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HIGH-SPIN TERMINATING BANDSFORMED FROM SUCCESSIVE PARTICLE�HOLEEXCITATIONS ACROSS CLOSED SHELLS�Ingemar RagnarssonDiv. of Mathemati
al Physi
s, Lund Institute of Te
hnologyP.O. Box 118, 221 00 Lund, Swedenand W.C. MaDept. of Physi
s, Mississippi State University, MS 39762, USA(Re
eived April 27, 2001)Observed high spin states in 30Zn and 66Dy isotopes with two protonsoutside the 
losed shells at Z = 28 and Z = 64, respe
tively, are dis
ussedand 
ompared with 
ranked Nilsson�Strutinsky 
al
ulations. Bands termi-nating at higher and higher spin values are formed from su

essive protonex
itations a
ross these shells. These bands show very di�erent featuresdepending on the number of ex
ited parti
les. Very good agreement withexperiment is obtained. Spe
ial emphasis is put on the formation of M1-bands in 
on�gurations with one hole in the Z = 64 
ore.PACS numbers: 21.10.�k, 21.10.Re, 21.60.Cs, 21.60.Ev1. Introdu
tionAn important property of normal-deformed nu
lear 
on�gurations is thattheir spin 
ontent is limited. Thus, they 
an generally be des
ribed in termsof a 
losed 
ore plus a number of valen
e parti
les (and/or holes). While the
ore 
annot give any 
ontribution to the angular momentum, the valen
eparti
les, whi
h 
an be des
ribed as belonging to one or several j-shells,have a maximum spin value, Imax whi
h is easily 
al
ulated. Ex
ept for thedeformed nu
lei in the middle of the rare earth and a
tinide regions, thesespin values are within experimental rea
h today.� Invited talk presented at the High Spin Physi
s 2001 NATO Advan
ed Resear
hWorkshop, dedi
ated to the memory of Zdzisªaw Szyma«ski, Warsaw, Poland,February 6�10, 2001. (2597)



2598 I. Ragnarsson, W.C. MaIt appears that nu
lei with only a few parti
les outside 
losed shellsshow espe
ially interesting features [1℄. Thus, the maximum spin state inthe 
losed shell 
on�guration is generally favoured energeti
ally. Higher spin
on�gurations are then formed when parti
les are ex
ited a
ross the gaps.Terminating bands of this kind have been studied e.g. in nu
lei with a fewvalen
e parti
les outside 56Ni, 100Sn and 146Gd. We will 
on
entrate on twonu
lei of this kind, namely 62Zn [2℄ and 154Dy [3℄, where parti
le�hole ex
i-tations a
ross the gap and within the valen
e shells lead to 
on�gurationswith higher and higher maximum spin values. The 
orresponding terminat-ing bands are low in energy, whi
h has made it possible to observe themexperimentally over large ranges in spin.When 
lassifying terminating bands, it is instru
tive to 
onsider theirbehaviour 
lose to the maximum spin values, i.e. 
lose to termination [1, 4℄.Detailed 
al
ulations and 
omparisons with experiment show that their en-ergy versus spin 
urves, E(I), are strongly dependent on 
on�guration, i.e.how the valen
e parti
les are distributed over the j-shells. These properties
an be used to get reliable 
on�guration assignments for many high-spinrotational bands.2. Cal
ulational pro
edure � 
on�gurations for Z = 30The low-energy 
on�gurations of 62Zn are illustrated in Fig. 1. In theupper panel, the single-proton orbitals are shown as fun
tions of rotationalfrequen
y !, at a 
onstant deformation "2 = 0:30; 
 = 20 and "4 = 0. Theorigin of the orbitals at spheri
al shape is tra
ed s
hemati
ally on the left.This left part is thus essentially a standard Nilsson diagram [5℄, but drawnat �
onstant triaxiality�, 
 = 20Æ. A Nilsson (modi�ed os
illator) potentialis used in
luding ~l � ~s - and l2-terms to put the spheri
al subshells at theirproper pla
es, "2; 
 and "4 deformations and a 
ranking term, ��!jx�.In the orbitals shown as fun
tions of rotational frequen
y in Fig. 1, so
alled virtual 
rossings have been removed [6℄ so that diabati
 orbitals areformed. These diabati
 orbitals behave smoothly as fun
tions of rotationalfrequen
y (and also as fun
tions of deformation). The diagonalization is
arried out in a rotating harmoni
 os
illator basis, see e.g. [7℄, whi
h meansthat the most important deformation degrees of freedom, "2 and 
, as wellas the rotation is in
luded in the basis and thus treated exa
tly. Further-more, the N -shells (the Nrot-shells) of this basis are treated as pure [6℄, i.e.the (small) 
oupling between them, due to "4 deformations and ~l � ~s - andl2-terms, is negle
ted. Noting that also signature � is a preserved quantumnumber, we 
an put the labels (N;�) on the orbitals as shown in Fig. 1(where bla
k lines are used for � = 1=2 and grey wide lines for � = �1=2).
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Fig. 1. In the upper panel, the diabati
 single-parti
le orbitals are shown as fun
-tions of quadrupole deformation "2 for 
onstant triaxiality, 
 = 20Æ, the left andfor 
onstant deformation as fun
tions of rotational frequen
y to the right. Di�erentline types are used to indi
ate how the orbitals are separated into di�erent groupsused to de�ne 
on�gurations. The �lling of these orbitals in the most importantZ = 30 
on�gurations is illustrated. In the lower panels, the three 
on�gurationsare illustrated in a more 
ompa
t way, where the signature of the valen
e parti
lesis not indi
ated. Furthermore, the N = 32 
on�gurations of the low-I and high-Ibands in 62Zn are shown on the left and on the right, respe
tively. Note that thedi�erent j-shells refer to �deformed orbitals� having their main 
omponents in thesej-shells and that we do not distinguish between e.g. p3=2 and f5=2 orbitals; bothof these subshells belong to the group �low-j N = 3 orbitals�.



