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Abstract

A systematic study of the yrast-band structure for the proton-rich, even–even mass-80 nuclei is
carried out using the projected shell model approach. We describe the energy spectra, transition
quadrupole moments and gyromagnetic factors. The observed variations in energy spectra and
transition quadrupole moments in this mass region are discussed in terms of the configuration mixing
of the projected deformed Nilsson states as a function of shell filling. 2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction

The study of low- and high-spin phenomena in the proton-rich mass-80 nuclei have
attracted considerable interest in recent years. This has been motivated by the increasing
power of experimental facilities and improved theoretical descriptions, as well as by
the astrophysical requirement in understanding the structure of these unstable nuclei. In
comparison to the rare-earth region where the change in nuclear structure properties is quite
smooth with respect to particle number, the structure of the proton-rich mass-80 nuclei
shows considerable variations when going from one nucleus to another. This is mainly due
to the fact that the available shell model configuration space in the mass-80 region is much
smaller than in the rare-earth region. The low single-particle level density implies that
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a drastic change near the Fermi surfaces can occur among neighboring nuclei. Another
fact is that in these medium-mass proton-rich nuclei, neutrons and protons occupy the
same single-particle orbits. As the nucleus rotates, pair alignments of neutrons and protons
compete with each other and in certain circumstances they can align simultaneously.

Thanks to the new experimental facilities, in particular, to the newly constructed detector
arrays, the domain of nuclides accessible for spectroscopic studies has increased drastically
during the past decade. For example, some extensive measurements [1–10] of the transition
quadrupole-moments, extracted from the level lifetimes and excitation energy of 2+ state,
have been carried out for Kr-, Sr- and Zr-isotopes. These measurements have revealed
large variations in nuclear structure of these isotopes with respect to particle number
and angular momentum. It has been shown that alignment of proton- and neutron-pairs
at higher angular momenta can change the nuclear shape from prolate to triaxial and to
oblate.

A systematic description for all these observations poses a great challenge to theoretical
models. The early mean-field approaches were devoted to a general study of the structure
in the mass-80 region. Besides the work using the Woods–Saxon approach [11], there were
studies using the Nilsson model [12] and the Skyrme Hartree–Fock+ BCS theory [13].
More recently, microscopic calculations were performed using the Excited VAMPIR
approach [14,15]. However, this approach is numerically quite involved and is usually
employed to study some quantities for selected nuclei. The large-scale spherical shell
model diagonalization calculations [16] have been recently successful in describing the
pf -shell nuclei, but the configuration space required for studying the well-deformed mass-
80 nuclei is far beyond what the modern computers can handle.

Recently, the projected shell model (PSM) [17] has become quite popular to study
the structure of deformed nuclei. The advantage in this method is that the numerical
requirement is minimal and, therefore, it is possible to perform a systematic study for
a group of nuclei in a reasonable time frame. The PSM approach is based on the
diagonalization in the angular-momentum projected basis from the deformed Nilsson
states. A systematic study of the rare-earth nuclei [18,19] has been carried out and the
agreement between the PSM results and experimental data has been found to be quite good.
Very recently, the PSM approach has also been used to study the high-spin properties of
74Se [20], which lies in the mass-80 region.

The purpose of the present work is to perform a systematic PSM study of the low-
and high-spin properties for the proton-rich, even–even Kr-, Sr- and Zr-isotopes. The
physical quantities to be described are energy spectrum, transition quadrupole moment and
gyromagnetic factor. In addition, to compare the available data with theory in a systematic
way, we also make predictions for the structure of theN = Z nuclei which could be
tested by future experiments with radioactive ion beams. We shall begin our discussion
with an outline of the PSM in Section 2. The results of calculations and comparisons
with experimental data are presented in Section 3. Finally, the conclusions are given in
Section 4.
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2. The projected shell model

In this section, we shall briefly outline the basic philosophy of the PSM. For more details
about the model, the reader is referred to the review article [17]. The PSM is based on the
spherical shell model concept. It differs from the conventional shell model in that the PSM
uses the angular momentum projected states as the basis for the diagonalization of the shell
model Hamiltonian. What one gains by starting from a deformed basis is not only that shell
model calculations for heavy nuclei become feasible but also physical interpretation for the
complex systems becomes easier and clearer.

