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Abstract:Usingaunifieddescriptiononmultiplicitydistributionsoffinal灢stateparticles,theener灢
gyspectraoflightchargedparticlesandevaporationresiduesinheavyioninducedreactionsatlow
energyarestudiedintheframeworkofamultisourceidealgasmodel.Eachsourceinanexcited
compositecontributesenergyspectraoflightchargedparticlesandevaporationresiduestobean
exponentiallaw.Thecalculatedresultsarecomparedandfoundtobeinagreementwiththeexpe灢
rimentaldataofinclusiveandexclusiveenergydistributionsforlightchargedparticlesandevapora灢
tionresiduesmeasuredinthe20Ne(158,170,180,and200MeV)+ 12Creactions.
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1暋Introduction
Itisknownthatanexcitedcompositeisusual灢

lyformedinlightorheavyioninducedreactionsat
lowenergy (afew MeV/u).Toinvestigatethe
propertiesandbehaviorsoftheexcitedcomposite
at various stages of the deexcitation cascade
process,lightchargedparticlessuchasprotons
(p),deuterons (d),tritons (t),and毩灢particles
evaporatedfromthereactionsarewidelymeasured
togivetheirmultiplicitydistributions,angulardis灢
tributions,energyspectra,andothers.Inlightion
inducedreactionstheexcitedcompositegainslow
excitationenergyandlowangularmomentum,and
theenergyspectraoflightchargedparticlesemit灢
tedinsuchreactionsaresatisfactorilyexplainedby
thestatisticalmodelpredictions[1-2].Oppositely,

inheavyioninducedreactionstheexcitedcompo灢
sitegainshighexcitationenergyandhighangular
momentum,and the energy spectra of light
chargedparticlesemittedinsuchreactionsarein灢
consistentwiththerespectivepredictionsofthe
statisticalmodel[3].Itisknownthatinheavyion
inducedreactionsthehighangularmomentumin灢
ducedthedeformationoftheexcitedcomposite.
Meanwhile,毩灢clusterstructurein毩灢likenucleiin灢
fluencethereactionprocessandcontributetothe
deformationoftheconcernedcomposite.

Asa5毩+3毩system,the20Ne+12Csystem
wereextensivelyinvestigatedinrecentyears[4-6]in
connection withthestudyofnuclearorbitingin
毩灢clustersystems.Thedeformationoftheexcited
compositeformedinthe 20Ne+12Creactionsat
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7~10MeV/uwasestimatedfromthestudyofthe
respective毩灢evaporationspectraandfoundtobe
muchlargerthan normal deformation in non灢
毩灢clustersystems.Withemissionsof毩灢particlesin
thelargedeformationcomposite,theemissionsof
otherlightparticles,suchasp,d,andt,incoinci灢
dencewithindividualevaporationresiduesarealso
interestingtostudyandprobethefinerdetailsof
thereaction mechanism[7-11].Suchstudies may
enableustoexploretheevaporationdecaycascade
ofthecompositesystemandestimatethecontribu灢
tionsfromfission灢like,pre灢equilibrium,andother
non灢evaporativedecaychannels.

Recently,Deyetal.[12]reportedaninclusive
andexclusive measurementof (non灢evaporative)

lightchargedparticlesemittedincoincidencewith
individualevaporationresiduesofhot(excited)32S
nucleusproducedinthe20Ne+12Creactionsat7~
10MeV/u.Itisobviousthattheinclusiveandex灢
clusiveenergy spectra are differentfrom each
other.Especially,suchexclusiveenergydatamay
provideimportantcluestorevealtheintricaciesof
thedecaycascade[12].Atintermediateand high
energies,final灢statechargedparticlesandnuclear
fragmentsemittedinparticle灢particle,particle灢nu灢
cleusandnucleus灢nucleuscollisionsweremeasured
inthepastyears(e.g.Refs.[13-19]).Multipli灢
citydistributionsofchargedparticlesandnuclear
fragments,isotropicproductioncross灢sectionsof
nuclearfragments,andotherinterestingresults
werereported.

