
暋暋ArticleID:1007-4627(2006)04-0387-10

FormationMechanismofSuperHeavyNucleiin
Heavy灢ionCollisions*

LIJun灢qing1,2,ZUO Wei1,2,FENGZhao灢qing1,JINGen灢ming1,2,ZHAOEn灢guang2,3

(1InstituteofModernPhysics,ChineseAcademyofSciences,Lanzhou730000,China;

2CenterofTheoreticalNuclearPhysics,NationalLaboratoryofHeavyIonAccelerator

ofLanzhou,Lanzhou730000,China;

3InstituteofTheoreticalPhysics,ChineseAcademyofSciences,Beijing100080,China)
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1暋Introduction
Thegreatsuccessonthesynthesizingsuper灢

heavynuclei(SHN)isveryintriguing,andhasre灢
ceivedmuchattention[1,2].Thetheoreticalpredic灢
tionhasshownthatthereexistsanextdoubly
magicshellclosurebeyond 208Pb.Howeverthe
furtherprogressbecomesmoreandmoredifficult
becausethe formation cross sections are very
small,andtheexcitationfunctionsareverynar灢
row.Abetterunderstandingofthephysicalcon灢
ceptionontheSHNisneeded,andthemechanism
ofthefusiondynamicsofheavynucleiisnotyet
completelyclear.Severalmodelsaredevelopedto
explorethe mechanism leadingto SHE[3—9],a灢
mongthem theconceptofthedinuclearsystem

(DNS)isoneofafewmodelssofarwhichgivesno
contradictiontotheavailableexperimentaldata.
暋暋BasedontheDNSconception,andonthefor灢
mertransporttheory of deeplyinelastic colli灢
sions[10,11],a masterequation(ME)isobtained,

andissolved numericallytotreatthe nucleon
transferbetweenthecollidingnuclei,andtoobtain
thefusionprobability.Inthe ME,thenucleon
transitionprobabilities,whicharederived micro灢
scopically,arerelatedwiththeenergydissipation
oftherelativemotion,thustheyaretime灢depend灢
ent.DifferentfromthetreatmentbyAdamianet
al[6,12—14],theharmonicoscillatorapproximation
ofthepotentialenergysurfacewhichcontainsshell
structureandeven灢oddcorrections,hasbeenavoi灢
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dedbysolvingthe MEnumericallyinourtreat灢
ment.Andthediffusionprocessiscoupledwith
therelative motion[15—17].Based on thefusion

probabilityobtainedfromthenumericalsolutionof
the ME,together with the calculated survival

probabilities,theevaporationresiduecrosssec灢
tionsareobtained.Byintroducingthebarrierdis灢
tributionfunctionmethodintheDNSmodel,the
fusion灢evaporation excitation functions of some
SHNproducedbythe48Cainducedreactionscan
wellreproducethedata.

Insection2thebasictheoryisintroduced.In
section3,theformationcrosssectionsofSHN
fromPb灢basedcoldfusionandtheexcitationfunc灢
tionfrom 48Cainducedhotfusionareshown.Our
summaryisgiveninsection4.

2暋TheDNSConception

暋暋IntheDNSconcepttheevaporationresidue
crosssectioncanbewrittenasasumoverallpar灢
tialwavesJ[12]

氁ER(Ecm)=暺
J=Jf

J=0
氁c(Ecm,J)PCN(Ecm,J)·

Wsur(Ecm,J), (1)

where氁cisthecapturecrosssection,PCNisthe

fussionprobabilityandWsuristhesurvivalproba灢
bility.

