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Nuclear shell structure and rotational bands in 8Nb
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The high spin structures i#fNb are analyzed using the cranked Nilsson-Strutinsky model. Energy versus
spin curves as well as deformations and electric transition quadrupole moments are considered. It is concluded
that different single-particle parameters compared with the standard values lead to better agreement with recent
experimental results.
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[. INTRODUCTION this mass-dependence to be quite strong and especially that
these models suggest that thg, subshell comes below the
Configuration dependent cranked Nilsson-Strutinsky calp,, in the upper half of th&Z,N=28-50 shell. This is con-
culations with the modified oscillator potential have beentrary to the ordering of these subshells in the parametriza-
very successful in describing high-spin rotational bands inions mentioned above which appear to be valid lower down
different regions of the nuclear periodic table. The best exin the Z,N=28-50 shell. Supported by these findings, we
amples are found in nuclei with a few particles outsidehave tried to fit the position of the subshells in the modified
closed shells where it has been possible to describe maryscillator model to reproduce the observed band&%ib,
bands up to their maximum spin values with a surprising®Nb and®7zr as well as possible.
accuracy{1]. These bands are generally built in the valence Since this is the first calculation fof®Nb using the
space but often with one or a few holes in the core. Furthercranked Nilsson-Strutinsky modéCNS) we present a de-
more a good understanding of superdeformed bands in ditailed discussion for this nucleus including total energies,
ferent regions have been obtained using this model, see, e.@),-values and deformation paths. The results %b and
[2-4]. One region where this model has met some diﬁiCU'tie§GZr are 0n|y discussed br|ef|y In generaL we get an im-
is, however, nuclei with holes in #°Sn core, i.e., nuclei proved understanding of the structure of the high-spin bands
with the proton as well as neutron valence space in the uppef theseA=86, 87 nuclei. However, the new parameters are
part of theN=3 shell and in theyy, subshell. One specific not without problems and in the summary we discuss some
case i€’Nb where calculations tend to give rotational bandsreasons why they might be expected.
which terminate much more favored in energy, i.e., the bands
slope more downwards when drawn versus a stantidrd
+1) reference, than observed in experimgbf The prob-
lems became more apparent to us when we carried out cal- The calculations of the band structure and deformation
culations[6] for ®Nb [7] where we noticed similar features paths in theA=86, 87 nuclei were performed using the
as for®’Nb. Problems of this kind are also seen##r [8,9],  configuration-dependent cranked Nilsson-Strutinsky model
even though the configurations of the observed bands appe@f for short the CNS-modefl1,11]. In this model the de-
to be better understood in this nucleus than in the Nb isoformed potential is rotating uniformly around a fixed axis
topes. and the rotation or rather the effects of the rotation is treated
One specific feature of these bandsAin86, 87 nuclei is  as an external potential.
that they are generally calculated as oblate or close to oblate
at intermediate and high spin values which can be under- A. Single-particle orbitals
stood from the fact that their configurations are most natu- The Hamiltonian used to describe a nucleon in the rotat-
rally described as holes in a core. Another difficulty is that. ! ) " .
. . . ing nucleus is the cranked Nilssofmodified oscillatoy
the observed yrast line consists of many competing Strucﬂamiltonian[ll 12
tures displaying a large variety of collective and single- '
particle degrees of freedom. h®=h, o(£2,7) = V' = wjx+ 2hwop®eVa(y), (1)
The features discussed above have been obtained usin% ) ) ) ] )
either so calledA=80 parameter§10] or standard param- W ere_hh_o__ls an anisotropic harmonic oscillator whose de-
eters[11]. The aim of the present study is to investigate if theformation is defined by, and y. The second term of the
difficulties can be overcome if different single-particle pa- Hamiltonian is of the form

Il. MODEL

rameters are used. Especially, we generalize the modified V' =he N2l - s+ N)(I12 = (12
oscillator potential so that we have full freedom when find- on(N){2le- s+ (N (g = Ao}
ing optimal positions for the subshells. The indext in the orbital angular momentum operatpin-

To aid us in our search, we used Hartree-F@dk) and  dicates that it is defined in stretched coordingte3]. The
relativistic mean fieldRMF) calculations to investigate the It-sandlt2 terms are usually made dependentMiby intro-
variation of the position of th¢-shells with mass. We found ducing anN-dependence for the two constantsand w.
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When making the transition from the laboratory coordinate A further tool is the classification into high- and low-
frame to the intrinsiqbody-fixed frame, the new ternwj,  orbitals [18,19. At spherical shape, the subshell with the
appears, which expresses the centrifugal and Coriolis forchighest value of (the intruder shejlseparates from the other
existing in the rotating coordinate system. Furthermore ong-shells within theN-shell and is found lower in energy. Al-
also includes a higher order hexadecapole deformatiorthough only approximate it is generally possible to make
2hwop®e,V4(y), Wherep is the radius in the stretched coor- such a classification also for deformed shapes. Thus, in the
dinate system. present calculations the orbitals with the highest values of

