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Benchmarking Ten Codes Against the Recent GSI Measurements of the Nuclide
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A qualitative andquantitative comparisonof the recentGSI measurementsof the nuclideyields from
�����

Pb and�����
U at1 GeV/nucleonand

�����
Au at800MeV/nucleoninteractionswith protonswith thecodesLAHET (with bothIS-

ABEL andBertini options),CEM95,CEM97,CEM2k,CASCADE,CASCADE/INPE,YIELDX, HETC,andINUCL
is presented.Thepredictive power of thesecodesis reasonablefor nuclidesin thenearspallationregion but is worse
for deepspallationandmuchworsein thefissionregion. Noneof thesecodesagreewell with the datain thewhole
massregionof productnuclidesandall mustbeimprovedto becomereliabletoolsfor accelerator-drivenapplications.

KEYWORDS:nuclideyields,GSI measurements,LAHET/ISABEL, LAHET/Bertini, CEM95,CEM97,CEM2k,
CASCADE,CASCADE/INPE,YIELDX, HETC, and INUCL codes,benchmark, spallation,fission

I. Introduction

Currentdesignsof hybrid reactorsystemsdrivenwith high
current acceleratorsrequire information about residualnu-
clidesthatareproducedby high-energy protonsinteractingin
thetargetandin structuralmaterials.It is bothphysicallyand
economicallyimpossibleto measureall necessarydata,which
is why reliablemodelsandcodesareneeded.

The recent GSI measurementsperformedusing inverse
kinematics for interactions of ����� Pb1,2) and ����� U3) at 1
GeV/nucleonand �� �! Au at 800 MeV/nucleon4) with liquid
� H provide a very rich set of crosssectionsfor production
of practicallyall possibleisotopesfrom thesereactionsin a
“pure” form, i.e., individual crosssectionsfrom a specific
given bombardingisotope(or target isotope,whenconsider-
ing reactionsin theusualkinematics,p + A). Suchcrosssec-
tionsaremucheasierto compareto modelsthanthe“camou-
flaged” datafrom " -spectrometrymeasurements.Theseare
oftenobtainedonly for a naturalcompositionof isotopesin a
targetandaremainly for cumulative production,wheremea-
suredcrosssectionscontaincontributionsnor only from a di-
rectproductionof agivenisotope,but alsofrom all its decay-
chainprecursors.

In the presentwork, we performa benchmarkof ten dif-
ferentcodeswidely usedin currentapplications,namelyLA-
HET (with both ISABEL and Bertini options),5) CEM95,6)

CEM97,7) CEM2k,8) CASCADE,9) CASCADE/INPE,10)

YIELDX, 11) HETC,12) and INUCL13) againstthe new GSI
datato evaluatethe predictive power of thesecodesand to
considerwaysto furtherimprovethem.

II. Results and Discussions

To evaluatethe predictive power of the testedcodes,we
calculatedwith the default optionsandwithout any changes
or modificationsfor all codesexceptCEM2k,which is anim-
provedversionof its precursor, CEM97,andwasdevelopedto
describeaswell aspossibletheseGSI dataandothersimilar
measurements(seedetailsin8,14)).
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The limited size of the presentpaperdoesnot allow us
to describeall resultsof our benchmark,thereforewe show
hereonly several typical examples. Figure 1 shows a com-
parisonof the GSI datafor p(1 GeV) + ����� Pb with predic-
tionsby theLAHET codewith bothISABEL andBertini op-
tions. Figure 2 shows similar comparisonswith resultsfrom
CEM97andHETC,while Fig. 3 showssampleof resultsfrom
CEM2k. Similar figuresfor p(1 GeV) + ���$� Pb with results
from INUCL, CASCADE, CASCADE/INPE,and YIELDX
maybefoundin15) andfrom CEM95,in.8) Figureswith com-
parisonsof resultsfrom several codestestedherefor the re-
actionsp(800MeV) + �� �! Au andp(1 GeV) + ����� U may be
found in8,14) andwill be shown in our posterat this confer-
ence. Tableswith quantitative information concerningthe
agreementof thetestedcodeswith experimentaldatamaybe
found in16,17) and will be shown in our presentationat this
conference.

