lvlly and unccrtalruy pah

INTRODUCTION”

The AARE modular code systcml I ] is being dcvclopcd joimly by ~hc Paul Suhcr rcr IIIMI(UIC (PSI)

a.d the l.os A1.amos National Laboramry (1.AN1. ). II is bawl on the DANDE (Applied Nuclc:ir

m(a. Cm-c Nculronics and &lclicsn) code syswm[21 which was dcvclopm! for analyses of’ advwsucd
Liquid Metal Fast Brccdcr Reactor (LMFBR) conccp[s. In comparison 10 [) ANDE. AARE can Ix

used for wider rnngc of reactor lattice cell. whole rcacmr, shielding, and lusmn bl;mkc[ analyws

It includes additionally, Ihc cross-section scnsillwty wl uncertainty and gcncrd purpose modules

IIS gcrwral dcwrip(ion is given m reference 1. As wl[h DANDE, the dma IS Ir:msfcrrcd hc[wccn
.. -,..

[hc codes using (’(lLI” J] and CCCC-iikc14] iiics. ‘This ml:unuzcs ihc ti=-i’s iiqwi. {A w;is;cc:; i;!
,.

cmm) as wll ~s input inconsis(cnclcs in tic s :qucncc of code calls.

The cross-section sensitivity and unccmmnly path is based on hi rcp{mrd N I.AI”..A Adv Iw)Iv

( ;roup Meeting on Nuclear Data for rwslon Tcchnok)gy In (;iIussIg, (; 1) R [5] SInCc IIII\ mCCIIIIK III(-

(“(’(’(;-like “IRISM[6] gcom~.t~ file,.(;EOMTY, was Incwporatcd ImO SiiNSllll. ‘llw Im \)IIM)IJII\)II

of [hc ONF.DANT(41 geometry file, CJEOD.ST and the C(X’C Iilcs NIJX.SRI ;uI(i “7.NA’I”I)N I\ IIII,!{.I

WOY I-IIIS WII! icad I(I is cnnsldcrablc rcd;luil~m of user Input to SI; NSII]I.
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f:i~wrc 1. Block Diagram of Ihc AARI; SysIcm

TIIC mdcs currcmly hcing used in Ihc Neulronks Module Inc[udc (),Y14)A,STJJ I J IIIIC

dmcnsi mat finiw diffcrcncc SN lransport ccdc for slab. sphcnc:d “md qhndncal gcomcmcs.

‘1.WODANT,[9J a Iwo-dimcnsiomd frnik dlffcrcncc SSI lrurlsport cudc. for z-y, r-z and r 8 ~:~.

>
mnemcs: TRISMJ6] a Wo-dimcnslona! fhmc elcmcm S~ :ranspurt CII:!C10I X-Y, 7.U ir.m! it)rtli,l.il

~m ,tcl)nlclnc$ Using ln~~lal clcnlcnls; FIN F.[. hf, [ 10] n lhrcc-dlmcnsl(mirl Iinllc CICIIICI}I dill U\ It III

?, ‘. ;(~e for z-v ,-z(;. ., r-t?, zy-z and r-d-z gcomc[ncs using lnan~wlm m ruc[anpultir clrfrw~ll~ .IIIiI
L SIXTUS-2. [ I I ] a 2dimcnsmnal nodal diffusion code for hcx~~onid gclmwlry A I dIIIIL’II\Ii III.11



[ransmutauon .alcula[R)IIs Withoui reverting [o chaining specifications

Th/ ~ensitivit! Mwhle presently consls[s of ~C two-dimcnsl~n.11 pe~urbation lhcrm code
PERTV( ~ ,; and the one- and two-dimensional cross-section scnsitiviv MI(3 unc~n~inty analysis CM

SENS:F,..

