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Abstract:Thegroundstatepropertiesof132Snatequilibriumandatlargecompressionareinvesti灢
gated,withintheframeworkoftheradiallyconstrainedsphericalHartree灢Fock(CSHF)approxi灢
mation.Thedeltaresonanceeffectsonthepropertiesofneutron灢richdoublemagicsphericalnucle灢
us,132Sn,initsgroundstateandthestateunderstaticcompressionarestudied.Thesensitivityof
thenucleonsizeand殼modelspacesisinvestigated.Atequilibrium,mixingbetweennucleonand
殼暞sinthelargestmodelspaceofninemajornucleonshellsplus10殼orbitalswasfound.Expan灢
dingthenucleonmodelspacehasalargereffectonreducingthestaticcompressionmodulusand
softe灢ningthenuclearequationofstatethanincreasingthenumberof殼states.Itwasfoundthat
themostoftheincreaseinthenuclearenergygeneratedundercompressionisusedtocreatethe
massive殼particles.For132Snnucleusundercompressionat12timesthenormalnucleardensity,

theexcitednucleonsto殼暞sincreasedsharplyupto13%ofthetotalnumberofconstituents.This
resultisconsistentwiththevaluesextractedfromrelativisticheavy灢ioncollisions.Thesinglepar灢
ticleenergylevelscalculatedandtheirbehaviorsundercompressionareexaminedtoo.Agood
agreementbetweenresultswitheffectiveHamiltonianandthephenomenologicalshellmodelfor
thelowlyingsingle灢particlespectraisobtained.
Keywords:nuclearstructure;compressedfinitenuclei;殼灢resonance;Hartree灢Fockmethod;sin灢
gleparticleenergy
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1暋Introduction
Arealistic,microscopicallyderived,nuclear

equationofstateisofgreatimportanceininterpre灢
tingtheresultsofhigh灢energyparticle灢nucleusand

nucleus灢nucleuscollisions.A significantstepto灢
wardsthatistoextendtheconventionalmicroscop灢
icnuclearmodeltoincludedelta(殼)resonancesin

ordertoincorporatethedynamicsassociatedwith

thestructureofnucleons.

The殼resonancedegreeoffreedom playsan

importantrole manyissuesin nuclearphysics,

suchasthe nucleon灢nucleon scattering,nuclear
structure,heavy灢ioncollisions,andsoon.

Compressednucleiareexpectedtobeoccurred
duringhigh灢energyheavy灢ioncollisions[1].Theis灢
sueofcompressednucleiisimportantinastrophys灢
ics.Thus,theproblemofcompressednucleican灢
notbeignored.Theirexperimentalaswellastheir
theoreticalinvestigation,however,areintricatein
particularsincethecompressedstateishardtore灢
alizestatically.Thetheoreticalanalysesofheavy灢
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ioncollisionsconsequentlystartfromkineticequa灢
tions.Nucleiarenotinfinitelyextendedandhave
no stabilizing crystalline background assolids,

whichcanbeassumedinbandstructurecalcula灢
tionsofsolids.Thestructureofnucleiwiththeir
finitenumberofparticleshastobecalculatedfrom
extensivemany灢bodyproblemsorsimulatinganef灢
fectivenucleon灢nucleon(N灢N)interactionandtran灢
sitionpotentials whicharenotsufficiently well
known.

Oneofthe mostfundamentaland elusive
problemsintheoreticalnuclearphysicshasbeento
understandthestructureoffinitenucleiintermsof
theN灢Ninteraction[2].Inconventionalnon灢relativ灢
isticmicroscopicstructurecalculations,thenucle灢
usisconsideredasacompositesystemofelementa灢
ryparticles(protonsandneutrons)withnoallowed
internaldegreeoffreedom.Withtheadventof
high precision experiments atintermediate and
highenergiesusingavarietyofprobes,thecontri灢
butionofbaryonresonancestothestructureofnu灢
cleiintheirgroundstateandundercompression
becomesamajorexperimentalandtheoreticalques灢
tion[3,4].Forexamplesomerelativisticheavyion
collisiondatashowthatasmuchas10%ofthenu灢
clearsystemcanbeexcitedinto殼resonances[5,7].
Nucleonsarenolongeradequatelytreatedasele灢
mentaryorstructurelessparticles,andtheinternal
dynamicsofnucleonhastobetakenintoconsidera灢
tion.Onemethodthatincorporatesthedynamics
associatedwiththestructureofthenucleonsinthe
nuclearsystemistoconsidertheexcitationsofthe
nucleoninto殼isobars.Thisexcitationcanoccuras
aresultofapplyinganexternalstaticloadonthe
nucleus[8].Theexcitationof殼isobarsisveryim灢
portanttounderstandstructureofnucleiatinter灢
mediateandhighenergies.Itformsvariousprobes
toprovideanexcitingchallengeboththeoretically
andexperimentally,especiallyinthesearchfor
constructive,coherentpionproduction[9,10].The殼
excitationanditsdecaytonucleonandpioniscur灢
rentinterestinunderstandlightions,andheavy

ionscollision[11—16].
Investigatingthedeltaformationinthenucle灢

usasafunctionofcompressionisveryimportantin
understandingheavyioncollisionproblem[17],and
astrophysicalenvironmentsofinterestsuchassu灢
pernovaexplosionsorstructureofneutronstars[18]

whichareveryimportantinthesedaysinsuper灢
colliderswhentwoenergeticheavyionscollide.
Thepredictionsforhighlycompressednucleiat
densitiesaccessibletorelativeheavy灢ioncollisions
aremade.

