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Abstract. Animprovedversionof theCascade-ExcitoModel (CEM) of nuclearreactionsmplementedn thecodesCEM2k

andthe Los Alamosversionof the Quark-GluonStringModel (LAQGSM) hasbeendevelopedrecentlyat LANL to describe
reactionsinducedby particlesand nuclei at enegies up to hundredsof GeV/nucleonfor a numberof applications.We

presentsereral improvementsto the intranuclearcascademodelsusedin CEM2k and LAQGSM developedrecently to

betterdescribethe physicsof nuclearreactionsFirst, we incorporatethe photonucleamodefrom CEM2kinto LAQGSMto

allow it to describephotonucleareactionsnot previously modeledthere.Then,we develop new approximationgo describe
more accuratelyexperimentalelementaryenegy and angulardistributions of secondaryparticlesfrom hadron-hadrorand

photon-hadrornteractionaisingavailabledataandapproximationpublishedby otherauthors Finally, to considereactions
involving very highly excited nuclei (E* > 2 — 3 MeV/A), we have incorporatednto CEM2k and LAQGSMthe Statistical
MultifragmentationModel (SMM), asa possiblereactionmechanisnoccurringafter the preequilibriumstage A numberof

otherrefinementgo our codesdevelopedrecentlyarealsolisted.

INTRODUCTION

Recently we have developedat Los Alamos National
Laboratoryanimprovedversionof the Cascade-Exciton
Model (CEM) of nucleareactionsontainedn thecodes
CEM2k [1] andthe Los Alamos versionof the Quark-
Gluon String Model (LAQGSM) [2] to describereac-
tions inducedby particlesand nuclei at enegiesup to
hundredsof GeV/nucleorfor a numberof applications.
To describefission and productionof light fragments
heavier than*He, we have memgedour codeswith sev-
eralevaporation/fission/fragmentationodels,ncluding
the GeneralizecEvaporation/fissiorModel code GEM2
by Furihata[3]. CEM2k+GEM2and LAQGSM+GEM2
perform as well as and often betterthan other current
modelsin describingalargevarietyof spallation fission,
andfragmentatiomeactionsThestatusof ourcodesasof
the middle of 2003togetherwith illustrative resultsand
comparisonswith other modelscan be found in [4, 5]
andreferencesherein.Here,we presensomeadditional
improvementglevelopedduringthelastyear

It is well known thatall IntraNuclearCascadenodels
(INC) have someproblemsn a correctdescriptionof the
experimentalspectraof forward-emittednucleons.Re-
cently, this problemwasaddresse@dndpatrtially solved,
for example,in the Liege codeINCL3 (andINCL4) by
Cugnoretal. [6] andin theBruyéres-le-ChatdNC code
BRIC1.4by Duarte[7].

Addressingthis problemandimproving our INC for
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the CEM2kandLAQGSMcodess aprimaryaim of this
work.

RESULTS AND DISCUSSION

First,we haveincorporatednto LAQGSMtheimproved
approximationsfor the total elasticand inelasticcross
sectionsof hadron-hadromndphoto-hadrorelementary
interactionsdevelopedpreviously for the code CEM2k
(seedetailsin [8]).

Second,the photonuclearmode from CEM2k was
incorporatedinto LAQGSM , addingthe capability to
describephotonucleareactionsat enegiesfrom about
30 MeV to about 1.5 GeV (all previous versionsof
LAQGSMcould not modelphoto-nucleareactions).

Third, the double differential distributions of sec-
ondary particlesfrom elementaryNN and yN interac-
tions were simulatedby CEM2k (andall its precursors,
aswell ashy LAQGSM andits precursorsat enegies
belowv 4.5 GeV/A) still usingthe old DubnalNC [9] ap-
proximationsthat were obtainedby Gudimaet al. [10]
36 yearsago, using the measurementavailable at that
time. For instancejn the caseof two-bodyreactionsthe
cosineof the angleof emissionof secondaryparticles
in the c.m. systemis calculatedby the DubnalNC asa
functionof arandomnumberé, distributeduniformly in
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theinterval [0,1] as

N N
cosf = 21/ [Zoanfu(l— > an)f”“] -1, (1
n—= n=0

whereN =M = 3,

M
an = kgankﬂk : (2)
The coeficientsa,, werefitted to the thenavailable ex-
perimentaldataat a numberof incidentkinetic enegies
T, , theninterpolatedandextrapolatedto otherenegies
(seedetailsin [9, 10] andreferencegherein).The dis-
tribution of secondanyparticlesovertheazimuthalangle
¢ is assumedsotropic.For elementarynteractionswith
morethantwo particlesin thefinal state the DubnalNC
usesthe statisticalmodelto simulatethe anglesanden-
ergiesof producty(seedetailsin [9]).

