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Abstract:ThesensitivityoftheneutronskinthicknessSin208Pbtothenewadditionofthehigh
orderisospin灢dependentnucleon灢氊灢氀couplingtermintherelativisticmeanfieldmodelisstudied.
Calculationsshowthatthehighorderisospin灢dependentnucleon灢氊灢氀couplingtermcanfurther
softenthesymmetryenergy,andthusfurtherdecreasetheneutronradiusof208Pbwithoutaffect灢
ingotherground灢stateobservables.
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1暋Introduction

暋暋Muchattention[1—10]hasbeendevotedtostud灢
yingtheneutronskinthicknessSin208Pb,aquan灢
titydefinedasthedifferencebetweentheroot灢

mean灢square(rms)radiusofneutrons, 暣r2
n暤,and

thatofprotons, 暣r2
n暤- 暣r2

p暤.Itisofsignifi灢
cance,indeed,aprecisemeasurementoftheneu灢
tronradiusof208Pb,togetherwithexistinghigh灢

precision measurementsoftheprotonradiusof
208Pb,willyieldaprecisevaluefortheneutron

skinthickness,thusprovidingoneofmoststrin灢

genttestsforcurrentmodelsofnuclearstructure.

Astheneutronradiusof208Pbisnottightlycon灢
strained by existent ground灢state observables,

some authors[10—15] by introducing a nonlinear

isoscalar灢isovectorcouplingorhigherordercou灢

plingmodifythepoorlyknowndependenceofthe

symmetryenergy,andthuschangetheneutronra灢

diusof208Pb.Inthisarticle,theauthoralsomake

astudyofthatproblembyintroducing
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anewadditionofhighordernucleon灢氊灢氀coupling
termtoRelativisticMeanField(RMF)model.

2暋Formalism

暋暋ThebasicphysicsunderlyingRMFmodelsand
theirapplicationinnuclearphysicscanbefoundin
Refs.[16—18].Thefollowing derivationsare
standard.TheLagrangianofisodoubletnucleon
field(氉)interactingviatheexchangeofonescalar
(氁forthesigma)andthreevector(氊毺fortheome灢
ga,b毺fortherho,andA毺forthephoton)fields.
Thatis,

L= 焻氉[毭毺(i毠毺 -g氊氊毺 -g氀氂·b毺 -1
2e

(1+氂3)A毺)-

(M+g氁氁)氉+1
2毠毺氁毠毺氁-1

2m2
氁氁2-1

4氊毺毻氊毺毻 +

1
2m2

氊氊毺氊毺 -1
4b毺毻·b毺毻 +1

2m2
氀b毺·b毺 -

1
4F毺毻F毺毻 -Ueff(氁,氊毺,b毺), (1)

whereM,m氁,m氊,m氀arethenucleon灢,the氁灢,the
氊灢andthe氀灢masses,respectively,whileg氁,g氊,

g氀ande2/4毿=1/137arethecorrespondingcon灢
stantsforthemesonsandthephoton;thevarious
fieldtensorshavebeendefinedasfollow:

暋暋暋暋暋氊毺毻 =毠毺氊毻-毠毻氊毺暋, (2)

暋暋暋暋暋b毺毻=毠毺b毻-毠毻b毺暋, (3)

暋暋暋暋暋F毺毻=毠毺A毻-毠毻A毺暋, (4)

Ueff(氁,氊毺,b毺)=1
3g2氁3+1

4g3氁4-

1
4c3(氊毺氊毺)2-4毇vg2

氀b毺·b毺g2
氊氊毺氊毺暋, (5)

whereg2,g3andc3arethenonlinearparameters
fortheself灢interactionsofthescalarandvector
fields,毇v isnonlinear mixedisoscalar灢isovector
couplingcoefficient.Theauthortriesintroducing
thefollowingnewcouplingofthenucleoncurrent
to氊灢and氀灢mesonfields:

暋暋Lnew =-毇氊焻氉g氀毭毺g
2
氊氊毺氊毺

M2 氂·b毺氉 , (6)

where毇氊iscouplingcoefficient.Thusthetotal
Lagrangiandensityis:

L曚=L+Lnew暋. (7)

WithintheframworkofRMFmodels,substituting
theLagrangiandensityintotheEuler灢Lagrangian
equationsofmotionleadstoDiracequationsofmo灢
tionforthe nucleon spinorsand Klein灢Gordon
equatinosforthemesonsandphotons.Forastat灢
ic,sphericallysymmetricsystem208Pb,thesingle灢
particlesolutionsofthe Diracequation may be
writtenas:(using|x曉r)