The Hamiltonian is diagonalized using the eigenfunctions(j?) in everyN-shell have been classified as higbrbitals.
of the rotating oscillatof14], |n,n,ns%), as basis states. The  The actual labeling of the nuclear configurations is done
couplings between basis states of differéy;=n,+n,+n; by specifying for eaciN-shell how many neutrons and how
are small and therefore neglected. The main advantage of threany protons that occupy orbitals of different signatare
rotating basis is thus thdll,,, can be treated as an exact and high- and lowj-charactelsee Sec. 3.6 of Refl]). It is
guantum number which is exploited when defining configu-also convenient to define the quantlty,, as the maximum
rations as discussed below. The diagonalization of thepin value which can be obtained in a specific configuration
Hamiltonian(1) gives the eigenvalues’, which are referred from rotation around the symmetry axis, i.e., from non-
to as the single-particle energies in the rotating frame or theollective rotation with a specific distribution of the particles
Routhians over thej-shells. Note that in principle any spin value can be
obtained for collective rotation but values larger thgp are
B. The total energy of the nucleus generally of no experimental interest.

The total energy is obtained using the shell correction
method. Thus, the shell enerdyy, is calculated using the

Strutinsky procedurgl5] and the total energy is then defined  |n order to get a good agreement with experiments one
as the sum of the shell energy and the enefgy, obtained has to use parameters in the Nilsson potential that gives cor-
from the rotating liquid drop moddlL6], rect level ordering for the particular nucleus under consider-
E (1) = E(l) + Eg(l) ) ation. Paramete_rs appro>_<ir_nate|y valid for large mass regions
tot sh rd have been obtained by fitting to experimental data. %ar
This renormalization ensures that the total nuclear energy iand 8’Nb previous calculations have been perforni&]
correct on “the average.” Finally, minimizing the total using theA=80 parameters of Galeriet al. [10] For %6zr
nuclear energy for a given angular momentum with respecthese calculations reproduce the experimental bands to a
to deformation gives the equilibrium shape and correspondiarge extent but there are reasons to believe that a better
ing energy. agreement could be achieved by modifying the parameters

The transition quadrupole moment3, are calculated slightly. Similar conclusions can be drawn from an earlier
from the deformations assuming a uniform charge-densitgtudy of 3Zr using somewnhat different parametg€g. For
distribution p, inside the nucleugl,17]. 8/Nb, the calculations using=80 parametergs] appear not
so good, when considering how well the model works in
other regiong1]. For ®Nb, no investigations using the CNS
model have been published.

A configuration in the CNS-model is a specification of In order to investigate the level ordering and its variation
which one-particle orbitals are occupied by nucleons. In orwith mass, Hartree-FockHF) and relativistic mean field
der to follow how a specific configuration develops when the(RMF) calculations were performed. The Sl parametriza-
nucleus undergoes shape changes as it is being cranked uptiwn [20] was chosen for the HF calculation since it has been
higher and higher frequencies, one needs to keep track of theidely used and is known to give a good description of a
different orbitals. Following one orbital as the nucleus underdarge variety of nuclear properties. For the RMF calculation
goes shape changes might seem like an easy task. Howeuwde NL3 force was usef1]. HF calculations for all three
due to the strong mixing that occurs between the orbital$iuclei using the same interaction revealed that the mass de-
they exchange character and does not stay pure for long. Opendence among these three nuclei is very much negligible.
way to make it easier is to remove so-called “virtual cross- The mass dependence eofand u was discussed in Ref.
ings” [11]. A virtual crossing occurs when two orbitals come [25], where evidence for a quite strong mass-dependence for
close to each other, exchange character and then separatevas found. The main conclusion was thaincreases with
again without actually crossing. To replace these virtuaimass within theN=4, 5 shells when going from one magic
crossings with real crossings makes the orbitals developumber to the next.
more smoothly. A similar trend for theN=3 shell can be seen in Fig. 1

The parity- and signature-operators commute with thewhere results from HF and RMF calculations are presented.
Hamiltonian. This makes it possible to associate every orin these calculations the number of neutrons was gradually
bital with one parity and one signature. Furthermore, as menncreased from 20 to 50 and the number of protons was ad-
tioned above, the total oscillator shell quantum num¥gr  justed to keep the nucleus close to the linggedtability. The
=N is treated as pure which means that each orbital belongd=3 shell starts getting filled when the number of neutrons
to a specificN-shell. exceeds 20 and when the number reaches 5\thg shell

IIl. PARAMETERS

C. Configuration labeling in the CNS-model
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FIG. 1. Mass-dependence of tiN=3 and gy, single-neutron
energies. The upper panel shows a spherical Hartree-BdEK
calculation using Skyrmelll parameters and the lower panel
spherical relativistic mean field calculation using the NL3 force.

The energies are plotted as a function of neutron number in théSet A and in

rangeN=20-50 along thes-stability line. The different energies
are placed so that the mean values of w3 orbitals is constant,
i.e., the absolute values on tlyeaxis have no significance.

and thegg,, subshell are completely filled. Both the HF and
the RMF calculations show the same trend with mass whic
can approximately be reproduced by increasingvith in-
creasingN in the N=20-50 range. For the nuclei investi-
gated, theps, shell is below thefs,, shell for lower mass
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=100 region leads to an effective lowering of these subshells
[22,23. Even though parts of this effect would probably be
described as caused by deformation in a mean field ap-
proach, it is interesting to note how the analogous interaction
between the-,, and fg;, partners should lead to a lowering
of the f5;, subshell when particles are added to thg sub-
shell (cf. Fig. 1. It is also interesting to note that the
neutron-proton interaction gives the main contribution, see
also Ref.[24].