2.1暋Thepartialcapturecrosssection

InEq.(1)thepartialcapturecrosssectionfor
thetransitionofthecollidingnucleiovertheen灢
trancebarrier withthetransmission probability
T(Ecm,J)attheincidentenergyofcenterofmass

EcmtoformtheDNSisgivenby

氁c(Ecm,J)=毿焻毸2(2J+1)T(Ecm,J), (2)

inwhich焻毸isthereduceddeBrogliewavelength,焻毸2

=淈2/(2毺Ecm ),with毺 thereduced mass.The
transmissionprobabilityisgivenby

T(Ecm,J)=曇f(B)·

1

1+exp 2毿
淈氊B(J)B+J(J+1)淈2

2毺R2
B(J)-Eé

ë
êê

ù

û
úú{ }cm

dB ,

(3)

whereBrepresentstheCoulombbarrier,RB the
positionofthebarrier,and淈氊Bisdefinedbythe
widthoftheparabolicbarrier.Thebarrierdistri灢
butionfunctionistakenasasymmetricGaussian

formf(B)= 1
Nexp - B-Bm
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f(B)=1
Nexp - B-Bm
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2
(B>Bm)withBm=

(B0+Bs)asinRef.[7].B0andBsaretheheight
oftheCoulombbarrieratwaist灢to灢waistorienta灢
tionandtheheightoftheminimum barrierwith
varianceofdynamicaldeformation毬1 and毬2,re灢
spectively.Nisthenormalizationconstant,殼2=
(B0-Bs)/2.Thevalueof殼1isseveralMeVless
thanthevalueof殼2,usuallyitistakenas2—4
MeV.

Thenucleus灢nucleusinteractionpotentialwith
quadrupoledeformationsinthecalculationistaken
astheform

V(r,毬1,毬2,毴1,毴2)=VC(r,毬1,毬2,毴1,毴2)+

VN(r,毬1,毬2,毴1,毴2)+1
2C1(毬1-毬0

2 )+

1
2C2(毬1-毬0

2 ). (4)

Herethesign1and2standfortheprojectileand
target,毬1,2 aretheparametersofdynamicalde灢
formation,毬0

1,2aretheparametersofstaticdeform灢
ation,毴1,2aretheanglesbetweenradiusvectorr
andthesymmetryaxesofstaticallydeformednu灢
clei,andC1,2arethestiffnessparameters,which
arecalculatedwithintheliquiddrop model.VC,N

willbegivenafterwards.Forcoldfusion,theener灢
gies Ecm is near above the Coulomb barrier,

T(Ecm,J)災0.5arechosenforpartialwavescon灢
sidered.

2.2暋Thefusionprobability

TheprobabilityPCN(Ecm,J)ofthecomplete
fusion is evaluated by considering the fusion
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processasadiffusionofDNSinthemassasymme灢
try毲=(A1-A2)/A,withA1,A2themassnum灢
bersoftheDNSnuclei,andA=A1 +A2.Let
P(A1,E1,t)bethedistributionfunctiontofindA1

nucleonswithexcitationenergyE1infragment1at
timet,whereE1isnotconsideredasanindepend灢
entvariablebutaparametersuppliedbytheinitial
relativemotion.P(A1,E1,t)obeysthefollowing
ME:

dP(A1,E1,t)
dt =暺

A曚1

WA1,A曚1
[dA1P(A曚

1,E曚
1,t)-

dA曚1P(A1,E1,t)]-
毇qf

A1,E1,t(毃)P(A1,E1,t), (5)

whereWA1,A曚1=WA曚1,A1isthemeantransitionprob灢
abilityfromachannel(A1,E1)to(A曚

1,E曚
1),dA1

denotesthe microscopicdimensionforthecorre灢
sponding macroscopic variables.Thecoefficient
毇qf

A1,E1,t(毃)istherateofdecayprobabilityinR,

andwillbedescribedlater.Thesumistakenover
allpossible massnumbersthatfragment1 may
take(from0toA=A1+A2).Themotionofthe
nucleonsintheinteractingnucleiisconsideredto
be described by the single灢particle Hamiltoni灢
an[10,11]

H(t)=H0(t)+V(t) (6)

with

H0(t)=暺
k
暺
毻k

毰毻k
(t)a昄

毻k
(t)a毻k

(t),暋 (7)

