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The LAHET Code System: Introduction,
Development, and Benchmarking

R.. E. Prwl

Ra(liat.iou Transport Group X-6

Los Alamm National Lid)orihry

Los Alamos, NM, USA

Abstract

Au introduction to tlw LA IIK’I’ rndc systm is prmmhl, showing tlw function
~d each rode and t twir intcrrcl:~tion. A surntnary i~ madr of LIIPpriwipal physirs

IIIIMIOIH mid in LA III’r. SONICrcwnt rosultn ill Imdmarking arc shown for tmall-

71,i for N(IO M(*V proton~ incidwt. mwtron clmissiwil “!glr II(’II t ml Wlim.ik)n fronl

from !)l10 d wvmd inridcnt prntoll oncrgiwh find art.inih md Kul)wtinido Iiwi(m

:;llios.
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ftwt Ilrm. ( ‘Ilargt’fl [mrl ich’ I rfills]mrt Iwrs C{II]Iillllolls slowin}~ (Iowll wit 11 rilllg(’ SIrag

g]ing iIII(l nlullil)h) S(”iktt.(’rillg iitlil])t (’(1 to $l(lX1’ gf’t)lll(d ry. Ill il(ltlition. il l,I\ll 1(”1”
history lih~ Illay IW IIW(l to g(’!lf’rilhh il 511rhc(* sollr(x” (or a SIIIMPIIII(’111, I. AI II;’ll f“ill(”lllil

I ion. illlfl ii I.:\ll 1[’1’history I!!(’ fr(m] a llll~l(’O1l/])i( JIl I)ri)l)l(’11) lllil~ 1)(’ 11S(’(1 as il w)llrru
for a sl[lwmllwnl, nmm t.ral:sport. ralclllal ion.

I‘1 1’1’ i~ a mh to gmoratjt’ (hy tlm Monte (‘ark) Illdkxi) il phl on sollrc(’ [ilr frt]lll
1,.\ 111’;’1’olltplit h input. to Ilhl( !NP. ‘1’hr Iilr im’lllflm (Iwwcilat.ion galllmw anfl nmltr;ll
l~io[l flrcay galtllxlns .

Nwlt.rons appearing in 1..II1KT Idow 20 XI(’V ar(’ wril Im to a so[lrrr lilt’ f~mt~ililS.

port with I I M( thi[’. ‘1’11(’ photon wmrcc filr gmmat.wl I)y 1>1rr may Iw mrrgml wit.11t IN*
nmlt roll w)llrc(’ Iilr 1.0provifh’ a sourer for a roupl(vl l]t*lltroll/l)llotoll Il\i( ‘h’l’ run,

IIM( !N1’ i~ a Illo(lifi(”ill.ioll”of hl( ‘! VI)which acrrpts m oxhmd Il(lllt.rol~/lJllol(]tl”
sl)~lrc(~(.r(~ilt.(~(1 Iy lJAllli’1’ and/or 1’11’1’.Nclltroll triill: jrt frIIlll 20 \lf*V to I111’rlllill

ilil(l fill ])llotoll/(*1(’(.t.roll trnn:{pmt i~ (lo II(’ wittl IIN1(!NI’. I[hl( ‘Xl) Itm.y illso IW IIsml ftJr
roIIpl(’(1 llf*lll. r~)ll/l)l’olo ll/l)llotoii Imiltigrollp (mill(-lll;ll ions with a vrry lilllit(’tl Illll]dwr t~l’
is(d.oprs id mwrgi(w lwlow 10[lhlcV.