The wave function in the PSM is given by

|σ, IM〉 =
∑
K,κ

f σκ P̂
I
MK |φκ〉. (1)

The indexσ labels the states with same angular momentum andκ the basis states.̂P I
MK is

angular momentum projection operator andf σκ are the weights of the basis statesκ .
We have assumed axial-symmetry for the basis states and the intrinsic states are,

therefore, the eigenstates of theK-quantum number. For calculations of an even–even
system, the following four kinds of basis states|φκ〉 are considered: the quasiparticle
(qp) vacuum|0〉, two-quasineutron statesa†

ν1
a†
ν2

|0〉, two-quasiproton statesa†
π1
a†
π2

|0〉, and
two-quasineutron plus two-quasiproton (or 4-qp) statesa†

ν1
a†
ν2
a†
π1
a†
π2

|0〉. The projected
vacuum|0〉, for instance, is the ground-state band (g-band) of an even–even nucleus.

The weight factors,f σκ in Eq. (1), are determined by diagonalization of the shell model
Hamiltonian in the space spanned by the projected basis states given above. This leads to
the eigenvalue equation∑

κ ′
(Hκκ ′ −EσNκκ ′)f σκ ′ = 0, (2)

and the normalization is chosen such that∑
κκ ′

f σκ Nκκ ′f σ
′

κ ′ = δσσ ′, (3)

where the Hamiltonian and norm-matrix elements are given by

Hκκ ′ = 〈φκ |Ĥ P̂ I
KκK

′
κ ′
|φκ ′ 〉, (4)

Nκκ ′ = 〈φκ |P̂ I
KκK

′
κ ′
|φκ ′ 〉. (5)

In the numerical calculations, we have used the standard quadrupole–quadrupole plus
(monopole and quadrupole) pairing force, i.e.,

Ĥ = Ĥ0 − 1

2
χ

∑
µ

Q̂†
µQ̂µ −GM P̂

†P̂ −GQ

∑
µ

P̂ †
µ P̂µ, (6)

whereĤ0 is the spherical single-particle Hamiltonian. The strength of the quadrupole force
χ is adjusted such that the known quadrupole deformation parameterε2 is obtained. This
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condition results from the mean-field approximation of the quadrupole–quadrupole interac-
tion of the Hamiltonian in Eq. (6). The monopole pairing force constantsGM are adjusted
to give the known energy gaps. For all the calculations in this paper, we have used [20]

GνM =
[
20.25− 16.20

N −Z

A

]
A−1, GπM = 20.25A−1. (7)

The strength parameterGQ for quadrupole pairing is assumed to be proportional toGM.
It has been shown that the band crossing spins vary with the magnitude of the quadrupole
pairing force [21]. The ratioGQ/GM (≡ γ ) can therefore be adjusted to reproduce the
observed band crossings and the value ofγ used for each nuclei are given in Table 1.

Electromagnetic transitions can give important information on the nuclear structure and
provide a stringent test of a particular model. In the present work, we have calculated the
electromagnetic properties using the PSM approach. The reduced transition probabilities
B(EL) from the initial state(σi, Ii) to the final state(σf, If) are given by [19]

B(EL, Ii → If)= e2

(2Ii + 1)

∣∣〈σf , If‖Q̂L‖σi, Ii〉
∣∣2, (8)

where the reduced matrix element is given by

〈σf , If‖Q̂L‖σi , Ii〉
=

∑
κi ,κf

f σi
κi
f σf
κf

∑
Mi ,Mf,M

(−)If−Mf

(
If L Ii

−Mf M Mi

)
〈φκf |P̂ If

KκfMf
Q̂LMP̂

Ii
KκiMi

|φκi 〉

= 2
∑
κi,κf

f σi
κi
f σf
κf

∑
M ′,M ′′

(−)If−Kκf (2If + 1)−1
(

If L Ii

−Kκf M ′ M ′′
)

×
∫

dΩDM ′′Kκi (Ω)〈φκf |Q̂LM ′R̂(Ω)|φκi 〉. (9)