Theability of codesto simulatefissionprocessesis anim-
portantcriterionfor their applicationwhenthetargetis heavy
enoughto fission. Amongthecodesbenchmarkedhere,LA-
HET, CASCADE, INUCL, CASCADE/INPE,andYIELDX
simulateboth spallationandfission products. The CEM95,
CEM97, CEM2k, andHETC codessimulatespallationonly
anddo not calculatethe processof fission, anddo not pro-
vide fission fragmentsanda further possibleevaporationof
particlesfrom them.When,duringa Monte-Carlosimulation
of the compoundstageof a reactionthesecodesencountera
fission, they simply rememberthis event (that permitsthem
to calculatethe fissioncrosssectionandfissility) andfinish
thecalculationof this eventwithout a subsequentcalculation
of fissionfragments.Therefore,resultsfrom HETC,CEM95,
CEM97,andCEM2kreflectthecontributionto thetotalyields
of thenuclidesonly from deepspallationprocessesof succes-
sive emissionof particlesfrom the target,but do not contain
fissionproducts.To beableto describenuclideproductionin
the fissionregion, thesecodeshave to be extendedby incor-
poratinga modelof high energy fission(e.g.,in thetransport
codeMCNPX,18) whereCEM97 andCEM2k areused,they
aresupplementedby theRAL fissionmodel19)).

From the resultspresentedhere and in our paperscited



Isotopic distributions of the products in 208Pb+1GeV p: GSI+ITEP+LAHET(ISABEL)
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Isotopic distributions of the products in 208Pb+1GeV p: GSI+ITEP+LAHET(Bertini)
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Fig. 1 ComparisonbetweentheGSIdataonnuclideyieldsfrom p (1 GeV) + 1�2�3 Pb(filled circles)andcalculationsby LAHET-ISABEL and
LAHET-Bertini (opencircles);filled squaresshow experimentaldatafor thesamereactionsmeasuredby the 4 -spectrometrymethod
at ITEPby Titarenko etal.16)



Isotopic distributions of the products in 208Pb+1GeV p: GSI+ITEP+CEM97
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Isotopic distributions of the products in 208Pb+1GeV p: GSI+ITEP+HETC
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Fig. 2 Thesameasin Fig. 1 but comparedwith CEM97andHETC calculations.



above,onecanseethatthoughpracticallyall thetestedcodes
describequite well the productionof several heavy isotopes
nearthe targets(we calculatep + ����� Pb, �5 �! Au, and ����� U;
therefore,for us ����� Pb, �� �! Au, and ����� U aretargetsnotprojec-
tiles asin theGSI measurements),exceptfor CEM2k they do
not reproducecorrectlythecrosssectionsfor lighter isotopes
in thedeepspallationregion. Thedisagreementincreaseswith
increasingdistancefrom the target,andall calculatedcurves
areshiftedto theheavy massdirection,justaswasobtainedby
the authorsof the GSI measurementswith all the codesthey
used.In otherwords,this meansthatfor a givenfinal isotope
(Z), thesecodespredictemissionof toofew neutrons.Mostof
theneutronsareemittedat theevaporationstageof areaction.
Accordingly, oneway to increasethenumberof emittedneu-
tronswould be to increasethe evaporative part of a reaction
(relative to preequilibrium). This (and other improvements
andrefinements;seedetailsin8,14)) we did whendeveloping
thecodeCEM2kwhichagreesbestof thesetestedcodeswith
the GSI (and ITEP) datain the spallationregion. However,
CEM2kis inapplicablein thefission-productregion,asto date
it hasno modelof fission-fragmentformation.

Product isotopic distributions in 208Pb+1GeV p: GSI+ITEP+CEM2k
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Fig. 3 Thesameasin Fig.1 but comparedwith CEM2kcalculation.

III. Conclusion

The predictive power of the testedcodesis different but
wasfoundto bereasonablefor mostof thenuclidesin thenear
spallationregion(for nuclidesnottoofarfromtargets),though
noneof the benchmarked codesagreewell with the datain
the whole massregion of productnuclidesandall shouldbe
improved further. On the whole, the predictive power of all
benchmarkedcodesfor thedatain thefissionproductregionis
worsethanin thespallationregion; thereforeweconcludethat
developmentof bettermodelsfor fission-fragmentformation
is of first priority.
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