V(t)=暺
k,k曚

暺
毩k,毬k曚

u毩k毬k曚
(t)a昄

毩k
(t)a毬k曚

(t)

=暺
k,k曚

Vk,k曚(t),暋k,k曚=1,2. (8)

Thequantities毰毻(t)andu毻毺(t)denotethesingle灢
particleenergiesandtheinteraction matrixele灢
ments,respectively.Thesingle灢particlestatesare
definedwithrespecttothemovingcentersofnuclei
andareassumedtobeorthogonalizedintheoverlap
region.Therefore,theannihilationandcreation
operatorsdependontime.Thesingle灢particlein灢
teractionmatrixelementisparameterizedby

u毩k毬k曚(t)=Ukk曚(t)·

exp -1
2

毰毩k
(t)-毰毬k曚

(t)
殼kk曚(t

æ
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2

-毮毩k,毬{ }k曚
,(9)

whichcontainsomefixedindependentparameters
Ukk曚(t)and殼kk曚(t).Theseparameters,thecalcula灢
tionofthemeantransitionprobabilities,aswellas
theproceduretosolvethe ME weredescribedin
Refs.[10,11,15]and referencestherein except
thatthequasi灢fissioneffectswerenotconsidered
there.

Thelocalexcitationenergy,whichprovides
theexcitationenergyforthemeantransitionprob灢
ability,i.e.,forthenucleontransfer,isdefined
as:

毰* =E-U(A1,A2), (10)

whereEistheintrinsicexcitationenergyofthe
compositesystemconvertedfromtherelativeki灢
neticenergyloss,whichisdeterminedforeachini灢
tialrelativeangularmomentumJbytheparame灢
trization methodoftheclassicaldeflectionfunc灢
tion[18].

ThepotentialenergyoftheDNS,i.e.,the
drivingpotentialenergyforthenucleontransferof
theDNSis:

U(A1,A2)=B(A1)+B(A2)-
[B(A)+V曚

rot(J)]+UC(A1,A2)+
UN(A1,A2)+Vrot(J), (11)

whereB(A1),B(A2),andB(A)arethebinding
energiesofthefragmentsandcompoundnucleus,

respectively,andaretakenfromRef.[19],sothat
theshellandparingcorrectionsareincludedin
them.UC(A1,A2),UN(A1,A2),andVrot(J)are
theCoulomb,nuclear,andcentrifugalpartsofthe
nucleus灢nucleuspotential,respectively.

Ifthegroundstatedeformationsofthetwo
touchingnucleiaretakenintoaccount,andifthe
symmetryaxisofthetwonucleiareinthesame
plane,theCoulombinteractionofthedeformed
DNS,UC(A1,A2),canbeexpressedbyananaly灢
ticalformula[20]:

UC(R,毴)=Z1Z2e2

R + 9
20
æ

è
ç

ö

ø
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毿
1/2 Z1Z2e2

R
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暺
2

i=1
R2

i毬
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2 P2(cos毴i)+ 3
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暺
2

i=1
R2

i[毬
(i)

2 P2(cos毴i)]2 , (12)

where毴iistheanglemeasuredbetweentheradius
vectorRandthesymmetryaxisofthei灢thnucle灢
us.Riistheradiusofthedeformednucleusi.In
thecaseofthepoletopoleorientation,毴i=0.

ByadoptingaSkyrme灢typeinteractionwithout
consideringthemomentumandspindependence,

thenuclearpotentialenergyisformulatedasfol灢
lows:

UN(R)=C0
Fin-Fex

氀00 曇氀2
1(r)氀2(r-R)dr[{ +

曇氀1(r)氀2
2(r-R)d ]r +

Fex曇氀1(r)氀2(r-R)d }r (13)

with

Fin,ex=fin,ex+f曚
in,ex

N1-Z1

A1

N2-Z2

A2
.(14)

whereazero灢rangetreatmentoftheeffectiveinter灢
action毮(r1-r2)isassumed.Thenuclearpotential
isobtainedinthesuddenapproximation[21].N1,2

andZ1,2aretheneutronandprotonnumbersofthe
twonuclei,respectively.TheparametersC0=300
MeV·fm3,fin=0.09,fex=-2.59,f曚

in=0.42,

f曚
ex=0.54,and氀00 =0.17fm-3 areused.The

functions氀1and氀2aretwo灢parameter(thedeform灢
ationparameterandthediffuseness)Woods灢Saxon
densitydistributions.