The殼isobarisanimportantmodeofnucleon灢
icexcitation.Itisduetoaresonanceinpion灢nucle灢
onscattering,photopionandelectropionproduc灢
tionfromnucleon.Innuclearstructure,the殼res灢
onanceisanagentforcorrectionsinthetraditional
pictureofthenucleusasasystemofnucleonson灢
ly[19,20].Soitconsidersconstituentofnucleusbe灢
sidenucleons.The殼isobarprovidesamechanism
forpionscattering,pionproduction,andpionab灢
sorption[21].

Withintheframeworkofconstrainedspherical
Hartree灢Fock(CSHF)approximation,inthepres灢
entwork,the殼resonanceeffectsontheproperties
oftheneutron灢richdoublemagicsphericalnucleus,
132Sn,includingitsgroundstateandthestateun灢
derstaticcompressionarestudied.Heavynuclei
withalargeneutronexcessdevelopaneutronskin
whichisanoutercoatofneutron灢richnuclearmat灢
teraroundthecore[22].Theregionofnucleiaround
doubly灢magic132Sniscurrentlyasubjectofgreat
theoretical and experimental interest[23]. The
physicalinterestingof殼resonancesisusefulfor
theinvestigationontheequationofstateofdense
nuclearmatterathighdensitieswherethe殼degree
offreedom mayappear,andthisisalsoahottopic
ofthecurrentheavyionphysicsresearchandcom灢
pactstar physicsas well[24].Calculations per灢
formedusingCSHF witha modelspaceofnine
majoroscillator shells and a realistic effective
Hamiltonian[25]whichcontainstheN灢N,(N灢殼),

and(殼灢殼)interactions.Theeffectivebaryon灢bary灢
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oninteractionevaluatedusingtheBruecknerG灢ma灢
trix[23,26—31],anditsimprovementadoptedinRefs.
[8,32,33].

Thetheoryofeffectiveoperatorsplaysanim灢
portantroleinthe modernapproachtonuclear
structure.Effectiveinteractionsarethebasicin灢
gredientoftheno灢coreshellmodel,oneofthe
methodsthatprovidesasolutiontothenuclear
many灢bodyproblemstartingfrom N灢Nand(N灢殼)

interactions.Numericalsolutiontothe A灢body
Schr昳dingerequationcanbeobtainedonlyifone
truncatestheHilbertspacetoafinitespace,yet
sufficientlysmalldimension.Restriction ofthe
spacetoanumericallytractablesizerequiresthat
operatorsforphysicalobservablesbereplacedby
effectiveoperatorsthataredesignedtoaccountfor
sucheffects[34].

Theresultsoftheroleof殼暞sinfinitenuclei
havebeeninvestigated[8,31—33,35—44].Thenucleus
hasbeenconsideredasacollectionofnucleonsand
殼灢resonances.Theeffectofincludingthe 殼灢de灢
greesoffreedomontheHartree灢Fockenergy,den灢
sitydistribution,殼灢orbitaloccupations,andsingle
particleenergiesinthegroundstateandunderlow
amplitudestaticcompression,and modelspace
consistingofsevenmajoroscillatorshellshavealso
beenexamined.Theselectednucleiwere:16O,
40Ca,56Ni,90Zr,100Sn,and132Sn.

Themainaimofthepresentworkistostudy
theinfluenceofthe modelsizeonfinitenuclei
properties withtheconstraint Hartree灢Fockap灢
proach.Inthiswork,theseeffectshavealsobeen
examinedinto heavy neutron灢rich double magic
sphericalnucleus 132Sn with alargeramplitude
staticcompression,differentmodelspaceconsis灢
tingofninemajoroscillatorshellswiththeCSHF
approximation,usingarealisticeffectiveHamilto灢
nianwithdifferentpotential,extensivestudiesof
nucleardensitydistribution.TheBrueknerG ma灢
tricesisused whichisgeneratedfrom coupled
channelsNN,N殼,and毿NN[23,25—29].Thisisdone
togiveagooddescriptionofNNdataupto1GeV.

Themethodforcalculatingtheeffectiveinterac灢
tionsofthenuclearshellmodel[23,45]isbeingused
inthiswork.Itisagoodtooltostudythehighly
compressednucleiatdensitiesaccessibletorelativ灢
isticheavyioncollisions.

Thispaperisarrangedasfollows:Sec.2spec灢
ifiestheeffectiveHamiltonianandthemodelspace
usedinthecalculation.Thecalculationprocedure
andstrategyareoutlinedinSec.3.Resultsanddis灢
cussionsarepresentedinSec.4.Conclusionswill
bepresentedinSec.5.

2EffectiveHamiltionianHeffandMo灢
delSpace
Foranuclearsystem ofA baryons,mass,

spin,andisospinofnucleonare:m,1/2,and1/2,

respectively.For殼baryon,themass,spin,and
isospinare:M,3/2,and3/2,respectively.The
intrinsicmassoperatorHamiltonianofthissystem
canbewrittenas:

H=H1(one灢body)+H2(two灢body), (1)

where

H1(one灢body) [= 暺
A

i=1

p2
i

2M
m-Mæ

è
ç

ö

ø
÷

m +

(M-m ])氂3/2
op , (2)

herepiisthesingleparticlemomentumoperator,

氂3/2
op issingleparticleisospinprojectionoperatorand

Aisthemassnumber.H1arisesduetothepres灢
enceofthe殼暞s.Itconsistsofamasscorrection
andakineticenergytermforthedeltaparticles
multipliedbyafactor,whichisnegativesince(M
=1236MeV,andm = 939MeV).Theseterms
givenonzerocontributionin殼灢sectoronly,since
projectionoperator氂3/2

op worksinthespace氂3/2on灢
ly.氂氂

opissingleparticleisospinprojectionoperator.

