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Abstract. The yrast spectra of 78–82Kr are studied by using the projected shell model (PSM) approach.
The energy states are obtained by taking oblate as well as prolate quadrupole deformations for 78–82Kr.
The structure of yrast states and backbending phenomena are investigated. The theoretical results predict
low-lying states in 78,82Kr to be oblate and coexistence of oblate-prolate shapes for 80Kr. The B(E2)
transition probabilities and g-factors are obtained and compared with the available experimental data.

PACS. 21.60.Cs Shell model – 21.10.Ky Electromagnetic moments – 21.10.Re Collective levels – 27.50.+e
59 ≤ A ≤ 89

1 Introduction

The study of high-spin states in many Kr isotopes has
attracted a considerable interest in recent years. A rich
variety of shapes, as well as shape coexistence, have been
seen in the 78–82Kr isotopes [1–14]. The available data
on 78–82Kr isotopes [5–7,9,10,14] provide some interest-
ing observations at high spin. Some time back, the yrast
band of 78Kr has been extended to higher spins up to 26h̄
by Joshi et al. [6] and Sun et al. [5]. Recently, Dhal et al. [7]
have measured the lifetimes in 78Kr up to the Iπ = 22+

level by using the Doppler shift attenuation method. The
transition quadrupole moments deduced from the lifetimes
show a decreasing trend with the rotational frequency.
In the case of 80Kr, the previously known positive-parity
yrast band has been extended to a high spin of 20+ by
Doring et al. [9]. Mukherjee et al. [10] have measured the
lifetimes of the yrast band of 80Kr and deduced the tran-
sition quadrupole moments (Qt) that show a decreasing
tendency after the band crossing. Thus, the decreasing
trend of Qt indicates a change in shape at high spin in
this band. Kemnitz et al. [1] have identified the excited
states in 82Kr up to I = 12h̄ by using in-beam γ-ray spec-
troscopy. Recently, Mertzimekis et al. [14] for the first time
measured g-factors of the 2+1 and 4+1 states in 78–82Kr, us-
ing the Coulomb excitation of isotopic Kr beams and the
transient-field technique.

In the past some theoretical attempts have been made
to study the high-spin states and to investigate the shape
coexistence phenomenon in even-even Kr isotopes. These
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theoretical investigations come to different conclusions
concerning the oblate and prolate nature of different cal-
culated bands as well as the proton and neutron align-
ment. The nucleus 78Kr has been studied extensively by
using different theoretical models. Gross et al. [3] used
the cranked shell model and shell correction method with
the Woods-Saxon average field and pairing term. They
concluded that the first backbending in the 78Kr yrast
line is due to the alignment of a pair of g9/2 protons,
while the second irregularity is interpreted in terms of
the g9/2 neutron alignment inducing a shape change from
γ ≈ 15◦ to γ = −30◦. Billowes et al. [4] supported the as-
signment of the g9/2 neutron alignment at the first band

crossing by measuring average g-factors in 78Kr. Tripa-
thy and Sahu [15] studied the structure of the collec-
tive bands in 78Kr within the framework of the deformed
configuration mixing shell model based on Hartree-Fock
states and found that the prolate-deformed ground-state
band crosses at 8+ a neutron-aligned band which becomes
yrast. Recently, Jakhar et al. [16] have studied the yrast
band of 78Kr by using fully the self-consistent cranked-
Hartree-Fock-Bogoluibov approach with a pairing plus
quadrupole plus hexadecapole model interaction Hamil-
tonian. They conclude that the shape of 78Kr remains
prolate all through up to I = 24.