Veryrecently,weproposedaunifieddescrip灢
tiononmultiplicitydistributionsoffinal灢statepar灢
ticlesindifferentcollisionsystemsathighener灢
gies[20]andstudiedthe multiplicitydistributions
andisotopicproductioncross灢sectionsofnuclear
fragmentsinpA (p灢nucleus)andAA (nucleus灢nu灢
cleus)reactionsatintermediateand highener灢
gies[21-22]intheframeworkofourmultisourceideal
gasmodel.Althoughthereactionmechanismsare
differentatlow,intermediate,andhighenergies,

itisexpectedthatourmodelcanbeusedtode灢

scribetheenergyspectraoflightchargedparticles
(lightnuclearfragments)andevaporationresidues
(heavynuclearfragments)producedinnucleus灢nu灢
cleuscollisionsatlowenergy.Inthispaper,we
shallusetheunifieddescription[20]todescribethe
energydistributionsoflightchargedparticlesand
evaporationresiduesemittedfromthehotcompo灢
siteformedinthe20Ne+12Creactionsat7~10
MeV/u[12].

2暋Themodel

Inourrecentwork[20],aunifiedformulawas
proposedtodescribethemultiplicitydistributions
offinal灢stateparticlesproducedine+e- ,pp,p焻p,

e+p,pA,andAAcollisionsathighenergies.Ifwe
regardtheneutronnumberinanuclideastheneu灢
tronmultiplicity灢likeinafinalstate,theunified
formulacanbeusedtoanalyzetheisotopicproduc灢
tioncross灢sectionsofnuclearfragments[21].Itis
shownthatthemodeldescribesalsothemultiplici灢
tydistributionsofnuclearfragmentsinpAandAA
collisions[22].Themainideaofourmodelisthat
manyemissionsourcesofparticlesandfragments
areassumed to beformedin collisions.Each
sourcecontributesmultiplicitydistributiontobean
exponentiallaw.Ifweregardthekineticenergyof
agivennuclearfragmentasaresultofmultisource
contribution,theunifiedformulacanbeusedto
describetheenergyspectraofnuclearfragments.
Althoughthemodelusedinthepresentworkcan
befoundinourrecentwork[20],wegivethemodel
inthefollowingintermsofenergyanditsdistribu灢
tionforawholepresentationofthepresentwork.

Inthemodel,manyemissionsourcesofparti灢
clesandfragmentsareassumedtobeformedin
collisions. According to different interaction
mechanismsoreventsamples,thesourcesaredi灢
videdintolgroups (sub灢samples).Thesource
numberinthejthgroupisassumedtobemj.Each
sourcecontributesenergydistributiontobeanex灢
ponentiallaw,i.e.,theenergy(Eij)distribution
contributedbytheithsourceinthejthgroupis
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givenby

Pij(Eij)= 1
暣Eij暤

exp - Eij

暣Eij
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暤 , (1)

where暣Eij暤=曇EijPij(Eij)dEijisthemeanenergy
contributedbytheithsourceinthejthgroup,and
correspondstothetemperatureoftheconsidered
sourceinthemodel.Generally,weassume暣E1j暤

=暣E2j暤=…=暣Emjj
暤.Theenergy(Ec.m.)distribu灢

tionofnuclearfragmentsincenter灢of灢massrefe灢
rencesystemcontributedbythejthgroupisthen
givenbythefoldingofmjexponentialfunctions,

i.e.wehaveanErlangdistribution

Pj(Ec.m.)= Emj-1
c.m.

(mj-1)!暣Eij暤mj
exp -Ec.m.
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Theenergydistributioncontributedbythelgroups
isgivenbyaweightedsum oflErlangdistribu灢
tions

P(Ec.m.)=1
N

dN
dEc.m.

