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We have calculatedground-statepropertiesof even–even oxygenisotopesin the framework
of therelativistic mean-fieldtheorywith threedifferentparameterizations.Calculationshave
beenperformedfor isotopesfrom

���
O to

���
O. Theparticlestability of very neutron–richO

isotopesis discussed.

PACS: 21.10.Dr, 21.10.Pc,27.20.+n,27.30.+t

1 Intr oduction

Atomic nuclei with extremeisospinvaluespresentoneof the mostactive areasof currentnu-
clearphysicsresearch.Froma theoreticalpoint of view, exotic nucleioffer possibility to study
componentsof nuclearinteractiondependingon isospindegreesof freedom,which aresmall
in nuclei closeto the line of

�
-stability. In the pastyearsmany experimentsusingradioactive

nuclearbeamshave providednew informationon nuclei closeto protonandneutrondrip-lines
andmany unusualpropertieshavebeenrevealed(seee.g.ref. [1] for review).

Thewell known phenomenonis thedevelopingof halostructure.Halo nucleiarecharacter-
izedby very largesizeswith verydiffusedsurfacesimpliedby weakbindingof their lastnucleon
or nucleons.Halonucleonslie closeto particlecontinuum,thereforepairingcorrelationsplayan
importantrole. In addition,theexistenceof nuclearhaloleadsto new collectivevibrationmodes
in nuclei,for examplea weaklyboundhalopartmayoscillateout of phasewith a tightly bound
core[2].

Theshellstructureof someexoticnucleiischaracterizedbydecreasingof spin-orbitsplittings
leadingto uniform distribution of energy levelswithout big energy gapsbetweennuclearshells.
This phenomenonis referredasshell gapmelting and it is a consequenceof modificationin
nucleardensitydistributionandincreasingimportanceof thepairingeffects[2].

Unusualstructureof exotic nuclei representsa greatchallengefor testingnuclearmany-
body theories. In recentyearsthe relativistic mean-fieldtheory (RMFT) [3–7], the Hartree-
Fock-Bogolyubov [8,9] andtheMonte-Carloshellmodel[10,11] havebeenfrequentlyusedfor
calculationsof their properties.
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The RMFT hasbeenalreadyproven to be a powerful tool for describingand predicting
bulk andsingle-particlepropertiesof nuclei from protonto neutrondrip-line. The RMFT is a
relativistic quantumfield theory, basedon hadronicdegreesof freedom,describingnucleonsas
relativistic particlesinteractingthrougheffectivemesonexchange[12–14].

In the presentwork, the propertiesof even-evenoxygennuclei from very neutrondeficient
isotope�	� O to veryneutronrich isotope��
 O havebeencalculatedin theframework of theRMFT
by employing severalcommonlyusedRMFT parameterizations.Theoxygenisotopesfar from
the

�
-stability line representvery interestingareatoday, becausemany theoreticalcalculations

assumeparticlestability of very heavy isotopes��� O and �

 O contraryto their experimentally
confirmedinstability [15–17]. Heavy oxygenisotopesarealsogoodcandidatesfor existenceof
theneutronhalostructure[18–20]. In addition,theunclearrole of theN=20closedshellcanbe
studiedin thevicinity of the”islandof inversion”.

2 The relativistic mean-fieldtheory

Themodelstartsfrom a Lagrangiandensityincludingnucleonfield (� ), isoscalar-scalarmeson
field ( � ), isoscalar-vectormesonfield (� ), isovector-vectormesonfield (� ) andelectromagnetic
field ( � ), which reads
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The first line describesthe free nucleonfield, nucleon-mesonsinteractionsand electromag-
netic interaction.Next two linescontainfree � -meson,� -meson,� -mesonandelectromagnetic
partsof the Lagrangiandensity. The Lagrangiandensityalsocontainscubic andquarticself-
interactionstermsfor � -mesonfield andquarticself-interactiontermfor � -mesonfield. The
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by constants> & , @ & and @ ) . The
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denotemesonmassesandnucleonmass.
Thefield tensorsaregivenby standardexpressions
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Thefieldequationsfollow from theEuler-Lagrangeequationsin astandardway. Two approxima-
tionsarenecessaryfor solutionof field equations.Thefirst oneis themean-fieldapproximation
introducedby replacingthe field operatorsfor mesonsandelectromagneticfields by their ex-
pectationvalues.Thesecondoneis theno-seaapproximationrealizedby exclusionof thefilled
Diracseaof negativeenergy states.