Potential altering effects could also occur with many par-
ticles excited tagg,. In this case excited configurations are
formed by emptyingps;, and pq, orbitals and filling gg,
orbitals which leads to a decrease in density close to the
center of the nucleus and an increase further away, favoring
the high{ shells.

The shallower potential closer to the center might affect
the spin-orbit potential which is generally taken to be pro-
portional to the derivative of the central potential. It was
shown in[26] that for j-states with large occupation prob-
abilities in a region of reduced density, the amplitude of the
spin-orbit splitting is sometimes greatly reduced. Such con-
figuration dependent effects, which are assumed to be small,
might be simulated in the present model with some configu-
ration dependence of the parameters. However no such at-
tempts are made here.

In Fig. 2, four sets of energy levels corresponding to dif-
ferent parameters are shown. The spherical single-particle
energies corresponding to standard paramgtkls and to

a{0\:80 parameter§l0] are shown together with the energies

obtained from fits to the high-spin bands8tNb and®'Nb

87r (set B), respectively. These fits are cer-
tainly not unique but as discussed below, they clearly lead to
an improved agreement between the observed bands and the
calculated configurations. Note especially that, in agreement
with the HF and RMF calculations, the fits predict a lowering

of the f5;, subshell for these nuclei with only a few holes in

he N=3 shell.

In order to obtain more freedom when finding parameters
for this region we introduced drdependence fok and . in
addition to theN dependence. This gives us full freedom

numbers but with increasing mass the ordering of these sutvhen placing thg-shells. However we keep one restriction,
shells is reversed. The three nuclei considered here haf@mely that the mean value of evelyshell is preserved.

masses~90 which means that it seems reasonable to use
larger u than in theA=80 parameters. This larger-value

Zhe new freedom can be utilized for example to place the
j-shells as predicted by a Woods-Saxon potential as in Ref.

has the effect of increasing the cost for the different configu{27]- The spherical Nilsson energieg,; corresponding to
rations to build the last units of spin, since these maximafhe parameters used are listed in Tables | and II.

spin states are built with holes in the low-lyitfig, subshell.

The parameters describing the surface and Coulomb ener-

A natural explanation for the mass trend comes from thies in the rotating liquid drop energy, E®), are taken

filling order of the orbitals. When thé&;,, subshell is filled

the density is moved away from the center of the nucleusin®
This creates a deeper potential at some distance away frofiS!

the center and thi=3 particles which can take most advan-
tage of this deeper potential are the ones inftheand fs;»
subshells. As theds,, subshell starts being filled, thie=3

from Ref. [28]. The corresponding rigid body moment of
rtia is calculated assuming a uniform mass distribution
ide a volume of4/3)ar3A with ro=1.2 fm.

IV. CALCULATED ROTATIONAL BAND STRUCTURES
IN ®Nb

nucleons benefit even more and the overall effect can be

described by an increasing.

In the calculated potential energy surfaceslfer10-30,

From a shell model point of view, it has been discussedninima are generally seen gt=0.15-0.25,y=-40—--60. In
how the monopole interaction between spin-orbit partnersingle-particle diagrams calculated for these deformations,

like ds, and ds, in the sdshell or gy, and g7, in the A

there is a gap at 43 particles for both protons and neutrons
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TABLE Il. Spherical Nilsson energies in units 6fvg resulting

from parameter set B.
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] more complete labeling, namely two digits andtaor —
38 f, sign so that also the signature within the different groups of
£ P 2 : ) " : I
U — | | | orbitals is specified. The first digit shows the number of
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FIG. 2. Spherical single-protaupper pangland single-neutron
energieglower panel calculated with a modified oscillator poten-
tial for different choices of parameters. Sets A and B were found by
fitting to experimental excitation energies #®Nb and®zr, re-
spectively. Both sets A and B produce the same ordering between
the fs» and ps; subshells as predicted by the HF and RMF
calculations.

corresponding to §y,, particles and twdN=3 holes. As seen
in Fig. 3 the most favored proton configurations are formed
with two holes below this gap, i.e., with 3, 4 oigg,, protons
and the most favored neutron configurations contain two par-
ticles above the gap i.e., 5, 6 orgg,, neutrons.