=暺
l

j=1
kjPj(Ec.m.), (3)

whereN andkj denotethefragmentnumberand
weightfactorrespectively.Generally,k1+k2+…

+kl=1.
In the above discussions,mj denotes the

sourcenumberinthejthgroup.Toavoidcalcula灢
tionof(mj-1)! whenmj-1istoolarge,weusethe
MonteCarlomethodtocalculatetheenergydistri灢
butionofnuclearfragments.LetRij denoteran灢
domvariablein[0,1].AccordingtoEq.(1),we
have

Eij =-暣Eij暤lnRij. (4)

Thefragmentenergycontributedbythejthgroup
canbeobtainedby

Ec.m.=-暺
mj

i=1

暣Eij暤lnRij, (5)

duetoitbeingthefoldingofmjexponentialfunc灢
tions.Theenergycontributedbythelgroupsis
givenbyaweightedsum

Ec.m.=-暺
l

j=1
kj暺

mj

i=1

暣Eij暤lnRij. (6)

Theenergydistributionisfinallyobtainedbyasta灢
tisticalmethod.

Thepresentmodeldoesnotanswerwhatthe
sourcesare.Intheframeworkofacombination
modelofconstituentquarksandtheLandauhydro灢
dynamics[23-24],we may regardthesourcesas
quarksandgluonsinthecaseofmj beingalarge
value.Ifmjisasmallvalue,wemayregardthe
sourcesasnucleonsornucleonclusters.Inthe
frameworkofatwo灢stagegluonmodeloragluon
dominancemodel[25-27],thesourcescanberegar灢
dedasactivegluonsandevaporatedgluons.

3 Comparisonswithexperimentaldata

Theinclusiveandexclusive(non灢evaporative)

spectraforprotonsemittedin158MeV 20Ne+12C
reactionatdifferentanglesarepresentedinFig.1
bytheclosedandopencirclesrespectively[12].In
thefigure,s,W,andE(Ec.m.)denotethecross灢
section,sphericalangle,andkineticenergy,re灢
spectively.Fig.2showsthe measuredexclusive
protonspectra(circles[12])emittedin170and200
MeV20Ne+12Creactionsat10曘.Theexperimental
dataofDeyetal.[12]arecomparedwithourcalcu灢
latedresults(curves).Theparametervaluesob灢
tainedbyfittingtheexperimentaldataareshown
inthefiguresandthevaluesof c2perdegreeof
freedom (c2/dof)aregiveninTable1,wherethe
unitof暣Eij暤isMeVandthesameunitisusedin
thefollowingfigures.Onecanseethatthemodel
describestheexperimentaldataofinclusiveandex灢
clusivespectraforprotonsemittedin20Ne+12Cre灢
actionsat158,170and200MeV.

Theinclusiveenergyspectrafortritons,deu灢
terons,andprotonsemittedin20Ne+12Creactions
atdifferentincidentenergiesandemissionangles
aredisplayedinFigs.3,4,and5,respectively.
Thecirclesandsquaresindictedbytimingdifferent
amountsrepresenttheexperimentaldataofDeyet
al.[12]atdifferentemissionangles.Thecurvesare
ourcalculated results with different parameter
values indicated in the figures in terms of
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“暣Ei1暤,m( )1 暠. The corresponding values of
c2/dofaregiveninTable1.Onceagainthemodel

describestheexperimentaldataoflightcharged
particles.

Fig.1Inclusive(closedcirclesandsolidcurves)andexclusive(opencirclesanddottedcurves)spectraforprotonsemittedin

158MeV20Ne+12Creactionsatdifferentangles.ThesymbolsrepresenttheexperimentaldataofDeyetal.[12].The

curvesareourcalculatedresultsbyEq.(6).