\$’itllin tlw 1.( !S, rrow sm-ti(m output is gmwrntwl frol]l ll~\llll’l’ history lilt’ 0111l~llt.
I)y t.llt’ SS11?( 111,ilitv t’f~(ll’.l“or tllc’ (’iLICllliLtioll ()( rrosw svrtions, l,t\ 111’1’[’is rlln ill n Iloll
t rilllsl)(~rt, III()(h~, wit.11l.li{~intrrartim p!lpics inw)kd ill tli(~ s(}llrw I]iwti(.lc’ ollt~rgy, ‘1’11(1
s(jllrrr ~’11(’rgyIlmy Iw (Ivscrilml I),y n I.cll)llliltt’(1 (Iisilril)llti(m. I)rt)vi(lillg (’row ww.t i(lll~

ilV~’ril~(Vl ovur illl ~vu’rgy (Iistril)llt.ion. ‘[’11(’XSI; X Cwh’ is tll[’11Ilst’[1to Im)((w iL histi]ry

lilt”. g~wwat,ill~ (lolll)l(~-(lilrf’r(’lll,iill RI}(I {’lwrgy- ;Ill(l illl~l(’ illt(’grilt, wl cr[)ss s(’(”tit)l].s Itr

yi(”l(ls.

11’1’/\l’I’tis il ~(’ll(’rllll)l:rl~()~t’ fvlih)r km tlw l,Ijli Ifl’ I;ist,ory Iil(l, 1{(’it~in(”lllfli~sllrfm”c’
tmllrrwlt illlil tillxm llt’lltr(~ll Il)illllll’ flllx, l)ilrl.l(-h’ I)ro(lll(’tioll” Sl)(’(’tril, (’lwrgy IIfy)(witiotl

illlll liiLlilll(”d’, (Iistrillllti(m I)f rfwi(lllal Ilil(-lri ikllfl (Writillioll, }:ils l~r[l(lllt”tit~ll, ;Illcl IJIIIxI’
Shill N” (“llilr:l(-l.(’ rlst it’Sm ll’I’AI’l~l isillsol l:+cl~lt.lJ{lclit slirf:l~-t~~rossillgil ;iti~fl-i~lll ll\l(’Y II
illlll lll(”~~f’ it willl l, I\lll{’1’ rmllts,

[11:Illllilitm, illl Illltdlirinl il(l;ll)t;lt.illll ()[ III(* l’X~S (’()(11’ for tilt” t~illl~[~ld. Id’ llij~ll
t’llf’rgl’ [lll[~t[~lls:Illil f’lt’(’t.rf}ll~i~ ;lVililillllf’ wlli(’11 t’ll)lllooVH hl(’Nl) }{fv)lll(4rv ;IIIII I);lrt i! III

Irarliillj[ ;Ill(l \vlli I’11 illl(~rf;lr(w \vitll 111(’ I,;JIII’:’[’ (“I MlfI !iystlqll lllrtjll~;ll a lIllIIIIjll !illlll”l’lm

Iil(*,
‘1”111.IIrilwilwl :ll]ltl iimcllilltl~[](lll(’ l, I\lll(’1’ (’i NhsSy:.l FIII Il:lt’r IMWII

● tltr.ap~’ I“lt)lll (“,r,llli~”liij’ 1,111’ir~jlllll!’llt.;



● frilsil)ilit~ Ht,ll(lim for arcolorat,or t,ral]smlltation Or wnst,c;

● nmh’rntor {Itviigll (or n(.col[irator-(lriv(~rl mwtrm sourcm.

IIlllllolllclltatio[l(}f the 1,(”%rcquirtwmmplete 11’OIWRAN 77 ratability, illrlll~ling
t’haract.or lllilll i[)lllatioll. ‘1’Iw(;RAY( {!TSS! using CIWLI17 isusml for prilniwy ~lm-Pl.
(q)tllwl slid sow ])r(Jdll Ctk)ll calrlllatirms nt I,AN I.. A (’RJ\Y ([ JNI(WS) protlllctiol”
t.ilpidjility Ilmintainwl i~t LAN], and NI?RSC. The VA,S/VKl,S vmsion is in ad.iw’ IIWI

iLt l,i\Nl, an(l at many locations outside the Ialmratmry. ‘~(l(]ay, lIIOSt II(!S llS;lg(’ ill

l,;\N1. ill]fl(~l~t’lvll(~r(~ is (Icwon [J NIX work stations; W 1.(!S hiw brcn sllm~ssfully
illll~l(’111(’llt.t’(1on S(;1, (’onvoxm SIJN, IIIM, 111],and l)lC(-~/lJ1:I’ll lXsy~t(’Iris.