An extensive analysis of quasiparticle excitations
around mass A ≈ 80 has been presented in ref. [17] and
two-quasiparticle-plus-rotor calculations at prolate defor-
mation have been performed by Sastry et al. [8]. In both
papers the conclusion was drawn that in 80Kr at spins 8h̄
and 10h̄, the positive-parity ground-state band is crossed
by an aligned two-quasiparticle g9/2 proton band. Doring
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et al. [9] have studied the band structure of 80Kr. The
level scheme shows that the ground-state positive-parity
band is crossed by a two-quasiproton (2qp) band at a
rotational frequency h̄ω ∼ 0.5MeV and becomes yrast
above the 8+ state. They performed total Routhian sur-
face (TRS) and cranked shell model (CSM) calculations
for 80Kr. The TRS calculations predicted an oblate shape
with β2 = 0.25. The CSM calculations performed for an
oblate shape with β2 ∼ 0.25 predict a two-quasineutron
alignment at h̄ω ≈ 0.50MeV and a two-quasiproton align-
ment at h̄ω = 0.72MeV. Moreover, the observed gain in
the aligned angular momentum, ∼ 6h̄ at h̄ω ≈ 0.50MeV,
indicates a simultaneous alignment of two quasineutrons
and two quasiprotons. Mukherjee et al. [10] have per-
formed Hartree-Fock-Bogoluibov cranking model calcula-
tions with the Woods-Saxon potential and monopole pair-
ing to understand the shape and particle alignments in the
yrast band of 80Kr at high spin. The TRS calculations per-
formed within this model suggest that the change in the
quadrupole moment is due to the change in shape in 80Kr
from near oblate to near prolate with lower deformation at
high spin. The large gain in aligned angular momentum is
due to the simultaneous alignment of neutron and proton
pairs. The results of IBM calculations performed by De-
jbakhsh et al. [18] for 78–82Kr show reasonable agreement
with the experimental data. The systematics of the first
2+ state g-factors in the mass-80 region were investigated
by Mertzimekis et al. [19] in terms of an IBM-II analysis,
a pairing-corrected geometrical model and a shell model
approach. The nuclei in the mass-80 region show transi-
tional structures and a complex interplay of single-particle
and collective features.

In the present work we have performed projected shell
model (PSM) calculations for both prolate as well as
oblate deformations for 78–82Kr isotopes. In sect. 2, the
outline of PSM is presented. In sect. 3, the yrast spectra
obtained by PSM calculations are compared with the ex-
perimental data. To check the reliability of the PSM wave
functions, the B(E2) transition probabilities and g-factors
are calculated and compared with the experimental data
in sect. 3. Finally, in sect. 4 some conclusions are drawn.

2 Projected shell model

For a detailed theory of the PSM, the reader is referred
to the review article [20]. Here, we present an outline of
the model. For the present study, we include 0-, 2- and
4-quasiparticle (qp) states |Φκ〉 as

{

|0〉, α†viα
†
vj , |0〉, α

†
πmα

†
πn |0〉, α

†
viα

†
vjα

†
πmα

†
πn |0〉

}

, (1)

for doubly even nuclei, where a† is the creation opera-
tor for a single quasiparticle and the index v(π) denotes
neutrons (protons). The many-body wave function is a
superposition of projected (angular momentum) multi-
quasiparticle states,

∣

∣ΨI
M

〉

=
∑

κK

f IκKP
I
MK |φκ〉, (2)

where P I
MK are the angular-momentum projection opera-

tors. The coefficients f IκK are the weights of the basis state
κ and are determined by the diagonalization of the shell
model Hamiltonian in the space spanned by the projected
basis states given above. The PSM eigenvalue equation is
given by

∑

κ

(

HI
κK − EN

I
κK

)

f IκK = 0,

where the Hamiltonian and norm matrix elements are de-
fined by

HI
κK = 〈φκ|ĤP̂

I
MκNK

|φK〉

and
N I

κK = 〈φκ|P̂
I
MκNK

|φK〉.

The projection of an intrinsic state, |φκ〉, onto a good an-
gular momentum will generate the rotational energy as

Eκ(I) =
〈φκ|ĤP̂

I
KK |φκ〉

〈φκ|P̂ I
KK |φκ〉

=
HI

κκ

N I
κκ

.

It represents the expectation value of the Hamiltonian
with respect to a projected quasiparticle state κ. A di-
agram in which rotational energies of various bands are
plotted against the spin I will be referred to as a band
diagram which contains incredibly rich information.