In this mass region, configurations are often labeled by
the number ofyy,, particles, see Refl]. Here, we will use a

TABLE I. Spherical Nilsson energies in units 6y resulting

1

Single-neutron energies £ [MeV]

Rotational freqgency i [MeV]
Neutrons(N= 45): £,=0.200, y=—45.0°,¢,=0.000

'S

05, 1,6

16 27,

T T T T T T T
0 0.5 1 1.5

from parameter set A.

eny,j Protons Neutrons
€1.4.0/2 4,943 5.068
€372 4.207 4.186
€335/2 4.662 4.676
€33,3/2 4.684 4.693
€312 4.819 4.843

Rotational freqency %o [MeV]

FIG. 3. Single-proton{upper panéland single-neutrorilower
pane) energies at a typical deformation&Nb shown as a function
of cranking frequency». The energies are calculated using param-
eter set A. At this deformation, the relevant proton configurations
are built by creating two holes below tiZ=43 gap, indicated by
open circles, and the importaNt=45 configurations are formed by
placing two neutrons, indicated by closed circles aboveNk&3
gap. The configurations are labeled by the numbeNwsf3 holes
and gy, particles as explained in the text.
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Neutron configurations states with spins above 154, i.e., it is only for these spin
values we can expect any quantitative agreement between
1257 1157 | 1457 | 1357 | 1457 | 1357 calculations and experiment.
05, | 05_ 1,6 1.6 27, 27 One important fact when comparing calculations and ex-
R T T O ) periment in®Nb is that one band, namely band 6, has been
N L |, observed to the very high splfi=33". Considering the con-
14.5 27 26 29 28 29 figurations shown in Fig. 4, the only theoretical counterpart
23 (=0) (+,0) is achieved with 5yg,, protons and &)y, neutrons. Another
2 135" o . configuration terminating at=33" is.obtained wit.h 6092
ks i protons and ®g,, neutrons, but particles are excited across
8 3,4 |&D el =D the 43 gaps in this configuration which makes it much higher
E‘) T 56 i at in energy. Core excited configurations are also calculated
5 9.1 e N much higher in energy and thus less interesting for the spins
3 4D &0 =0
- observed.
g 175~ 30 3" 32 The[45,,1,6] configuration which will thus be identified
& 45, ) =0 @y e with band 6 is drawn in the lower right panel of Fig. 5. It is
. _ ~ . ) necessary that this band with relatively magyy, particles
18.5 33 32 E8 32 comes in the yrast region which requires that the sub-
45_ shell for protons must be relatively low in energy. This was
175* one impprtant constraint when fixin_g parameter set A. In-
i deed, with theA=80 parameters, this configuration comes

FIG. 4. Combinati fth interestigz41 prot q too high in energy to make it a reasonable candidate for band
N=45 ﬁel.Jtrocr)lnz:oerf;?1 ISPat(i)onsetomtg:ZI Igoenrf(iasulgons%?dt?nﬁl 6. Asimilar difficulty was noticed fof'Nb in Ref. 5] where,
- 9 9 ' using A=80 parameters, no theoretical counterpart with

proton and neutron configurations are labeled by the numbat of = _
=3 holes andyg,, particles and by the signature for an odd numberl'ma><_61_/_2 was found for _band 3 Obse_rvedltb:(Gl/z) and
of particles as explained in the text. The maximum spin valygs where it is only for configurations with 8o/, protons that

calculated under the assumption that a distinction can be made b8{Ch @ high spin value can be achieved. o
tween orbitals off;, character and the othéf=3 orbitals, are also Another important feature of the bands drawn in Fig. 5 is

given. Parity and signaturer, «) of the configuration is indicated that most bands show a relatively smooth behavior with a
along with the spinla of the total configuration. Positive parity tendency to slope more and more upwards close=tig,ax

configurations are shown on a shaded background. The favoré¢then the number ofiy/, particles increases. This is contrary
configurations in each group containing the same numbagef  to the bands obtained with=80 parameters where the bands

particles are underlined. Configurati¢th,2,05.] is not included have a stronger downward slope at high spin which is also
since it has a different deformation as seen in Fig. 12 below. seen in the calculation f6YNb [5]. This difference is mainly

due to the relative positions of thay, and fs;, subshells,
particles in thegg, subshell. The sign is given as a subscriptwhere the lowelfs,, position with present parameters leads
of an odd number of particles and indicates the signature to a higher energy to build the highest states in general
of those particles. No subscript is given for the standard casagreement with experiment. To conclude this subsection, it is
of a=0 for a even number of particles while two signs are  important to realize the difficulties to make an objective fit of
shown for the specific case with two more particlesain  the single-particle parameters, i.e., the parameter sets used
=1/2than ina=-1/2. here are certainly associated with some arbitrariness.

The most important total configurations are illustrated in
Fig. 4. They are built from the configurations indicated in
Fig. 3 and in addition signature partners so that in total six
proton and six neutron configurations are included. The en-
ergy of the low-lying total configurations is now calculated  The observed positive-parity bands®Kb [7] are drawn
and the minima are followed through deformation spacdn the upper panel of Fig. 6. It is especially bands 2 and 3
(e5,€4,7) as they are cranked to higher spins. These miniwhich are low in energy at high spin and where one could
mized energies of®Nb are shown relative to a rigid rotor hope to find calculated counterparts. Comparing with Fig. 5,
reference in Fig. 5. The main reason for subtracting théhe a=1 configurationd23,,05,] and[45,,27,] appear to
“standard” [29] rigid rotor r6ference[End=(ﬁ2/23rig|(| describe these bands quite well. They are thus drawn in the
+1) with h2/23ri9:0_001158/A)5/3 MeV=18.9 ke\] is to  lower panel of Fig. 6 together with the signature partner
remove the dominant quadratic dependence on spin making5:,27-] which could then be expected to describe band 4.
it possible to show the energy difference on an expandeddditionally, the signature partnef23.,27,] which might
scale. Furthermore, by using the satedependentrefer-  be an alternative interpretation of bands 3 and 4 are drawn in
ence for all nuclei, it becomes possible to compare the gerthe lower panel of Fig. 6. Finally, also the closed core con-
eration of angular momentum in different mass regions, sefigurations[01,,05,] are drawn in Fig. 6. The closed core
e.g., Ref.[1]. In this approach, pairing correlations are ne-configurations terminate df=16",17" at oblate shapey
glected which means that calculations are realistic only for60". Their deformations are thus very different from that of

