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We have calculatedground-statgropertiesof even—aen oxygenisotopesin the framewvork
of therelativistic mean-fieldheorywith threedifferentparameterizationalculationshave
beenperformedfor isotopesirom 20 to 280. The particlestability of very neutron—richO
isotopesds discussed.

PACS: 21.10.Dr 21.10.Pc27.20.#n27.30.+t

1 Intr oduction

Atomic nucleiwith extremeisospinvaluespresentone of the mostactive areasof currentnu-
clearphysicsresearch Fromatheoreticalpoint of view, exotic nucleioffer possibility to study
component®f nuclearinteractiondependingon isospindegreesof freedom,which are small
in nucleicloseto theline of 3-stability. In the pastyearsmary experimentsusingradioactve
nuclearbeamshave provided new informationon nuclei closeto protonandneutrondrip-lines
andmary unusuabpropertieshave beenrevealed(seee.g.ref. [1] for review).

Thewell known phenomenoiis the developingof halo structure.Halo nucleiarecharacter
izedby very largesizeswith very diffusedsurfacesmplied by weakbindingof theirlastnucleon
or nucleonsHalo nucleondie closeto particlecontinuum thereforepairingcorrelationglay an
importantrole. In addition,the existenceof nuclearhaloleadsto new collective vibrationmodes
in nuclei,for examplea weakly boundhalo partmay oscillateout of phasewith atightly bound
core[2].

Theshellstructureof someexotic nucleiis characterizetly decreasingf spin-orbitsplittings
leadingto uniform distribution of enegy levelswithout big enegy gapsbetweemuclearshells.
This phenomenoris referredas shell gap melting andit is a consequencef modificationin
nucleardensitydistribution andincreasingmportanceof the pairing effects[2].

Unusualstructureof exotic nuclei represents greatchallengefor testing nuclearmary-
body theories. In recentyearsthe relativistic mean-fieldtheory (RMFT) [3—7], the Hartree-
Fock-Bogolyubw [8, 9] andthe Monte-Carloshellmodel[10,11] have beenfrequentlyusedfor
calculationsof their properties.
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The RMFT hasbeenalreadyproven to be a powerful tool for describingand predicting
bulk andsingle-particlepropertiesof nucleifrom protonto neutrondrip-line. The RMFT is a
relativistic quantunfield theory basedon hadronicdegreesof freedom,describingnucleonsas
relatiistic particlesinteractingthrougheffective mesonexchangg12-14].

In the presentwork, the propertiesof even-ezen oxygennucleifrom very neutrondeficient
isotope!'20 to very neutronrich isotope?® O have beencalculatedn theframework of theRMFT
by emplgying several commonlyusedRMFT parameterizationsThe oxygenisotopesfar from
the 3-stability line represenvery interestingareatoday becausamary theoreticalcalculations
assumeparticle stability of very heary isotopes?*O and 220 contraryto their experimentally
confirmedinstability [15-17]. Heavy oxygenisotopesarealsogoodcandidatesor existenceof
theneutronhalo structure[18-20]. In addition,the unclearrole of the N=20 closedshellcanbe
studiedin thevicinity of the”island of inversion”.

2 Therelativistic mean-fieldtheory
The modelstartsfrom a Lagrangiandensityincluding nucleonfield (1), isoscalarscalarmeson

field (¢), isoscalaivectormesorfield (w), isovectorvectormesorfield (p) andelectromagnetic
field (A4), whichreads

. - 1—mr
L= [i7, 0" — M+ go0 — gy — gpyup’ - T — e"/u%/w Y+

1 1 1 1 1
+§8#08“0 - m?},o2 - gb003 — 10004 — ZOWO’“’ + §miwuw“ +
1 2 I3 DUy 1 2= 1 nv
—|—ch (wpwt)™ — ZRWR + 3Pl = ZFWF . 1)

The first line describesthe free nucleonfield, nucleon-mesoniteractionsand electromag-
neticinteraction.Next two lines containfree o-mesonw-meson,p-mesonandelectromagnetic
partsof the Lagrangiandensity The Lagrangiandensityalso containscubic and quartic self-
interactiongermsfor o-mesornfield andquarticself-interactiortermfor w-mesorfield. Theg,,
9w gp arenucleon-mesowrouplingconstantsandthe strengthof the selfinteractionsregiven
by constant$,, ¢, andc,,. Them,, m., m, and M denotemesonmassesandnucleonmass.
Thefield tensorsaaregivenby standardexpressions

F}LV = a/l,Al/ - al/A/L7 O[Ll/ = a/zwu - auw;u R[LV = a[tﬁl/ - al/ﬁu- (2)

Thefield equationgollow from theEulerLagrangesquationsn astandardvay. Two approxima-
tionsarenecessaryor solutionof field equationsThefirst oneis the mean-fieldapproximation
introducedby replacingthe field operatordor mesonsand electromagnetidields by their ex-
pectationvalues.The secondoneis the no-seaapproximatiorrealizedby exclusionof thefilled
Dirac seaof nggative enegy states.