The usual separable-force Hamiltonian [20]

H = Ĥ0 −
χ

2

∑

µ

Q̂+
µ Q̂µ −GMP̂

+P̂ −GQ

∑

µ

P̂+
µ P̂µ (3)

has been used successfully to explain the system of rota-
tional spectra for a large number of nuclei. The first term
is the spherical single-particle Hamiltonian

Ĥ0 =
∑

α

c†αEαcα , (4)

where c†α, cα are the single-particle creation and annihila-
tion operators, respectively, and Eα is the single-particle
energy given by

Eα = h̄ω
[

N − 2κl̂ · ŝ− κµ
(

l̂2 − 〈l̂〉2
)]

, (5)

where ω is the harmonic-oscillator parameter which incor-
porates the principle of volume conservation for nuclei de-
formed from spherical shapes, s and l represent the intrin-
sic nucleon spins and orbital momenta in the stretched co-
ordinate basis. The Nilsson parameters κ and µ are taken
from the N -dependent values of ref. [21]. The remaining
terms in eq. (3) are the residual quadrupole-quadrupole,
the monopole pairing and the quadrupole pairing inter-
actions, respectively. The strength χ of the quadrupole-
quadrupole term can be obtained via self-consistent con-
ditions with a given deformation parameter, β2, so it is
not a true parameter. The value of β2 was set according
to the experimental observation, if available, for each nu-
cleus in our calculation. In our calculations we have taken
three major shells N = 2, 3 and 4 both for neutron and
protons. The size of the qp basis in the present case is
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about 60. The operators appearing in eq. (3) are defined
as [20]

Q̂µ =
∑

αβ

c†αQµαβcβ ,

Qµαα′ =

√

4π

5
δNN ′

〈

Njm

∣

∣

∣
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(r

b

)2

Y2µ

∣

∣

∣

∣

N ′j′m′

〉

,

P̂ =
1

2

∑

α

c†αcβ̄ ,

P̂+
µ =

1

2

∑

αβ

c†αQµαβc
†

β̄
.

The strength of the quadrupole-quadrupole force was ad-
justed such that the known (input) quadrupole deforma-
tion (β2) is obtained as a result of the self-consistent mean-
field calculation. The monopole and quadrupole pairing
interactions are given by

GM =

(

G1 −G2
N − Z

A

)

1

A
(MeV), (6)

GQ = γGM (MeV), (7)

where GM is inversely proportional to the particle num-
ber A and contains two adjustable constants G2 and G1.
Adjusting the parameters, β2, G2 and G1 will change the
energy gap for each shell and thus will affect the selec-
tion of the quasiparticle basis. Here in our calculations
G1 is taken as 20.25 for both neutrons and protons and
G2 as 16.20(0) for neutrons (protons). The strength of
the quadrupole-quadrupole pairing force, GQ, is assumed
to be proportional to GM. One may carefully adjust the
ratio of GQ/GM during the calculation to get the best ex-
perimental observation representation. In the present cal-
culation, the ratio of GQ/GM is fixed as 0.16 for 78Kr and
0.20 for 80,82Kr. These strengths are the same as employed
in the previous PSM calculation for this mass region [22].
After diagonalizing the Hamiltonian in the quasiparticle
basis, the lowest energy for each spin is used to compare
with the experimental yrast energy. The resulting wave
functions are usually used to compute the B(E2) transi-
tion strengths and gyromagnetic (g-) factors [23].

3 Results and discussion

3.1 Yrast spectra

In figs. 1(a,b,c), the theoretical yrast spectra obtained by
carrying out PSM calculations are compared with the ex-
perimental data for the 78–82Kr isotopes. In these figures,
the yrast spectra obtained by carrying out PSM calcula-
tions for one oblate and one prolate deformation values are
compared with the observed yrast spectra. Here the zero
of the experimentally observed spectrum has been aligned
with the zero of the oblate yrast spectrum. For the other
prolate deformation, the yrast spectrum has been obtained
relative to the above 0+ reference energy. From the re-
sults presented in fig. 1(a), one observes that in the case
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Fig. 1. Comparison of calculated yrast spectra with the ex-
perimental data for (a) 78Kr, (b) 80Kr and (c) 82Kr.