Fig.2 AsforFig.1,butshowingthemeasuredexclusiveprotonspectraemittedin170and200MeV20Ne+12Creactionsat

10曘.
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Table1暋 Valuesofc2/dofcorrespondingtothefitsinFigs.1~9*

Figure Type c2/dof Figure Type c2/dof

Fig.1 15曘 1.544/1.408 Fig.5 170MeV,50曘 1.799

20曘 1.369/1.066 180MeV,10曘 0.447

35曘 1.590/1.718 180MeV,20曘 0.400

40曘 1.474/1.337 180MeV,30曘 0.393

Fig.2 170MeV 0.744 180MeV,40曘 0.712

200MeV 0.231 180MeV,50曘 0.221

Fig.3 158MeV,30曘 1.359 200MeV,10曘 0.663

158MeV,40曘 0.818 200MeV,20曘 0.487

158MeV,50曘 1.585 200MeV,30曘 0.546

170MeV,30曘 0.760 200MeV,40曘 0.733

170MeV,40曘 0.596 200MeV,50曘 0.312

170MeV,50曘 1.228 Fig.6 15曘 0.763

180MeV,30曘 0.973 20曘 1.002

180MeV,40曘 0.906 35曘 1.563

180MeV,50曘 1.080 40曘 1.293

200MeV,30曘 0.308 Fig.7 10曘 0.970/0.697

200MeV,40曘 0.452 20曘 1.657/0.684

200MeV,50曘 0.892 30曘 1.468/0.708

Fig.4 158MeV,30曘 1.533 40曘 1.209/0.836

158MeV,40曘 1.174 50曘 1.231/0.717

158MeV,50曘 0.619 Fig.8 毩灢Ne,20曘 1.700

170MeV,30曘 1.469 毩灢Ne,40曘 0.691

170MeV,40曘 1.373 毩灢Na,20曘 1.429

170MeV,50曘 1.141 毩灢Na,40曘 1.206

180MeV,30曘 1.038 p灢Na,20曘 1.652

180MeV,40曘 1.039 p灢Na,40曘 1.320

180MeV,50曘 0.936 毩灢Mg,20曘 0.935

200MeV,30曘 1.367 毩灢Mg,40曘 0.676

200MeV,40曘 0.522 p灢Mg,20曘 1.662

200MeV,50曘 0.882 p灢Mg,40曘 0.872

Fig.5 158MeV,10曘 1.755 毩灢Al,20曘 1.333

158MeV,20曘 1.014 毩灢Al,40曘 1.159

158MeV,30曘 0.390 p灢Al,20曘 1.624

158MeV,40曘 0.540 p灢Al,40曘 1.516

158MeV,50曘 0.496 Fig.9 Ne 1.596/1.222

170MeV,10曘 0.701 Na 1.702/1.713

170MeV,20曘 1.475 Mg 1.387/1.743

170MeV,30曘 0.948 Al 1.441/1.524

170MeV,40曘 1.043

暋暋暋暋暋暋暋* Thevaluesofc2/dofgivenunder“/暠areforthedottedcurves.
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Fig.3 AsforFig.1,butshowingtheinclusiveenergyspectrafortritonsemittedin20Ne+12Creactionsatdifferentanglesand

energies.

Fig.4 AsforFigs.1and3,butshowingtheresultsfordeuterons.
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Fig.5 AsforFigs.1and3,butshowingtheresultsforprotons.

Fig.6 AsforFig.1,butshowingtheexclusiveproton

spectraatdifferentangles measuredincoincidence

withERs(Z=10~13)emittedat10曘in158 MeV
20Ne+12Creaction.