Physics Models in LAHET
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rwidual nuchws with the r~nlaillillgcxrital.ioll mmrgy. ‘I’llelillkgc oftllc XIIJ\I Io(wdl
of tlw IN(! moth+ isdiscusd in [IO].

lU Ihe implementation of the MPM, the inverse rm-tion cross section~ are rcprt=-
SCIIIml hy the paramet mization of (.’hatterjce[l 1]. mlr potentials from which t.lw invmsr
rc,act,ion moss scd.ions arc ohtaincd arc those sdcd.cd by Kalhadl[ 12] [or th~ PI{ 1{(‘()-
]yJ ~o&!m

Further excitation is treatrd hy a l+rrni breakup model (for A up to !8) or hy tlw
evaporation model of I’lrt=swr[l 3] for heavier nuclei. LAIIET includes as Ilsm options

lwo modds for lission imluccd by high tmergy intmactions: the ONNL modcl[14], am]

lhe l{ulhcrfor~ Appeltrm Laboratory model hy Atchison[l 5]; the fission modc]s ilrf’

cmployrd with the twaporat ion model.
In I,A HE’I’, the Fernii breakup model[16] ( FIIM) has rcplamd the evaporation IIIodrl

for the (Iisinlrgrntion of light. nmhi; it treats the dwxcitation procms M a scqumlrc of
silllll!talwous lmwkup~ of the rxcitccl nucleus into two or more products, each of which
IIIay IN’ a Htalk or Ilnstaldr nucleus or a nucleon. Any uustablc product. NUC1OIISis
sllbjm:t to sulxwqmmt hrrakup, The prolmhility for a givrn Imakup chanrd is primarily
(](~t(~rlllill(yl (r(~lll tll(: av:*ilal)lc pl)arw space, with prol)al)ililir~ for two-lx..dy clmIIIlr15

nm(lilio(l hy ( ‘(mlomh harricw, angular momentum, and isospin factors. ‘1’hc IIwII(lI is
appli(d on]y for rrsidlml nlwlci with A < I7, replacing the waporation modd for tlIww
nlwbi. III tlw 1A I[l?!’ imihnm~at ion, oIIly two- am! thrre-ldy hrcakup AmIIIA
arr ronsi(lmrd; it is all al)l)rrviatd form of a Incwc Cxtmlsivc ill]l)l(’rll(’l:talli(>ll of t.hf’
I;[mlli Imwkup n]mld, with up to 7-lN-dy simultalmms hroakup, WA prt’violmly for
(“ros~ w’rlion f.illcIlliLtit)llH 011 light nuck:i[! 7].

‘1’llrw optionnl hd (Icnsity formulations havr hmn illll]lf’ll~i’lltc(l, In thr tlt*f;l11111
I“il!l(’, tllr I(’WI (Irnsit,y pmnmvtor a, is ohtaind from tlw wwrgy (Iqrmlwlt fornllllnti(jll
(If Ignatyllk[l H] i~ illll)hvlwl~trd in (; NASIIII !)]. ‘1’Iwotlwr optioll~ ill I,A Illt’1’ iir[~ I,IIIJ
ilmfld origimllly Iwwl in thr rvalmratiou mmld of IIIH’(’[ I3] an(l il IIICWWI(lqwnfl~vdl
vltrrnativ(’ (.liilir+ ) mor(’ r(wvltly drvdopml for US4’in 111;1’(‘[20], In Iigurr 2, Illw I(NV
;III(I Iligll-f”xt.iti\l.it)ll lilllit~ of tlw cnrrgy (Iqwnth’llt III(NI(*larv Hlmwil, ;d(mg with I I)(’
,IiilitmllIllt)(lvl, for Illlrlvi mvw tlw Iim’ of still~ilitym Ill Iigllr(* :1, 1.11[’iwiginal II 1!’1’(:Illt)fl[’1
is illllstriltc”fl.