暋暋暋毞毩=Un毷mt=1
r

gn毷t(r)Y毷m (̂x)

ifn毷t(r)Y-毷m (̂x
æ

è
ç

ö

ø
÷

)毱t暋, (8)

where{毩}曉{a=n毷t;m}denotesthecollectionof
allquantumnumbersrequiredtodescribethesin灢
gle灢particleDiracspinor.毱tdenotesatwo灢compo灢

nentspinorinissopinspace(witht=暲1
2forpro灢

tonsandneutrons,respectively),nandmarethe
principalandmagneticquantumnumbers,respec灢
tively,andthespin灢sphericalharmonicsarede灢
finedas:

暋Y毷m (̂x)曉 暣̂x旤l1
2jm

暤;暋j=旤毷旤-1
2暋; (9)

暋暋暋l=
毷, if暋毷>0

-1-毷, if暋毷<{ 0
暋. (10)

暋暋Further,thefollowingspinornormalization
hasbeenadopted:

曇d3xU昄
毩(x)U毩(x)

=曇
曓

0
dr(g2

a(r)+f2
a(r))=1暋. (11)

暋暋Itthenfollowsthatthecoupleddifferentiale灢
quationssatisfiedbytheradialcomponentsofthe
Diracspinoraregivenby:

暋暋Eaga(r)= -d
dr+毷æ

è
ç

ö

ø
÷

r fa(r)+

(M+S(r)+V(r)ga(r)暋, (12)

暋暋Eafa(r)= -d
dr+毷æ

è
ç

ö

ø
÷

r ga(r)-

(M+S(r)-V(r))fa(r)暋,(13)

where

暋暋V(r)=g氊氊0+g氀 1+毇氊
g氊氊0æ

è
ç

ö

ø
÷

M
æ

è
ç

ö

ø
÷

2

氂3b0+
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1
2e

(1+氂3)A0暋, (14)

S(r)=g氁氁暋. (15)

暋暋Themesonfieldequationsreducetothefol灢
lowingsetofequations:

- d2

dr2 -2
r

d
dr+m2æ

è
ç

ö

ø
÷氁 氁

=-g氁氀s-g2氁2-g3氁3暋, (16)

- d2

dr2 -2
r

d
dr+m2æ

è
ç

ö

ø
÷氊 氊0=g氊氀毻-c3氊3

0 -

8毇vg2
氀g

2
氊b2

0氊0+2毇氊g氀b0氀3g2
氊氊0

M2 暋, (17)

- d2

dr2 -2
r

d
dr+m2æ

è
ç

ö

ø
÷氀 b0=-g氀氀3(1+

毇氊
g氊氊0æ

è
ç

ö

ø
÷

M
ö

ø
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2

-8毇vg2
氀g

2
氊氊2

0b0暋, (18)

暋暋暋 d2

dr2 +2
r

d
d

æ

è
ç

ö

ø
÷

r A0(r)=-e氀p暋. (19)

暋暋Thecorrespondingdensitiesaregivenby:

氀s(r)=氀s,p(r)+氀s,n(r)暋, (20)

氀v(r)=氀v,p(r)+氀v,n(r)暋, (21)

氀3(r)=氀v,p(r)-氀v,n(r)暋, (22)

氀p(r)=氀v,p(r)暋, (23)

wherescalarandvectordensitieshavebeendefined
as:

氀s,t(r)

氀v,t(r
æ

è
ç

ö

ø
÷

)= 暺
occ

n毷

2j毷+1
4毿r

æ

è
ç

ö

ø
÷

2 (g2
n毷t(r)熀f2

n毷t(r)),(24)

wheret=n,pforneutronorproton,respectively.
Theneutronandprotonrmsradiiaredirectlyre灢
latedtotheneutronandprotondensitydistribu灢
tionsviathefollowingrelationship:

暋暋暋暋Rt= 暣r2
t暤=曇dx氀t(r)r2

曇dx氀t(r)
暋. (25)

暋暋Thetotalbindingenergyofthesystemis:

暋暋E=暺
occ

毩
E毩(2j毩 +1)-1

2曇dx 暋
暋g氁氁(r)氀s(r)é

ë
êê +

1
3g2氁3(r)+1

2g3氁4(r ù

û
úú)-1

2曇dx 暋
暋g氀b0(r){ ·

1+3毇氊
g氊氊0(r)æ

è
ç

ö

ø
÷
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é
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êê

ù
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2

氀3(r)-

8毇v(g氀g氊氊0(r)b0(r))2 }暋暋-1
2曇dxg氊氊(r)氀v(r[ )-

1
2c3氊4

0(r ù

û
úú)-1

2曇dxA0(r)氀c(r)-MA暋.