PERTV is a Iwo-dimensional perturbation ticory code. It comptxes reactivity coefficient

trav’ ~KS using first-order pefiurbation theory, cffectivc delayed neutron fraction. neutron gcncra[ion
tir , the inhour/6t conversion factor and activity traverses. SENSIBL. an impmvcd and acccler~[cd
\ ;ion of SE NSIT[ 15! and SE NSIT-2D, [ 16] is a code kcd on !irst-order gcncra!ized pcrtubxion

:Ory.

At presm cighl cod::t arc included III tic (herd Purpose Nfoduk. ‘rhcy were designed

~ m collapse and combine G();<3 files, homogcnilc and/or print lhc cross-scclion SCMfrom a G(IXS

file, [o print and change isompic dcnsi(ics on u ZNATDN file, and [o prin[ dcplcli~,l hism~ vduc~

CIC. (See reference 1 for mom (lclJils).

NUCLEAR DATA LIBRARIES

Faur MATXS libraries based on ihc ENDF/B-V evaluations were gcncrwcd at Los Alarnos using

hc NJOY nuclear data pmccssing syswm[ 17] and arc only available wi(hin hc USA. These arc the

30n/127 group MATXSS, 69n group MATXS7, 80n/1 24-j group MAI’XS6, and 187nL!4~ ~roup

hfAl XS8 Iibrarics dcscnbed in rcfcrcncc 7.

Five additional Iibtancs based m ihc Joint Evaluation File/European hsion file (JEF/i+T)
cvaluations( 18,19] were gcncralcd A P 11,[20.2 I ] also using the NJOY nuclear data processing sys -

[cm.[ 17] T?rcsc arc !hc 7fhr group M ‘iT70, Wm group MAT86. 175n/42-y group MAT175, 18711

group MAT187. and 308n group MAI” WI librmics. They arc dc.scribed in some detail in rcfcrcncc

1 also.

CROSS-SECTION SENSITIVITY ANI) UNCERTAINTY PATI{

The cross-scctmn scnsiuvlty and urxcflaimy palh consls[s w prcscm of the codes TRAMIX, N!IX I’I’,
ONI:DANT, TRIS34 and SENSIBL. “ile data Ilnkage hctwccn ihcsc C1X4CSis pnmallly vifi (’(’(’(’

imd CCCC-like data files. Figure 2 d@nys !he 1- and 2-dimensional I1OWS.

TRAhll X uscs Ihc basic f;N[), fll nuclear d.113 In ir fine-~:r-oup lklATXS lIbr.uy f{)nn:lt,l 1 I

gcncra[ed from [h: NJ(IY code I,ysIcrr I 17]

TRAMIX is able 10 shlclct rc!onancc dwa m ihc whole cncq!y rwlgc UWIIN Ihc ImcInm!I.11(.

resonance absorptmn shicidmg mc!hoii. (IR mcihod),l 22 24] by ciIlculiI14ng energy d IuIl(yI(.

dcpcnderu Goldstein-(;ohcn lR-facto~s and energy dcpcndcnt Dammff comc!mns. [J\lng lhcw’,

the cffccovc background cross .scclmns can be calculated. “l-his cffcutivc h~ckgmund trots W( II(MI

t% (hen used together wldr lcrnpcr?, turr for inlcqx)lalmn In background cr{~ss-sccllon Jmi IV II IIN. I

alurc dcpcndcnt cro<s. satmn tables [25] Both background cross wctl(ms ami 11.rmoil corrc( IIt III\

arc calculated using the col[IsIori probability method An cxIcn\Ivc ~~bul~[}~m 01 lhc c (.I[)c .II1,I

Iransmisslon pmbatxllllcs lt usm.t fi~r a more 3ucur.Hc lnlcrpol MI(m, both tiIc fcprcwlll(.d lh .IIi; :

Incnrs m l!wu rwional rcprcserittilmn. Slab, sphcncal, Cyllndnr.’al. pet’blchcd. (i(mbic Ilclcro):(.lltlll

grain, and cluslcr gc{mlclrlcs arc included. l%c mcll)(xt Jllows shwlt!lng of ,111/OIIc., III Ilk. i, .It III