The Dirac spinorfor positive enegy solutionin sphericalcasecan by written in standard
form [13]

.Ga(r)
=P,
unﬁmt(T) = < _F,,f(r)q)hm ) Cts (3)
r — KM
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whereG,, andF,, areupperandlower component®f nucleonwave function, (; is anisospinor
and®,,, is a sphericaharmonicsunction. « denotegquantumnumbersn, « andt, wheret is
theisospinandx is the Dirac quantumnumbergivenby

(%) for j=1+1
SRR R “

Using this expressiornwe obtaintwo coupledDirac equationdor upperandlower components
of nucleonwave function

(d% + ;) Go(r) —[M —=U(r) = V(r) + Eq] Fu(r) = 0, (5)
(3 +2) Falr) = M~ U) + V)~ Ea)Galr) =0, ©

whereU (r) is thescalarpotential

U(r) = goo(r), (7)
andV (r) denoteghevectorpotential

V() = gusnlr) + gm0 1) + 5 o), ®

Themesonandelectromagnetifields obey theradial Laplaceequations

;—:20(7“) + %%U(T) —m20(r) = —gops(r) — beo? (1) — coo(r), (9)
;—;WO(T) + %%WO(T) —miwo(r) = —gupv (1) — cowg (1), (10)
)+ 2880~ m2 ) = g0 (), (1)
;—:QAO(T) + %%Ao(?‘) = —epc(r). (12)

The sourcetermson right handsof foregoing equationsare the scalardensity pg, the vector
densitypy, theisovectordensityp; andthechagedensitypc givenby

occ occ
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(1) = Y UE0Ua(r) = 3 (250 ) Gl + IR (). 15)
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Thesumsaretakenoverall occupiedstatesanda is a setof all quantumnumbers.

The expressionfor the total enegy can be derived from Lagrangiandensityandit hasa
structure,

occ

. 1
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Thesetof Diracequationg5— 6) for nucleonsaandLaplaceequationg9—12)for mesonsand
electromagnetifield with expressiongor sourceterms(13— 16) aresolvedself-consistentlyin
addition,the BCS pairing is appliedusing a constantpairing strengthapproximationfor open
shellnucleiandthe pairingenegy andthe correctionfor the spuriouscentreof massmotionare
addedto thetotal enegy.

@

Tablel. Parametersf the RMFT effective forcesusedin the preseninvestigation.

parameter NL3 NL-Z2 NL-BA
Ref.[21] Ref.[22] Ref.[23]
M (MeV) 939.0 938.9 939.0
me (MeV)  508.194 483.15 506.28
me (MeV)  782.501 780.0 782.6
m, (MeV) 763.0 763.0 769.0
Jo 10.2169 10.1369 10.129758
o 12.8675 12.9084 12.722198

9p 4.4744 455627  4.508614
bo (fm~1)  -10.4307 -13.7561 -11.480161
Co -28.8851 -41.4013 -32.277332

3 Resultsand discussion

We have calculatedthe ground-statepropertiesof the even-massoxygenisotopeswith three
differentRMFT parameterizationsyamelyNL3 [21], NL-Z2 [22] andNL-BA [23]. Thevalues
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Tablell. Thenucleamatterpropertiesalculatecby the RMFT parametesetsusedin the presentvork.

NL3[21] NL-Z2[22] NL-BA [23]

saturatiordensitypo (fm—3) 0.148 0.151 0.1503
bulk bindingenegy/nucleonE., /A (MeV) -16.24 -16.07 -16.1949
incompressibilityK” (MeV) 272 172 248
bulk symmetryenegy/nucleonasym (MeV) 374 39.0 37.7
effective massratio M * /M 0.60 0.58 0.60

of theparametersisedarelistedin Tablel, andthepredictednucleamatterpropertiesaregiven
in Tablell. The pairing strengthfor neutronwassetto be G,, = 7.80/A (MeV), which is the
averagestrengthfor this isotopicchainobtainedby fitting the odd-evenmasddifferences.

TherecentNL3 parameterizatiomwasaimedto improvefurtherthepropertieof thesuccess-
ful NL-SH [24] parameteset.For thisreasora nen multiparametefit wasperformed.Thesetof
nucleiin thefit wasslightly enlaged. Theresultingparametergrovide improvedresultsoverthe
NL-SH set,reducingthe root-mean-squardeviation of the binding enegies. The nuclearmat-
ter incompressibility(K) decreasedrom K=355MeV (NL-SH) to muchlower value K=272
MeV (NL3). The NL3 was extensively appliedthroughoutof the chart of nuclidesincluding
neutron-richnucleiandsuperheay elementg5].