Fig.7 AsforFig.1,butshowingtheinclusiveenergyspec灢
traforprotonsemittedin158MeV20Ne+27Alreaction

atdifferentangles.
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暋暋Fig.6presentstheexclusiveprotonspectraat
differentemissionanglesmeasuredincoincidence
withevaporationresidues (ERswithchargeZ=
10~13)emittedat10曘in158MeV20Ne+12Creac灢
tion.Fig.7showstheinclusiveenergyspectrafor
protonsemittedin158MeV20Ne+27Alreactionat
differentemissionanglesforacomparison.The
energydistributionsofprotonsand毩灢particlesat
differentemissionanglesmeasuredincoincidence

withdifferentevaporationresiduesat10曘in158
MeV20Ne+12CreactionaregiveninFig.8.The
circlesandsquaresrepresenttheexperimentaldata
ofDeyetal.[12]andthecurvesareourcalculated
results.Theparametervaluesareindicatedinthe
figures in terms of “暣Ei1暤,m( )1 暠 or
“暣Ei1暤,m1,k1;暣Ei2暤,m( )2 暠.Onecanseethat
themodeldescribestheexperimentaldataoflight
chargedparticles.

Fig.8 AsforFig.1,butshowingtheinclusive(circles)andexclusive(squares)energyspectrafor毩灢particlesandprotonsat

differentanglesmeasuredincoincidencewithdifferentERsemittedat10曘in158MeV20Ne+12Creaction.

暋暋Theinclusive (higheryields)andexclusive
(loweryields)energyspectrafortheevaporation
residuesNe,Na,Mg,and Almeasuredin158
MeV 20Ne+ 12C reaction at10曘areshownin
Fig.9.Theundulatinglinesandthesolid(dotted)

curvesrepresenttheexperimentaldataofDeyet
al.[12]andthecalculatedresultsofourmodelre灢
spectively.Onceagainthemodeldescribestheex灢
perimentaldataofevaporationresidues.
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Fig.9 Inclusive(higheryields)andexclusive(loweryields)energyspectrafordifferentERsat10曘measuredin158MeV20Ne

+12Creaction.TheundulatinglinesrepresenttheexperimentaldataofDeyetal.[12].Thecurvesareourcalculatedre灢
sults.

4暋Discussionsandconclusions

Fromtheabovecomparisons,weseethatthe
sourcenumbersfordifferentlightchargedparticles
areverysmall,andthesenumbersaresometimes
differentin quantityfordifferentsamples. We
needonlyafewsourcestogiveadescriptionfor
lightcharged particles. This renders thatthe
sourcesforlightchargedparticlesarenucleonsor
nucleonclusterswhichsurroundthelightcharged
particlesinnucleus.Thesesourcesstayinasmall
excitationregionincollisions,andarenotthelight
chargedparticlesthemselves.A smallersource
numbercorrespondstoasmallerexcitationregion
andalowerexcitationdegree.Thelightcharged
particleshaveonlyconnectionswiththesesources
duetotheshortrangepropertyofnuclearforce.

Wenoticethatthesourcenumbersforevapo灢
rationresiduesareverylarge.Thisrendersthat
theexcitationenergyremainedbylightchargedand
neutralparticlesisdistributedtomostorallspec灢
tatornucleons,includingnotonlythesourcesfor

lightchargedparticles,butalsotheotherspectator
nucleons.Mostly,thesourcesforevaporationresi灢
duesarenucleonsornucleonclusters.Insomeca灢
ses,thesourcenumbersforevaporationresidues
arelargerthannucleonnumbersincollisions.This
doesnotindicatethatthequarkdegreesinsome
nucleonshavecontributionstotheresults.Because
theenergyscaleconsideredinthepresentreactions
ismuchsmallerincomparisonwithGeVorTeV
energyranges.Thehighdensityregion,where
hadron灢to灢quark transition may occur,is not
achievableinthepresentreactions.Ifthelarge
sourcenumberfortheproducedparticlesisexpec灢
tedtoberelatedtoquarkdegreesoffreedom,the
largesourcenumberfortheevaporationresiduesis
expectedtoindicateadifferentphysics.Infact,

theindicationofthelargesourcenumberforthe
evaporationresiduesisstillanopenquestioninthe
presentwork.