[Jwng the balance cquauon,, Ihc fivcrq:c IIuxc$ iirc dctcrmincd 111irll IIIC rr-;:ioni, III( lu\I\( I I It

grmns and their coatings. (Jwng ihc ra[lonal cxprcs\lon li)r k llua, Ihr h;Ich*:nNIII(!( r,)~i (( 1~.,r

IS dclcrmincd for each rr~:mn o{ the spMIal tvslcrn

‘T% APn<IIv. A- .en.ien, Ill m.-th.d ,C }.,. -,1 . . .. *I..- . -,, ...4,.... . . . .. . . . . . . . . . .. . . . .
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I’Igurc ? [30W Diagrmn of the AARE Cms..-Scflion Scns]tivl[y w)d (Jilccrtain[y l’,llh

dcm IoIal and ~bs[)rptmn muli~-gn)up cr[)ss-scc[mn Id)lcs [ I ] I{avlng Iht)w rcw)nancc p~rwnc[crs,

[hc (k)ldstcin-(’ohcn mcthod[?2,23] IS used 10 c~lculatc ihc IR -parxmctcrs

!n contrast 10 “TRAN.S. KCTR, TRAMIX also rcxh lhc iNIJX.SRr- ;md /~<A’I’[JiN lIlc\ l~)rl

tmnmg Iw(>prc dcrm[y spcc[iicamms. which can ovcrrldc (he tnpu[ yIcc IIIci NIt)ns ‘1’his I\ c~pci I,IIIJ

:Iscful during a slnglc run wl[h muh Iplc culls to ‘I’l{AMl, X,Arc 10 n~:]tcrld dcplc IIt)II

‘[RALIIX accura[cly cornpu!cs fission spccifa (mm fission n];,ir)( CS, LorII.cIY wll w ,I[t(.r ,IIIil

lhc first oulscirllcr Icrrns of Ihc cliisl Ic w~llcrtng rnwrwcs l(~r dtflcrcnlc~ Iwluccrl .It 111.11lliI\ ,11111

Ilt)rary wcIghtIng flux aml pn)(luccs a villlcly I*I Iit>r;)ry lt)rm~ls whl L!l cm k !IW(I Irl III~I\I II,III,i),lII

JIId dlffusl[)n c.odCs ALidtlmn~lly, [hc code ct),l[:ilns {~pll(m~ [or wlp)}rll I,Il}lc\, 1:111.Ii IIc\, I )~Il~lIIL.I

t (mwtlons, gn)ur collapsing. CCIIh{)rllogcrlll:l~it)rl, thcnn,ll upw:ltlcr, [Irf)rllllf 1)1\Ic.I(I\ \I,II~. II, It III

Ir:msfmrt (-omcclwns am! Ilcxlblc rcsp(msc iun~ il~)r)cditj

htlxrr[61I\ uwd 10 prc-pdrc rlilxcd, rl).icrow~)pil” cro~~ WII(MI lIIIIJr IC\ III ,liti(.l1{(I) (11

gn)upordcrerl htntiry Ionnals for u~c In Irdnsp{)rl ct)dc L:III ulJIIOII\ l“lw I\( ’l) l~)rlll,ll I\ 111,1[ II ‘:

SS1.111 cross icctl~m lthr~rlrs ;IJ uwd In ONI-’I)AN’I’, I“WOI>AN I .i[l,i I PIS\l I II,’ 01(11111,,, ! , !

t,,,lfl,V f,,”,, ,.. ,h:,, ,,{ II,F (; IY)I)Y< I,li-,,,. ,.....4 .. I l)lck4 1..... ..



either B(2D card images, or from the CCCC st~dard binw intcrf~c~ fI!~ ISOTXS. hl!XIT cur

also be used LO combine BCD and ISOTXS inpu~ filcs inlo ~ SIIIglC, JIIJ ~l~r~f~~rc much wn~ltcr,

problem-dependent input file.

