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Abstract. The cranled relativistic Hartree+Bogoliube theoryhasbeenappliedfor a systematicstudy of the nucleiaround

W40, the heariestnucleifor which detailedspectroscopiclataareavailable. The deformationyotationalresponsepairing
correlationsquasi-particleandotherpropertief thesenucleihave beenstudiedwith differentrelativistic meanfield (RMF)

parametrizationsor the first time, the quasi-particlespectraof odd deformednuclei have beencalculatedin a fully self-

consistentvay within the framework of the RMF theory Theenegiesof the sphericakubshellsfrom which active deformed
statesf thesenucleiemepge,aredescribedvith anaccurag betterthan0.5MeV for mostof the subshellsvith theNL1 and
NL3 parametrizationg-However, for afew subshellghediscrepang reach0.7-1.0MeV. Theimplicationsof theseresultsfor

the studyof superheay nucleiarediscussed.

INTRODUCTION

Thepossibleexistenceof shell-stabilizeduperheay nuclei,predictedwith realisticnucleampotentiald1, 2, 3] andthe
macroscopic-microscopi®M) method[4, 5, 6], hasbeenadriving force behindexperimentalndtheoreticakfforts
to investigatethe superhegy nuclei. Theseinvestigationgposea numberof experimentalandtheoreticalchallenges.
Onthetheoreticakide,no consensubasbeenachiezedon the questiorof whatarethemagicshellgapsin superheay
nuclei. Thesituationis illustratedin Table1, wherethe predictionsof differentmodelsaresummarized.

Theaccuray of predictionsof sphericakhellclosuresdependsensitvely ontheaccuray of describinghesingle-
particle enegies, which becomesespeciallyimportantfor superheay nuclei, wherethe level densityis very high.
Variationsin single-particleenegy of 1 — 1.5 MeV yield sphericalshell gapsat different particle numberswhich
restrictsthereliability in extrapolatingto anunknown region.

The MM methoddescribeghe single-particleenegiesratherwell in known regions. This is dueto the fact that
the experimentaldataon single-particlestatesareuseddirectly in the parametrizatiorof the single-particlepotential.
However, the extrapolationof the single-particlepotentialmay be muchlessreliablesinceit is not determinedself-
consistently For example,microscopicmodelspredictthat the appearancef shell closuresin superheay nucleiis
influencedby a centraldepressionf thenucleardensitydistribution[7, 8]. Thiseffectis nottreatedn aself-consistent
way in currentMM models.

Althoughthe nucleonicpotentialis definedin self-consistenapproachesuchasSkyrme Hartree-fock (SHF)and
relativistic meanfield (RMF) theory, in afully self-consistenivay, this doesnot guarante¢hatsingle-particledegrees
of freedomareaccuratelydescribedThis is especiallytrue becausehe parameter®f the Skyrme forcesand RMF
Lagrangiansverefitted mostly to bulk propertiesandthe accurag of the descriptionof the single-particleenegies
is poorly known. Comparedvith the MM method self-consistentalculationshave beenconfrontedwith experiment
to alesserdegreeandfor a smallernumberof physicalobsenables(mainly bindingenegiesandquantitiesrelatedto
their derivatives).For mary parametrizationsventhereliability of describingcorventionalnucleiis poorly known.

In orderto fill this gapin our knowledge the crankedrelativistic Hartree+Bogoliube (CRHB) theory[16, 17] has
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TABLE 1. Predictednagicsphericakhellgapsfor superheay nuclei.

Proton  Neutron Potential

Method shellgap shellgap intheMM method References
MM 114 184 Nilsson [5]
Woods-Saxon [4,9,10]

folded Yukava [11]

Skyrme 126" 184 [10,12,7]
Gogry 120/126  172/184 [13]
RMF 12d 172 [12,7]

* Only the valuesappearingn mostof the parametrizationgare quoted.Some
Skyrme forcesindicate® — 114 (SkM*) and & — 198 (SkiI3) asprotonshell
closureswhile some(for example,SkP)predictno doubly magicsuperheay nuclei
atall.

t TheNLSH (NLRA1) parametrizationsf theRMF Lagrangiargive (also)#— 114
and &' — 18 asshellclosureq14, 15], but sincethey give a poor descriptionof
quasiparticlespectrain the deformedA ~ @80 massregion, we considerthese
predictiondessreliablethanthoseobtainedwith otherRMF sets.

beenappliedfor asystematicstudyof the nucleiaround®*No, the heaviestelementgor which detailedspectroscopic
dataareavailable.Thedeformationstotationalresponsepair correlationsquasiparticlespectrashellstructureandthe
two-nucleorseparatiorenegieshave beenstudied Thegoalwasto seehow well thetheorydescribesheexperimental
dataand how this descriptiondependson the RMF parametrizationThe detailsof this studywill be reportedin a
forthcomingmanuscrip{18].