The Dirac spinor for positive energy solution in sphericalcasecanby written in standard
form [13]
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where jlk and H k areupperandlower componentsof nucleonwave function, i W is anisospinor
and

c UPV
is a sphericalharmonicsfunction. m denotesquantumnumbersn , o and p , wherep is

theisospinand o is theDirac quantumnumbergivenby

o � � qr� �� for
q �ts " ��" qr� �� for
q �ts � ��

I (4)

Using this expressionwe obtaintwo coupledDirac equationsfor upperandlower components
of nucleonwave function

u
u Y " oY jlk 4ZY 8 �wv` #�!x 4ZY 8 �!y 4zY 8 "|{ k*} H k 4ZY 8 �|~ L (5)

u
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where
x 4zY 8 is thescalarpotential

x 4ZY 8 � $ & � 4ZY 8 L (7)

and
y 4ZY 8 denotesthevectorpotential
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Themesonandelectromagneticfieldsobey theradialLaplaceequations
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The sourcetermson right handsof foregoing equationsare the scalardensity �*� , the vector
density��� , theisovectordensity� � andthechargedensity��� givenby
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Thesumsaretakenoverall occupiedstatesand m is a setof all quantumnumbers.
The expressionfor the total energy can be derived from Lagrangiandensityand it hasa

structure,
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Thesetof Diracequations(5 – 6) for nucleonsandLaplaceequations(9 – 12)for mesonsand
electromagneticfield with expressionsfor sourceterms(13– 16)aresolvedself-consistently. In
addition,the BCS pairing is appliedusinga constantpairing strengthapproximationfor open
shellnucleiandthepairingenergy andthecorrectionfor thespuriouscentreof massmotionare
addedto thetotal energy.

TableI. Parametersof theRMFT effective forcesusedin thepresentinvestigation.

parameter NL3 NL-Z2 NL-BA
Ref. [21] Ref. [22] Ref. [23]�

(MeV) 939.0 938.9 939.0��� (MeV) 508.194 483.15 506.28��� (MeV) 782.501 780.0 782.6��� (MeV) 763.0 763.0 769.0 \� 10.2169 10.1369 10.129758  � 12.8675 12.9084 12.722198  � 4.4744 4.55627 4.508614¡ � (fm ¢ � ) -10.4307 -13.7561 -11.480161£7� -28.8851 -41.4013 -32.277332

3 Resultsand discussion

We have calculatedthe ground-statepropertiesof the even-massoxygenisotopeswith three
differentRMFT parameterizations,namelyNL3 [21], NL-Z2 [22] andNL-BA [23]. Thevalues
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TableII. Thenuclearmatterpropertiescalculatedby theRMFT parametersetsusedin thepresentwork.

NL3 [21] NL–Z2 [22] NL–BA [23]

saturationdensity¤B¥ (fm ¢B¦ ) 0.148 0.151 0.1503
bulk bindingenergy/nucleon§K¨ª©¬« (MeV) -16.24 -16.07 -16.1949
incompressibility­ (MeV) 272 172 248
bulk symmetryenergy/nucleon®�¯¬°²± (MeV) 37.4 39.0 37.7
effective massratio

��³ © � 0.60 0.58 0.60

of theparametersusedarelistedin TableI, andthepredictednuclearmatterpropertiesaregiven
in TableII. The pairing strengthfor neutronwassetto be j S ��´ I µ ~�¶ � (MeV), which is the
averagestrengthfor this isotopicchainobtainedby fitting theodd-evenmassdifferences.

TherecentNL3 parameterizationwasaimedto improvefurtherthepropertiesof thesuccess-
ful NL-SH [24] parameterset.For thisreasonanew multiparameterfit wasperformed.Thesetof
nucleiin thefit wasslightly enlarged.Theresultingparametersprovideimprovedresultsoverthe
NL-SH set,reducingtheroot-mean-squaredeviation of thebindingenergies. Thenuclearmat-
ter incompressibility( · ) decreasedfrom · =355MeV (NL-SH) to muchlower value · =272
MeV (NL3). The NL3 wasextensively appliedthroughoutof the chart of nuclidesincluding
neutron-richnucleiandsuperheavy elements[5].

TheparametersetNL-Z2 belongsto thefamily of completelynew RMFT parameterizations
providedby theFrankfurtgroup.In stemsfrom afit usingenlargedsetof dataincludinginforma-
tion on exotic nuclei. A microscopictreatmentof thecorrectionfor thespuriouscenter-of-mass
motion wasapplied. Additionally, the nuclearsurfacethicknesseswereincludedinto the data,
providing new informationaboutthenuclearshapes.A distinct featureof this setis a quite low
valueof thenuclearmatterincompressibilitycoefficient · =172MeV.