TheevolutionoftheDNSinthevariableRof
therelativedistancebetweenthecentersofthein灢
teractingnucleiwillleadtoquasi灢fissionofthe
DNS.Foragivenmassasymmetry毲,thenucleus灢
nucleusinteractionpotentialasafunctionofRis:

V(A1,A2,R)=UC(A1,A2,R)+
UN(A1,A2,R)+Urot(A1,A2,R), (15)

whereUCandUNiscalculatedbyEq.(12)andEq.
(13),respectively,asafunctionofRateachcom灢
binationoftheDNS.Urotisthecentrifugalpoten灢
tial. The nucleus灢nucleus interaction potential

V(A1,A2,R)hasapocketasafunctionoftherela灢
tivedistanceR withasmalldepth whichresults
fromtheattractivenuclearandrepulsiveCoulomb
interactions.TheprobabilityP(A1,E1,t)distribu灢
tedinthepocketwillhavethechancetodecayout
ofthepocketwithadecayrate毇qf

A1,E1,t(毃)inEq.
(5),whichcanbetreatedwiththeonedimensional
KramersrateasinRefs.[22,23]:

毇qf
A1,E1,t(毃)= 氊

2毿氊Bqf

殻
2
æ

è
ç

ö

ø
÷

淈
2

+(氊Bqf)2 -殻
2

é

ë
ê
ê

ù

û
ú
ú淈
·

暋暋exp - Bqf(A1)
毃(A1,E1,t

é

ë
êê

ù

û
úú) , (16)

whichdependsexponentiallyonthequasifission
barrierBqf(A1)foragivenmassasymmetry毲,and
theBqf(A1)measuresthedepthofthispocket.
Thetemperature毃(A1,E1,t)iscalculatedbyusing

theFermi灢gasexpression毃= 毰*
1/acorresponding

totheexcitationenergyofEq.(10),anda=A/12
MeV-1.氊BqfinEq.(16)isthefrequencyofthein灢
vertedharmonicoscillatorapproximatingthepo灢
tentialVinRaroundthetopofthequasifission
barrier.And氊isthefrequencyoftheharmonicos灢
cillatorapproximatingthepotentialinRatthebot灢
tomofthepocket.Theyaredeterminedbythelo灢
caloscillatorapproximationofthenucleus灢nucleus
potentialenergy.Fromourcalculation,theextrac灢
tedaveragevaluesare淈氊Bqf曋2.0MeV,and淈氊曋
4.0MeV.Thequantity殻denotesadoubleaverage
width ofthecontributingsingle灢particlestates,

whichdeterminesthefrictioncoefficients:

毭ii曚 =殻
淈毺-1

ii曚 ,

with毺ii曚themassparameters.And殻 曋2MeV.
Thecalculateddrivingpotentialsforthesys灢

tems76,82Ge+208Pb曻 284,290114areshowninFig.1
asafunctionofthemassasymmetryvariable毲=
(A1-A2)/(A1+A2)withthicklineandthindoted
line,respectively.Inthefigurethearrow (毲i)

pointstotheincidentchannel.Onenucleontrans灢
fersfrom毲itobothsides,whetheritisaneutron
oraproton,dependingonwhichwouldmakethe
potentialenergylower.Consequently,thedriving

·093· 原 子 核 物 理 评 论 第23卷暋



potentialofEq.(11)isanexplicitfunctionofneu灢
tronandprotonnumbersofthefragments.One
mayfindoutthatinordertoformacompoundnu灢
cleus,abarrierB*

fusshowninthefiguremustbe
overcome,andtheenergyneededtopassoverthe
barriermustbesuppliedbytheincidentenergy.
Thesurvivalprobabilityofthecompoundnucleus
demandsthelowestexcitationenergy,sotheopti灢
malexcitationenergyindicatedinthefigureisE*