2600 I. Ragnarsson, W.C. MaA further distin
tion is that the high-j orbitals (the intruder orbitals)are identi�ed [8, 9℄. Pra
ti
ally, the division into high- and low-j orbitals isa
hieved by 
al
ulating the expe
tation value of j2 at some low frequen
y,! � 0:3 MeV, and then sele
t those orbitals having largest value of hj2i ashigh-j orbitals, following them for all !-values. Thus, in the N = 3 shell, thefour levels with highest hj2i are sele
ted as f7=2 orbitals while the other sixorbitals have a mixed (p3=2f5=2p1=2) 
hara
ter, or maybe rather a (p3=2f5=2)
hara
ter for those orbitals shown in the �gure be
ause the high-lying p1=2subshell should have only small amplitudes in these orbitals. Note also thatall the N = 4 orbitals in Fig. 1 are high-j orbitals so they are denoted g9=2and similarly, the N = 5 orbitals are denoted h11=2.On
e the orbitals have been 
lassi�ed, it is straightforward to de�ne
on�gurations as is also illustrated in Fig. 1. For 30 protons, the lowestenergy is obtained if the orbitals below the spheri
al Z = 28 gap are �lledand the two remaining parti
les are pla
ed in the low-j, N = 3 orbitals(the (p3=2f5=2) orbitals). It is evident that at the deformation 
hosen inFig. 1, this is the lowest energy 
on�guration at low spin, i.e. at small fre-quen
ies. In the s
hemati
 drawing in the lower part of Fig. 1, the 
on�gura-tion with all orbitals below Z = 28 �lled (the f7=2 subshell �lled) is taken asreferen
e and the two additional parti
les are then pla
ed in orbitals abovethe gap, p3=2: Note that in our labeling, we make no distin
tion between thep3=2 and f5=2 subshells, so it had been equivalent to pla
e both of these par-ti
les in f5=2 or one of them in p3=2 and the other in f5=2. In the s
hemati
�gure, the signatures are not indi
ated but it is evident (see upper panel)that the lowest energy is obtained if the two valen
e parti
les have di�erentsignatures. Another important quantity is the maximum spin value for twoparti
les in (p3=2f5=2) orbitals whi
h is easily obtained as 5/2+3/2=4~:The next question is then whi
h ex
ited 
on�gurations 
an be de�ned.One possibility is to put both (p3=2f5=2) parti
les in the same signature butthat is not very interesting leading to a higher energy but not bringing inmore spin. More interesting is to lift one parti
le from either the f7=2 or(p3=2f5=2) orbitals to g9=2. Indeed, at the deformation of the �gure, thisparti
le would rather be ex
ited from f7=2 but at a smaller deformation, allf7=2 orbitals are 
al
ulated below the (p3=2f5=2) orbitals. The 
on�gurationwith one parti
le ex
ited from (p3=2f5=2) to g9=2 is thus illustrated in themiddle of Fig. 1. In this 
ase, signature � = 1=2 is strongly favoured for theg9=2 parti
le while the signature splitting is smaller for the (p3=2f5=2) orbitalso that, at this deformation, it is reasonable to 
onsider both these signaturesleading to two bands at similar energies but with di�erent total signatures(even and odd spins). Depending on the signature of the (p3=2f5=2) parti
le,the maximum spin is either 9/2+5/2=7~ or 9/2+3/2=6~. If we want tomake even higher spins for 30 protons, we naturally ex
ite one parti
le from