Table 1
Deformation and quadrupole pairing strengths used in PSM calculations

Nuclei ε2 γ ≡GQ/GM

Prolate deformation
72Kr 0.36 0.16
74Kr 0.37 0.16
76Kr 0.36 0.24
76Sr 0.36 0.16
78Sr 0.36 0.16
80Sr 0.34 0.16
80Zr 0.36 0.16
82Zr 0.29 0.16
84Zr 0.22 0.16

Oblate deformation
68Se −0.26 0.16
74Kr −0.24 0.16
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The transition quadrupole momentQt(I) is related to theB(E2) transition probability
through

Qt(I)=
(

16π

5

B(E2, I → I − 2)

〈IK20|I − 2K〉
)1/2

. (10)

In the calculations, we have used the effective charges of 1.5e for protons and 0.5e for
neutrons, which are the same as in the previous PSM calculations [17,19].

Variation ofQt with spinI can provide information on shape evolution in nuclei. In the
case of a rigid rotor, theQt curve as a function ofI is a straight line. Experimentally, one
finds a deviation from the rigid body behavior for most of the nuclei in this mass region.
One expects more or less a constant value inQt up to the first band crossing. At the band
crossing, one often sees a dip inQt value due to a small overlap between the wave functions
of the initial and the final states involved. There can be a change inQt values after the first
band crossing, which indicates a shape change induced by quasiparticle alignment.

The other important electromagnetic quantity, which can give crucial information about
the level occupancy and thus is an direct indication of the nature of alignment, is the
gyromagnetic factor (g-factor). The g-factorsg(σ, I), gπ (σ, I) andgν(σ, I) are defined
by [19]

g(σ, I)= µ(σ, I)

µNI
= gπ(σ, I)+ gν(σ, I), (11)

with gτ (σ, I), τ = π,ν given by

gτ (σ, I) = 1

µN [I (I + 1)]1/2
× [
gτl 〈σ, I‖Ĵ τ‖σ, I 〉 + (gτs − gτl )〈σ, I‖Ŝ τ ‖σ, I 〉

]
, (12)

andµ(σ, I) is the magnetic moment of a state(σ, I). In our calculations, the following
standard values ofgl andgs have been taken:gπl = 1, gνl = 0, gπs = 5.586×0.75 andgνs =
−3.826× 0.75. Unfortunately, very few experiments [22–24] have been done to measure
the g-factors in this mass region. The only experiment which has recently been performed
is for 84Zr [24]. In the present paper, we have calculated g-factors for this nucleus and
compared with the data.

3. Results and discussions

The PSM calculations proceed in two steps. In the first step, an optimum set of deformed
basis is constructed from the standard Nilsson potential. The Nilsson parameters are taken
from Ref. [27] and the calculations are performed by considering three major shells (N =
2, 3 and 4) for both protons and neutrons. The basis deformationε2 used for each nucleus
is taken either from experiment if measurement has been done or from the theoretical
value of the total Routhian surface (TRS) calculations. Their values are listed in Table 1.
The intrinsic states within an energy window of 3.5 MeV around the Fermi surface are
considered. This gives rise to the size of the basis space,|φκ〉 in Eq. (1), of the order
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of 40. In the second step, these basis states are projected to good angular-momentum
states, and the projected basis is then used to diagonalize the shell model Hamiltonian.
The detailed calculations have been carried out for Kr-, Sr- and Zr-isotopes and the
results are discussed in the following subsections. The band diagram [18], which gives the
projected energies for the configurations close to the Fermi surface is shown in Figs. 1–3

Fig. 1. Band diagrams for Kr isotopes.
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Fig. 1. —continued.

Fig. 2. Band diagrams for Sr isotopes.



148 R. Palit et al. / Nuclear Physics A 686 (2001) 141–162

Fig. 2. —continued.
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Fig. 3. Band diagrams for Zr isotopes.
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Fig. 3. —continued.

to explain the underlying physics. It should be noted that only a few of the most important
configurations are plotted in the band diagrams, although many more are included in the
calculations.