In the presentcontribution, we mainly concentraten the resultshaving implicationsfor the study of superheay
nuclei.Particularattentionis paidto the comparisorof experimentalandcalculatedquasiparticlespectran deformed
nuclei and,basedon that, how onecanestimatethe accurag of the calculatedenegiesof sphericalsubshellsOne
canthen(i) judgewhich RMF parametrizationprovide bestdescriptionof single-particleenegiesandthusarebest
suitedfor the studyof superheay nucleiand(ii) asses$ion the RMF predictionsfor superheay nucleiaremodified
if empiricalshifts for the enegiesof sphericalsubshellsdeducedrom the study of deformednuclei, aretakeninto
account.

SHELL STRUCTURE IN THE DEFORMED A =~ 25} MASS REGION.

The stability of the superhegy elementss dueto a’shellgap’,i. e. aregion of low level densityin the single-particle
spectrum.The quantity a3, [Z, W] relatedto the derivative of the separatiorenegy is a sensitve indicator of the
localizationof the shellgaps.For the neutrongandsimilarly for the protons)it is definedas

B [, W) = 532, K) - F [Z N +2) =
= -B(Z N -2)+2B(Z K] -B(Z N+12) (@)

whereB[ ¥, £ is thebindingenegy.

We studytheaccurag of thedescriptiorof shellstructurewith differentparametrizationsf theRMF Lagrangiarin
thedeformedd ~ ¥l masgegion. Fig. 1 comparegxperimentabndcalculatediy, (2] quantitiesfor thely = 152
isotonechain.The experimentaddatashavs a shellgapat Z = 1{). Only NLSH describeshe positionof this gapand
the dap [Z, V) valuesagreevery well. However, the quasi-particlespectran Ref.[18] revealthatthis gaplies between
the wrong bunchesof single-particlestates Calculationswith NLSH alsoindicatea gapat £ = 1/, which hasnot
beenobseredsofar. NL-RA1 doesnot show ary deformedgapfor 2 < Z < 1(. NL3, NL1 andNL-Z give ashell
gapat.£ = 1{H, in contradictionwith experiment.

For theFm [ = 1(M)] isotopechain,NL3 andNL-RA1 (NL1 andNL-Z) produceagapat .y = 148 (JV = 148, 150)
insteadof at i = 152 asseenin experiment;NLSH doesnot shav a clear gap. Many effective interactionsnot
specificallyfitted to the actinideregion encountessimilar problemsin the descriptionof deformedshell gapsin the
A ~ ) massregion; seefor exampleRef.[19]).
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FIGURE 1. Thedy,[&, &) quantityfor the chainof & = 133 isotonesobtainedin the CRHB+LN calculationswith indicated
RMF parametrizationsSolid circlesareusedfor experimentaldata,while opensymbolsfor theoreticalresults.The experimental
errorbarsareshavn in right panel.

QUASIPARTICLE SPECTRA IN ODD-MASS A4 ~ 25 NUCL EI

The factthatthe experimentalquadrupoledeformationof the nucleiin this massregion arevery well describedn
the CRHB+LN calculationgseeRef. [18] for details)stronglysuggestshatthe discrepanciebetweerexperimental
and calculatediy, i£, ) aredueto inaccuratedeformedsingle-particlestateswith presentRMF parametrizations.
This, in turn, is dueto errorsin the positionsof sphericalsubshell§rom which the deformedstatesemege. Thus,
the investigationof the single-particlestatesin the .4 ~ W} deformedmassregion canshedadditionallight on the
reliability of the predictionsof RMF theoryon the enegiesof sphericakubshellgesponsibldor ‘'magic’ numbersn
superhegy nuclei. This is becauseseveral deformedsingle-particlestatesexperimentallyobsened in odd nuclei of
this massregion (seeTable?2) originatefrom thesesubshells.