TheNL-BA parameterization[23] is thefreshlynew setdealingwith a fit to a largebodyof
observablesrelatedto ground-statepropertiesof selecteddoubly-magicnuclei coveringa wide
variationof isospin.Thepredictedpropertiesof nuclearmatterindicateimprovementfor thein-
compressibilitycoefficient ( · =248MeV), while thesymmetryenergy ¸+¹bº V remainspractically
thesameasin thepreviousparameterizations.

Our presentRMFT applicationconsistsof the spherical1 relativistic mean-fieldcalculation
with theparameterssetswhich have not beenusedin this region before. All calculationshave
beenperformedfor even-evenoxygennucleirangingfrom �	� O to �

 O.

TableIII summarizesthe calculatedground–statebindingenergiesfor all threeparameteri-
zations.For theNL-Z2 setwedid not obtaintheconvergencefor the � A O nucleus.Thisvalueis,
therefore,absentin TableIII. All otherresultscanbecomparedwith theevaluatedvalues[26].
Thecorrespondingbindingenergy differencesbetweentheoreticalandexperimentaldata,BE

W¼»
-

BE½b¾�¿ , aredrawn in Fig. 1.
All threeparameterizationsexhibit similar patternwith seeminglythebestagreementgiven

by the NL-BA set. This parameterizationdescribeswell the ground–statebinding energiesfor
isotopes�À�

g
��� O; the deviations betweencalculatedand experimentaldataare well bellow 1

MeV. It is particularly interestingthat the binding energy of the extremelyproton–rich �À� O is

1Calculationswith anaxially deformedcodegavenoindicationof deformationfor theoxygenisotopesgroundstates.
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TableIII. Calculatedandexperimental[26] binding energiesfor even-even oxygenisotopesfrom
���

O to���
O. Dataflaggedwith # referto extrapolationof experimentalvalues.

Isotope BE [MeV] BE [MeV] BE [MeV] BE [MeV]
NL3 NL-Z2 NL-BA exp.���

O 61.125 60.818 59.919 58.549�	Á
O 100.242 — 98.376 98.733�¬Â
O 128.791 127.791 127.390 127.619�¬�
O 141.101 140.643 139.909 139.807� ¥ O 152.300 152.161 151.247 151.371���
O 163.173 163.082 162.159 162.032�¬Á
O 171.567 173.056 170.964 168.484��Â
O 175.488 177.681 175.168 #168.324���
O 179.619 182.711 179.606 #163.464
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Fig. 1. Binding energy differencesfor O isotopes.

reproducedso well. The �	� O nucleusis unstableagainstprotonemissionand lies, therefore,
beyondtheprotondrip line.

Thesituationon averyneutron–richsideof theO isotopicchainis lesssatisfactory.
Theparticlestability of theneutron–richO nucleiwasstudiedextensively by both,theoreti-

cally andexperimentally. While recentevaluationof experimentalmassesby Audi et al. [25,26]
indicatesthat the heaviest O isotopesstableagainstparticle emissionis � A O, many of global
systematicsandmean–fieldapproachespredictthateven ��� O and ��
 O arestable.In particular,
thefinite–rangedropletmodel(FRDM) of Möller et al. [27] andThomas–Fermisystematicsof
MyersandSwiatecki[28] predictthe �
� O to bestableagainstneutronemission.Therecentnon-
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Fig. 2. Theneutronsingle–particlelevelsof O isotopescalculatedwith theNL-BA parameters.Thethick
solid line denotestheneutronFermilevel.

relativistic Hartree–Fock calculationswith variousSkyrme forces[20,29,30] alsopredict that
the �
�NÃ ��
 O nucleiarestable(with anexceptionfor a ÄÆÅ& [31] interaction;in this casethe � A O is
the heaviest particle–stableisotope). The previous relativistic mean–fieldcalculations[18,32]
againput the �

 O on theneutrondrip line. In addition,therecentMonte–Carloshellmodelap-
proach[33] havedemonstratedthattheinterplaybetweenT=1 andT=0 monopoleinteractionsis
essentialto reproducetheneutrondrip line of O isotopes.

From the experimentalpoint of view, the situationon the neutron–richside of O isotopic
chainis now quiteclear. TheheaviestO isotopeever observedis � A O. Any attemptsto produce
the �
� O or �

 O nucleiwereunsuccessful[15,16]. Theclearevidencefor theparticleinstability
of �
�+Ã �

 O hasbeenobtained[17,34].