While most of the calculations [11,25] for the mass-70–80 nuclei at low frequency show
two minima — one corresponding to a deformed prolate shape and the other to an oblate
shape, very few nuclei have been found experimentally to have a collective oblate band. In
fact, one such rare example is68Se, where a collective oblate band has been found in a very
recent work [26]. For collective rotation perpendicular to the symmetry axis, oblate shape
has least moment of inertia compared to any other shapes. This makes the rotational oblate
band energetically unfavoured, unless low-lying state of oblate shape is very tightly bound
(a deep minimum in potential energy surface). Hence, it is difficult to measure a collective
oblate band in most of the cases. However, it is highly desirable to test the predictive
power of the PSM based on an oblate mean field. For this purpose, calculations for the
oblate bands in68Se and74Kr are described in the last subsection.

3.1. Kr isotopes

The proton-rich Kr-isotopes depict a variety of coexistence of prolate and oblate shapes
in the low-spin region. For these nuclei, the low-lying states have an oblate deformation
and the states aboveIπ = 4+ are associated with a prolate shape.

The first experimental information on transitions in72Kr [28] was later confirmed in
Refs. [29,30]. Recently, the level scheme has been extended up toIπ = 16+ [9]. The
experimental value of the transition strength is available only forIπ = 8+. Following the
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Fig. 4. Comparison of the calculated energies (open square)E(I) of the yrast bands with
experimental data (filled circle) for Kr, Sr and Zr isotopes. The calculated yrast bands consist of
the lowest states after diagonalization at each angular momentumI .

indication in Ref. [28] that the yrast band at higher spins is prolate in nature, we have
calculated the72Kr with a prolate basis deformation ofε2 = 0.36. As shown in the band
diagram in Fig. 1, the g-band is crossed by a pair of proton 2-qp bands and a neutron 2-qp
band at aboutI = 10. This gives rise to a simultaneous alignment of neutron and proton
pairs. The measured energies and moment of inertia are compared with the calculated
values in Figs. 4 and 5. The calculatedQt values are shown in Fig. 6. The only data point
available is in good agreement with our calculations.

Recent lifetime measurements in74Kr up to Iπ = 18+ [7] indicate a pronounced shape
change induced by quasiparticle alignments. The[440]1

2, [431]3
2, [422]5

2 neutron orbitals
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Fig. 5. Comparison of calculated moments of inertia (open square)J (1) with experimental data (filled
circle) as a function of square of rotational frequencyω2 for Kr, Sr and Zr isotopes. These quantities
are defined asJ (1) = (I − 1/2)/ω andω= [E(I)−E(I − 2)]/2.

and the[440]1
2, [431]3

2, [422]5
2 proton orbitals play a major role in determining the nuclear

shape at the high-spin region. In order to describe the high-spin states properly, we have
used the prolate deformation ofε2 = 0.37 in the PSM calculations for74Kr. The band dia-
gram is shown in Fig. 1. The neutron 2-qp stateνg9/2[3/2,5/2] and two proton 2-qp states
πg9/2[1/2,3/2] andπg9/2[3/2,5/2] cross the g-band aroundI = 14. This corresponds to
the alignment of neutron and proton pairs as observed in the experiment. The yrast band,
consisting of the lowest energies after diagonalization at each spin, is plotted in Fig. 4 to
compare with the available experimental data. These values are also displayed in Fig. 5 in
a sensitive plot of moment of inertia as a function of square of the rotational frequency.
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Fig. 6. Comparison of calculated transitional quadrupole moments (open square)Qt with experimen-
tal values (filled circle) for Kr, Sr and Zr isotopes. In case of80Sr the second set [33] of experimental
data (open diamond) is also plotted.

For 74Kr, there is a very good agreement between the theory and experiment in both plots,
except for the lowest-spin states. In Fig. 6, theQt values from the theory and experiment
are compared. The sudden fall in theQt at I = 14, which is described correctly by our
calculations, is associated with the first band crossing (see Fig. 1). Due to the occupation
of the fully aligned orbitals after this band crossing, theQt value becomes smaller for the
higher-spin states. AboveI = 18, maximum contribution to the yrast states comes from
the configuration based on the 4-qp stateνg9/2[3/2,5/2]+ πg9/2[1/2,3/2].