TheparametesetNL-Z2 belonggo thefamily of completelynew RMFT parameterizations
providedby theFrankfurtgroup.In stemdrom afit usingenlagedsetof dataincludinginforma-
tion on exotic nuclei. A microscopidreatmenbf the correctionfor the spuriouscenterof-mass
motion wasapplied. Additionally, the nuclearsurfacethicknessesvereincludedinto the data,
providing new informationaboutthe nuclearshapesA distinctfeatureof this setis a quite low
valueof the nucleamatterincompressibilitycoeficient K=172MeV.

The NL-BA parameterizatiof23] is the freshly new setdealingwith afit to alarge body of
obsenablesrelatedto ground-statgropertiesof selecteddoubly-magicnuclei coveringa wide
variationof isospin.The predictedpropertief nuclearmatterindicateimprovementfor thein-
compressibilitycoeficient (=248 MeV), while the symmetryenegy a.,.», remainspractically
the sameasin the previousparameterizations.

Our presentRMFT applicationconsistsof the spherical relativistic mean-fieldcalculation
with the parametersetswhich have not beenusedin this region before. All calculationshave
beenperformedior even-evenoxygennucleirangingfrom 20 to 280.

Tablelll summarizeshe calculatedground—statéinding enegiesfor all threeparameteri-
zations.For theNL-Z2 setwe did not obtainthe corvergencefor the 'O nucleus This valueis,
therefore absenin Tablelll. All otherresultscanbe comparedwith the evaluatedvalues|[26].
Thecorrespondindpindingenengy differencedetweertheoreticabndexperimentadata,BE,, -
BE..p, aredrawnin Fig. 1.

All threeparameterizationexhibit similar patternwith seeminglythe bestagreemengiven
by the NL-BA set. This parameterizatiomlescribesvell the ground—statdinding enegiesfor
isotopes!?2—220; the deviations betweencalculatedand experimentaldataare well bellow 1
MeV. It is particularlyinterestingthat the binding enegy of the extremely proton—rich!20 is

1Calculationawith anaxially deformedcodegave noindicationof deformatiorfor the oxygenisotopegyroundstates.
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Tablelll. Calculatedand experimental[26] binding enegiesfor even-azen oxygenisotopesfrom 20 to
280. Dataflaggedwith # referto extrapolationof experimentabalues.

Isotope BE[MeV] BE[MeV] BE[MeV] BE[MeV]

NL3 NL-Z2 NL-BA exp.
20 61.125 60.818 59.919 58.549
110 100.242 — 98.376 98.733
160 128.791 127.791 127.390 127.619
80 141.101 140.643 139.909 139.807
200 152.300 152.161 151.247 151.371
220 163.173 163.082 162.159 162.032
20 171.567 173.056 170.964 168.484
260 175.488  177.681  175.168 #168.324
280 179.619 182.711 179.606 #163.464
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Fig. 1. Binding enegy differencedor O isotopes.

reproducedso well. The 20 nucleusis unstableagainstproton emissionand lies, therefore,
beyondthe protondrip line.

Thesituationon avery neutron-rictsideof the O isotopicchainis lesssatishctory

The particlestability of the neutron—richO nucleiwasstudiedextensively by both,theoreti-
cally andexperimentally While recentevaluationof experimentamassedy Audi et al. [25,26]
indicatesthat the heaviest O isotopesstableagainstparticle emissionis 24O, mary of global
systematicsind mean—fieldapproachegredictthateven 260 and?80 arestable.In particulag
thefinite—rangedropletmodel (FRDM) of Moller et al. [27] andThomas—Fermsystematic®f
MyersandSwiatecki[28] predictthe 2O to be stableagainsheutronemission.Therecention-
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Fig. 2. Theneutronsingle—particldevelsof O isotopescalculatedwith the NL-BA parametersThethick
solid line denoteshe neutronFermilevel.

relativistic Hartree—Bck calculationswith various Skyrme forces[20, 29,30] also predictthat
the 26:280 nuclei arestable(with an exceptionfor a Z* [31] interaction;in this casethe 24O is
the heaviest particle—stablésotope). The previousrelativistic mean—fieldcalculationg18, 32]
againput the 220 on the neutrondrip line. In addition,the recentMonte—Carloshellmodelap-
proach[33] have demonstratethattheinterplaybetweerl=1 andT=0 monopoleanteractionds
essentiato reproducehe neutrondrip line of O isotopes.