High-Spin Terminating Bands Formed from : : : 2601f7=2 to (p3=2f5=2) as illustrated to the left in Fig. 1. Note that in this 
ase,the two signatures of the f7=2 hole are very 
lose to degenerate so that twodegenerate 
on�gurations are formed with di�erent total signature (even orodd spin) depending on if the hole is in one or the other signature. If we wantto 
onsider even higher ex
itations for 30 parti
les, the next natural step isto ex
ite another parti
le from f7=2 to g9=2 but in that 
ase, 
ombined withsome similar neutron 
on�guration, the equilibrium deformation be
omeseven larger, so that a superdeformed band is formed.Fig. 1 is drawn for protons but it is straightforward to de�ne 
on�gura-tions for neutrons in an analogous manner. Furthermore, the deformation is
hosen as illustration and a similar pro
edure is 
arried through for all otherdeformations in a mesh in the ("2; 
; "4) spa
e. Consequently, 
on�gurations
an be de�ned 
onsistently in the full deformation spa
e. The total energy,E � Etot, is now obtained as the sum of the single-parti
le energies butwith a renormalization [10,11℄ to make sure that the average dependen
e ondeformation and on angular momentum is 
orre
tEtot =Xo

 e� + ERLD �*Xo

 e�+! ; (1)i.e. the average sum hPo

 e�i is repla
ed by the Rotating Liquid Drop(RLD) energy ERLD. The total spin is obtained with no renormalization asthe sum of the expe
tation values of jxI =Xo

 hjxi : (2)Energy versus spin 
urves 
an now be 
al
ulated for the �xed 
on�gurationsat the di�erent mesh points [6℄. It thus be
omes possible to draw total en-ergy surfa
es at �xed spins and �nd the energy minimum in the ("2; 
; "4)spa
e for ea
h 
on�guration. We thus obtain the total energy E and equilib-rium deformation as fun
tions of the spin I. The energies 
an be 
ompareddire
tly with experiment.Let us also point out that for a general understanding of the evolutionof rotational bands, we have found the rotating harmoni
 os
illator modelvery useful. Thus, introdu
ing some approximations whi
h 
an be well mo-tivated at small deformations, Cerkaski and Szyma«ski [12℄ have developedanalyti
al expressions for energies and 
orresponding deformations, illustrat-ing how rotational bands evolve towards termination. These expressions arerepeated in Ref. [1, 13℄. Numeri
al 
al
ulations based on the exa
t analyt-i
al expressions [14℄ for the single-parti
le energies have been published inRef. [15℄.