For theimproved versionsof our codesreferredto as
CEMO03andLAQGSMO03,respectiely, we usecurrently
available experimentaldataandrecentlypublishedsys-
tematicsproposedoy otherauthorsto develop new ap-
proximationgfor angularandenepy distributionsof par
ticles producedin nucleon-nucleorand photon-proton
interactions.So, for pp, np, and nn interactionsat en-
ergiesup to 2 GeV, we did not have to developour own
approximationsnalogougo the onesdescribedyy Egs.
(1) and (2), sincereliable systematichave beendevel-
opedrecentlyby Cugnonet al. for the Liege INC [6],
thenimprovedstill further by Duartefor the BRIC code
[7]: wesimplyincorporaténto CEM03andLAQGSMO03
the systematicdy Duarte[7]. Similarly, for yN interac-
tions, we took advantageof the eventgeneratorgor yp
andyn reactionsfrom the Moscow INC [11] kindly sent
us by Dr. Igor Pshenichna. In our codes,we use part
of alarge datafile with smoothapproximationghrough
presentlyavailable experimentaldatafrom the Moscav
INC [11] andhave developeda simpleandfastalgorithm
to simulate unambiguouslydo/dQ and to choosethe
correspondingalueof © for ary E,, usinga singleran-
domnumberé uniformly distributedin theinterval [0,1]
[12]. For otherelementarynteractionsyve fit new setsof
parametersy, from Eq. (1) at differentT, for which we
found data,thenwe approximatedenegy dependences
of theparameters,, in Eq.(2) usingthefitted valuesof
an.
Two examplesof angulardistributions of secondary
particlesfrom np andyp reactionst severalenegiesare
shawn in Figs. 1 and 2, respectrely. The new approx-
imationsfrom CEM03 and LAQGSMO03reproducethe
experimentaldatamuchbetterthanthe old DubnalNC
usedin our previous codeversions(andin several other
codesdevelopedfrom the DubnalNC).

Additionally, in CEM03 and LAQGSMO03 we im-
provedthe descriptionof complec-particlespectraThis
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FIGURE 1. Exampleof twelve angulardistributions of n
from np elasticinteractionsas functionsof 07, at T, from
386t0 1243 MeV. The dashedines shav the old approxima-
tions from the DubnalNC while the solid lines are the new
approximationsincorporatedinto CEM03 and LAQGSMO03.
Experimentatlata(symbols)arefrom [13].
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FIGURE 2. Angular distribution of rt from 1 GeV y+

p — m" + n asa function of ©F,,. The dashedline shavs

the old approximationfrom the DubnaINC while the solid

line is the new approximationincorporatednto CEMO03 and

LAQGSMO3.Experimentabata(symbols)arefrom: [14].

wasdoneby refining the coalescencenodelusedin our
codes,by developing a betterapproachto estimatethe
probability of complex-particleemissionat the preequi-
librium stageof a reaction,and by incorporatinginto
our codesthe known systematicdor angulardistribu-
tions of comple particlesdevelopedby Kalbach. We
do not shawv theseresultsheressincethey will be pre-
sentedn a future paper Finally, we studiedandrefined
the treatmentsof the Pauli principle, refractionandre-
flectionfrom the nuclearpotential,detailsof the nuclear
densityand the momentumdistribution of intranuclear
nucleonsSeveralsmalluncertaintiesindobsenederrors
in previous versionsof our codeswerefixed, leadingto
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FIGURE 3. Protonspectraat 10°, 2¢°, 30¢°, 40°, 5¢°, and
60C° from the reaction558 MeV p + Al. Symbolsare experi-
mentaldatafrom [15], dashedandsolid histogramsareresults
from the old versionof LAQGSM [2] andfrom LAQGSMO03,
respectiely.

thenew versionsCEM03andLAQGSMO03.

