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ROTATIONAL PROPERTIES OF NEUTRONDRIP-LINE NUCLEI�W. Nazarewiza;b;, J. Dobazewski;d, M. Mateva, S. Mizutoridand W. Satuªa;daDepartment of Physis and Astronomy, University of TennesseeKnoxville, Tennessee 37996, USAbPhysis Division, Oak Ridge National LaboratoryOak Ridge, Tennessee 37831, USAInstitute of Theoretial Physis, Warsaw UniversityHo»a 69, 00-681 Warsaw, PolanddJoint Institute for Heavy-Ion Researh, Oak Ridge National LaboratoryOak Ridge, Tennessee 37831, USA(Reeived May 17, 2001)We know very little about the struture of neutron-rih, weakly boundnulei. We know even less about the way they rotate. In this work, thehigh-spin behavior of deformed neutron-rih nulei is studied. In partiular,quasi-partile Routhian spetra of heavy Er isotopes are disussed withinthe deformed shell model, and rotational properties and isovetor shape de-formations of heavy Ne and Mg isotopes are studied with the self-onsistentranked Skyrme�Hartree�Fok theory.PACS numbers: 21.60.Jz, 21.10.Re, 23.20.�g1. IntrodutionThe range of unstable nulei aessible with Radioative Nulear Beam(RNB) failities opens up enormous opportunities for the study of nulearstruture and exoti new phenomena. Intriguing possibilities our both atthe drip-lines and in the long iso-hains of nulei, espeially between thevalley of stability and the neutron-rih extreme of nulear existene.Exotia in the latter region are almost sure to appear sine the mean�eld in weakly bound neutron-rih nulei is likely to be modi�ed relativeto nulei near stability, and sine redued nulear densities and the large� Invited talk presented at the High Spin Physis 2001 NATO Advaned ResearhWorkshop, dediated to the memory of Zdzisªaw Szyma«ski, Warsaw, Poland,February 6�10, 2001 (2349)



2350 W. Nazarewiz et al.reservoir of ontinuum sattering states should modify residual interationsamong the outermost nuleons [1℄. Together, these e�ets may modify themirosopi foundations of nulei to the extent that the onept of single-partile motion itself loses validity. Between the regions of known and near-drip-line nulei lies an extensive zone (typially, 20�40 neutrons wide inmedium mass and heavy nulei), where studies will reveal muh about themirosopy of strutural evolution and will undoubtedly dislose new typesof orrelations and olletivity.RNB experimentation is expeted to expand the range of known nulei.By going to nulei with extreme N=Z ratios, one an magnify the isospin-dependent terms of the e�etive interation (whih are small in �normal�nulei). On the other hand, by going to very high spins, one an probe thoseomponents of the e�etive interation whih depend on the spin degrees offreedom. Clearly, by studying the response of neutron-rih nulei to rotation,one an obtain very unique information about basi properties of the nulearmany-body system.This paper ontains disussion of high-spin phenomena that are expetedto our in neutron-rih nulei. Most of the examples shown are very �theo-retial�. The authors are well aware that many nulei disussed in this studyannot be aessed experimentally. Nevertheless, the �impossible-to-reah�nulei, suh as 208Er, represent extreme ases, where ertain strutural ef-fets manifest themselves in a lear and transparent way. Fingerprints ofthese e�ets will be looked for experimentally by systematially extendingour knowledge of the neutron-rih terra inognita.2. Spetrosopy of neutron-rih nulei: the urrent statusHigh spin spetrosopy in neutron-rih nulei represents a formidable ex-perimental hallenge. The fusion-evaporation reations whih are ommonlyused to populate high-spin states give rise to evaporation residua whih