2602 I. Ragnarsson, W.C. Ma3. Rotational bands terminating from I = 10 to I = 24 in 62ZnLet us now 
onsider a spe
i�
 Z = 30 nu
leus, namely 62Zn with 32neutrons [2℄. The lowest energy neutron 
on�guration will then 
orrespondto a 
losed N = 28 
ore and the 4 valen
e neutrons in the low-j, N = 3orbitals, (p3=2f5=2) as appears natural from the upper panel of Fig. 1 andillustrated in the lower left panel. The 
al
ulated energies for this 
on�gu-ration are shown in the right panel of Fig. 2 where they are 
ompared withthe observed energies shown in the left panel [2℄.It is easy to 
al
ulate the maximum spin of this 
on�guration as 4+6 =10~ whi
h is also the highest spin state in the observed band. In the lowestenergy ex
ited 
on�guration whi
h goes to higher spin values than I = 10,one neutron is ex
ited from the se
ond (p3=2f5=2), � = �1=2 orbital to thelowest � = 1=2, g9=2 orbital as would be expe
ted from the single-parti
lediagram, see Fig. 1. In this 
on�guration, the highest spin is 13~ whi
h is
onsistent with experiment. In the next ex
ited 
on�guration, one proton isalso ex
ited, see middle lower panel of Fig. 1, leading to a total 
on�gurationwith a maximum spin of 16~. If one more neutron is ex
ited to g9=2, the
on�guration shown in the lower right panel of Fig. 1 is obtained, and themaximum spin in
reases to 19~. Even higher spin states are most easilyformed if a proton is ex
ited a
ross the Z = 28 gap resulting in the thirdproton 
on�guration of Fig. 1. Combining it with the 
on�gurations with1 and 2 g9=2 neutrons, the two highest spin 
on�gurations (Imax = 21~ andImax = 24~) in Fig. 2 are obtained. For these bands, both signatures areabout equally favoured be
ause of the signature degenera
y of the highestf7=2 orbital.It is evident that ex
ept for the very low-spin states, there is an impres-sive agreement between 
al
ulations and experiment in Fig. 2. A spe
ialfeature is that the transition energies 
lose to termination in
rease stronglywith spin in some bands while they rather de
rease in other bands. Su
hfeatures are seen more 
learly if the energies are shown relative to an averagerotational energy, e.g. the energy for rigid rotation, (~2=2Jrig)I(I+1), whereJrig is 
al
ulated at a small deformation, see upper panel of Fig. 3. In that�gure, the valen
e spa
e 
on�gurations of Fig. 2 are shown together with onesignature of the 
ore-ex
ited 
on�gurations. The di�erent transition energies
lose to termination mean that some bands are essentially 
onstant in thisplot while other slope upwards or downwards, or �rst downwards at lowerspin values and then upwards before termination. In the s
hemati
 bandsshown in the lower part of Fig. 3, we introdu
e a labelling for the di�erenttypes of bands depending on how the last spin units before termination areobtained, favoured, unfavoured or �rigid rotation like� termination [1℄. Notethat these labels only refer to the relative energies in the bands, not to their
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Fig. 2. The low-lying observed bands in 62Zn are 
ompared with the 
al
ulatedbands assigned to them, all shown to their maximum spin values. In the groundband, the 2 valen
e protons and the 4 valen
e neutrons o

upy low-j N = 3 orbitals(orbitals of (p3=2, f5=2) 
hara
ter) as illustrated in Fig. 1. The next three bands areformed from su