The energy levels and their lifetimes in76Kr have been measured up toIπ = 22+ along
the yrast band [3,4]. Lifetime measurements indicate a large deformation in this nucleus.
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A simultaneous alignment of proton and neutron pairs is observed. For this nucleus, the
calculations are performed for a prolate deformation ofε2 = 0.36. The band diagram of
76Kr is shown in Fig. 1. The g-band is crossed by the neutron 2-qp bandνg9/2[3/2,5/2]
and two proton 2-qp bandsπg9/2[1/2,3/2] andπg9/2[3/2,5/2] betweenI = 12–14. This
corresponds to the simultaneous alignments of neutron and proton pairs. At higher spins,
the wave function of the yrast states receives contribution from the 4-qp configurations.
Though the major component of the wave function for the higher-spin states comes
from the 4-qp state based onνg9/2[3/2,5/2] + πg9/2[1/2,3/2] as shown in the plot, we
find some amount ofK-mixing with other 4-qp states leading to a nonaxial shape. The
comparisons of the calculated energies andQt values with experimental data show good
agreement as shown in Figs. 4–6. As in the74Kr case, the drop inQt value at spinI = 14
is obtained due to the occupation of the aligned states.

Although good agreement between theory and experiment for the72Kr spectrum is
obtained in Fig. 4, clear discrepancy can be found in the more sensitive plot of Fig. 5.
Besides the problem in the description of the moment of inertia for the lowest-spin states
as in the74Kr and 76Kr cases, the current calculation can not reproduce the fine details
around the backbending region. For thisN =Z nucleus, there is an open question whether
the proton–neutron pair correlation plays a role in the structure discussions [31]. In a recent
study using the cranking model, it has been shown that the delayed band crossing observed
in 72Kr could be a signature of the proton–neutron pairing [32].

3.2. Sr isotopes

Light strontium isotopes are known to be among the well-deformed nuclei in the mass-
80 region. In contrast to the Kr isotopes, data for Sr, including the most recent ones [33],
do not suggest a backbending or upbending in moment of inertia (see Fig. 5). For76Sr,
the only experimental work was reported in Ref. [34], where the energy of the first excited
state was identified. Because of shell gap atN = 38, this nucleus is found to be highly
deformed. We have calculated this nucleus with the basis deformation ofε2 = 0.36. It
is found in Fig. 2 that the proton 2-qp bandπg9/2[3/2,5/2] and the neutron 2-qp band
νg9/2[3/2,5/2] nearly coincide with each other for the entire low-spin region, and cross
the g-band atI = 14. Just aboveI = 16, the 4-qp band based on the configuration
νg9/2[3/2,5/2] + πg9/2[3/2,5/2] crosses the 2-qp bands and becomes the lowest one
for higher spins. However, both of the first and the second band crossings are gentle with
very small crossing angles. Therefore, the structural change along the yrast band is gradual,
and the yrast band obtained as the lowest band after band mixing seems to be unperturbed.
This is true also for the isotopes78Sr and80Sr as we shall see below. Thus, although
band crossings occur in both of the Kr and Sr isotopes, smaller crossing angle results in
a smooth change in the moments of inertia in Sr, and this picture is very different from
what we have seen in the Kr band diagrams in Fig. 1, where sharper band crossings lead to
sudden structure changes.

Ref. [35] reported the positive parity yrast cascade in78Sr up to Iπ = 10+. Their
measurement of the lifetimes of the first two excited states indicate the E2 transition



R. Palit et al. / Nuclear Physics A 686 (2001) 141–162 155

strengths of more than 100 Weisskopf units. Refs. [36,37] extended this sequence up to
Iπ = 22+. A broad band crossing was observed aroundI = 12 and two bands in78Sr
seem to interact strongly over a wide range of spin states. To study these effects, the band
energies are calculated for78Sr, assuming a prolate deformationε2 = 0.36. As shown in
the band diagram of78Sr in Fig. 2, the band based on the proton 2-qp state occupying
[431]3

2 and[422]5
2 orbitals crosses the g-band atI = 12 at a very small angle. This implies

a smooth structure change in the yrast band and explains the gradual alignment behavior
as observed in the experiment. In fact, the neutron 2-qp band based on[431]3

2 and[422]5
2

orbitals contribute to the yrast levels betweenI = 14 to 18. The calculated energies and
moment of inertia are compared with the experimental data in Figs. 4 and 5. In Fig. 6,
the calculatedQt values show a smooth behavior with a slight decreasing trend for the
entire spin region, which is in contrast to the sudden drop in theQt curve atI = 14 in its
isotone74Kr. The current experimental data exist only for the lowest two states. To test our
prediction, the measurements for higher spins are desirable.