areproton-rih. Therefore, even stable nulei are not aessible using the stan-dard in-beam tehniques. Consequently, a number of methods have beenapplied to obtain spetrosopi information on neutron-rih systems [2, 3℄.One way of arrying out spetrosopi studies in the neutron-rih sys-tems is to analyze the prompt gamma rays from nasent �ssion fragments(produed either in spontaneous �ssion or in heavy-ion-indued �ssion). Insuh measurements it is possible to approah spetrosopially relativelyneutron-rih nulei [4�10℄. Rotational strutures in neutron-rih nulei havealso been studied using transfer reations [11, 12℄, inomplete fusion [13℄,neutron-indued �ssion [14, 15℄, and deep inelasti reations [16, 17℄. Thetehnique of Coulomb exitation at intermediate energies (employing in-�ight isotopi separation of projetile �ssion fragments) has been used to



Rotational Properties of Neutron Drip-Line Nulei 2351study the lowest exited states in very neutron-rih light and medium-massnulei [3, 18�20℄. Very reently, it was possible, for the �rst time, to per-form spetrosopi measurements with aelerated radioative neutron-rihbeams using COULEX and fusion-evaporation reations [21℄. This new de-velopment o�ers a number of exiting opportunities for nulear struturestudies on the neutron-rih side.However, in spite of many experimental e�orts, detailed information onhigh-spin properties of neutron-rih nulei still remains sare. This is mostunfortunate, sine � in many ases � even by adding as few as 2�3 neutronsto the last known isotope, one enters a region, where new phenomena o-ur. A lassi example is the region of the neutron-rih Ba�Ce nulei whihexhibit strong otupole orrelations, and even otupole deformations, man-ifesting themselves in the presene of alternating-parity bands [22℄. Thesenulei are spontaneous �ssion produts; hene some spetrosopi informa-tion, mainly at medium spins, already exists. One of the most interestingregions on the neutron-rih side of the stability valley are the nulei around102Zr, also produed in spontaneous �ssion, where a variety of deformatione�ets and shape hanges due to quasi-partile alignment are expeted as afuntion of angular momentum [23℄.From the theoretial point of view, probably the most attrative nulei inthis mass region are the systems near 104Mo and 108Ru, whih are preditedto have stable olletive triaxial shapes ( � �30Æ). Although the questionof whether they are -soft or -deformed at low spins has not yet been set-tled, these nulei seem to be ideal for testing theoretial models of nuleartriaxiality. In partiular, at higher spins, where the triaxial minima are pre-dited to be deeper, the shape with  � �30Æ an give rise to interestingseletion rules assoiated with the e�etive C4 symmetry of the Hamilto-nian [24℄. The presene of stati triaxial deformations is prerequisite forthe existene of hiral bands [25℄ and wobbling bands [26℄ � new olletivemodes of the rotating nuleus. Figure 1 shows the total Routhian surfaesfor 108Ru alulated within the ranked shell orretion approah with theWoods�Saxon average potential and monopole pairing. This heavy ruthe-nium isotope is triaxial in its ground state, and the orresponding olletivetriaxial minimum with �2 � 0:28 and  � �30Æ is yrast in a wide range ofrotational frequenies. The alignment of h11=2 neutrons, g9=2 protons, fol-lowed by the seond h11=2 neutron alignment, produes triaxial shapes with�2 � 0:2,  � �45Æ. (For reent experimental data on high-spin behaviorof 108Ru, see Ref. [8℄.) At high spins, transition to superdeformed shapes ispredited. Aording to alulations [23℄, the most favorable andidates forsuperdeformation in this mass region are 100Mo and 108�112Ru.