essive ex
itations of a proton or a neutron to the g9=2 orbitals asindi
ated in the right panel. In these bands, only the favoured signature is shown.The proton 
on�guration of the bands with maximum spin 16+ and 19� is thusthe one shown in the middle of Fig. 1. With the right-most proton 
on�gurationinstead, the maximum spin in
reases by 5~ resulting in the bands with maximumspin 21+ and 24�, respe
tively. Be
ause the two signatures are degenerate forthe f7=2 hole (ex
ept 
lose to termination), both even (signature � = 0) and oddspin (� = 1) states are drawn for these bands. Note that some observed bandstend to get larger energy di�eren
es 
lose to termination while other bands showthe opposite feature and that these tenden
ies are reprodu
ed in the 
al
ulationswhere standard parameters from Ref. [6℄ are used.absolute ex
itation energy. The band showing unfavoured termination isdrawn as de
reasing at intermediate spin values, then showing a minimumand �nally, in
reasing before it terminates. This is how most observed bandsshowing unfavoured termination behave (if not, the termination would gen-erally o

ur high above yrast), but bands of this type 
ould also in
rease for
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Fig. 3. In the upper panel, observed terminating bands of 62Zn are drawn relativeto a rigid rotor referen
e with the spin measured in units of the maximum spin,Imax, in the respe
tive 
on�gurations. In the lower panel, typi
al behaviours ofterminating bands as they show up in this type of diagram are illustrated anda labelling is introdu
ed.all spin values when drawn as in Fig. 3. When 
omparing the observed ands
hemati
 bands in Fig. 3, it is evident that all three types of terminationsare observed in 62Zn. Thus, the ground band terminating at I = 10+ andthe band terminating at 21� are examples of unfavoured terminations andthe terminations at 13� and 19+ are ideal examples of �rigid rotation like�and favoured terminations, respe
tively. These bands illustrate some gen-eral rules, namely that a few parti
les distributed over several high-j shells
orrespond to a low energy 
ost when building angular momentum and that



High-Spin Terminating Bands Formed from : : : 2605the energy 
ost in
reases if the shells start to be 
lose to half-�lled, exempli-�ed e.g. by the (p3=2f5=2) neutrons in the ground band. The ground bandalso illustrates that if many parti
les o