(26)

暋暋Thecoupled,ordinarydifferentialequations
(9)—(10)and (13)—(16)mustbeself灢consist灢
entlysolved,seeRefs.[10,19],fordetails.

3暋ResultandDiscussion

暋暋Threemodelsareconsideredinthisarticle,

theverysuccessfulNL3[12,20]alongwiththeS271
andZ271[13—15].Thesethreemodelsareconstrain灢
edtothefollowingpropertiesofsymmetricnuclear
matter:nuclearsaturationatafermimomentumof
毷F=1.30fm-1;abindingenergypernucleonof
16.24 MeV;andaincompressibilityofK =271
MeV.ThevariousparametersetsarelistedinTa灢
ble1.

Thesymmetryenergy[12,13,15]isgivenby

暋暋暋asym(氀)= k2
F

6E*
F

+ g2
氀

3毿2
k3

F

m*2
氀

暋, (27)

wherekF istheFermimomentum, k2
F+M*2 ,

M* =M+g氁氁istheeffectivenucleonmass.

Table1暋Modelparametersusedinthecalculations*

Model ms g氁 g氊 g2 g3 c3

NL3 508.194 10.271 12.868 -10.431 -28.885 0.00

S271 505.000 9.006 10.806 -12.370 -17.323 0.00

Z271 465.000 7.031 8.406 -5.434 63.691 49.941

* Theparameterg2isgiveninfm-1;thescalarmassm氁is

givenin MeV;thenucleon,rho,andomegamassesarekept

fixedatM=939,m氀=763andm氊=783 MeV,respectively,

exceptinthecaseoftheNL3modelwhereitisfixedatm氊=

782.5MeV.

Further,theeffectiverho灢meson masshas
beendifinedasfollows:

暋暋暋m*2
氀 =m2

氀+8毇vg2
氀g

2
氊氊2

0

殻2 暋, (28)

where殻=1+毇氊(g氊氊/M)2.
Thesymmetryenergyatsaturationdensity
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correspondingtokF=1.30fm-1,isnotwellcon灢
strainedexperimentally.Rather,anaverageofthe
symmetryenergyisconstrained bythenuclear
bindingenergy.Thefollowingprescriptionisa灢
dopted:thevalueoftheNN氀couplingconstantis
adjustedsothatallparametersetshaveasymme灢
tryenergyofasym=25.68MeVatkF=1.15fm-1(氀
=0.10fm-1)[13].Thatis

暋暋暋g2
氀= m2

氀殼asym

k3
F

3毿2殻2-8毇vg2
氊氊2

0殼asym

暋, (29)

where殼asym =(asym -k2
F/6E*

F ).
TheresultsarelistedinTable2.Fromthe

Table,weseethatthecombinationof毇vand毇氊

canfurtherdecreasetheneutronskinthicknessS
in208Pbwhilestillmaintainingthebindingenergy
andtheprotonradiusnearlyconstant.Thebinding
energyandprotonradiusareaccuratelydetermined
experimentally.Theexperimentalbindingenergy
pernucleon(E/A)expin208Pbis-7.868 MeV[21],

consideringthecorrectionforcenter灢of灢massmo灢
tionisneglectedintheself灢consistentRMFcalcu灢
lation,anequivalentexperimental(E/A)expis-7.
843 MeV for 208Pb,whichisestimatedviathe
harmonicoscillatorphenomenologicalformulaEcm=
Table2暋ResultsfortheNL3,S271andZ271effectiveintera灢