氂氂
op旤氂曚暤=毮氂氂曚旤氂曚暤, (3)

氂1/2
op +氂3/2

op =1, (4)

H2istheeffectivebaryon灢baryoninteractionthat
consistsoftheeffectiveN灢Ninteractionthatisre灢
presentedbyReidSoftCore(RSC)potential[46]and
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thetransitionpotentialsamongbaryons,whichare
givenindetailsinRef.[47].Itisgivenby:

H2(two灢body)=Trel(m)+VBB曚+VC, (5)

where

Trel=
暺
i<j

(pi-pj)2

2mA . (6)

Trelistherelativekineticenergyoperator.Here,

mAisconsideredtotalmassofnuclearsystem,

VBB曚isthestrongtwo灢baryoninteractionoperator
andVCisthetwo灢particleCoulombinteractionact灢
ingbetweenchargedbaryons.

IftheSchr昳dingerequationissolvedinthefull
infiniteHilbertspaceofallpossibleNand殼many灢
bodyconfigurations,thentheexactsolutionhas
beengotten,butthisisnotpossiblebeyondlight
nucleiwiththemassnumbergreaterthan16where
specialprocedure may beadopted[48—51].There灢
fore,theinfinite Hilbertspacetofinite model
spaceistruncated,andaneffectiveHamiltonian,

Heff,tobeusedinthetruncatedmodelspaceisde灢
fined.So,Eq.(5)canbewrittenas:

Heff(two灢body)=Trel(m)+VBB曚
eff +VC, (7)

HenceVBB曚inEq.(5)becomesVBB曚
effthatisgivenby:

VBB曚
eff =VNN炣NN

eff +VNN炣N殼
毿,氀 +VNN炣殼殼

毿,氀 +VN殼炣N殼
毿,氀 +暋

VN殼炣殼N
毿,氀 +VN殼炣殼殼

毿,氀 +V殼殼炣殼殼
毿,氀 . (8)

ThelastsixtermsinEq.(8)representallpossible
transitionpotentials.TheCoulombterm,VC,is
takentobetheaverageCoulombpotentialenergy
perprotonand殼+inauniformlychargedsphere:

VC =6
5

Ze2

R 1-5 3
16毿
æ

è
ç

ö

ø
÷

Z
2/3

-1é

ë
êê

ù

û
úúZ

, (9)

wheretheZ-(2/3)termistheexchangecontribution
andtheZ-1termsubtractstheinteractionofthe

protonwithitselfand殼+ .
Byapplyingthevariationprinciple,theHar灢

tree灢Fockequationfornucleonanddeltaorbitals
canbederivedtousetheeffective Hamiltonian
withinthechosen modelspace.Compressionis

achievedbyapplyingastaticload.Theradialcon灢
straintactslikeanexternalforcetocompressor
expandthenucleus.FordetailsseeRefs.[35—

44].
Incalculations,no灢coreoscillatormodelspace

thatincludes9majoroscillatorshellswasused.In
the8灢space(9shells),37nucleonorbitalswere
used:0s1/2,0p3/2,0p1/2,0d5/2,1s1/2,0d3/2,0f7/2,

1p3/2,0f5/2,1p1/2,0g9/2,1g7/2,1d5/2,1d3/2,

2s1/2,0h11/2,0h9/2,1f7/2,1f5/2,2p3/2,2p1/2,

0i13/2,1g9/2,2d5/2,0i11/2,1g7/2,3s1/2,2d3/2,

0j15/2,0j13/2,1h11/2,1h9/2,2f7/2,2f5/2,3p3/2,

3p1/2,0k17/2andfordeltastates,10deltaorbitals
wereused:0s3/2,0p3/2,0p1/2,0d5/2,0d3/2,0d1/2,

1s3/2,0f7/2,0f5/2,0f3/2.Atotalof47baryonor灢
bitalswereincluded.

ThematrixelementsoftheeffectiveHamilto灢
nianhadbeencalculatedusingtheBruecknerG灢
matrixmethod[23,25].TheeffectiveN灢Ninteraction
wasthesum oftheBruecknerG灢matrixandthe
lowestorderfolddiagramactingbetweenpairsof
nucleonsinano灢coremodelspace[51—53].RSCpo灢
tentialfortheN灢Ninteractionwasadopted.

TheconstructedeffectiveHamiltonianinthe
many灢bodyproblemisviewedinthe many灢body
problemtoconsistoffoursectorswithmatrixele灢
mentsasfollows:

暋(1)N灢Nsector:暣VNN
eff 暤+暣Trel(m)暤+暣Vpp

C 暤.

暋(2)N灢殼sector:暣VN殼
eff暤+暣Vp殼+

C 暤.

暋(3)殼灢Nsector:暣V殼N
eff暤+暣V殼+

p
C 暤.