In contrast,our calculationspredictthatboth, the ���NÃ ��
 O areparticlestablefor all threepa-
rameterizationsused,in accordwith mostof theothermean–fieldapproaches.By inspectingthe
Fig. 1 we seethatdeviationsbetweencalculatedandexperimentaldatastartto divergesteeply
for the � A O andheavier O isotopes2. We note,thatsucha behaviour of mean–fieldmodelcal-
culationsindicatesreachingthe limit of applicability (validity) of themodel(parameterization)
used.Similar tendency canbeseenalsoin theglobalsystematicswhenextrapolatingoutsideof
their rangeof applicability[35].

For deeperunderstandingof the reasonsfor the failureof theRMFT modelto describethe

2In fact we do not know the experimentalmassesof
��Â�Ç ���

O. For theseisotopeswe arecomparingthe calculations
with extrapolateddataof Nubase[26].
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neutrondrip line of theO element,we studythedependenceof theneutronsingle–particleen-
ergiesaroundtheFermi level on theneutronnumberÈ . In Fig. 2 we draw this dependencefor
thebound

5 �7É²Ê � ,
:�Ë
� Ê � and

5 � 6 Ê � states,aswell asfor thetriplet of theunoccupied
5+Ì�Í Ê � ,

:+Î 6 Ê � ,:+Î
� Ê � levels lying in thecontinuum.Otherdeepholestatesor thecontinuumlevels,aretoo far

away from theFermilevel and,therefore,areunimportantfor thepresentdiscussion.
Two pointsareessentialfor thepositionof theneutrondrip line:

(1) the
5 � 6 Ê � orbital is too deeplybound,

(2) the
5+Ì�Í Ê � ,

:EÎ 6 Ê � ,
:EÎ
� Ê � statesaretoo high in thecontinuum.

Thus,asthe
5 � 6 Ê � statestartsto fill at È � 5 µ , the pairing interactiondoesnot have enough

strengthto populatethe continuumtriplet. This leadsto the particlestability of È � 5 µ and
È � : ~

for theNL–BA parameters(thesameis truealsofor NL3 andNL–Z2 interactionand,
probably, alsofor otherRMFT parameterizationspresentlyused).

To correctlyreproducetheexperimentallydeterminedneutrondrip line of O isotopeswethus
needtheRMFT interactionthatmovesthe

5 � 6 Ê � level closerto thecontinuum3 andthetriplet of
unoccupiedcontinuumstatescloserto theFermilevel. Whetherthiscanbeachievedby (1) afine
tuningof existing parameterizations,or (2) seekingfor a completelynew RMFT interaction,or
even(3) by amodificationof thepresentlyusedRMF Lagrangianis left for furtherinvestigation.
Wenote,thatany attemptto movethe

5 � 6 Ê � level (and,probably, alsothe
:�Ë
� Ê � one)closeto the

continuumresultsin a disappearanceof the È � : ~
magicnumber. Recentspeculationsabout

theexistenceof new shellclosuresat È � 5�Ï
[36], or È � 5 ?

[37] providethesupportin favorof
thereasoninggivenabove. In any case,theveryneutron–richregionof O andneighboringnuclei
seemsto beapromisinglaboratoryfor testingtheisovectorpropertiesof theRMFT approach.

4 Summary

In this work, we havestudiedthegroundstatepropertiesof even–evenO isotopesby arelativis-
tic mean–fieldapproachwith pairingcorrelationusingthreenew RMFT parameterizations.For
mostnuclei,thecalculationsuccessfullyreproducedtheir bindingenergies,with thebestagree-
mentobtainedby theNL–BA parameterset.As the È � : ~

is approachedtheagreementbreaks
down, andthe deviationsbetweencalculatedandexperimentaldatastartto divergesteeplyfor
all threeparametersetsused.This failuremaybedueto reachingthe limit of applicability(va-
lidity) of currentRMFT parameterizationsfor the nuclei with extremeprotonto neutron È ¶ Ä
ratio. The heavy isotopes��� C and �

 C arepredictedto be particlestablein contrastwith the
experimentalevidencesof their instability. This indicatesthatthecorrelationsbeyondthesimple
mean-fieldmodelmayplayanimportantrole in this region. Therelativistic Hartree-Bogolyubov
calculationswill beworth in this case,andalsootherlong-rangecorrelationsshouldbestudied
to resolve thediscrepancy. Thenew parametersetwith betterisovectorpropertiesis neededto
reproducetheneutrondrip line in theO isotopicchain.

3Theonly successfulSkyrme–Hartree–Fock calculation[20] with the ÐTÑ� force[31] thatcorrectlypredicts
�¬Á

O to be
theneutrondrip nucleus,even putsthe Ò�Ó ¦fÔ � level into thecontinuum.This leadsto theparticleinstability whenthis
statestartsto fill at Õ×Ö�Ò�Ø and Õ×Ö�Ù�Ú .
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