In a recent experiment [33],80Sr has been studied up toIπ = 22+ along the yrast
band. To observe the shape evolution along the yrast band, the lifetime of levels up
to I = 14+ has been measured. At low spin, a prolate shape withβ2 ≈ 0.35 has been
reported [33]. Takingε2 = 0.34, the band diagram of80Sr is calculated and displayed in
Fig. 2. A proton 2-qp band based onπg9/2[3/2,5/2] crosses the g-band betweenI = 10
and 12 and this corresponds to the first proton pair alignment. At higher spin values, the
yrast states get contribution from a large number of 4-qp configurations with differentK-
values (these bands are not shown in Fig. 2). The calculated spectrum is compared with
data in Figs. 4 and 5. The agreement is satisfactory. In particular, the smooth evolution of
moments of inertia is reproduced in Fig. 5. Two sets of measuredQt values [33,37] are
compared with our calculations. The pronounced fluctuations in theQt values from the
early experiment [37] have been removed by the new measurement in Ref. [33]. However,
our calculation does not reproduce the newly measuredQt at I = 14.

3.3. Zr isotopes

The self-conjugate isotope80Zr was studied up toIπ = 4+ by the in-beam study [10].
The excitation energy of the 2+ state indicates a large deformation for this nucleus. In
Fig. 3, the band diagrams of the proton-rich Zr isotopes are shown. The band diagram of
80Zr is calculated withε2 = 0.36. For the positive parity band, the[431]3/2 and[422]5/2
quasiparticle states lie close to the Fermi levels of both neutrons and protons. These
orbitals play an important role in determining the alignment properties in80Zr. Between
I = 12 and 14, the proton and neutron 2-qp bands cross the ground band at the same spin.
These 2-qp bands consist of twog9/2 quasiparticles in the[431]3/2 and[422]5/2 orbitals,
coupled toK = 1. After this band crossing, the yrast band gets maximum contribution
from both of the proton 2-qp and neutron 2-qp states, as can be seen in Fig. 3. Immediately
following the first band crossing, a 4-qp band crosses the 2-qp bands atI = 16. In the plots
of moment of inertia in Fig. 5, we see that the total effect of the first and second band
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crossings produces a smooth upbending. In theQt plots in Fig. 6, a two-step drop in the
Qt values is predicted, which is due to the two successive band crossings.

Let us now look at theN = Z + 2 isotope of Zr. Recently,82Zr has been studied up to
Iπ = 24+ [8]. Lifetime measurements up toIπ = 14+ along the yrast line [2,8] indicate
a smaller deformationε2 = 0.29 for this nuclei. The band diagram is shown in Fig. 3.
Here, the 2-qp band consists of twog9/2 quasiprotons in[431]3/2 and[422]5/2 orbitals
crosses the g-band atI = 10. Beyond that spin, this 2-qp proton configuration contributes
maximum to the yrast states up toI = 16, where a 4-qp band crosses the proton 2-qp
band. This 4-qp configuration is made from two quasiprotons in[431]3/2 and[422]5/2
orbitals and two quasineutrons in[431]3/2 and [422]5/2 orbitals. These two separate
band crossings were observed in the experiment [2,8]. As can be seen from Figs. 4 and 5,
a remarkable agreement between our calculation and experimental data are obtained. The
observed complex behavior of the two-step upbending in moment of inertia in82Zr is
correctly reproduced. As shown in Fig. 6, for82Zr, our theory predicts a small kink at
I = 10 in theQt value corresponding to the band crossing of the proton 2-qp band. At
present the accuracy of the experimental values ofQt [2,8] is not enough to confirm this
kink. Up to I = 12, the measured transition quadrupole moments match quite well with
the calculations. At spinI = 16, the dip in the calculatedQt value is because of the second
band crossing. A close look at the components of the wave functions of the yrast states,
shows the mixing of different intrinsic states increases after the first band crossing around
I = 10. Thus this nucleus loses the axial symmetry at higher-spin states.