upy low-j shells, the energy 
ostwill be high. Alternatively, these rules 
an be summarized by stating thatthe energy 
ost per angular momentum unit will be low if the average 
on-tribution from ea
h parti
le is large while the energy 
ost be
omes higherif the average 
ontribution to the angular momentum is smaller. This is
learly seen, e.g. by 
omparing the bands terminating at 10+ and 19+ wherein both 
ases, 6 valen
e parti
les are a
tive.A further observation is that parti
les and holes tend to 
ountera
t ea
hother whi
h 
ould be understood from their di�erent shape driving proper-ties. Thus, a high-j parti
le 
ontributing with its full angular momentumwill essentially rotate in a 
ir
ular orbital around the equator of the nu-
leus (the spheri
al 
ore) leading to a total mass distribution whi
h is oblatewhile a 
orresponding hole will dig a �hole� around the equator so that thetotal mass distribution tends to be
ome prolate. Therefore, in a terminatingstate where both parti
les and holes 
ontribute to the angular momentum,they will have 
ountera
ting shape driving properties making this state lessfavoured energeti
ally. This is seen e.g. when 
omparing the bands termi-nating at 16+ and 21� in Fig. 3 whi
h di�er by a parti
le�hole ex
itation(f7=2)�1(p3=2, f5=2)1. It is evident that the band with no f7=2 hole showsa mu
h more favoured termination than the band with a hole.4. Parti
le�hole ex
itations a
ross the semi-magi
 Z = 64 shellTurning to heavier nu
lei, another interesting parti
le number is Z = 66with two parti
les outside the Z = 64 subshell. The 
orresponding 
losedshell 
on�guration as well as 
on�gurations with parti
les ex
ited a
ross theshell gap are illustrated in Fig. 4, where also the maximum proton spinvalues in the respe
tive 
ases are given. All of these proton 
on�gurationshave been observed to termination or 
lose to termination, either in theN = 88 nu
leus 154Dy [3℄ or in the N = 90 nu
leus 156Dy [16℄. The relevantN = 88 and N = 90 
on�gurations are shown to the left and right in this�gure. In a similar way as for the f7=2 protons in the N = 3 shell, thehigh-j h11=2 neutrons are distinguished from the other N = 5 neutrons forthese 
on�gurations with a few neutrons outside the N = 82 
ore. Forthe protons, an even more detailed division has been made [17℄ so thatlabels are put on the di�erent �pseudospin� groups in the N = 4 shell,g9=2, (g7=2d5=2) and (d3=2s1=2), respe
tively. Espe
ially, we keep tra
k ofthe number of parti
les ex
ited from the orbitals of (g7=2d5=2) 
hara
ter toorbitals of (d3=2s1=2) 
hara
ter also in regions where they mix in energy. Thetwo proton 
on�gurations (e) and (f) in Fig. 4 di�er by su
h an ex
itation.
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Dysprosium: Z=66 N=88 N=88 N=90 
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Fig. 4. Illustration of the Z = 66 
on�gurations whi
h appear to build terminatingbands in 154Dy and 156Dy. These 
on�gurations are shown in between the twoN = 88 
on�gurations whi
h are dominating when building terminating bandsand 
olle
tive bands, respe
tively, in 154Dy. The N = 90 
on�guration whi
h isa
tive when building the observed rotational bands in 156Dy whi
h terminate forImax � 60 is shown to the right. The maximum spin value in the di�erent 
on�g-urations is also shown.Let us now 
onsider some sele
ted observed bands in 154Dy as shown inthe upper panel of Fig. 5, namely the bands interpreted as built from theproton 
on�gurations (b)�(d) in Fig. 4 
ombined with the N = 88 
on�gu-ration illustrated to the left in that �gure. Furthermore, one 
olle
tive bandis shown, interpreted as built from the proton 
on�guration (g) in Fig. 4
ombined with the neutron 
on�guration (h). It is mainly the two neutronholes in the h11=2 orbitals whi
h give this band its spe
ial 
hara
ter beingalmost 
onstant when drawn versus a rigid rotation referen
e as in Fig. 5,i.e. the energy in the I = 25�50 range 
an approximately be expressed asE = E0+
onst � I(I +1). This suggests that this band is strongly 
olle
tivein this spin range in agreement with 
al
ulations (see lower panel of Fig. 5)where, however, the band 
an be followed to termination at mu
h higherspin, I = 71 ~. This terminating state is 
al
ulated high above yrast andprobably impossible to observe experimentally.Coming ba
k to the other observed bands in Fig. 5, they are all down-sloping in the spin range I = 30�40. Furthermore, they are observed to themaximum spin values when 
ombining the neutron and proton 
on�gurationsin Fig. 4. These fa
ts together with the general agreement with 
al
ulations,see lower panel of Fig. 5, show 
onvin
ingly that we have found the 
orre
tinterpretation of these bands. This interpretation is also supported by life-time measurements in the positive parity bands observed to I� = 36+ andI� = 48+ and by the absen
e of alternative interpretations, at least for thebands observed to I� = 41�; 42� and I� = 48+.
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Fig. 5. The rotational bands 
learly observed to termination in 154Dy are shownin the upper panel together with the 
olle
tive band identi�ed to highest spinvalues. Cal
ulated 
on�gurations assigned to these bands are shown in the lowerpanel using thi
k lines and a grey shading, respe
tively. Furthermore, some bands
al
ulated low in energy and terminating for Imax � 50�55~ are shown with thinlines. The 
al
ulated 
on�gurations are labeled as [p1p2; n1n2℄ where p1 is thenumber of proton holes of (g7=2d5=2) 
hara
ter, p2 the number of h11=2 protons,n1 is the number of h11=2 neutron holes and n2 is the number of i13=2 neutrons.The number of (d3=2s1=2) protons and (h9=2f7=2) neutrons is not given expli
itlybut determined from the total number of protons and neutrons. At high spinvalues, 
on�gurations with one proton ex
ited to the lowest i13=2 orbital be
ome
ompetitive in energy as illustrated for the 
on�guration terminating at Imax = 56~.In these 
al
ulations for 154Dy, we have used the standard parameters for thisregion [18℄, previously applied e.g. to 158Er [19℄ and 156Dy [16℄.