1,/\ll I{’l’ (lilli~rs fr(ml II 1{’[’(’in III(”IIWBd ~mlltolrtvlt.r~im ft)r pnrtichw wwitljillg fr{uII

111(’ 11111.’IWIS ~lllrillg tilt’ illtrilllllt”h’iir (“il$i(-d(l(’. I“or (’ithrr IN(’ tII(Nlcl, I II(” 11(1111.IO(NI (“lli(l!r
t“llt’rp,yis Illlif(wllllovtlistriljllt(’~i IN’I.WXI(SUzcr(} nll(l Iff’irr tlw Illtwtl I)in(ling fvl(’rg.vm‘1’11(’
f ‘[IIIltjIIIIJ l~;Lrri(’r is r;ul{lc]llllv {Iist. ril}littxl ill ;1 f{mll sillllllclting il ( ‘[)lllt)tlll~ l~ilrri(v’ I.rails
lllissi~ul lmdmllility; I.lw lllil~illllllll of I,h(’ (’[}11101111)l}iwri,~r iIIIfl tlw Ilrlltrf)ll ~lllt.ldri::
i IMVIIWI ;M I,IWl)r(don ~olllomm‘I-IN’Snllll)lillg f~n”IIw ~mlltolr~w(’rgit’s is Iwrftmlllvl ~JIIC(I

f~w ftlf’11l~rt~jf’(lil(~lilrp,f’t illtrrmml.i(~ll:I.llt. lmrrim~ tlllls (Idinr(l nrv I.111’11ill~l~lil’~1 t!) mvry

II;IIOI i(lt. (~lllissi,)ll ill lli(’ rt’sllll ill}!(’ilS(-;lll(’, ‘1’llis Ilr(lt-t’(lllr(”,,“l~llllitl(’fll-varlili(”idl, Ilns IIICI
IslliIt.1I)( I}rt’v(vllill~! d lli:i(”t~lllillllil.y ill I II(’ IJ;II’Ii(’1(’r’llliw+i{~llsI}(’II1“11111wllil(. l]rw;(wf”illj~
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quite wc!l the mean particle emission rar,es.
Another small addition to Ihe intramwiear cascade procedure is applied to (11,11)aIIII

(n.p) INC reactions only. In this case. the outgoing ~article energy is correctwl 11)”I III’

binding energy difference in the entrance and exit channels. The 1m3dification grral.ly
improves the realisn in the high energy crnission qxct rum anfi significantly improves

the ow=rall energy ba!ance in the INC.

Comparison of Small-angle Neutron Emission in tb.e
Bertini and ISABEL INC Models

Figures 4 through 9 show calculations made for neutron emission from 800 MeV protons
on 7Li. with a comparison to small angle data[21], Results {rem using both the IS AIIE1,
and Ilerti II I mo$els are shown. As onc rnov= from 9° to 0° , the two mockls SCRWIIt o

t rest tlw <Iuasiel~qtic. peak very much the same. However, the emission due to resonanw
decay is shifted into the most forward ( 1° to 0° ) angles by the Bertini model. (This
(Wcct of Iho mlgular distributions for the decay products is rather well known, but is
t?xccllcnt.ly {’xhii.)itcd by these calculations. )

‘1’IIc ISfilll~l, smms to represent the data witlmut any apparent artifact. an(! t ho
Iilllitations of the Inodel slwm to apply cqua]ly throughout this angular range. ‘1’lw
ovrrall neutron omission from the fktir:i model is abrmt 20% Iargm than fronl t iw

ISAIIKL model. ‘1’he prc.wnce of the forward angle disrr(’pnnc-y in the l~crtini mmlvl
III;Ly havt’ no major pract.id cfkct m many calculations, hut t.hc uwr shoIIl(l II{’ wart’

(J[ tlw tdf(~t iLII(l Illakc tlis OWII ju(!g(’mcnt 011 its rrkwallw for ]1is nti]c~l!ations.