暋(4)殼灢殼sector:暣H1(one灢body)暤+

暣Trel(m)暤+暣V殼殼
eff暤+暣V殼+殼+

C 暤.
Nucleonstobeexcitedto殼暞sfromN灢Nsector

wereallowed.The pictureofthe modelspace
whichusedinthisstudywascompleted.

3暋CalculationProcedureandStrategy

Theusedstrategywasthesameoftheearlier
inRefs.[41—44]andwassummarizedasafollo灢
wing:First,considertheeffectiveHamiltonianin
thenucleonsectoronly(i.e.byturningoff(N灢殼)
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interaction).Thisisfollowedbycalculatingthe
groundstatepropertiesinthesphericalHartree灢
Fockapproximation(i.e.Hartree灢Fockenergy,

EHF,andtherootmeansquareradius(rrms))byad灢
justingthestrengthofthekineticandpotentialfac灢
torsinHeffuntilagreementbetweensphericalHar灢
tree灢Fockresultsandtheexperimentalbindingen灢
ergyandexperimentalradiusatequilibriumisob灢
tained.Theadjustingparameters毸1and毸2arein灢
troducedtoadjustthematrixelementsofTrefand
Veff,respectively.Sincethetwo灢bodymatrixele灢
mentsareevaluatedwithanoscillatorenergyspac灢
ing淈氊 =14MeV,thesematrixelementsarethen
scaledtothenewoscillatorbasischaracterizedby
newvalueof淈氊曚asdescribedbyRefs.[52—54].
Second,theN灢殼and殼灢Ninteractionsareactiva灢
ted.Theadjustingparametersand淈氊曚for132Sn
nucleusinagivenmodelspaceatequilibrium with
the殼channelturnedoffareobtainedintable1.
Third,theN灢殼and殼灢Ninteractionsareturnedoff
andaradialconstraint,-毬r2,isutilizedtoinclud灢
edstaticcompression.Here,ristheone灢bodysca灢
larradiusoperator.Fourth,theN灢殼and殼灢Nin灢
teractionsareactivatedandagain,theradialcon灢
straint,-毬r2,isappliedandthedifferenceinEHF

fromthethirdstepandcurrentstepasafunction
ofrrmsisobserved.

Table1Adjustingparameters毸1,毸2,and淈氊曚ofeffective

Hamiltonianfor132Snforthemodelspaceof9oscilla灢

torshellsforwhichthecalculationswereperformed.

Thebindingenergy(pointmassradiusrrms)thatwas

fittedwas-1104MeV(5.63fm)for132Sn

Nucleus 毸1 毸2 淈氊曚/MeV

132Sn 0.999 1.267 5.361

Thecomputationsofthisworkweredoneby
threemajorsteps;theoutlineofthesestepsis
presentedbelow.

First,therelativecenterofmassmatrixele灢
mentsofthetransitionpotentialsVN殼 andV殼N of
Refs.[34,35]evaluatedwithacomputerprogram

developedforthispurpose.Theoutputofthepro灢
gramisthematrixelementsinaformatsuitable
forthesecondstepofthecalculations.Thelimits
ontherelativequantumnumbersn,n曚,杮,杮曚,s,

s曚,andthetotalisospin氂arealltakenupto3.The
limitontherelativetotalangularmomentumgis
6.Thechangeintheorbitalangularmomentum,

殼杮,andspin,殼s,are0,暲2.
Second,anothercomputerprogramdeveloped

toevaluatethetwobody matrixelementsofthe
transitionpotentialsintwo灢particlebasiscoupled
ofagoodtotalangularmomentum,J,andtotal
isospin,氂.Thetwo灢particlebasisareconstructed
from aharmonicoscillatorsingleparticlestates
(nucleonorbitalsand殼灢orbitals),whicharechar灢
acterizedbythequantumnumbersn,杮,s,j,氂.
Therelativecenterofmasstransitionmatrixele灢
mentscalculatedinthefirststeparereadin,and
each matrixelementundergoesasetofteststo
showwhetheritisrequiredbytheconstructedtwo灢
particlestates.Ifitpassesallthetests,thenitis
storedwithanidentifyingcodenumber.Thesema灢
trixelementswillbemultipliedbytheappropriate
transformationcoefficients.Thecalculationsfor
thesestepsbasedonEq.(13)inRef.[36].The
matrixelementsareevaluatedinano灢coremodel
spaceconsisting ofnine majoroscillatorshells
(i.e.37nucleonorbitals),andten殼灢orbitals.The
outputofthisprogramservedasaninputforthe
thirdstep;theconstraintsphericalHartree灢Fock
calculations.

Third,a spherical Hartree灢Fock computer
programhasbeendevelopedtoperformthecalcu灢
lationsforthisphaseaccordingtoEqs.(33,34)in
Ref.[36].Anoutlineofthemainprocessesinone
iterationofCSHFcalculationsisasfollowing:the
informationisreadandstored;thenumberofpar灢
ticles,numberofsingleparticlestates,numberof
Hartree灢Fockoccupiedstatesandtheir2jvalues,

the2j,杮,andnvaluesoftheharmonicoscillator
orbitals,淈氊,淈氊曚,andthenumberofiteration.