CN

=U(毲i)+B*
fus whereU(毲i)isthepotentialenergy

oftheinitialDNS.Inthefigurethegroundstate

deformation毬2 ofthenucleioftheDNSistaken

from Ref.[19].Theorientationofthedeformed

nucleiandthedistancebetweenthecentersofthe

twonucleiaretakeninawaywhichgivesthelow灢
estnucleus灢nucleusinteractionenergy.

Fig.1 Thedriving potentialofthe DNSforthesystem
76,82Ge+ 208Pb曻 284,290114asafunctionofthemassa灢
symmetryvariable毲.ABG marksthetoppointofthe

potentialenergy.

暋暋SolvingtheMasterequationEq.(5)numeri灢
cally,thetimeevolutionofP(Ak,Ek,t)tofind
fragmentk(massnumberAk)withexcitationen灢
ergyEkattimetisobtained.Allthecomponents
ontheleftsideoftheinnerfusionbarrierinFig.1
contributetothecompound nuclearformation.
ThefusionprobabilityPCNisthesummationfrom
A1=0toABG:

PCN(J)=曇
ABG

A1=0
P(A1,Ek(J),氂int(J))dA1 .

(17)

暋暋Fig.2(a)showsthecalculatedvaluesofPCN

forPb灢basedreactionsatnearlycentralcollisions
(J曋0)andwiththereactionenergiesaccordingto
thoseoptimalexcitationenergiesforoneneutron
emissionofcoldfusion.Fulldotsarecalculatedre灢
sultsbyEq.(5)withoutconsideringthequasifis灢
sion.Opentrianglesarethoseincludingthequasi
fission.OnemayfindthatPCN withtheconsidera灢
tionofthequasifissiondecreasesbyaboutfouror灢
dersofmagnitudewithZincreasingfrom106to
118.BecausetheinnerfusionbarrierB*

fusincreases

Fig.2 (a)thecalculatedvaluesofthefusionprobabilityPCN

forone灢neutronemissionPb灢basedreactionsatnearly
centralcollisionsandwiththeoptimalreactionenergies

asafunctionofthechargenumberofthecompound

nuclei.Theopentrianglesandsoliddotsstandforthe

fusionprobabilityPCN withandwithoutconsideringthe

effectofthequasifission,respectively.Thecorre灢
spondingmassnumberarelistedonthetoprow.(b)

thecorrespondingcalculatedsurvivalprobability.

with decreasing massasymmetry oftheinitial
DNS,i.e.,withincreasingZforthePb灢basedre灢
actions,thefusionprobabilitiesdecreaserapidly
withincreasingZ.Thestraightlineinthefigureis

usedtoguidetheeye.Theconsiderationofthe

quasifissionprocessintheMEdiminishesthefu灢
sionprobabilitybyoneorderofmagnitudeforKr
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+Pb曻 118.Thedecreasingmagnitudeofthefu灢
sionprobabilitybecomeslessandlessasincreasing
theasymmetryoftheincidentreactionsystem,

sincetheinnerfusionbarrierisgettingdecreasing,

andthedistributionprobabilitygetslesschanceto

goto masssymmetricaldirection,to whichthe

quasifissionbarrierisgettingsmaller.