2608 I. Ragnarsson, W.C. MaIt is thus evident that the Z = 66 
on�gurations of Fig. 4 with up to twoprotons ex
ited a
ross the Z = 64 gap have been observed experimentallywhile there is no experimental 
ounterpart of the 
on�gurations with 3 or 4protons ex
ited. These 
on�gurations are, however, observed in the N = 90isotope 156Dy [16℄, in 
ombination with the neutron 
on�guration in Fig. 4 (i)with 8 valen
e neutrons in the (h9=2f7=2) and i13=2 orbitals. They are welldes
ribed by 
al
ulations [16,17℄ to spin values 
lose to termination, I � 60~.Cal
ulations for the 
orresponding 
on�gurations in 154Dy are presented inFig. 5. Be
ause they are yrast or 
lose to yrast, it should be possible toobserve them experimentally, i.e. their observation is a 
hallenge for futureresear
h.It is also interesting to study the variation of the energy fun
tions 
loseto termination in these 154Dy bands. When drawn as in Fig. 5, the bands aresteeply down-sloping for the 
on�gurations with none or one proton ex
iteda
ross the gap, then be
oming softer with two parti
les ex
ited and turninginto regular smooth terminating bands with 3 or 4 parti
les ex
ited a
rossthe gap. This is in agreement with the rules dis
ussed above in 
onne
tionwith 62Zn. For example, the holes in the 
ore tend to make the terminationless favoured energeti
ally and the fa
t that the h11=2 shell be
omes 
lose tohalf-�lled has the same e�e
t.5. �Magneti
 bands� in 
on�gurations with one (g7=2d5=2) hole inthe Z = 64 
oreWith one hole in the Z = 64 
ore, two bands whi
h are almost signaturedegenerate and 
onne
ted by M1-transitions are formed. Indeed, 154Dy isa very spe
ial 
ase where su
h a �magneti
 band� is observed [3℄ to termi-nation at very high spin for both signatures, I = 41 and I = 42. In thisband, all M1-transitions down to I = 33 have been observed while the E2-transition for the de
ay of the 42� state to the 40� state has only beenseen tentatively, illustrating the relative strength of the M1's relative to theE2's. The present prin
ipal axis 
ranking 
al
ulations reprodu
e these fea-tures reasonably well even though there are important dis
repan
ies whenit 
omes to the detailed 
omparison of the transition energies. One prob-lem is that oblate states with the same distribution of parti
les over thej-shells (same 
on�guration) but with one neutron anti-aligned start to be-
ome lower in energy for spin values 6~ below the terminating spin values.This means that it is not straightforward to follow the terminating bands tolower spin values in the present formalism.In early 
al
ulations [4℄ for 158Er, terminating bands 
onne
ted by M1-transitions were predi
ted. These bands have 
on�gurations analogous tothose of 154Dy dis
ussed above, but with two additional valen
e protons as



High-Spin Terminating Bands Formed from : : : 2609well as two valen
e neutrons. This leads to terminating spin values aroundor slightly above I = 50. We have repeated the 
al
ulations of Ref. [4℄ usingour present formalism where we 
an keep tra
k of the number of parti
lesex
ited from orbitals of (g7=2d5=2) 
hara
ter to orbitals of (d3=2s1=2) 
har-a
ter. The result is presented in Fig. 6 supporting previous 
al
ulations
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Fig. 6. Predi
ted M1-bands in 158Er in 
on�gurations with one proton hole in the(g7=2d5=2) orbitals. Compared with the similar plots presented in Ref. [4℄, thesingle-parti
le parameters �tted to this region [18℄ have been used in the present
al
ulations together with a formalism [9, 17℄ where 
on�gurations are spe
i�ed inmore detail. The two 
on�gurations should be labelled as [15,03℄ and [15,02℄ a
-
ording to the 
onventions used in Fig. 5. In addition to these two bands, a third[15,03℄ band with a di�erent signature of the 5 (g7=2d5=2) neutrons and terminatingat I = 52� is 
al
ulated at similar ex
itation energies. The 
al
ulated terminatingstates at I� = 46+; 43�; 48� and 49� are shown for 
omparison and the 
orre-sponding bands are sket
hed. Apart from these states, whi
h are known to beyrast, no other bands are 
al
ulated 
learly below the M1-bands but several bandsare 
al
ulated at similar energies. The 
al
ulated energies of the M1-transitionare given expli
itly (in MeV), but it is questionable if the small deviations from
onstant transition energies (indi
ated by the thi
k shaded lines) are numeri
allysigni�
ant.