We have verifiedandcomparedhesecodesto a large
variety of experimentalparticle spectrafrom NN, NA,
YA, and AA reactionsat different enegies and found
that generallythe new codesdescribeparticle spectra
muchbetterthantheir precursorsTwo examplesof pro-
ton spectrafrom 558 MeV p + Al and300MeV y + Cu
areshowvnin Figs.3 and4, respectiely. FromFig. 3, we
seethatLAQGSMO03describesnuchbetterthemeasured
spectrathanits precursorespeciallyat forward angles.
Neverthelessthe agreemenis not yet completelysatis-
factoryandthereis room for furtherimprovementsWe
chooseespeciallythis particularreactionshaving some
problemsto point outthatalthoughmajorimprovements
have beenmadein thesecodesin comparisorwith their
precursorsthey arefar from beingperfectandneedfur-
ther development,just as do all other INC-type mod-
els: to the bestof our knowledge,no modelsor codes
currently describedin the literature can describewith-
out problemsspectraof forward-emittednucleonsfrom
arbitrary reactions(see,e.qg., [6, 7, 18] and references
therein).

After testing our codesagainstexperimental parti-
cle spectrawe then comparethemto variousisotope-
production crosssectionsfrom spallation, fission, and

ImprovedIntranucleaiCascadéModelsfor the CodesCEM2k andLAQGSM

10 L R LB L B B L B R I L B R LB B B S LR R

d’o/dT/dQ (ub/MeV/sr)
=
o

10 E 045degx 100 3

090 deg x 10 \ \ E
_ A135degx 1 1
107 £ _Zcewos 3
—- LAQGSM03
1073 1 1 1 1 1
0 50 100 150 200 250 300

T,(MeV)

FIGURE 4. Protonspectraat 45°, 90°, and 135 from the
reaction300MeV y + Cu. Symbolsareexperimentaldatafrom
[16], histogramsand dashedines are resultsof CEM03 and
LAQGSMO3 respectiely.

fragmentatiorreactions that were describedquite well

by the previous versionsof thesecodes[4, 5]. We find

thatusuallythenew codesdescribesuchreactionsaswell

as and often betterthan their precursorqsee,e.g., the

first threetop panelsin Fig. 5). Neverthelesspur new

codesfail to reproducecorrectly productionof fission-
like heary fragmentsfrom reactionswith mediumand
light nucleartargets at intermediateenegies (seethe

solid lines on the bottomtwo panelsof Fig. 5), just as
do their precursorsand other currently available mod-

els(see.e.g., [17, 19]). Suchnucleartargetsare consid-
eredtoo light to fissionin corventionalcodes(including

GEM2 andall codescurrently employed in large-scale
transportmodels).Similarly, the fragmentsaretoo light

to be producedasspallationresiduesat theseintermedi-
ateenegiesandtoo heavy to be producedvia standard
evaporationmodels.

To considerreactionsinvolving very highly excited
nuclei (E* > 2 -3 MeV/A) and as a possibleway to
solve the problem with emissionof heary fragments
from medium-masgargets, we have incorporatedinto
CEMO03 and LAQGSMO03 the statisticalmultifragmen-
tation model code SMM by Botvina et al. [20], asa
possiblereactionmechanisnoccurringafterthepreequi-
librium stage.We use here the default version (1997)
of SMM kindly suppliedus by Botvina, without ary
changesor fitting of parametersexcept one: the only
parameterof SMM we hadto definein our combined
codesCEM03+SMM and LAQGSMO03+SMMwas the
value of the excitation enegy of the excited compound
nucleusproducedafter the preequilibriumstageof a re-
action when we would considerto undego multifrag-
mentatiorprocesseasdescribedy SMM insteadof tra-
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FIGURE 5. Experimental[17] mass distributions of the
yields of eight isotopesfrom Na to Mn producedin the
reactions 1500, 1000, 750, 500, and 300 MeV/A S6Fe +
p comparedwith LAQGSMO3 (solid lines on both pan-
els), LAQGSMO03+GEMINI (dashedlines, left panel), and
LAQGSMO03+SMM(dashedines, right panel)results respec-
tively.

ditional evaporation/fissiormechanismsonsideredby

standardCEMO03 and LAQGSMO3 for such reactions.
We chooseherethe value of E* = 2 MeV/nucleonfor

this transition:whenthe excitation of compoundnuclei

is E* < 2 MeV/nucleon,we describethe reactionsus-

ing theevaporation/fissioomodelof GEM2[3], standard
in CEM03andLAQGSMO03 while athigherexcitations,
we usethe SMM insteadof GEM2.