A. Positive-parity structures in 8Nb and comparison
with experiments
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FIG. 5. Calculated total energies BiNb relative to a rigid rotor reference. Parameter set A, which has been fitted to optimize the
agreement between experiment and theory, is used in the CNS calculation. Terminating states are indicated by large open circles. Dashed
lines are used for configurations built from particle-hole excitations across the 50 gap. These core-excited configurations are considerably
higher in energy than the valence space configurations and thus less likely to be associated with experiment.

the more collective configurations illustrated in Fig. 4 which f5,,, as can be understood from Fig. 2 above. In both cases,
is the reason why they are not included in that figure. Itthese two holes couple te=4 combined with =23 from the
seems however that they could be the theoretical counterpagt,, particles.

of the observed 1§17 states at 5027 and 5533 keV7] Examining theQ, values shown in Fig. 8, there seems to
which are drawn in the upper panel of Fig. 6 and whichbe no strong indication of band termination although @he
appear to have a somewhat reduced collectivity. values for band 2 decline somewhat toward the maximum
Let us now discuss the more interesting bands in somepin seen. Note however that the last values are pretty uncer-
detall, i.e., bands 2, 3 and 4. tain. Overall the calculate®; values for thg23,,05,] con-
figuration are in good agreement with experiment. The
1. Band 2 Qi-value in connection with thé=23 state is calculated us-

ing the higher energy collective minimum which appears

The two states drawn fd=23 in the lower panel of Fig. X ) -
consistent with experiment.

6 correspond to different minima in the potential energy sur
face shown in Fig. 7. The configuration has five neutrons in
Og/2 COupling to a maximum spin of 1245 The three protons
in gg/» couple to a maximum spin of 1G:5w~hich makes a These bands are connected through a sequence of M1
total of 23i. One possibility is then to couple the proton transitions which exhibit an alternating pattern in th@Vit)
holes to spin zero. This can be done by putting them both istrengths. This is not surprising considering, e.g., e
p1/» Which creates the minimum at=60 in thel =23 poten-  where it was found that even a small rotation has a drastic
tial energy surface shown. At=60 the symmetry axis is the effect on the transition matrix elements between nucleons in
cranking axis implying that this 23state is aligned and thus high-j orbitals. Basically the result predicts that M1-
encircled in Fig. 6. transitions from the unfavored to the favored band are in
The other minimum in Fig. 7 can be followed in defor- some cases much suppressed compared to transitions from
mation and reacheg=60 atl=27%. At this spin, two states the favored to the unfavored band which probably explains
are marked. The lowest energy state is obtained by puttinthe observed BV1) values. As concluded above, the con-
the proton-holes in orbitals df,, andpsj, character, respec- figurations most likely to be associated with these bands are
tively, and the excited state comes from putting them both irthe signature partneifgls,,27,] and[45,,27_]. Examining

2. Bands 3,4
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24 [01.,05 ]/" (23,27 ,)y/ L FIG. 7. Potential energy surface for the positive-parity configu-
> i Tt [23”27*],»" / I ration [23,,05,] at 1=23%4. Each lattice point has been minimized
21.5— ‘-[_4{.‘.2.7.5 /p L with respect to e,-deformation. The contour line spacing is
S - I 0.1 MeV.

/
;:\- 1 //}5 L
S “"145,.27) " the non-collectivey=(-120°,609 axis at theirl 5, values.
<057 i The [23,,05,] has fewer particles excited g, which
= o i leads to a different deformation than the other configurations.
] zh_eﬁ’rfy 23,,05,] I There is a forking at™=23" in the deformation path of this
—— T configuration which is caused by the second minimum in
10 15 30 35

Fig. 7. This means that the nucleus in this case has two paths

to choose from and choosing the smoothest path increases
FIG. 6. Comparison between experimentapper paneland  the energy for thé™=23" state.

calculated(lower panel energies in®®Nb relative to a rigid rotor

reference. Only configurations with positive parity likely to be iden- B. Negative-parity structures in ®Nb and comparison

tified with experiment are displayed. Also shown are thé asd with experiment

17* states which are naturally interpreted as the closed [@ir®5 . . .
configurations. Closed symbols are used for signaws® and The observed negative-parity bands are drawn in the up-

open symbols forr=1. Dotted lines indicate some of the transitions per panel of Fig. 10: Bands 5 gnd 6 arg regular band; in the
between the experimental bands. Identical symbols are used in tHé= 20—30 range while band 9 is low-lying up to the highest
two panels to indicate our preferred interpretation. Dashed lines i$PIN value observed,=23; i.e., it is mainly for these three
the lower panel indicate those parts of the calculated bands not se€@nds that we could hope to find theoretical counterparts.
in experiments, according to present interpretation. Comparing with the calculated bands in Fig. 5, the