2.3暋Thesurvivalprobabilityofexcitedcompound
nucleus

Thesuper灢heavycompoundnucleiareformed
intheexcitedstates,andwillloseexcitationener灢
gymainlybyemissionofparticlesand毭quanta,

andbyfission.Thesurvivalprobabilityestimates
thecompetitionbetweenfissionandparticleemis灢
sionintheexcitedcompoundnucleusbyastatisti灢
calmodel.Inthiscasethewidthfortheemission
ofachargedparticleismuchlessthanthatforthe
emissionofaneutron,andthe毭rayemissionis
importantonlywhentheexcitationenergyissmal灢
lerthantheone灢neutronseparationenergy.The
survivalprobabilityofemittingxneutronscanbe
writtenas:

Wsur(E*
CN,x,J)=P(E*

CN,x,J)·

暻
x

i

殻n(E*
i ,J)

殻n(E*
i ,J)+殻f(E*

i ,J
é

ë
êê

ù

û
úú) , (18)

whereE*
CN,andJaretheexcitationenergyandthe

angularmomentumofthecompoundnucleus,re灢
spectively.E*

i istheexcitationenergybeforeeva灢
poratingthei灢thneutron,whichsatisfiestherela灢
tion:

E*
i+1=E*

i -Bn
i -2Ti (19)

withtheinitialexcitationenergyE*
1 =E*

CN,Bn
iis

theseparationenergyofthei灢thneutron.Tiisthe
nucleartemperaturebeforeevaporatingthei灢th
neutronandobtainedfromE*

i =aT2
i-T.Within

theframeworkoftheevaporation modelandthe
Bohr灢Wheelerformula[24],thewidthsofthei灢th
neutronevaporationandfissionareobtainedre灢
spectivelyby

殻n(E* ,J)= 2s+1
2毿氀(E*

i ,J)
2MnR2

淈2 ·

曇
E*
i -Bn

i-1/ai

0
毰氀(E*

i -Bn
i -毰,J)d毰, (20)

and

殻f(E* ,J)= 1
2毿氀(E* ,J)·

曇
E*
i -Bf

i-1/afi

0
氀(E* -Bf-毰,J)d毰, (21)

where

氀(E*
i ,J)= 1

48E*
exp2 a E*

i -J(J+1)淈2

2
é

ë
êê

ù

û
úú{ }J

istheleveldensity,Mnandsarethemassandspin
oftheneutron.R,Bf

i,aretheradiusofthenucle灢
usAi-1 beforeevaporatingi灢thneutron,respec灢
tively.aistheleveldensityparameterwhichis
takentobea=A/12.InRef.[25]thefissionbar灢
rierforSHEisdividedintotwoparts:themacro灢
scopicpartBLD

f ,determined bytheliquid灢drop
model[26],andthe microscopicpartBMic

f ,deter灢
minedbyshellcorrection.Themicroscopicenergy
willbedampedduetothedependenceoftheshell
effectsonthenuclearexcitation.Thus,thefission
barriercanbewrittenas:

Bf=BLD
f +BMic

f (E* =0)exp -E*

E
é

ë
êê

ù

û
úú

D
-

淈2

2Jgs
- 淈2

2J
æ

è
ç

ö

ø
÷

sd
J(J+1), (22)

whereEDisthedampingfactordescribingthede灢
creaseoftheinfluenceoftheshelleffectsonthe
leveldensityastheexcitationenergyofthenucleus
increases,whichistakenas

ED =0.4A4/3

a
, (23)

whereAisthemassnumberofthenucleus.Jgs;sd

=k2
5MR2(1+毬gs;sd

2 /3)arethemomentofinertia

ofthefissioningnucleusatitsgroundstateandthe
saddlestate,respectively.Herek曋0.4[27].Since
therearenodataavailable,thequadrupoledeform灢
ationparameters毬2 atthesaddlepointaretaken
fromthemicroscopiccalculationoftherelativistic
meanfield (RMF)theory[28],which has been
proventobequitesuccessfulforthedescriptionof
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exoticnucleiandSHN.Inthecaseoftheemission
ofxneutrons(x>1),therealizationprobabilityis
givenbytheformulaofneutronevaporationpro灢
posedbyJackson[29]as

P(E*
CN,x,J)=I(殼x,2x-3)-暋暋暋暋

暋暋暋I(殼x+1,2x-1), (24)
where

I(z,m)= 1
m!曇

z

0
ume-udu ,

and

殼x =1
T

(E*
CN -暺

x

i=1
Bn

i),

Tisthenucleartemperature.Forthe1nevapora灢
tionchannel,weusetheexpressionofEq.(7)
fromRef.[25].