Themeanenergycanbegivenby暺
l

j=1
kj暣Eij暤mj

whichisgenerallyexpectedtoincreasewiththein灢
creasesofincidentenergyandproductmass.We

·33·暋第1期 L橞Qi灢wenetal:EnergySpectraofLightChargedParticlesandEvaporationResiduesinHeavyIon…



havenotfoundanobviousdependenceof暣Eij暤and
mjonthelightchargedparticlemassatthecon灢
cernedincidentenergies.Foragivenkindoflight
chargedparticles,e.g.protons,thedifferences
among暣Ei1暤aswellasm1arenotessential,but
onlyquantitative,fordifferentsamples.Themean
valueofinclusivespectrumislargerthanthatof
exclusiveone.Inouropinion,thedifferencesbe灢
tweenthetwospectraarenotessential,too.Our
analysesshowthatthesourcetemperatureisafew
MeV.Thisisinagreementwiththevalueobtained
fromemulsionexperiment[28].

Thenumberoffreeparametersinthemodelis
3l-1.Weusemostlyl=1intheinvestigationof
energyspectra.Inafewcases,wehavetousel=2
duetothecontributionsoftwoprocessesortwo
sub灢samples.Itdoesnotalwaysmeanthatwecan
getabetterresultifweusel=2insteadofl=1.
Forinstance,forthedottedcurvesintheleftpanel
inFig.9,wefindthatthebestresultcanbeob灢
tainedbyusing暣Ei1暤=暣Ei2暤andm1=m2ifweuse
l=2insteadofl=1.Thismeansthatwedescribe
infactthedatabyusingl=1.

Toconclude,theenergydistributionsoflight
chargedparticlesandevaporationresidues meas灢
uredin heavyioninducedreactionsat7~10
MeV/uarestudiedbyusingaunifiedformula.
Thisformulawasfirstlyproposedbyustodescribe
themultiplicitydistributionsoffinal灢stateparticles
producedin“elementary暠particleinteractionsand
heavyioncollisionsathighenergies.Thebasisof
theformulaisa multisourceidealgas modelin
whicheachsourcecontributesmultiplicitydistribu灢
tiontobeanexponentiallaw.The modeltreats
uniformlythefinal灢stateparticlesandnuclearfrag灢
mentsbythesameformula.Itisshownthatthe
model is successful in the descriptions of
multiplicitydistributionsofdifferentparticlesand
fragments,isotopic production cross灢sections of
nuclearfragments,and energy spectra oflight
chargedparticlesandevaporationresidues.

Heavyionreactionsareacomplexprocess.

Generally,afewfragmentsareemittedatlowen灢
ergies,andmanyparticlesandfragmentsareemit灢
tedathighenergy[29-31].Fromlowtoultrahigh
energies,theinteractionmechanismsareexpected
tobedifferent.Meanwhile,onebelievesthatthere
arecommonnesslawsexistingatdifferentener灢
gies.Thepresentworkisoneoftheusefulat灢
temptsinsearchingforthecommonnesslaws.
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低能重离子诱导反应中轻带电粒子和蒸发剩余物的能谱

吕绮雯1,卫华荣1,Rahim MagdaA.2,FakhraddinS.2,刘福虎1

(1.山西大学理论物理研究所,山西 太原030006;

2.萨那大学理学院物理系,萨那,也门共和国)

摘要:在多源理想气体模型的框架内,用一个关于末态粒子多重数分布的统一描述,研究了低能重离子诱

导反应中轻带电粒子和蒸发剩余物的能谱。在同一个激发的复合核中,每个源对带电粒子和蒸发剩余物均

贡献一个指数分布的能谱。计算结果与158,170,180和200MeV20Ne+12C 反应中,轻带电粒子和蒸发

剩余物能谱的实验结果符合。
关键词:统一描述;能谱;轻带电粒子;蒸发剩余物;激发了的复合核;重离子诱导反应
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