20 25
Spin, / [#]

the Q; values shown in Fig. 8 the agreement is less satisfy- 3s{— — F
ing. Both configurations seem to be too deformed and thus 1 sl
too collective to be good candidates. There are two other 37 I B
signature partners witlQ; values in better agreement with [45,.27]
experiments. These af@3_,27,] and[23,,27,] which are 2'5'_
less deformed and thus witQ, values closer to the experi- =
ment. However Fig. 6 shows that these configurations areﬂh
located somewhat too high in energy, especially at the high-St 15
est observed spin values, to be really good candidates fo

2 -
45,271 [

bands 3 and 4. 1 . -
05 [t band2 M \ 8 I
3. Deformation trajectories = LIEEEE};‘ 2305 I

The deformation paths for some of the more interesting L L L B SR SR L L SO SO N
configurations are depicted in Fig. 9. Note that these configu- 810 12 e lgpﬁf Iz[zh] 22628 30 2
rations tend to be oblate which is understood from the fact ’

that they are most naturally described as hole states, espe- FIG. 8. The electric transition quadrupole mome@tsss initial
cially the [45,27 configurations for which both thgy/, sub-  spin|; for the positive parity bands. Experimental values for bands
shell and theN=3 low-j shells are more than half full. It is 2, 3, and 4 are compared with the calculated values for some

also interesting to note that these configurations do not reaatonfigurations.
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,F600 .Y.=|300 | Y:O° 3.I|I.I..I|I|I|..I|I.
f we23 2711, =28"

0a[23,27,)1 =29" |
(23,0511 =27"

—e[4527)1 =32" |

max

3|00 [45,27,11  =33"