A properdescriptiorof oddnucleiimpliesthelossof thetime-reversalsymmetryof themean-fieldwhichis broken
by the unpairednucleon.The BCS approximatiorhasto bereplacedy the Hartree-(lock-)Bogoliubar method with
time-odd meanfields taken into account.The breakingof time-reversalsymmetryleadsto the loss of the double
degenerayg (Kramer's degenerag) of the quasiparticlestatesThis requiresthe useof the signatureor simplex basis
in numericalcalculationsthusdoublingthe computingtask.Furthermorethe breakingof thetime-reversalsymmetry
leadsto nucleoniccurrentswhich causesiuclear magnetism[20]. The CRHB(+LN) theorytakesall theseeffectsinto
accountandthusaddresgor thefirst time the questionof afully self-consistentlescriptionof quasiparticlestatesn
theframework of the RMF theory

The CRHB code[17] hasbeenextendedto describeodd andodd-oddnuclei. The blocked orbital canbe specified
eitherby its dominantmain oscillatorquantumnumberior by the dominant} quantumnumber(£} is the projection
of thetotal angulatTmomentunon the symmetryaxis) of thewave function, or by combinationof both.In addition,it
canbespecifiedby the particleor hole natureof the blocked orbital.

Experimentaland calculatedspectraof ¥*Bk and ¥!Cf arecomparedn Fig. 2. This is thefirst ever direct com-
parisonbetweerexperimentandtheoreticalquasiparticlespectraobtainedfor deformednucleiwithin the framework
of the RMF theory The CRHB calculationshave beenperformedwith D1Sforce[21] in the particle-particlechannel
andwith NL1 andNL3 parametrizationf22, 23] of the RMF LagrangianSincethe resultsarediscussedn detailin
Ref.[18], only mainfeatureswill beoutlinedbelow.

Althoughthe samesetof quasiparticlestatesasin experimentappearsthe calculatedspectraarelessdenseThisis
relatedto theeffectivemasgLorentzmassn thenotationof Ref.[24]) of thenucleonsattheFermisurfaces™ k] f11e.
While the experimentaldensityof the quasiparticldevels correspondso #~ [ @] /i closeto one,the low effective
masst™[ ke ) /15 @8 (GG of the RMF theory[7] leadsto a stretchingof the enepy scale.lt hasbeendemonstrated
for sphericalnuclei that the particle-vibrationcoupling brings the averagelevel densityin closeragreementvith
experimen{28]. In asimilarway, theparticle-vibrationcouplingleadsto acompressiomnf thequasi-particlespectran



TABLE 2. Sphericalsubshellsactive in superheay nuclei andtheir deformedcounterpartsactive in the A a+ 23(]
massregion. The left column shawvs the sphericalsubshellsactive in the vicinity of the “magic” sphericalgaps
[& =126, & = 1T9). Their orderingis given accordingto the RMF calculationswith the NL3 parametrizationsn
the ﬁl‘m system(seeFig. 3). Although the gapsdependon the specific RMF parametrizationthe sameset of
sphericalsubshellds active with otherparametrizationgsee for example,Fig. 4 in Ref.[7]). Theright columnshavs
the deformedquasiparticlestatesobsered in ’#Bklu [25] and ﬁ‘“lcnnum [26, 27]. The bold style is used
for the stateswhich might be obsened wheneitherprotonor neutronnumberis increasedy e L] ascomparedvith
thesenuclei. The symbols’N/A’ (notaccessiblegrefor the deformedstateswhich typically increaseheir enegy with
increasingdeformationandthusarenotlikely to be seenexperimentally

Protonstates Neutronstates
Sphericakubshell Deformedstate Sphericakubshell Deformedstate
w1k 7y » [880]1/2
Lt @ [770]1/2 w1 a [750]1/2
M /2 N/A ¥1ia/ »[ML[L/2
i a N/A N=1# —_—
i, w [651]1/2 l.-dll_.l.:j N/A
Z =141 _ ¥y, i3 w07 ,/2
"2 w[@113 vz i N/A
w2 fra w1, a1l N=1T1
w'.l.im_l.'g “’Flﬂ]ﬁ‘ﬂ, w[ﬂﬁ]'ﬁfﬂ, wp:-i]gl,f: :.-ﬂg;.-_l.'g u[ﬂﬂpﬁ
w3 (a1 gy vl »[M3ATA, wR0ME/
w1lhg or[a1d] 7/ ¥k w 9/, »[TE3[11)3
" ""]-iuff: "ﬁi 93, Fj:i]il'[_,é

deformednhuclei[29]. Thesurfacevibrationsarelesscollective in deformedhucleithanin sphericabnesbecausghey
aremorefragmented30, 31]. As aconsequencghecorrectiongo theenegiesof quasiparticlestatesn oddnucleidue
to particle-vibratiorcouplingarelessstate-dependeint deformedhuclei.Hencethecomparisorbetweerexperimental
andmeanfield single-particlestatess lessambiguoudn deformednucleiascomparedvith sphericalones[28, 31],
at leastat low excitation enegies, wherevibrationaladmixturesto the wave functionsare small. Assumingfor an
estimatethatthe effective massjust stretcheshe enegy scale,onecanshaw thatthe uncertaintyof our estimatefor
thesphericakubshelenegiesderivedfrom the enegiesof deformedstatescanbe keptbelov 300keV.