TakingtheneutronseparationenergyandBMic
f

fromRef.[9],thecalculatedsurvivalprobabilities
forone灢neutronemissionofPb灢basedreactionsat
nearlycentralcollisionswiththeoptimalexcitation
energiesareshowninFig.2(b).Thetendencyof
theresultsisbasicallyconsistentwiththatshown
inFig.4ofRef.[25].
暋暋InFig.3weshowthecomparisonofsurvival
probabilitiesasafunctionofexcitationenergyfor
thereactions48Ca+208Pband48Ca+238Uatangular
momentumJ=0淈.The48Ca+208Pbsystemhas
largersurvivalprobabilitiesinthe1—5nevapora灢
tionchannels,especiallyathigherexcitationener灢
giessinceithasnon灢zeromacroscopicfissionbarri灢
erasshowninthefirstpartinEq.(22).

Fig.3 Thesurvivalprobabilitiesofthereactions48Ca+208Pb

and48Ca + 238UatangularmomentumJ=0淈asa

functionoftheexcitationenergies.

3暋TheFormationProbabilityofSHN
3.1暋Theevaporationresiduecrosssection

Basedontheabovetheorywecalculatedthe
evaporationresiduecrosssections.Forcoldfusion
reactionswiththeoptimalexcitationenergies,a
setofevaporationresiduecrosssectionsforPb灢
basedreactionsareshowninFig.4withstars,the
soliddotsareexperimentaldataquotedin Ref.
[30],andsomeestimateddataforelement114,

116,and118bydifferentgroupsareindicatedin
thefigure[31—33].Theupperlimitforelement118
wasestimatedbyLBNLrecently[34]andalsoshown
inthisfigure.Ourresultsareinprincipleinagree灢
mentwiththedatawithinoneorderofmagnitude.

Fig.4 Theevaporationresiduecrosssectionsforone灢neutron

emissionPb灢basedreactionswiththeexcitationener灢

giesfromFig.2asafunctionofthechargenumberof

compoundnuclei.Ourcalculatedresultsareindicated

bysolidstars,theexperimentaldatabysoliddots.

Andsomeestimateddataforelement114,116,and

118bydifferentgroupsareindicated withdifferent

symbols.

3.2暋TheSHNproductionexcitationfunctionsfrom
48Cainducedreactions

Byintroducingthebarrierdistributionfunc灢
tionmethodintheDNSmodelthecalculatedfusion
evaporationexcitationfunctionsofSHN114inthe
48Ca+242Puand48Ca+244Pureactionsareshownin
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Fig.5.ItindicatesthatitiseasiertoproduceSHN
inthe4nevaporationchannelinthetworeaction
systemsduetolargerproductioncrosssections.
Theexperimentaldatatakenfrom Ref.[35]are
shownbythesolidsquares,opencirclesandsolid
diamondsfor3n,4nand5nevaporationchannels,

respectively.Attheconsideredexcitationenergies
E* >25MeV,sincethecapturecrosssection氁cde灢
pendsweaklyonE* ,thepropertiesoftheexcita灢

tionfunctionsforthe3—5nevaporationchannels
aremainlydeterminedbythefunctionPCNandthe
distributionofthesurvivalprobability.Thereare
smalldifferenceofthepositionsofthemaximalof
theexcitationfunctionsbetweenthecalculatedre灢
sultsandtheexperimentaldata,whichperhaps
comesfromthebeamenergylosssincethebloc灢
king

Fig.5Productioncrosssectionsfor2—5nevaporationchannelsinthereactions48Ca+ 242Puand48Ca+ 244Puversustheex灢

perimentaldatafromDubna[35].

ofthetargetthickness.However,thevaluesofthe
maximum productioncrosssectionsareingood
agreementwiththeexperimentaldata.Theexcita灢
tionfunctionsforthe3—5nevaporationchannels
ofSHE116inthe48Ca+ 248Cmreactionareshown
inFig.6.Onecanseethatthe4nevaporation
channelhaslargerproductioncrosssections.The
element115wassynthesizedatDubnainthe48Ca

Fig.6Calculatedproductioncrosssectionsinthe48Ca +

248Cm reaction versusexperimentaldatafrom Ref.
[35].