Thefirstquantitiestobecalculatedandstored
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aretheHartree灢FockHamiltonianmatrixelements
暣B|H|B曚暤,accordingtoEq.(33)inRef.[36].To
dothat,baryondensitiesofvalueunityareread
andstored.Theappropriatetwo灢bodymatrixele灢
mentsoftheeffective Hamiltonian,which were
pre灢calculatedandstoredinstagetwo,arere灢
trieved.Thecomputercodeisdesignedsuchthatif
itencountersatwo灢bodymatrixelementsintheN灢
Nsector,itretrievesapreviouscalculatedG灢ma灢
trixelements,thekineticenergy,Trel,matrixele灢
ments,andtheCoulombenergy matrixelements
arescaledasmentionedbefore.ThesetofHartree灢
FockHamiltonianmatrixelementsisusedtocal灢
culateasecondsetofHartree灢Fockmatrixelement
暣B|H |B曚暤曚,whichincludestheconstraintterm
andisdefinedby:

暣B旤H旤B曚暤曚 =暣B旤H旤B曚暤-毬暣B旤r2旤B曚暤. (10)

暋暋ThissecondsetofHartree灢FockHamiltonian
matrixelementsisusedtocalculatethecorre灢
spondingeigenvaluesandeigenvectors.Theeigen灢
vectorsinturnareusedtocalculatenew baryon
densitiesandthenumberof殼灢particlesintheoccu灢
piedorbitals.Thenewbaryondensitiesareusedto
calculatetherrms.

Finally,theHartree灢Fockenergy,EHF,iscal灢
culatedaccordingtoEq.(34)inRef.[36].Thisis
theendofthefirstiteration.Theseconditeration
startswiththebaryondensitiescalculatedinthe
firstiterationandproceedsasthefirstiterationto
calculatethedescribedquantities.Theselfconsist灢
entprocesscontinuesuntilaconvergentsolutionis
achieved.

4暋ResultsandDiscussion

InRefs.[33,38,39,44],someselectedre灢
sultsfor132Sndemonstratingthebehaviorofself灢
consistentsingle灢particlespectraasafunctionof
compressionwerepresentedinthecaseofsmall
modelspace.Inthepresentwork,moredetailed
resultsfor132Snarepresentedinordertoexamine
itspropertiesunderstaticcompressioninlarge

modelspace.TheN灢殼and殼灢殼interaction were
employedastheywereactivatedinamodelspace
consistingofninemajoroscillatorshells(excluding
杮>5)fornucleonsandtenorbitalsfor殼暞smaking
atotalof47baryonsorbitals.

Thedifferencesamongtheresultsobtained
hereandthoseofpreviousstudies[33,38,39,44]isthe
sizeofthenucleonmodelspace,thenumberofthe
殼orbitalsincludedandmorecompression.

The performed calculations were done for
132Sn.TheHartree灢Fockenergies,EHF,versusrrms

usingRSCpotentialaredisplayedinFig.1.Fig.1
clearlyshowsthatthereisvirtuallynodifferencein
theresultswithandwithout殼暞satequilibrium.It
isseenthatwithoutthe殼灢degreeoffreedominthe
system,EHFincreasessteeplytowardszerobinding
energyundercompression.Asthevolumeofnu灢
cleusdecreased(basedonthermsradius)byabout
50%,thebindingenergy willbeabout462.67
MeV,when殼灢excitationsareincludedatthere灢
sultsobtainedwhennucleonsareconsideredonly.
Thatmeans,itshowsabout727.33 MeV,and
264.66MeVofexcitationenergytoachievea50%
volumereductioninthenucleon灢onlyresults,and
nucleonsand殼+暞sresults,respectively.

Fig.1CSHFenergyasafunctionofthepointmassrrmsusing

RSCpotentialfor132Snevaluatedin9majoroscillator

shellswith10 殼灢orbitals.Thedashedcurvecorre灢
spondstoCSHFfullcalculationsincludingthe殼暞s

whilethesolidcurvecorrespondingtoCSHFwithnu灢
cleonsonly.

Itisappearedfromtheaboveresults,itcosts
264.66MeVofexcitationenergytoreducethevol灢
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umeby50%andthesameamountofenergytore灢
duceitby24% more.Thissuggeststhattheless
denseouterpartofthenucleusinitiallyrespondsto
theexternalloadmorereadilythantheinnerpart.

ItcanbeseenfromFig.1,741.19MeVofex灢
citationenergytoachievea92% volumereduction
whenthe殼灢degreeoffreedomincludedinthesys灢
tem.Themostofthisenergygotocreatemassive
殼particles.

ThedifferencesamongtheresultsoftheHar灢
tree灢Fockbindingenergyobtainedhereandthose
inpreviousstudies[33,38,39]isthesizeofthenucleon
modelspace,thenumberofthe殼orbitalsinclud灢
ed,differentpotentials,and morecompression
here.Alsoitisworthmentioningthatatequilibri灢
um (noconstraint)in132Sn,itwasfoundmixing
betweennucleonstatesandthe殼states.Asthe
sameasinRefs.[33,38,39],allcurvesofEHF

agreenearequilibrium,(rrms=5.63fm).Thisis
impliedthattheresultsforthesystematequilibri灢
umdon暞tdependonmodelspace.Incomparison
withtheresultsinRefs.[33,38,39],thecurrent
resultsareconsistentwiththeresultsobtainedfor
132SnforEHF withdifferentmodelspace,butthe
curveofN灢onlyisverysteeply.Thisisduetocon灢
sideringthesmallest modelspace,sothestatic
compressionmodulusisincreasedsignificantlyby
reducedthenucleonmodelspace.Thecurrentre灢
sultsshow morecompressionthantheprevious
studies.Theresultsshowthatthereisasignificant
reductioninthestaticcompression modulus,for
RSCstaticcompressionsisreducedbyincluding
the殼excitationsatlargemodelspace.Theconse灢
quenceofthisreductionisasofteningofthenucle灢
arequationofstateatlargercompression.