From the experimentalpoint of view, the situationon the neutron-richside of O isotopic
chainis now quiteclear The heaviestO isotopeever obsenedis 2*O. Any attemptgo produce
the 260 or 220 nucleiwereunsuccessfylls, 16]. Theclearevidencefor the particleinstability
of 26:280 hasbeenobtained17,34].

In contrast,our calculationspredictthat both, the 26:220 are particle stablefor all threepa-
rameterizationsised,in accordwith mostof the othermean—fieldapproachesBy inspectinghe
Fig. 1 we seethatdeviationsbetweencalculatedand experimentaldatastartto diverge steeply
for the 2O andheavier O isotopes’. We note, that sucha behaiour of mean—fieldnodelcal-
culationsindicatesreachingthe limit of applicability (validity) of the model(parameterization)
used.Similartendenyg canbe seeralsoin the global systematicsvhenextrapolatingoutsideof
their rangeof applicability [35].

For deeperunderstandingf the reasondor the failure of the RMFT modelto describethe

2|n factwe do not know the experimentalmasse®f 26-280. For theseisotopeswe are comparingthe calculations
with extrapolateddataof Nubasg26].
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neutrondrip line of the O elementwe studythe dependencef the neutronsingle—particlesn-
ergiesaroundthe Fermilevel on the neutronnumberN. In Fig. 2 we draw this dependencéor
theboundlds,, 25,/ and1ds,, statesaswell asfor thetriplet of theunoccupied f7 /2, 2ps /2,
2p1 /2 levelslying in the continuum.Otherdeephole statesor the continuumlevels, aretoo far
away from the Fermilevel and,therefore areunimportantor the presendiscussion.

Two pointsareessentiafor the positionof the neutrondrip line:

(1) thelds,, orbitalis too deeplybound,
(2) thelfz 2, 2p3)2, 2p1 /2 Statesaretoo highin thecontinuum.

Thus,asthe 1d3/, statestartsto fill at N = 18, the pairing interactiondoesnot have enough
strengthto populatethe continuumtriplet. This leadsto the particle stability of N = 18 and
N = 20 for the NL—-BA parametergthe sameis true alsofor NL3 andNL—-Z2 interactionand,
probably alsofor otherRMFT parameterizationgresentlyused).

To correctlyreproducaheexperimentallydeterminedheutrondrip line of O isotopesve thus
needthe RMFT interactionthatmovesthe 1ds,, level closerto the continuunt andthetriplet of
unoccupiedtontinuumstatexloserto the Fermilevel. Whetherthis canbeachievedby (1) afine
tuning of existing parameterizationgr (2) seekingfor a completelynew RMFT interaction,or
even(3) by amadificationof thepresentlyusedRMF Lagrangiaris left for furtherinvestigation.
We note,thatary attemptto movethe 1ds,, level (and,probably alsothe2s, /, one)closeto the
continuumresultsin a disappearancef the N = 20 magicnumber Recentspeculationgbout
theexistenceof new shellclosuresat N = 16 [36], or NV = 14 [37] providethesupportin favor of
thereasoningyivenabove. In ary casetheveryneutron—richregion of O andneighboringnuclei
seemgo beapromisinglaboratoryfor testingtheisovectorpropertiesof the RMFT approach.

4 Summary

In this work, we have studiedthe groundstatepropertiesof even—e/en O isotopeshy arelativis-

tic mean—fieldapproactwith pairing correlationusingthreenev RMFT parameterizationg-or

mostnuclei, the calculationsuccessfullyreproducedheir binding enegies,with the bestagree-
mentobtainedoy theNL-BA parameteset.Asthe N = 20 is approachetheagreemenireaks
down, andthe deviationsbetweencalculatedand experimentaldatastartto diverge steeplyfor

all threeparametesetsused. This failure may be dueto reachingthe limit of applicability (va-
lidity) of currentRMFT parameterizationfor the nucleiwith extremeprotonto neutronN/Z

ratio. The heavy isotopes?®O and?80 are predictedto be particle stablein contrastwith the
experimentakvidenceof theirinstability. Thisindicateghatthe correlationdeyondthesimple
mean-fieldnodelmayplay animportantrolein thisregion. Therelatiistic Hartree-Bogolyubo
calculationswill beworth in this case andalsootherlong-rangecorrelationsshouldbe studied
to resole the discrepang. The new parametesetwith betterisovectorpropertiesis neededo

reproduceheneutrondrip line in the O isotopicchain.

3Theonly successfuSkyrme—Hartree-&ck calculation[20] with the Z* force[31] thatcorrectlypredicts?4 O to be
the neutrondrip nucleus,even putsthe 1dz» level into the continuum. This leadsto the particleinstability whenthis
statestartsto fill at N = 18 and N = 20.
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