Fig. 2 shaws thatthe calculatedenegiesof a numberof statesarerathercloseto experiment.On the otherhand,
theenegiesof somestatesandtheir relative positionsdeviate substantiallyfrom experiment.For example,only NL1
givesthe correctgroundstater f)]1,/2 in *!Cf, whereasNL3 givesthex[§15]9/2. Detailedanalysisshavs that
the discrepanciebetweenexperimentand calculationscan be tracedbackto enegies of sphericalsubshellsfrom
which deformedstatesemenge. This allows usto define’empirical shifts’ to the enegiesof sphericaubshellsvhich,
if incorporatedwill correctthe discrepancie®etweencalculationsand experimentseenfor deformedquasiparticle
states.These‘empirical shifts’ are shavn in Fig. 3 asthe enegy differencebetweenself-consistenind corrected
enepies of specificsubshellslt is importantto note that thesecorrectionsleadto a deformedi’ = 152 shell gap
andto alarger.Z = 1fE} shellgap,thusimproving the descriptionof the shell structure(for example,therih,._[z', N
guantities)n the deformedd ~ 25} massregion.

IMPLICATIONSFOR THE STUDY OF SUPERHEAVY NUCLEI

In the NL1 andNL3 parametrizationghe enegiesof the sphericalsubshellsfrom which the deformedstatesn the
vicinity of the Fermilevel of the A =~ 2} nucleiemege,aredescribedvith anaccurag betterthan0.5MeV for most
of the subshellgseeFig. 3 where’empirical shifts’, i.e. correctionsfor single-particleenegiesareindicated).The
discrepanciegin therangeof 0.6-1.0MeV) arelargerfor the®1figz (NL3, NL1), 16y 3 (NL3), #151k (NL1) and
#2m 5 (NL3) sphericalsubshellsConsideringhatthe RMF parametrizationsverefitted only to bulk propertiesof
sphericahucleithis level of agreemenis good.TheNL-Z [35] force providescomparabldevel of accurag.

In contrastthe accurag of the descriptionof single-particlestatesis unsatisactoryin the NLSH and NL-RA1
parametrizationsyhere’empirical shifts’ to theenegiesof somesphericasubshellaremuchlargerthanin NL1 and
NL3. NL-SH andNL-RA1 arethe only RMF setsindicatingZ = 114 asamagicprotonnumber{14, 15]. In thelight
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FIGURE 2. Experimentalandtheoreticalquasiparticleenegies of neutronstatesin MAct positive and negative enepgiesare
usedfor particle and hole states respectiely. The experimentaldataare taken from Ref. [26]. Solid and dashedines are used
for positive and negative parity states respectiely. The symbols’NL3’ and’NL1’ indicatethe RMF parametrizationin each
calculationakchemeattemptsveremadeto obtainsolutionsfor every stateshavn in figure. The absencef a stateindicatesthat
corvergencewasnotreached.

of presentesults this predictionshouldbetreatedwith a considerableaution.

The spectraof sphericalmagicsuperheay nuclei are not modified muchwith empirical shifts (seeFig. 3 for the
calculatedandcorrectedsingle-particlespectreof a {43120 nucleus) Sucha studyrelieson the assumptiorthatthese
correctiongwhich essentiallyapplyto thef-shellsfrom which spin-orbitpartners-shells(§ = I+ 1 /) emege)should
besimilarin deformedd ~ 2} massregion andin superheay nuclei. The correctedspectrarom the NL1 andNL3
calculationsarevery similar with minor differencecomingfrom the limited amountof informationon quasiparticle
statesusedin ananalysis More systematicstudyof quasiparticlestatesn deformednucleiarerequiredto determine
thesecorrectionsamoreprecisely

Letusconsidethecalculationdor theZ = 13), W = 1T2 nucleusThecorrectedspectrastill suggesthatiy = 172
and i = 184 arecandidatesor magicneutronnumbersin superheay nuclei. The positionof the4a, 5 spherical
subshellandthe spin-orbitsplitting of the Jdg x5 andds g subshellswill decidewhich of thesenumberg(or both of
them)is (are) magic. The correctedprotonspectraindicatethat the £ = 13} gapis large whereaghe £ = 114 gap
is small. Hence,on the basisof the presentinvestigationwe predictthat 2 = 1) is the magicprotonnumber This
conclusionis basedon the assumptiorthatthe NL1 andNL3 setspredictthe positionof the #1£, 14 and ¥ ja 2
subshellswithin 1 MeV error. The positionsof *1#ik/a and ¥2ma seemsesscritical, becausethey are located
well above this group of statesbothin Skyrme and RMF calculationg[7]. It seemspossibleto obtaininformation
aboutthe locationof the w1, p3 subshellwhich may have beenobsenedthroughits deformedstate[[E51]1 2] in
superdeformedotationalbandsof Bi-isotopeq32, 33]. An CRHB analysismay provide this critical information.