Neutron Emission from Protons Incident on !)1)(’

I()
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.

the %tatkticalw evaporation model). However, the discrepancy is almost the same
with either INC model, with or without the preequilibrium model, or even using Ihe
evaporation model! ,No discrepancy of such magnitude is observed for calculations with
natural boron.

Calculation of Fission Cross Sections

The data from neutron-induced fission experiments performed at Los Alamos National
Laboratory over the energy rauge 15 MeV to 400 McV is nearing p~blication[24]. ‘1’lw
fission cross section ratio data (relative to ‘5U) provide excellent benchmarking oppor-
tunities for the fission models used in LAHET and other codes.
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In figures 13 through 18, calculations compare the Ilmtiri IN(! with NAL liw+mn[15],
tlw Ilcrtini lNC with ORNL fissicm[l-1], and the ISA13EL lNC with Iti\l, fission. III tlwsr
raw’s, the choim of INC model dors not grwttly akt thr calculated fission prohahility
(within the rilth(’r Iarge statistical t?rrors of the rahmhdion). ]fowm’cr, the {Ill NI.
IINXM htl~ a mm-zmo fission probability only for rmidual nuclui (aftm tlw I.N(~ st iIgr)
with X z !)1. Tlms the ovmnll fission probability drops rapidly at high inridrnt pmt. irlr
mmgics whm significant charge is Imt from the rmidual nuchws. This ckt is m)t WV*II

for a ratio for urnnium isotopes, whore the target material for both tlw numm-at.or iiil(l
(Im)ominator )l~q the same Z. Wlwrc the nmncrator and ( c.mnlinator r(’f(’r to tnrg(’1
Ilmtmials with difI’mmlt Z, the cfrrct is wwily Scwu (figures 16 and i 7).

At !OWmough mwrgiw to he valid, thr O1tNL model gives Iwttm rmulls for 2:’’)1)11
‘:~7N> Ovmall, rmults for urnnium isotopm arc (.()[i]pi\rd)l(*. ltI)ut wmw rwults for I .

nlily IM*m]tmi that thin= i~ no rmwon that thr mlr ~hotlld not arms thr 01{ N1, nm(h’1
wlwn it npplitw and acccw the RA1., nltJ(lcl oiilmrwiw, if that were rml~i(lm(xl (Irsir:l 1)1{1.
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O( the precquilibriurn model reduces it still further. These results strongly indicate that
more at tent ion should be devoted to developing a subact in irk fis~ion model, ronsi~tcnt.
with the usc of the prcequilibrium model, or adapting a better treatment from sorer
ottmr MA.

In figuro 20, the cl~ccts of the Icvcl density options arc shown. (Thr lIE’I’C Imd
(Irllsity rmults, for DO = 8.0, 10., and 14.0, ar~ shown by the dotted lines, from high
to low rmpcrt.ivciy). Tllc mm of the HETC ICW4density, with 110 in the range fronl
8.0 to 10.0, is quite consistent with the cnmgy-dependent LAIIET metimd. In I.ilis
(.i~~~, thc J iilic.h model producm radically lowm results, ‘1’his suggests that., allhollgh
I,INS Jiilirh mode] m~y be a good rcprmentation at low recitation in many r,aww. t IN’
11Iwc II I(MIC1 with an appropriate value of 110 may bc a lx’ttc~r rt=pnwcntation at higtl
oxritatic)n ~’ncrgirs.
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