+ 243Amreactionby3nand4nevaporationchan灢
nels[2,35].Wehavecalculatedtheevaporationresi灢
dueexcitationfunctionsforthe3nand4nevapora灢
tionchannelsasshowninFig.7.Thecorrespond灢
ingmaximumproductioncrosssectionsare4.3and
6.8pbforthe3nand4nevaporationchannelsat
excitationenergies41and58 MeV,respectively.
Withinerrorbarstheexperimentaldatacanbere灢
producedverywell.

·493· 原 子 核 物 理 评 论 第23卷暋



Fig.7 ThesameasinFig.6,butforthe48Ca+243Amreac灢
tionleadingtotheformationofsuperheavyelement115

in3nand4nevaporationchannels.

4暋Summary
Thefusionprobabilityiscalculatedinvery

stronglydampedreactionprocesses,wherelarge
amountsoftherelativekineticenergyarechanged
intointrinsicexcitationenergyandnucleonstrans灢
ferfromthelighterfragmenttotheheavieroneto
producetheSHNinthetailoftheheavy灢fragment
massdistribution.WithintheDNSconception,in灢
steadofsolvingFPEanalytically,theMEissolved
numericallyinordertocalculatethefusionproba灢
bility,sothattheharmonicoscillatorapproxima灢
tiontothepotentialenergyoftheDNS,whichis
theveryessenceofthenuclearstructureofthe
model[6,12],is avoided.The nucleon transition
probabilities,whicharederived microscopically,

arecoupledwiththerelativemotionandthusare
time灢dependent.Comparingwiththeanalytical(or

thelogistic灢type)solutionofFPEattheequilibri灢
um,ourtimedependentresultspreservemoredy灢
namicaleffects.Ourcalculatedevaporationresidue
crosssectionsforone灢neutronemissionchannelof
Pb灢basedreactionsarebasicallyinagreementwith
theexperimentaldatawithinoneorderofmagni灢
tude.Byintroducingthebarrierdistributionfunc灢
tionmethodintheDNSmodelasetofcalculated
fusion灢evaporationexcitationfunctionsofSHNin灢
ducedby48Caareingoodagreementwithavailable
experimentaldata.However,althoughthedriving
potentialhasbeencalculatedintwodimensions(毲
andR),thediffusionprocesstothetwodimen灢
sionsisnottreatedsimultaneously.Thequasifis灢
sionistreatedbyadecayrateofKramers暞type.
TheMEshouldbeextendedintoatwodimensional
casebytakingthedistancebetweenthecentersof
nucleiintoaccountinaddition,sothatthequasi
fissioncouldbedescribedintheprocesstofully
understandthereactiondynamics.
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重离子碰撞中超重核的形成机制*

李君清1,2,左暋维1,2,冯兆庆1,靳根明1,2,赵恩广2,3

(1中国科学院近代物理研究所,甘肃 兰州730000;

2兰州重离子加速器国家实验室原子核理论中心,甘肃 兰州730000;

3中国科学院理论物理研究所,北京100080)

摘暋要:在双核模型框架下,用数值解主方程方法计算了超重核的熔合几率。明确描述了包含能量、角动

量和碎片形变弛豫的相对运动,并与核子扩散过程相耦合。因此,用微观方法推导出的核子跃迁几率是与

时间相关的。所计算的以Pb为靶的冷熔合超重核形成截面和以48Ca为弹核的热熔合超重核形成激发函数

与已知的实验值在合理的范围内符合。

关键词:超重核;双核系统;驱动势;主方程;全熔合
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