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Fig. 1. Total Routhian surfaes in the (�2; )-plane for the (� = +, r = 1)quasi-partile vauum on�guration of 108Ru at four values of rotational frequeny:~! = 0:3; 0:6; 0:9, and 1.2MeV. At eah (�2, ) point the total Routhian has beenminimized with respet to hexadeapole deformation �4. The distane betweenthik ontour lines is 1MeV, while between the thin ontour line it is 250 keV. Theangular momentum values at loal minima are indiated. (From Ref. [23℄.)It is only in light nulei that it has been possible to approah the neu-tron drip-line experimentally and to obtain some spetrosopi informationon nulei with an extreme neutron exess. The neutron-rih nulei withN � 20 are spetaular examples of oexistene between spherial and de-formed on�gurations in the sd shell (8 � Z;N � 20). A lassi exampleis the �semi-magi� nuleus 3212Mg20, whih has a very low-lying 2+ state at886 keV [27℄ and an anomalously high value of the two-neutron separationenergy S2n. Deformed shapes in this mass region have been inferred from the



Rotational Properties of Neutron Drip-Line Nulei 2353intermediate-energy Coulomb exitation studies [19, 20, 28℄ whih providedinformation on position and olletivity of the lowest 2+ and 4+ states in32;34Mg. Many alulations based on the mean-�eld theory have prediteddeformed ground states in nulei from the 32Mg region (sometimes dubbedas an �island of inversion�). The origin of the shape oexistene e�etsaround 32Mg an be traed bak to the rossing between the prolate-driving[330℄1/2 intruder level, originating from the 1f7=2 orbital, and the oblate-driving [201℄3/2 extruder level; see Fig. 2 and Ref. [30℄ for more disussion.Another, reently disovered, island of inversion are the neutron-rih nu-lei from the pf shell entered around 4416S28 [18, 31, 32℄. Aording to themean-�eld alulations [30,33,34℄, deformation e�ets around 44S an be at-tributed to the appreiable breaking of the N = 28 ore. In the shell-modellanguage, islands of inversion have their roots in the monopole e�et ausedby the proton�neutron residual interation [35, 36℄.
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2354 W. Nazarewiz et al.3. Speial features of neutron-rih nuleiThere are many theoretial arguments suggesting that the nulei nearthe neutron drip-line represent another form of nulear life. For instane,some alulations predit [1,37�39℄ that the shell struture of neutron drip-line nulei is di�erent from what is known around the beta-stability valley.Aording to other alulations [40℄, a redution of the spin�orbit splitting inneutron-rih nulei is expeted. An interesting question to ask in the ontextof �islands of inversion� disussed in Se. 2 is to what extent the �traditional�explanation in terms of intruder states, proton-neutron-orrelations, pairing,et., needs to be modi�ed in the neutron-rih nulei, where the quenhing ofthe known magi gaps is expeted. Clearly, the redution of the N = 20 and28 gaps far from stability an lower the exitation energy of the deformedintruder on�guration; hene it an enhane the shape transition. However,before one addresses this question in a systemati way by properly takinginto aount ompetition between mean �eld and pairing, one should avoidalling the shape transition around 32Mg and 44S as evidene for the shellgap quenhing.Halo nulei are the best known examples of possible exotia. They areexamples of physis on the threshold of nulear binding. The preditedphenomena of low-density neutron skins is another, whih is topologiallysimilar to a halo, but quite di�erent in mirosopi origin [41℄. Correlationsdue to pairing, ore polarization, and lustering are ruial in weakly boundnulei. In a drip-line system, the pairing interation and the presene of skinexitations (soft modes) ould invalidate the piture of a nuleon moving in asingle-partile orbit [39,42�45℄. Aording to theory, the low-` spetrosopistrength is dramatially broadened when approahing the neutron drip-line.Also, in the presene of large neutron exess, strong isovetor e�ets areexpeted. For instane, some alulations predit nulear on�gurationshaving di�erent proton and neutron deformations [33, 34, 46℄. However, inorder to address this partiular question properly, pairing orrelations needto be properly taken into aount. In the following, we arry out simpli�edalulations whih fous on some of the physis aspets mentioned above.4. Quasi-partile exitations in rotating neutron-rih nuleiNulear high-spin behavior is always strongly impated by the single-partile shell struture. The order of single-partile states around the Fermilevel determines the deformability of the nuleus, its moment of inertia, andthe Coriolis oupling. Consequently, any hanges to the shell struture aregoing to show up at high spins. In this setion, we disuss several signaturesof shell quenhing as seen through the quasi-partile spetra of rotatingnulei.