134,27

max

- ) %0 ¥=-30°

£, sin(y+30%)
[=-]

~~~~~~ \‘k \\\\ [45*,1_"6] L
§ K Npowg ) 8 ) . . .
-0 1_(--»"”'" N - i L 054 [—band5 e \ i
\ b . e 12,05 423,(, 1,6] \
e--e band 9 i -
] T Oll " 0|2 T 03 O T T T T T T T T
: ( 300)' : 10 12 14 16 18 20 22 24 26 28 30 32 34
& costr Spin, I [7]

FIG. 9. Calculated deformation trajectories for the configura- Fig 11. The electric transition quadrupole momeQisrs ini-
tions considered in Fig. 6. For the trajectories drawn, the deformagy spin|; for the negative parity bands ffNb. Experimental val-
tion decreases with increasing spin. The trajectories are drawn ifles for bands 5, 6 and 9 are compared with the calculated values for
steps ofAl=2 up t01=1ay some configurations.

[3.4,27,], [45,,1,6] and[1,2,0.5] configurations appear ) )
to describe the high spin energy characteristics of these o3+4,27] and[23,,1,6]. The former configuration should
served bands quite well. They are thus drawn in the loweProbably be identified with the lower spin range of band 6,

panel of Fig. 10 together with two more bands, namelyWhere connecting M1 transitions indicate that it is the signa-
ture partner of band 5, while the latter configuration is an

.. ..., [eeBads5a=0 alternative interpretation of band 9.
o—¢Band 6,00 =0
<+<Band7,0=0 1. Bands 5 and 6
0.54 »+»Band 8, =0
4—4Band 10, =0 As mentioned above, because band 6 proceeds to spin
ooBand9,a=1 334, it can only be associated with tfid5, ,1,6] configu-

/]

ration havingl,,,=33, see Fig. 5. Furthermore the assign-

- ment of band 5 to thE3_4,27,] configuration is very solid in

I the sense that this interpretation is essentially independent of
B parameters. These assignments can also be tested by compar-
I ing observed and calculatég, values as shown in Fig. 11.

E-.019291(I+1) [MeV]
.o
— w
' 1 1 |

139 Experiment i The observed values for bands 5 and 6 show large fluctua-
n=- I tions, probably because of band mixing. Therefore, we can-
S not expect the calculated values for pure configurations to
10 15 205pin 1[h]25 30 35 come very close, and the fact that the observed values are

generally somewhat lower than the values calculated for con-
T T figurations[3_4,27,] and[45,,1,6] is not unexpected. Note
also that theQ; values have not been determined at high
L enough spin to give much clues about band termination. The
L deformation paths for these configurations are shown in Fig.
L 12. As in the positive-parity case, the configurations are pre-
L dicted to have deformations aroune-40°—--60°, i.e., Fig.
L 3 can be consulted to get a better understanding of the rel-
S = evant single-particle orbitals. Note also that these bands do
] (45,1,6] L not reach the non-collective axis even at thigig, values.
0 = Comparing Figs. 11 and 12, the discontinuity in @eversus
Theory 3 spin curve for configuratio3_4,27,] can be understood
054 WT=- - from the corresponding shape trajectory where a jump in
- L Sy I deformation is calculated. The jump is due to a rather large
10 15 2OSpin 1[h]25 30 3 and shallow energy minima in the total energy surface for
' spin valued =28-32. In this case, choosing a more continu-
FIG. 10. Comparison between the experimeritgiper pangl ~ Ous path similar to that for the signature partp@r4,27,]
and calculatedlower pane) energies of negative parity ifPNb  results in only a small energy cost and might be considered
relative to a rigid rotor reference. The different rotational bands aréhe more physical path since it results in a more continuous
drawn in a similar way as the positive parity bands in Fig. 6. variation of the wave function.

E—-.019291(1+1) [MeV]
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60" 300 | . tive to the configurations with morg,, particles assigned to
/ — (342711 =32 bands 3, 5 and 6. Such changes will thus only destroy the
o1/ o—oms, 1611, =33 | balance between configurations with few and mggy par-
ST o236, =29 ticles but not help to increase the relative energy of the
+=[1,20511 =23 [34,09 band which have no experimental counterpart. On
N o0 3427 La=31| the other hand, we may note that the unobserj&t05
% ] “ =30° ban_ds have relatively margp,, protons being located tp the
g left in Fig. 4. Therefore, if theg,, proton subshell was lifted
o relative to that for neutron, it would in general increase the
- energy of these “unobserved configurations” relative to those
o1 - /,/\_ assigned to experimental bands. This puts some doubt on
h present parameter set A in Fig. 2, with the protpp sub-
\. X | . shell considerably lower than that for neutrons. These posi-
0 0.1 02 tions are however required to get the relative energies of the
€, cos(y+30°) configurations assigned to band 5 and 6 in agreement with

experiment, especially the low energy for the configuration

seN't:)I_G' 12. Same as Fig. 9 but for negative parity configurations of[45+, 1,6] with I7_ =33, which is assigned to band 6.

Another configuration which appears low in Fig. 5 is
[2,,3,05]. However it is coming down very steep and is
2.Band 9 low in energy only forl =24" and 26. Furthermore it has a
The most natural candidate for band 9 is certainly thesomewhat strange feature with the same signature for both
configuration[1,2,05,]. The calculated band comes down N=3 holes. Therefore, it is not surprising that it does not
somewhat too steep in Fig. 10, but it is at the right positionhave any experimental counterpart.
and itsl,,,, value corresponds to the highest spin state ob- As mentioned above, the parameters used’fiib have
served in band 9 indicating that it terminates at this spirbeen fitted to the level scheme of bdttNb and®/Nb. In-
value. Another assignment could be configurafi2g,,1,6] ~ deed, the level scheme in these two nuclei have large simi-
which is at the right place and not as steep but does ndgrities with most band if®Nb having their counterparts in
terminate until spin 28. For this band, the experimental =~ 'Nb. The detailed results f6fNb can be found in Ref5]
Q-values are located between those calculated for the tw8nd will not be presented here. In general however, with the
configurations, see Fig. 11. The decline among the last thre@ew parameters, the bands are less down-sloping close to
observedQ, values and the sharp bend in the energy versuiermination when drawn versus the standard reference in
spin curve at the last spin seem to support the band termingeneral agreement with experiment. There are however simi-
tion interpretation based on thigl,2,05] configuration. lar problems as if°Nb, e.g., with calculated low-lying bands
Similar conclusions can also be drawn from the observedith 4 go2 protons and &g, neutrons which have no ex-

y-ray intensitieg31] which show a large decrease when ap-Perimental counterpart. The fact that the low-lying calculated
proaching thd =23 state. [34,09 bands have no correspondence in the presently ob-

served level scheme &fNb (and the[34,0§ bands in the
. ) 6 . . . level scheme of’Nb) suggest some adjustment for the rela-
C. Discussion of®®Nb configurations and comparisons . . f th lculated bands. In an however
with &'Nb tive energies of the calculated bands. In any case, however,
these configurations are expected to come relatively low in
With the assignments above, we have found calculateénergy making it worthwhile to continue the search for the