As we seefrom the right panelsof Fig. 5, the com-
bined LAQGSMO03+SMM code reproducesquite well
(dashedines) the yields of all products,including the
onesof heavy fragmentdrom thereactions300and500
MeV p + Feshavn in thetwo bottompanelsthatcannot
be describedby the standardl AQGSMO03(solid lines).
Similar results were obtainedby CEM03+SMM, and
alsofor otherreactionsThis resultdoesnot mean how-
ever, thattheonly possiblemechanisnfior theproduction
of heary fragmentdrom suchintermediate-engy reac-
tionson medium-massucleiis multifragmentationThe
reactionsshown in Fig. 5 (and other similar reactions)
can be also describedby versionsof our codeswhen
they are memged [19] with the fission-like sequential-
binary-decaymodel GEMINI by Charity [21] (seethe
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left panelsof Fig. 5). Again, we useddefault parameters
for GEMINI. This makesit moredifficult to determine
themechanisnof suchprocessesdlVe think thatfor such
intermediate-engy proton-inducedeactionghe contri-
bution of multifragmentatiorto the productionof heary
fragmentsshouldnot be not very significantdueto the
relatively low excitation enegies involved. Such frag-
mentsare more likely to be producedvia the fission-
like binary decaysnodeledby GEMINI. Multifragmen-
tation processesareimportantandshouldbe considered
in reactionsinvolving higher excitation enegies; at ex-
citationsprobablyhigherthanthe 2 MeV/nucleoncon-
sideredhere.We concludethatit is impossibleto make
a correctchoicebetweerfission-like andfragmentation
reactionmechanismsnvolved in our p+°5Fe (or other
similar) reactionsmerely by comparingmodel results
with the measurementsf only productcrosssections;
addressinghis questionwill probablyrequire analysis
of two- or multi-particlecorrelationmeasurements.

To summarizewe have developednew versionsof our
codesCEMO03andLAQGSMO3 thatdescribeguitewell
avariety of nuclearreactionsat enegiesup to hundreds
of GeV/nucleonbetterthan their precursors(Enegies
above about5 GeV are only accessibldo LAQGSM.)
Whatis more,our codesprovide reasonableesultseven
for low-enegy reactionswherethey arenot easyto jus-
tify from a fundamental-physicgoint of view. We show
in Fig. 6 that CEMO03 describesreasonablywell even
the experimentalneutronspectrafrom the reaction14.7
MeV n + 235U and gives resultsnot far from thoseof
the Los Alamosfissionmodelby MadlandandNix [23]
especiallydevelopedfor suchlow-enegy reactionsThe
role of the INC for suchreactionsis minor: the con-
tribution to the total neutronspectrumas calculatedby
CEMO3from theINC is of theorderof only onepercent,
asis the contribution from the preequilibriumprocesses,
andthe shapesof the INC and preequilibriumcompo-
nentsof the spectrumare very similar. This meanswe
could describethis part of the total spectrumeitherin
termsof theINC orin termsof only preequilibriumemis-
sion,asis doneby suchcodesas GNASH and TALYS.
For CEMO3, consideringthe INC asan initial stageof
reactionsvenat suchlow enegiesis important,asINC
providesthevalueof thenumberof excitons(excitednu-
cleonsandholes)asaninputfor thesubsequenpreequi-
librium stageof a reaction,andwe do not needto treat
thisasanindependeninput parameteasis donein two-
steppreequilibriumplus evaporation/fissiormodels.At
the sametime, the relative contribution to nucleonspec-
tra and othercharacteristic®f suchlow-enegy nuclear
reactiondrom the INC is very small,andshouldnot af-
fect significantlythefinal results, eventhoughit is used
at suchlow enegiesthatits usecannot be justified on
physicalgrounds.
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FIGURE 6. Comparisorof the presentCEMO3resultswith
experimentaldata(big opencircles) [22] and calculationsby
the Los Alamosfission model (line) [23] for the spectrumof
neutrongrom 14.7MeV n + 23%U. Contritutionsfrom theINC,
preequilibrium,pre-fissionevaporation,and evaporationfrom
fissionfragmentgo the total CEMO3results(filled circles)are
shavn by small opencircles, diamonds,down triangles,and
right triangles respectiely.
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