TRISM is a computer program for solving the l~o-dirncnsl’)nal ncu(r~l wnick transport

equalion in rectangular (z-y) and cylindrical (r-z) geometries wlthln ~ general domain tl~ving

cumcd or other non-orthogonal boundaries. Thc spatial discretizalion is accomplished using tr-

iangular finite elements and discontinuous linear [rid functions. TRISM is a follow-on version 01

TRIDENT-CTR[26] which includes deterministic streaming capirbilitics [271 The use of this de-
wmhktic streaming oplion k useful in mi[ig~(ing the inaccuracies due 10 Ihc “roy-effect’” which
plague calculations for fusion systems with large in[cmal void region:;, The usc of triarrglcs in r-.

geometry allows a user to accurately follow curved or irregularly shaped boundm-ies and ma[erial
interfaces of toroidal and other fusion s}stem shcpcs. TRISM maimains Jll of the capabilities ot

TRIDENT-CTR but incorporates a completely ncw user-friendly, free-field input formw similar 10

that of 0NEDANT(4] and TWObANT. [9] In addition, several new input and edit options have been

added.

SENSIBL is a code based on first-order generalized pcrtubwion d)cov. 1[ has the c~i>~blliiy

for cress-section sensitivity and uncertainly analysis, Secondary -energy-distribution (SED) scnsilik i[y

and uncertainty analysis, and design sensitivity analysis. The code allows ‘lab, spherical, cylinr.fric;il,

z-y or r-d geometries and accepts group-dcpcnden: quadrature sets.

Presently, SENSIBL is intended for use with ONEDANT and TRISM. The [riangul~r mesh

‘Ised by TRISM allcws unique model ling capabilities [hat arc applicable to fusion reactor con[igu-

4~tions. and thus SENS113L can also analyze these configuratitms. l?rc forward ~nd ndjoint angul~r

fluxes calculated by ONEDANT and IRISM are required inp( m SENSIBL. BCCJUSCthe number

:\f angular fluxes can be voluminous, a sophisticated data management schcmc was rrecesstiry (or

the code m keep the execution umc and mcmo~ requirements wiihm rcasormblc Iimi(s.

To date the special geometry file. GEOMTY, gcncmtcd by TRiShl has been incm-porwcd

as an input [o SENSIBL. This eliminates most of ~hc user gcncrslcd Inpu( [o [hc code. I)ue I()

[hc triangluar meshes used in TRISM, GEOMTY is no[ siric[ly d (“KC fllc “l%c 1-dlmcnsltmal

gcomc(ry hlc. GEODST, ou~put from (] NEDANT, togclhcr with Ihc (’(’(”C files NDXSRf: :md

ZNATDN, containing density data, will soon be incmporalcd Into S1;NSI131., thus cllminalirrg funhcr

[hc explicit user inpu(.

The dwweticaf backgrounds arc given in rcfcrerwcs 5 and 16 The uncle allows the UJIUU

l~ii~)ii of the unccrtaimics of s;mp!c, as we!! M cow.p!cx, re$p}n%s Sluch L- kcr?na, d!sp!x-cmc!l!$

pcr amm (dpa). activation rates, or tnlium breeding. The cirkulmwn IS bwd on Ihc call LJI:NN)II 01

scnsllivlty profiles in connection wirh covw-iancc data:

{11

Ik rclallvc \cnwl IvIty prt)f Ilc clcw!y can k Iulrq)iclcd ,l\ ItIL’ II, I(II(NI,l I , :1.11’ ‘. ,:: 9,

response pcr fiXINMl~l Clms Wcllol} Chafl:tc Nolc (I1N in 1.:/ ( I ) Ittc lIril (w,) l.IcItJf\ III , .III

. . . . . .— .’:l _ .. . . . . . .. . . . , ., .1. . .1.1 . . . l.. I . . . .
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The Sensitivity profile for lhc response 1 can be expressed as

LIUAX ICM

(3)