configurations of®Nb which describe the energy character- corresponding bands in the experimental level scheme.
istics of all low-lying high-spin bands, 2,3,5,6 and 9 quite
well. There are however two configurations displayed in Fig.
5 that are calculated low in energy but with no experimental
counterpart, namely the signature partng8s4,05] and The level scheme of%Zr has been analyzed using both
[3.4,05,]. Considering Fig. 4, the observed bands are asstandard paramete[8] and another parameter set similar to
signed to configurations in the upper left as well as in theA=80 parameterf9]. In general the assignments of the high-
lower right corner, i.e., configurations with large differencespin bands seem pretty clear. Therefore this nucleus consti-
in the total number ofyy, particles. Therefore, the problem tutes a useful playground when investigating different pa-
with the low [34,09 configurations, with an intermediate rameters in this mass region.
number ofgy,, particles, cannot be cured by a variation inthe  In Fig. 13 all observed positive-parity bands have signa-
same direction of the proton and neutigyp, subshells. If the  ture =0 corresponding to even spin values. In the middle
Og/» Subshells were lowered it corresponds to a favoring ofpanel of Fig. 13 the parameters labeldd have been used
configurations with manyg,,, particles so that th¢34,05  which are the ones fitted Nb and®Nb. The configura-
bands would come even lower relative to tf#2,09 and tions likely to be identified with experiments g#4,06 and
[23,05 configurations assigned to bands 2 and 9. If the enf22,0§. Note that the relative positions of these two high-
ergy of theg,, subshells were increased on the other hand, ispin bands are not well reproduced with these parameters. In
leads to similar problems for tH&4,05 configurations rela- the lower panel, single-particle parameters fitted%r (set

V. HIGH-SPIN BANDS IN &%zr
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FIG. 13. Comparison between the experimeritgdper panel
and calculatedlower panels energies in®Zr relative to a rigid
rotor reference. Only bands with positive parity are drawn. CAse
is calculated with the same parameters as’fbib and case&B) is

calculated with parameters more adapted®#r.

B of Fig. 2 and Table ) have been used and the result looks

PHYSICAL REVIEW QO0, 024303(2004)
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FIG. 14. Same as in Fig. 13 but for bands with negative
parity.

I =4, appears supported by a discontinuity in the observed
band. Then, for thd=30" state, theN=3 holes couple to
their maximum spin) =6.

In the negative-parity cagsee Fig. 14 the two configu-

more promising. Compared with th&=80 parameters the rations likely to be associated with experiments are the sig-
curves generally obtain more unfavored terminations fomature partner$3,3,,06] and [3,3_,06]. Both configura-
both parameter sets, A and B. This is caused by the loweringons are predicted rather low for both parameter sets and
of the f5;, subshell and agrees better with experiment. In-seems to be in fair agreement with experiments. Note that the
deed, the agreement between experiment and calculation é&en spin band is interpreted as a signature partner iggihe
quite good for parameter set B. Even the calculated alignegrotons. Such higlj-partners seem more likely to exhibit
28" state, built with the foulN=3 proton holes coupled to M1-transitions than those which have exchanged the signa-
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ture of a nucleon in low-orbitals. This is seen here and also in the number of higtj-particles between different bands, the
seems to be the case for the negative parity banddNb  assumption that all bands can be described with the same
(Ref. [6]). For the favored negative parity band, the agreesingle-particle parameters could be a somewhat rough ap-
ment has been pretty bad close to termination in previouproximation. It would thus be interesting to investigate if a
calculationg8,9] and the more soft termination with present better description could be achieved in self-consistent calcu-
parameters comes much closer to experiment. lations.
Similar calculations were also tried f&PZr where, ac-
cording to previous studies, the configurations of the differ-
VI. CONCLUSIONS ent bands are well established. These calculations resulted in
In this study, we have tried to find improved single- & good agreement between the lowest calculated bands and

particle parameters to describe the high-spin band¥Nib the observed high-spin bands. We also made some comments
and neighboring nuclei. The relative positions of tfie3  about the high-spin bands &fNb which are very much
andg,, subshells as functions of particle number have bee@halogous to those ifi°Nb and where one can also note
investigated in self-consistent models. Furthermore, irsimilar successes and problems in the theoretical description.
configuration-dependent cranked Nilsson-Strutinsky calcula- N general, the high-spin bands ifi*Nb appear strongly
tions with the modified oscillator potential, the single- Mixed which is certainly a difficulty when comparing with
partic|e parameters have been varied to fit the observeﬂ'le theoretical CalCUlationS, where pure Configurations are
bands. The most important conclusion, common to both Stu(ﬁ.SSUmEd. This mixture will also make it difficult to observe
ies is that contrary to the level ordering used in previoughe B(E2) transition probabilities for the pure bands. It is
calculations, the, subshell must be placed below thg, therefore not too disturbing that calculatedE)'s are in
subshell in this mass region. general somewhat bigger than the observed ones. One should
With the revised parameters, the general features of thalso note that most of the bands are calculated as oblate or
rotational bands close to termination is described much betlose to oblate. This is an interesting feature but somewhat
ter than before, i.e., when plotted relative to a standard rigi¢inusual and could therefore lead to difficulties in the theo-
rotation reference, the calculated and observed bands hav@tical description. Another interesting fact is that it is only
similar slopes as functions of angular momentum. Furtherbands with fewgg,, particles which are calculated to termi-
more, it was possible to find reasonable interpretations of affate and become non-collective when they rekgh i.e.,
low-lying high-spin bands of®Nb in terms of configurations Most bands can be followed beyond the maximum spin state
with 7 to 12gy, particles. Indeed, states which most likely as calculated from their distribution of particles over the sub-
correspond to the maximum spin states in the closed corghells. These states wilh>1,,, are however quite high in
configuration with 6gy, particlesl =16, 17" were also iden- ~energy and therefore it is very questionable if they could ever
tified. One problem is that one configuration witlyg, par-  be identified in experiment.
ticles is calculated as yrast for spin valdes 20—30 but it . ACKNOWLEDGMENTS
does not have any experimental counterpart. However, with
uncertainties of 0.5-1.0 MeV in the relative positions of the We would like to thank A. V. Afanasjev, who conducted
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