Itisshownfrom Fig.1,asthestaticload
forceincreases,thecompressionofnucleusthat
hasnucleonsonlyislessthantheothernucleushas
nucleonsand殼暞s.Thisresultsuggeststhatthere
isconsiderablereductionin thecompressibility
withthe殼灢degreesoffreedomareincluded.

Onepotentialconsequenceofthisresultisthat

itcouldrepresentacollectivemechanismfor“Sub灢
threshold暠pion production.Thatis,in “sub灢
threshold暠pionproductionexperimentsbetween
collidingnuclei,ifthecollisionproduceisothermal
compression,thenthe殼暞sispopulatedandrelaxa灢
tioncouldoccurbydecayofthe殼暞toanucleon
andapion.

Togetanimpressionoftheroleofthe殼暞sas
afunctionofcompression,thenumberof殼暞s
againstrrmsradiuswasplottedinFig.2.Thetotal
numberof殼暞s,thenumberof殼+暞sand殼0暞sare
separatelyshown.

Fig.2 Numberof殼暞sasafunctionofrrmsfor132Sninnine

majorshellsmodelspace.Theuppercurveisforthe

totalnumberof殼暞s.Thedottedcurveisforthenum灢
berof殼+ ,andthedashedcurveisfor殼0.

InFig.2,thenumberofdeltasincreasesrap灢
idlyasvolumedecreases.Whenthenucleusvol灢
umeisreducedtoabout92%ofitsvolumeatequi灢
librium,thenumberofdeltasincreasestoabout
13%ofallconstituentsof132Sn.Itisinterestingto
noteinFig.2thatthenumbersof殼0暞sand殼+暞s
aredifferentasincreaseingcompression.Thecrea灢
tionof殼0暞sbecomesmorefavorableasthecom灢
pressioncontinues.Thisisduetothenumberof
neutronsisgreaterthanthenumberofprotons.
When17殼暞sarepresented,theexcitationenergy
valuesarearoundof17(M灢m)曋5049MeV.Thus,

onthescaleoftheunperturbedsingle灢particleener灢
gies,asubstantialfractionofthecompressiveen灢
ergyisdelivered,throughtheN灢殼,殼灢N,and殼灢殼
interactions,tocreatemoremassivebaryonsinthe
lowestenergyconfigurationofthenucleus.Byan灢
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otherway,thenumberof殼暞scanbeincreasedto
about17atrrms=2.46fm whichcorrespondingto
about12timesofnormaldensity.

Itcanbeshownfrom Fig.2,thenumberof
殼暞sisincreaseduntilrrms=3.1fm.Afterthisra灢
dius,thenumberof殼暞sbecomesconstant.The
numberof殼0isgreaterthanthatof殼+ byabout
50% atthisradiusandthisdifferencestillscon灢
stantduringcompression.Thisisbecauseconver灢
tedratefrom nucleonstatesto殼statesbecomes
constantinthiscase.Thisismajordifferencefrom
thepreviousstudies[33,38,39,44]duetolargecom灢
pression.

Inotherwords,Fig.2showsthatthenumber
ofcreated殼暞sincreasessharply,when132Snnucle灢
usiscompressedtoavolumeofabout0.92ofits
equilibriumsize.However,atthisnucleardensi灢
ty,whichisaboutof12timesthenormaldensity,

thepercentageofnucleonsconvertedto殼isonly
about13%in132Sn.

Theresultsshowthatthetotalnumberof殼暞s
ofabout4暳10-4ispresentedin132Snintheground
stateatequilibrium (zeroconstraint).Thisisper灢
hapsthemostnotablefeatureinthe132Snresults,

andincontrastwithallpreviousresults[33,38,39,44].
Thisstronglymotivatesfutureeffortstoproceedto
heaviernucleisuchas208Pb.

TocompareresultsinFig.10ofRef.[33],

Fig.3ofRef.[38]andFig.4ofRef.[39]with
presentresultsinFig.2,thenumberof殼暞sincrea灢
sesasthemodelspacedecreases.FromFig.10in
Ref.[33],thecreationof殼暞sbecomesmorefavor灢
ableasthecompressioncontinuesasmodelspace
decreases.Thecurrentresultsinthisworkshowa
major difference than those in other fin灢
dings[33,38,39];thenumberof殼暞satrrms=4.4fm
increaseverysharplyatthisradius.Thisbehavior
maybeartifactsofthesmallnumberof殼灢orbitals
employed,and maybeduetothesmallgapbe灢
tweenthen = 0andn = 1singleparticleener灢
gies.Asmovingtolargercompression,including
the殼statesreducesthestaticcompressionmodu灢

lus,buttheirroleinreducingthestaticmodulusis
lessdramaticthanenlargingthesizeofthenucleon
modelspace.Theroleof殼statesinreducingthe
staticcompression modulusisthelargestinthe
smallestspace.