The integral of the response over the volume of the “detector” (which may be the entire system) is

where V, is the volume of sp~utaf in:erval i, +% is the scalar flUX In wow g In ln~crv~l IS and Nmt

is the local atomic density of material m in irucr-wl i. ‘l%e quantity R~m appearing in Eqs. (3) and

(4) is the “response function,’” a r-c:ponsc-weighted microscopic cross-section. If the response O!

interest is the number of nuclear reactions of type z, then R~m is just the micimscopic cross-section

for that reaction, However, if the respon.sc of mtcrcst is the total nuclear heating, for example,

then R:m is the partiaf kcrma factor (in units of eV-hams) for rcaclion z in material m in group

g. Other complex responses, such as dpa and total helium production, can also be accornmdr[cd

using suitable definitions of R~m.

The quantities PA, x%, and @~O~appcanng in Eq. (3) are atom density-weighted, spatial

imcgrals of the ftux defined in rcfcrmcc 5.

The first term in the bracke[s of )3]. (3) is the direct term.[28] Note [hat this term is non-zcm

only if reaction z in material m comribu(cs to the detector response function, so ~hat both Rgm and

14 am non-~ro.

The second and the third terms of Eq. (3) comprise the indireck term. These terms are called

(hc “loss”’ term and the “gain” term, respectively. Nom Ihat the indirect term rcccivcs contribu~ions

only from inlcrvals in which ~hc density Nm, IS non-zero. The indirect term may be dcnvcd from

the expression for the for-ward diffcrcncc approximallon, Eq. (36) in rcfcrcnce 29 or Eq. ( 17) In

rcfcrcncc 30 or Eq. (26) in rcfcrcncc 31, considering a lwo-dimcnsomrl gcomcuy and cxpiinsion (JI’

lhc scattcnng into L-gcndre polynomial scncs and ~hc flux arrkwlar cxfmrrwons inm the scncs ol

sphcncal hmmon~cs.

Prescruly the MATXS8{7] coupled 187-r~culronfl~ -photf)n-gro(lp Iiblary based on ENDF/D

S, the MAT187[20,21 ] a I f17-ncu[rmr-group library b~scd on JEF I/l;l”T- cvaluir[lons md COV[:[l.S-

2,[ 32] the cross-section and covitnancc library, arc uwd for cross -scctlon Scnslllvily and unccrtwmy

calculations with the AARE sysicm. Whereas (hc MATXSfl and hlAT187 lib!~rlcs are used as inpui

lib;=rk~ for TRAh#,fi ,c, t,~,avd,t =M,k”,”.;.,.... -..., .-. .--,..41%’r .,. “.-. * ~~1~,,1.t”..m. ,.,, \h C)NJFnA~ .q.-t .fter (,tllnp%~ng, w~l~ TR!~~f,. - “ .s. ... .,”

the COVFILS-2 library M the input Itbrary for SF NSIRI. and is used for crovi-sciIKm scnsltlvltv

~nd uncertainty calculations

The 74-ncutmn-group boundancs of C’OVF1l. S 2 Ilbritry ~rc included II] {bc lB7~rou[J .IIIII

[urc of ?$lATXSll ,ard MAT187 Ilbriincs ‘lIIs enables rnfjrc ~cLurJlc I dlll)cn~i{)rl.il lx 7 11(.iIII(III

gnwp calculations wllh ONEDANT and, a[(cr collap%lng ln[() “14nculr(}n.grtmp slru~lurc, ii 1111

‘! ’RISM and SF.NSIII1. The lH7.rlcu(r{~rlgrt)(j[~ llbr~rlcs i..m lx JIW) {!lrc~[ly ,ollJp\c{! III I k’ \\ll ~

using the Ilbrary r~culr~]rl-wclgtlllrlg spc~~rurn or a hrrown. [gcncr:llcd Irl J l)r~’~1{~(1~~.Ii, lll.lll, ~.l,

nculmn flux file such as R7.hfhl, X or Rhlll.1 ‘Y f(’i caJrllplc
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