For theN = Z + 4 isotope of Zr, the deformation is less than the lighter ones [1].
The band diagram shown in Fig. 3 is based on calculations with the basis deformation of
ε2 = 0.22. At least two proton 2-qp bands based onπg9/2[3/2,5/2] andπg9/2[1/2,5/2]
configurations cross the g-band atI = 8, corresponding to the proton alignment. After the
first band crossing tillI = 14, these two 2-qp bands lie together and continue to interact
with each other. Then one finds a neutron alignment due to the lowering of a 4-qp band
between spinI = 14 and 16. Starting fromI = 18, two 4-qp bands nearly coincide for the
higher-spin states. The calculated energies of the yrast band are compared with that of the
adopted level scheme [1] in Figs. 4 and 5. In Fig. 5, one can see that the interesting pattern
of experimental moment of inertia in84Zr has been qualitatively reproduced although our
calculation exaggerates the variations in the data. To see the shape evolution up to high
spins, the experimental transition quadrupole moments are compared with the calculated
values in Fig. 6. The measuredQt values for84Zr [1] show different behavior from those of
the neighboring even–even nuclei with an increasing trend after the second band crossing.
Though the calculated values ofQt at higher spins are lower than the experimental data,
the qualitative variation is well reproduced.

The only experiment that measured g-factors has recently been performed for84Zr [24].
Though, there are big uncertainties, the three data points suggest the rigid rotor valueZ/A.
As we can see in the theoretical diagram given in Fig. 7, g-factors for the low-spin states
in this nucleus are predicted to have a rigid body character with a nearly constant value
up toI = 6. However, a more than doubled value is predicted forI = 8 with a decreasing
trend thereafter. This pronounced jump in g-factor is obviously due to the proton 2-qp band
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Fig. 7. Comparison of calculated gyromagnetic factors with experimental values for84Zr. For the
theoretical values, dashed (dotted) line represents thegπ (gν ) part as given in Eq. (11), and solid line
gives the total g-value.

crossings atI = 8, as discussed above (see also Fig. 3). The wave functions of yrast states
at I = 8 to 14 are dominated by the proton 2-qp states, thus enhancing the g-factor values.
Therefore, measurement extended to higher spins in this nucleus will be a strong test for
our predictions. Similar g-factor increasing at the first band crossing should also appear in
the neighboring nuclei, for example in82Zr, where proton 2-qp bands alone dominate the
yrast states.

3.4. Oblate bands in 68Se and 74Kr

A collective oblate band up toIπ = 10+ has been identified in68Se [26]. Following the
indication in Ref. [26] that yrast band is oblate in nature, we have calculated68Se for an
oblate deformationε2 = −0.26. As shown in the band diagram in Fig. 8(a), the g-band
is crossed by a pair of proton 2-qp bands and a neutron 2-qp band atI = 12. This gives
rise to a simultaneous alignment of neutron and proton pairs. This fact is supported by the
available experimental data which shows no alignment up toI = 10 state. The measured
energies are compared with the calculated values in Figs. 8(b) and 8(c). The calculatedQt

values are shown in Fig. 8(d).
TRS calculations for the ground state band in74Kr show a prominent oblate minimum

at ε2 ∼ −0.24 [7] along with the prolate minimum. The band diagram for the oblate
configuration is shown in Fig. 9(a). The [431]3

2, [422]52, [413]72 neutron orbitals and
[422]5

2, [413]72 proton orbitals play a major role in determining the structure of oblate
band in74Kr. The two neutron 2-qp bands based onν[5/2,7/2] and ν[3/2,7/2] cross
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Fig. 8. (a) Band diagram for68Se with oblate deformation. Comparison of experimental (filled circle)
and calculated (open square) (b) energies, (c) moment of inertiaJ (1) and (d) transition quadrupole
momentsQt for the oblate configuration in68Se.

g-band atI = 10. On the other hand, 2-qp proton band never becomes energetically most
favourable. However, the 4-qp stateν[5/2,7/2] + π[5/2,7/2] crosses the 2-qp neutron
band atI = 18. Thus, in case of oblate shape for74Kr one expects to see two separate
alignments for neutron and proton pairs atI = 10 and 18, respectively. This picture is quite
different from that of prolate deformation in74Kr, where the present calculation predicts
a simultaneous alignment of neutron and proton pairs in agreement with the experimental
results. The calculated energies for the oblate band are shown in Figs. 9(b) and 9(c). The
transition quadrupole momentsQt are plotted in Fig. 9(d). Unfortunately, no experimental
data for oblate band in74Kr are available to compare with the calculations.