Rotational Properties of Neutron Drip-Line Nulei 2355The major onsequene of the modi�ed shell struture in neutron-rihnulei is the hange in the plaement of unique-parity orbitals whih revertto their original shells. Sine high-j states are the building bloks of nulearrotation (they are in�uened most by the Coriolis oupling), this shift isexpeted to impat a number of observables. In order to illustrate the e�etof shell quenhing on nulear rotation, we performed the deformed shell-model analysis of quasi-neutron spetra in extremely neutron-rih deformednulei. Aording to reent Skyrme-HFB alulations [47℄, the largest de-formations in heavy neutron drip-line nulei are expeted in three regions:around 100Zn, 146Pd, and in the Rare Earths (Gd, Dy, Er, and Yb). It is tobe noted that the mirosopi�marosopi �nite range droplet model [48℄also predits deformations in these regions. Figure 3 displays the energy dif-
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2356 W. Nazarewiz et al.neutron levels obtained in HFB. For the details of the alulations, we referthe reader to Ref. [51℄. The e�et of the large di�useness on the rotationalproperties of high-j states is rather weak. Figure 4 (top) displays the deou-pling parameters of the [770℄1/2 and [660℄1/2 Nilsson levels as a funtionsof a. Although the deoupling parameters do derease with the di�useness,for the realisti values of a, they are still fairly lose to the pure single-jlimits of j+1/2 indiated by arrows in Fig. 4. As is seen in Fig. 4 (bottom),the e�et on the quasi-partile alignment is even weaker. It is the pattern ofquasi-partile exitations, where more deviations from the standard situa-tion are expeted. Consider, e.g., two N = 140 isotones: 230Th and the veryneutron-rih nuleus 208Er. In the ase of 230Th, the neutron Fermi levellies between the 
=5/2 and 
=7/2 members of the j15=2 orbital. In 208Er,due to inreased di�useness, the intruder orbital moves up (f. Fig. 3) andthe neutron Fermi level lies at the bottom of the shell, i.e., in the viinityof the [770℄1/2 Nilsson level. As seen in Fig. 5, this hanges the signature
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2358 W. Nazarewiz et al.of total oupation numbers in eah parity-signature setor N�;r: [N+;�i,N+;+i, N�;�i, N+;+i℄. For instane, the ground-state on�guration of 30Ne(two protons in the d5=2 orbital; the neutron sd shell ompletely �lled) anbe written as [2233℄p[7733℄n. As seen in Fig. 2, the deformed intruder on-�gurations in 30Ne and 32Mg an be assoiated with 2-partile, 2-hole neu-tron exitation to the f7=2 orbital; hene it an be written as [6644℄n. Theorresponding neutron single-partile Routhian diagram for 30Ne is shownin Fig. 6.
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Rotational Properties of Neutron Drip-Line Nulei 2359parity Routhians for Z = 10 and 12 in the range of angular momentumdisussed.) As far as the neutrons on�gurations are onerned, we assumed[6644℄n for N = 20, [6655℄n and [7744℄n for N = 22, [7755℄n for N = 24,[7766℄n for N = 26, and [7777℄n for N = 28. These on�gurations orre-spond to the lowest deformed bands in the neutron-rih Ne and Mg nuleiinvestigated.From the alulated omponents of the quadrupole moment, Q20 andQ22, one an extrat the Bohr quadrupole deformation parameters �2and  [53℄: tan  = Q22Q20 ; �2 =r�5pQ220 +Q222N� hr2i ; (1)where � = 1(�1) for neutrons (protons), and N1 = N and N�1 = Z.Figure 7 shows the alulated proton and neutron deformation trajetoriesin the (�2; ) plane as funtions of rotational frequeny. In general, thedi�erenes between proton and neutron deformations are rather small. Theyare most pronouned at low spins; the proton and neutron shapes beomesimilar at angular momenta lose to the termination limit. The strongestisovetor e�ets are predited in the N = 26 isotones, where ��2 � �p2 ��n2reahes 0.05 at low spins. It is interesting to see that for 36Ne ��2 hangessign from positive (�p2 > �n2 ) at low spins to negative (�p2 < �n2 ) at veryhigh angular momenta. The pattern represented in Fig. 7 is harateristiof rotational strutures built upon relatively few valene nuleons. The lossof olletivity is rather fast due to the alignment of f7=2 neutrons, whih