tion,thebindingenergypernucleon,E/A,thepro灢

tonrmsradiusRpandtheneutronskinthicknessSin
208Pb

Model 毇v 毇氊 g氀 E/A Rp S

NL3 0.0 0.0 4.461 -7.854 5.460 0.280

0.005 0.0 4.606 -7.864 5.460 0.265

暋 -1.6 5.054 -7.898 5.461 0.218

0.01 0.0 4.766 -7.872 5.461 0.251

暋 -1.2 5.133 -7.897 5.463 0.215

0.015 0.0 4.946 -7.879 5.463 0.237

暋 -0.9 5.249 -7.897 5.465 0.209

0.02 0.0 5.146 -7.885 5.465 0.233

暋 -0.6 5.371 -7.897 5.467 0.204

0.025 0.0 5.374 -7.890 5.468 0.209

暋 -0.4 5.544 -7.897 5.470 0.196

S271 0.0 0.0 4.622 -7.940 5.459 0.254

0.01 0.0 4.785 -7.952 5.460 0.238

-2.5 5.138 -7.984 5.459 0.199

0.02 0.0 4.963 -7.964 5.461 0.221

-1.6 5.212 -7.984 5.461 0.196

0.03 0.0 5.164 -7.974 5.462 0.205

-0.9 5.320 -7.985 5.463 0.191

Z271 0.0 0.0 4.749 -7.774 5.459 0.241

0.01 0.0 4.811 -7.777 5.460 0.235

-11.0 5.371 -7.840 5.457 0.170

0.02 0.0 4.874 -7.783 5.460 0.228

-10.0 5.401 -7.840 5.458 0.169

0.03 0.0 4.940 -7.788 5.460 0.222

-9.0 5.430 -7.839 5.459 0.168

0.04 0.0 5.009 -7.793 5.460 0.215

-8.0 5.459 -7.839 5.460 0.167

0.05 0.0 5.080 -7.801 5.460 0.201

-7.0 5.489 -7.838 5.460 0.166

0.06 0.0 5.155 -7.803 5.461 0.203

-6.0 5.518 -7.837 5.461 0.166

0.75淈氊0,with淈氊0=41A-1/3[22];andthefactthat

theaccurately measuredvalueoftheprotonrms

radiusRpof208Pbis(5.45暲0.02)fm[23].Move灢
overforZ271parameterset,whichsacrificesgood

fitstotheexperimentalbindingenergypernucle灢
on,theabsolutevalueofthebindingenergyof
208PbusingZ271effectiveinteracionissmallerthan
theexperimentalone;byintroducingtheisospin灢
dependenthighordernucleon灢氊灢氀couplingcorrec灢
tiontoRMFmodel,thecombinationof毇vand毇氊

canmaketheabsolutevalueofthebindingenergy
goneartheexperimentalone.

Theresultscanbeexplainedasfollows:the
neutronradiusof208Pbthusneutronskinthickness
Sreliesonthedensitydependenceofsymmetry.
Stiffdensitydependence(i.e.,pressure)forneu灢
tron matterpushesneutronsoutagainstsurface
tension,leadingtoalargerradius.Fig.1clearly
showsthatthenewintroducingcouplingtermcan
furthersoftenthedensitydependenceofthesym灢
metryenergy(i.e.,causethesymmetryenergyto
growmoreslowlywithdensity)andthusleadstoa
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smallerradius.

Fig.1暋Thesymmetryenergyasym (in MeV)insymmetric

nuclearmatterasafunctionofdensity(infm-3)in
theNL3model.

4暋SummaryandConclusion

暋暋Presentmodel灢dependentanalysesofexperi灢
mentaldatawithhadronicprobesyieldvaluesof
neutronskinthicknessSof208Pbvaryingbetween
0.0and0.2fm[1—6].AccordingtoTable2,itis
clearlyseenthattheresultsofneutronskinthick灢
nessSof208Pb,afteraddingthenewisospin灢de灢
pendenthighordernucleon灢氊灢氀couplingterm

Lnew =-毇氊焻氉g氀毭毺g
2
氊氊毺氊毺

M2 氂·b毺氉暋, (30)

seemtobemoreconsistentwiththepresentmod灢
el灢dependentanalyses.However,hadronicmeas灢
urementssufferfromcontroversialuncertaintiesin
thenuclearreactionmechanism.TheParityRadius
Experiment(PREX)atJeffersonLaboratoryaims
tomeasuretheneutronradiusin208Pbviaparity
violatingelectronscatteringtoanunprecedented
accuracyof1% (暲0.05fm)[10,24],whichshould
provideauniqueobservationalconstraintonthe
thicknessoftheneutronskinofaheavynucleus.
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在相对论平均场框架下研究同位旋依赖
的高阶核子灢氊灢氀介子耦合*

梁暋钧
(中国原子能科学研究,北京102413;

太原理工大学物理系,山西 太原030024)

摘暋要:在相对论平均场的框架下,对208Pb中

子皮对新的同位旋依赖的高阶核子灢氊灢氀介子耦
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