R. Palit et al. / Nuclear Physics A 686 (2001) 141–162 159

Fig. 9. (a) Band diagram for74Kr with oblate deformation. Calculated (open square) (b) energies,
(c) moment of inertiaJ (1) and (d) transition quadrupole momentsQt for the oblate configuration in
74Kr are plotted.

4. Conclusion

The study of the proton-rich mass-80 nuclei is not only interesting from the structure
point of view, but it also has important implications in the nuclear astrophysical study [38].
In this paper, we have for the first time performed a systematic study for the yrast bands of
Tz = 0, 1 and 2 isotopes of Kr, Sr and Zr within the framework of the projected shell model
approach. We have employed the quadrupole plus monopole and quadrupole pairing force
in the Hamiltonian, and the major shells withN = 2, 3 and 4 have been included for the
configuration space.
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The proton-rich mass-80 nuclei exhibit many phenomena that are quite unique to
this mass region. The structure changes are quite pronounced among the neighboring
nuclei and can be best seen in the sensitive plot of Fig. 5. For the Kr nuclei, a clear
backbending is observed for all the three isotopes, while for the Sr isotopes no backbending
is seen. However, the Zr nuclei exhibit both the first and the second upbends. The
transition quadrupole moments show corresponding variations. For these variations, we
have obtained an overall qualitative and in many cases quantitative description. These
variations can be understood by the mixing of various configurations of the projected
deformed Nilsson states. In particular, they are often related to band crossing phenomenon.

Despite the success mentioned above, our calculations fail to reproduce states at very
low spins, as can be clearly seen in the moment of inertia plot of Fig. 5 and theQt plot of
Fig. 6. The present model space which is constructed from the intrinsic states with a fixed
axial deformation may be too crude for the spin region characterized by shape coexistence.
To correctly describe the low-spin region, one needs to enrich the shell model basis.
Introduction of triaxiality in the deformed basis combined with three-dimensional angular
momentum projection [39] certainly spans a richer space. However, in order to study the
high-spin states discussed in this paper, the current space of the triaxial PSM [39] must
be extended by including multi-quasiparticle states. The other possibility is to perform an
investigation with the generator coordinate method [40] which takes explicitly the shape
evolution into account.

The present version of the PSM uses the simplest possible residual interactions in the
Hamiltonian although it is not confined so. The quadrupole plus pairing type interaction has
been widely used in the nuclear structure theory, and they have well-controlled properties.
It was suggested [41] that these interactions simulate the essence of the most important
correlation in nuclei, so that even the realistic force has to contain at least these components
implicitly. As studied in the present paper, collective quantities such as energy levels and
B(E2) andQt values can be well described by the PSM with this type of interactions.
Quantities likeB(M1) values and g-factors can be treated reasonably as well. However, we
remark that such simple schematic forces cannot describe everything that is taking place
in the many-nucleon systems and thus have to be supplemented with other types of forces
whenever the necessity arises. It has become increasingly important to study quantities
such asβ-decay probabilities. Whether the PSM wavefunction is capable of calculating
the nuclear matrix elements remains to be seen.

It has been recently suggested that the neutron–proton pairing, which is not considered
in the present model, could be important in describing the high-spin properties near the
N =Z line. For example, it has been demonstrated that the delayed band-crossing in72Kr
cannot be described using the standard mean-field Woods–Saxon approach [9] and it is
essential to consider the neutron–proton pairing [32]. This is also quite evident from the
present study of the PSM approach. In Fig. 1, the calculated band crossing is seen to occur
at aboutI = 10, whereas the observed band crossing occurs atI = 14. The inclusion of the
neutron–proton pairing correlations in the PSM approach is a nontrivial task, because one
has to reconstruct the whole program in order to couple the neutron and proton subspaces.
On the other hand, it is not yet completely clear that the observed delay in the band crossing
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can be totally attributed to the neutron–proton pairing. It has been only demonstrated in a
simple model study [32] and more realistic calculations are needed to make the picture
clearer.
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