Intermsofrelativisticheavy灢ioncollisions,

thenucleusthatcan moreeasilypenetratewhen
the殼degreeoffreedombecomesexplicitisimplied
byFig.1.Becauseofthelimitationsofthemodel
space,thecalculationsfor higher densitiesare
morespeculative.Neverthelessitcangiveussome
ideaabouthowthe殼populationcanbeincreased
asthenucleusiscompressedtohigherdensitiesac灢
cessibletorelativisticheavy灢ioncollisions.There灢
sultsshowninFigs.1and2areconsistentwith
theresultsextractedfrom relativisticheavy灢ions
collisions[55—57].

TheresultsinFig.2thatshowthegapbe灢
tweennumberof殼0 and 殼+ increasesas model
spaceandcompressionincreases.Itcanbeseen,

theincreaserateofthenumberof殼0暞sisapproxi灢
matelyconstantwhen modelspaceisincreased.
Thecreationof殼0暞sbecomesmorefavorableas
thecompressioncontinuesthanthatof殼+暞sas
modelspacedecreases.Asmovingtolargercom灢
pression,includingthe殼statesreducesthestatic
compression modulus,buttheirroleinreducing
thestaticmodulusislessdramaticthanenlarging
thesizeofthenucleonmodelspace.Theroleof殼
statesinreducingthestaticcompressionmodulus
isthelargestinthesmallestmodelspace.

Fig.3showstheradialdensitydistributionfor
132Snatequilibriumstate(noconstraint)atrrms=
5.63fm.Itcanbeseenfromthisfigure,thereex灢
istsaradialdensitydistributionpeakofdeltaat
equilibriumstate,atr = 3.80fm,withoutcom灢
pression.Thisresultisappearedduringincreasing
modelspace.

Fig.4displaystheradialdensitydistribution
ofneutrons氀n,protons氀p,deltas氀殼,andtheir
sum氀Tasafunctionoftheradialdistancefromthe
centerofthenucleusfor132Snatlargecompression
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andpointmassradiusrrms= 4.58fminamodel
spaceofninemajoroscillatorshellswith殼excita灢
tionrestrictedtothetenorbitals:0s3/2,0p3/2,

0p1/2,0d5/2,0d3/2,0d1/2,1s3/2,0f7/2,0f5/2,

0f3/2.

Fig.3 Total氀T,proton氀p(dottedline),neutron氀n(dashed

line),anddelta氀殼radialdensitydistributionfor132Sn

atequilibrium (pointmassradiusrrms=5.63fm)ina

modelspaceofninemajoroscillatorshells.

Fig.4 Total氀T,proton氀p(dottedline),neutron氀n(dashed

line),anddelta氀殼radialdensitydistributionfor132Sn

atpointmassradiusrrms=4.58fminamodelspaceof

ninemajoroscillatorshells.

Fromthisfigure,theneutronradialdensityis
higherthantheprotondensityatallvaluesofr.
ThisisduetoCoulombrepulsionbetweenthepro灢
tons.Atequilibrium,the殼灢radialdensitydistribu灢
tion,underhighcompression(pointmassrrms=4.
58fm),reachesapeakvalueofabout0.01ofthe
protonradialdensityatr = 3.70fm.殼灢mixing
withthenucleonsinthe0p1/2,0p3/2,0d3/2,0d1/2,

0f7/2and0f5/2 orbitalsoccurswhichexplainsthe
shapeofthe 殼灢radialdistribution presentedin
Fig.4.

Fig.5displaystheradialdensitydistributions
of132Snevaluatedatanabout0.31reducedvolume
(rrms=3.80fm).Inthiscase,the殼灢radialdensity
distributionreachesapeakvalueofabout0.41of
theprotonradialdensityatr=3.3fm.

Fig.5 Total氀T,proton氀p(dottedline),neutron氀n(dashed

line),anddelta氀殼(dottedline)radialdensitydistribu灢
tionfor132Snatpointmassradiusrrms=3.80fmina

modelspaceofninemajoroscillatorshells.

Fig.6showsthatthe殼灢radialdensitydistribu灢
tionreachesapeakvalueofabout0.96ofthepro灢
tonradialdensityof132Snevaluatedathighercom灢
pressionanabout0.08reducedvolume(rrms=2.46
fm).

Fig.6 Total氀T,proton氀p(dottedline),neutron氀n(dashed

line),anddelta氀殼(dottedline)radialdensitydistribu灢
tionfor132Snatpointmassradiusrrms= 2.46fmina

modelspaceofninemajoroscillatorshells.

Ifonecomparestheresultshereoftheradial
density distribution with the previous studi灢
es[33,38,39,44] .Itcanbefoundthepeakofdeltain灢
creasesasthecompressionisincreased,andalso
thispeakdecreasesasmodelspaceincreases.

ItcanbeseenfromFigs.4,5,and6,ascom灢
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pressionincreasesthetotalradialdensityincreases
andtheradialdensitydistributionof殼暞sincreases
sharply,butradialdensityofnucleonsdecreases
sharply.Iftheseresultsaresubstantialinfurther
work,theycouldhaveinterestingconsequencesfor
subthreshold pion production experiments in
nucleus灢nucleuscollisions wherethebombarding
energypernucleonisbelowthatneededtoproduce
pionsinfreeN灢Ncollisions.Totheextentthese
collisionsproduceisothermalcompressionandre灢
laxationoccursbydecayofthe殼tonucleonandpi灢
on,thesecalculationssupportacollectivemecha灢
nism forsubthresholdpion production.Toour
know灢ledgethismechanismhasnotbeenprevious灢
lyexplored.