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Fig. 8. Neutron and proton rms radii as a funtion of rotational frequeny for thedeformed bands in 30;32;34;36;38Ne and 32;34;36;38;40Mg.leads to the band termination at relatively low spins (e.g., I = 12 for 30Ne).An interesting question whih is often asked in the ontext of rotationalmotion of weakly bound neutron-rih nulei is whether the weakly boundneutrons ould be kiked o� the nuleus due to the large entrifugal fore.To shed some light on this problem, Fig. 8 displays the predited rms protonand neutron radii as funtions of !. Generally, rms radii very weakly dependon rotation. The small redution alulated in some ases omes primarilyfrom the derease in �2 along the band termination path. However, thedeformation e�et is weaker ompared to the bulk dependene of radii on Zand N .Considering the results presented in Figs. 7 and 8, one an onlude thatthe isovetor e�ets are not very pronouned at high angular momenta inthe neutron-rih Ne and Mg isotopes. This is not entirely unexpeted. Inthese nulei, the valene neutrons oupy f7=2 high-j intruder states whih,due to their large orbital angular momentum (i.e., large entrifugal barrier),are fairly well loalized within the nulear volume in spite of their weakbinding. One an say that in most ases, as a result of the Coriolis fore,



Rotational Properties of Neutron Drip-Line Nulei 2361the low-` states (whih are natural andidates for halo e�ets) are goingto be rossed at high rotational frequenies by the high-` intruder orbitals.Consequently, the tendeny to develop a halo should be redued at highspins. The full analysis of our alulations of the Ne and Mg isotopes,ontaining the disussion of the moments of inertia, will be presented ina forthoming paper [29℄. The general onlusion is that the response ofvery neutron-rih nulei to rotation is fairly �normal�; no deoupling of thevalene (skin) neutrons at high spins is predited.6. ConlusionsThe main objetive of this brief review was to disuss various faetsof high-spin physis on the neutron-rih side of the stability valley. Thevast unexplored territory of very neutron-rih nulei o�ers prospets for newphysis. The ombination of the large neutron exess and weak binding arebelieved to reate partile�hole and pairing �elds whih are rather di�erentfrom those in nearly stable nulei. In spite of many experimental di�ul-ties, spetrosopi information, mainly on light nulei and low-spin states,is arriving steadily.What is the response of the neutron drip-line nulei, the large, di�used,and possibly super�uid many-body systems to rotation? Both the shematiand self-onsistent alulations ontained in this paper give interesting in-sights to this question. On the one hand, the variation of the neutronshell struture with neutron number, mainly in�uening the position of thehigh-j unique-parity orbital, is expeted to modify the pattern of quasi-partile exitations in the rotating nuleus. On the other hand, sine theCoriolis fore mainly ats on the high-j orbitals whih are strongly loalizedwithin the nulear volume beause of the large entrifugal barrier, no strongisovetor e�ets (due to neutron halo or skin) are expeted at high spins.For instane, our unpaired alulations indiate that proton and neutron de-formations are very similar at high rotational frequenies. The fasinatingquestion, whih still remains to be answered, is what is the interplay betweenrotation, pairing, and extreme isospin. The reent impressive progress intheoretial modeling of high-spin nulear states, as presented and disussedduring this onferene, makes us optimisti that this question will soon beanswered.An experimental exursion into unharted territories of the hart of thenulides, promised by the new-generation RNB failities, gamma-ray trak-ing arrays, and mass/harge separators, will o�er many exellent opportuni-ties for nulear struture researh. What is most exiting, however, is thatthere are many unique features of neutron-rih nulei that give prospetsfor entirely new phenomena likely to be di�erent from anything we haveobserved to date.
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