2610 I. Ragnarsson, W.C. Mawhere some states were interpolated assuming no signature splitting. Thesebands in 158Er are predi
ted to have almost 
onstant M1-transition ener-gies in a large spin range up to termination. Be
ause of the larger numberof valen
e parti
les (higher spins), the average of these transition energiesis 
al
ulated as 0.50�0.55 MeV in 158Er, whi
h 
an be 
ompared with theobserved values around 0:35 MeV in 154Dy. These larger transition energiesalong the terminating bands means that oblate states with one spin ve
toranti-aligned be
ome less 
ompetitive in 158Er so that the terminating bands
an be followed in a larger spin range. These bands in 158Er are 
al
ulatedas yrast or very 
lose to yrast. Thus, there should be good possibilities toobserve them in future experiments even though it should also be noted thata number of other 
ompeting bands are 
al
ulated at similar energies.6. SummaryWe have analysed nu
lear high-spin states using the 
on�guration de-pendent 
ranked Nilsson�Strutinsky model with the Nilsson potential. Ourmethod [1, 6℄ is based on single-parti
le diagonalization in a rotating har-moni
 os
illator potential, whi
h makes it straightforward to introdu
e a 
on-�guration de�nition whi
h 
an be used for all deformations and 
ouplings
hemes. It thus be
omes possible to follow the 
orresponding rotationalbands as fun
tions of the nu
lear spin. This is espe
ially important whenthe nu
lear spin is 
lose to its maximal value Imax, i.e. 
lose to termination,where large shape 
hanges o

ur.Main emphasis was put on the Zn and Dy isotopes, espe
ially 6230Zn32 and15466 Dy88. The high-spin 
on�gurations in these nu
lei 
an be 
hara
terized bythe number of protons ex
ited a
ross the shell gaps at Z = 28 and Z = 64,respe
tively. Several rotational bands based on 
losed 
ore 
on�gurationsare followed to termination for Imax = 10�19 in 62Zn. These bands show
hara
teristi
 features depending on the distribution of the valen
e parti
lesover the orbitals of low-j 
hara
ter (p3=2f5=2) and high-j 
hara
ter (g9=2),respe
tively. With one proton ex
ited a
ross the Z = 28 shell gap, smoothterminating bands are formed whi
h are observed in the approximate spinrange [Imax=2, Imax℄ with Imax = 20�24. These bands de
ay by stret
hedM1- and E2- transitions of similar strength.Terminating bands of di�erent 
hara
ter are observed in the 
losed 
oreand in the 1p�1h and 2p�2h 
on�gurations of 154Dy. Cal
ulations and 
om-parisons with 156Dy suggest that it should be possible to observe bandsto termination also in the 3p�3h and 4p�4h 
on�gurations. These termi-nating states be
ome less favoured energeti
ally with in
reasing number ofparti
le�hole ex
itations. In analogy with 62Zn, stret
hed M1-transitions



High-Spin Terminating Bands Formed from : : : 2611are observed in the 1p�1h 
on�guration of 154Dy where the terminating spinvalues for the two signatures are 41� and 42� and where the E2 
olle
tivityis so small that one of the E2-transitions has been observed only tentatively.The predi
tion of similar �magneti
 bands� terminating at even higher spinvalues in 158Er (Imax � 50~) was dis
ussed.Finan
ial support from the Swedish Natural S
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e Resear
h Coun
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