ItcanbeseenfromFig.7thetotalradialden灢
sityfor132Sninnineoscillatorshellsatlargecom灢
pression(rrms=3.80fm)andatequilibrium (point
massradiusrrms= 5.63fm).Thisfigureshows
whenthevolumeofthenucleusisdecreasedby
0.31oftheequilibriumvolume;theradialdensity
increasesbyabout0.1ofitsvalueatequilibrium
case.

Fig.7 Totalradialdensitydistributionfor132Snatequilibri灢
um (rrms=5.63fm)(dashedline)andatrrms= 3.80

fm (solidline).

Theresultsforthematterdistributionof132Sn
groundstateareshowninFig.7.Forthenucleon
distribution,theyaredifferencewiththecalcula灢
tionofFig.11inRef.[33]thatisduetodifferent
modelspace.

Clearly,thedensityintheinteriorrisesrela灢
tivetotheinteriordensityatequilibrium asone

compressesthenucleus.Thisisincontrasttothe
behavioroftheradialdensityontheouter灢surface,

wheretheradialdensitydistributionishigherat
equilibriumthantheradialdensitywhenthestatic
loadisapplied.

In Fig.8,thelowestself灢consistentzero灢
changesingleparticleenergylevelsasafunctionof
rrmsweredisplayed.Theorbitsiscurvedupasthe
loadonthenucleusincrease.Thisisbecausethe
kineticenergyofthebaryons whichispositive
quantitybecomesmoreinfluentialthantheattrac灢
tivemeanfieldofthebaryons.Thepresentresults
islikeresultsofFig.1ofRef.[38]withsamemod灢
elspaceandlargecompressionhere.

Fig.8 Singleparticleenergyofthelowesttenneutronstates

for132Sninnine灢oscillatorshellsasafunctionofrrms.

Thesingleparticleenergyspectrumalsoex灢
hibitsthegapsbetweentheshells.Asthenucleus
iscompressed,thesingleparticlelevelordering
andthegapsarepreserved.Thegeneraltrendex灢
hibitesthesingleparticleenergies(exceptthedee灢
pestboundorbitalwhichactuallydropswithcom灢
pression)shifttohigherenergiesasthenucleusis
compressed.Thecurvaturegoesupmoreandmore
astheorbitalbecomesclosertothesurface.This
impliesthatthesurfaceismoreresponsivetocom灢
pressionthantheinteriorofnucleus.

Recallthatsingleparticlespectrumisgenera灢
tedentirelyfromtheunderlyingmicroscopicHam灢
iltonian.Thus,itisaremarkableresultofthese
calculationsthatthecalculatedspectrum follows
theexpected ordering ofthe phenomenological
shellmodelinthedominantlynucleonsorbitals,
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andthespectrumexhibitsclearlyvisiblegapsbe灢
tweentheshells.Asthenucleusiscompressed,

thesingleparticlelevelorderingandthegapsare
preserved.Itisalsoworthnotingthattheorbitals
closesttozerosingle灢particleenergyaremoresen灢
sitivetocompressionthatmeansthereismorere灢
sponsiveofcompressionthantheinteriorofnucle灢
us.Thegeneraltrendofsingle灢particleenergies
exhibitestoshifttohigherenergiesasthenucleus
iscompressed.

Thebehaviorofsingleparticleenergylevelsis
ingoodagreementwiththeorbitalorderingofthe
standardshellmodel.Thegapisveryclearbe灢
tweentheshells.Thesplittingofthelevelsineach
shellisanindicatorthatL灢Scouplingisstrong
enoughinRSCpotential,i.e.,L灢Scouplingbe灢
comestrongerasthestaticloadonthenucleusin灢
creases.Asthenucleusiscompressed,thesplit灢
tingoftheorbitalsbecomesmoreclearespecially
indeltaorbitals.

5暋Conclusions

Thegroundstatepropertiesof132Snhasbeen
investigatedwiththe殼灢degreesoffreedominclud灢
ed,usingarealisticeffectivebaryon灢baryonHam灢
iltonianwithintheradialconstrainedHartree灢Fock
approximationwithlargemodelspace.Morenu灢
clearbindingenergyisfoundwith殼暞sincluded,

andabout4暳10-4ofone殼isfoundintheground
state(equilibrium)of132Sn.Thesingleparticleen灢
ergylevelsofthesystemareevaluatedandtheir
behaviorundercompressionisstudied.Theresults
forsingleparticleenergiesattheequilibriumarein
agreementwiththoseofthetraditionalphenome灢
nologicalshellmodel.

ItcanbeconcludethattheHartree灢Fockener灢
gycalculatedwithamuchlargercompressionde灢
creasesasthesizeofthemodelspaceincreasesfor
eithertheN灢onlyorthecaseincludingbothNand
殼.The殼excitationofthenucleonisgradually
populatedasthenucleusiscompressed.Thenucle灢
usbecomesmorecompressibilitywhendeltaparti灢

cleresonancesoccur.Amoremodernpotentialand
theinclusionof殼resonancestogetherinduceasig灢
nificantsofteningofthenuclearequationofstate
forlargeamplitudecompression.

Thereisconsiderablereductionofthezero
temperaturecompressibilitywhenthe殼degreeof
freedomisactivated.

Finally,alargefractionoftheexcitationener灢
gyrequirestocompressthenucleususedtocreate
massintheformof殼暞s.Thismayhaveimplica灢
tionsforsubthresholdpionproductioninnucleus灢
nucleuscollisions.
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