TheNilssondiagramggiven,for example,in Figs.3 and4 of Ref.[34] suggesthatspectroscopistudiesof deformed
odd nucleiwith protonandneutronnumbersup to Z e 1{8& andW = 161 mayleadto obsenation of the deformed
stateswith £¥= 12, emepging from thex14,, andrl#g s sphericasubshelldocatedabovethe 2 = 1) shellgap
andfrom vl ppg andeitherv@h g4 or :-13{:1.-, subshelldocatedabove the I\ = 181 shell gap. This will further
constrainmicroscopicmodelsandeffective interactions.
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FIGURE 3. Protonandneutronsingle-particlestatesin a {43131 nucleus.Columns'NL3’ and’NL1’ shaw the statesobtained
in the RMF calculationsat sphericalshapewith the indicatedparametrizationgzor protonsystemthe enegy of the 1%, ; 1 State
in the NL1 parametrizatioris setto be equalto the onein NL3, which meanghatthe enegiesof all statesn NL1 (lastcolumn)
areincreasecy 0.78 MeV. For neutronsysytemthe enegiesof all statesobtainedwith the NL1 parametrizatior{last column)
areincreasecy 0.76 MeV in orderto have the sameenepiesof the dg, + Statesin the secondandthird columns.The columns
'NL3eew’ and’NL1eexr’ shaw how the spectraare modifiedif empirical shifts were introducedbasedon discrepancie®etween
calculationsand experimentfor quasiparticlespectrain ML and MLt Solid and dashedines are usedfor positive and
negative parity states Sphericagapsat& = 114, & = 13f] andat.& =173, & = 184 areindicated.

No informationon low-j statessuchas w3z, * /., ?kizsa anda, g, Which decidewhetherZ = 1) or
Z= 1M andN = 1T2 or ¥ = 181 aremagicnumbersn microscopidheorieqseeRefs.[7, 36] andreferencesjuoted
therein)will comefrom the studyof deformednuclei(seeTable2).

The measuredand calculatedenegies of the single-particlestatesat normal deformationprovide constraintson
the sphericalshellgapsof superheay nuclei.In particulat the small splitting betweerthe #[521]1 /2 and *[21]3,/2
deformedstatesfrom the ﬂfﬁ.-, andﬂf-;-fg sphericalsubshellghat straddleprotonnumber114, suggestshatthe
Z = 114 shellgapis notlarge.More systematistudiesof thesplitting betweerthex[321]1 /2 andx[521]3/2 deformed
statesnay provide morestringentinformationon whethera shellgapexistsat Z = 114.

CONCLUSIONS

The cranlked relatvistic Hartree+Bogoliubg theory has beenappliedfor a systematicstudy of the nuclei around
¥4No, the heaviestnucleifor which detailedspectroscopidataareavailable. The deformationsyotationalresponse,
pair correlationsquasiparticlespectrashellstructureandtwo-nucleorseparatiorenegieshave beenstudied The part
of this studydevotedto theinvestigatiorof quasiparticlestatesandits implicationsfor thestudyof superheay nucleiis
presentedh this contribution. It is concludedhatthe enegiesof the sphericalubshellsfrom which active deformed
statesof thesenuclei emege, are describedwith an accurag betterthan 0.5 MeV for mostof the subshellswith
theNL1 andNL3 parametrizations-dowever, for a few subshellghe discrepancieseach0.7-1.0MeV. Amongstthe
investigatedRMF setsNL1, NL3 andNL-Z provide bestdescriptiorof single-particlestatessothey arerecommended
for the study of superheay nuclei. The correspondingself-consistentalculationspredict as candidategor magic
numbersh = 172 andv' = 184 for neutronsand 2 = 1) for protons.No significantshellgapis foundat & = 114.



Theseconclusiondake into accountthe possibleshifts of sphericalsubshellghatare suggestedby the discrepancies
betweercalculationsandexperimentfor deformedstatesn the 4 ~ 2 massregion foundin our analysis.
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