of 78Kr, the low-lying yrast spectrum up to 4h̄ is in better
agreement with the yrast spectrum arising from an oblate
minimum having quadrupole deformation β2 = −0.260.
The yrast states from 6+ to 14+ are found to be repro-
duced by energy states arising from the prolate as well as
the oblate minimum. In the case of 80Kr (fig. 1(b)), the
low-lying yrast states up to 6+ are seen to agree with the
corresponding states arising from both oblate as well as
prolate minima with β2 = −0.22 and 0.207, respectively.
The PSM calculations predict a coexistence of prolate and
oblate shapes for the low-lying states. However, for states
8+ ≤ I ≤ 14+, the energy states arising from the pro-
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Fig. 2. Band diagrams (bands before configuration mixing)
for 78Kr at (a) the oblate minimum, and (b) the prolate min-
imum. Only the most important lowest-lying bands in each
configuration are shown.

late minimum are in a reasonably better agreement than
those arising from the oblate minimum. Further, it is no-
ticed from this figure that yrast states with I ≥ 16+ show
a better agreement with the corresponding states arising
from the oblate minimum. In the case of 82Kr (fig. 1(c)),
the low-lying yrast states up to spin 4h̄ show a better
agreement with the yrast spectra obtained from the oblate
minimum. However, the higher states are seen to agree
better with the yrast spectrum arising from the prolate
deformation β2 = 0.202.

We have also analysed the plots of yrast states versus

spin by aligning the 0+ state arising from the prolate de-
formation with the experimental 0+ for 78–82Kr. The ob-
servations as pointed out earlier in this section undergo a
marginal change. In the case of 80Kr, it turns out that the
low-lying states below 6+ are equally well reproduced by
oblate and prolate minima, whereas in 78,82Kr the energy
values arising from the oblate minimum for 2+ ≤ I ≤ 6+

are in better agreement with the experiment than those
arising from the prolate minimum.

From the above discussion one thing is clear that the
prolate and oblate yrast solutions in 78–82Kr isotopes are
reasonably close over all ranges of spin. It is true that the
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Fig. 3. Band diagrams (bands before configuration mixing)
for 80Kr at (a) the oblate minimum, and (b) the prolate min-
imum. Only the most important lowest-lying bands in each
configuration are shown.

comparison with the experimental yrast spectra does not
help very much to discriminate between different shapes
for the low-lying yrast spectra but the type of agreement
obtained is indicative of the fact that at least the low-lying
states of the yrast spectra can be thought to be arising
from a composite state |ΨJ〉 which is a superposition of
the projected states |ΨJ

o 〉 from the oblate minimum and
|ΨJ

p 〉 from the prolate minimum, such that

∣

∣ΨJ
〉

= aJo
∣

∣ΨJ
o

〉

+ aJp
∣

∣ΨJ
p

〉

, (8)

where the values of aJo and aJp give a measure of the extent
of mixing of oblate and prolate shapes.

Normalization of the state |ΨJ〉 gives the equation

∣

∣aJo
∣

∣

2
+
∣

∣aJp
∣

∣

2
+a∗Jo aJp

〈

ΨJ
o | Ψ

J
p

〉

+aJo a
∗J
p

〈

ΨJ
p | Ψ

J
o

〉

= 1. (9)

In figs. 2, 3 and 4, the band diagrams for 78–82Kr have
been displayed. For each band we have marked its quasi-
particle configuration. In PSM calculations, we obtain 60
bands but in the figures only those bands are plotted that
cross the ground-state band and whose weight factors are
≥ 0.10. From the band diagrams obtained for oblate solu-
tions, it is observed that the low-lying states from 0+ to
6+ in 78Kr, 0+ to 4+ in 80Kr and 0+ to 4+ in 82Kr are
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Table 1. Theoretical mixing ratios aJ
o , aJ

p and transition quadrupole moments qJ
o , qJ

p for oblate and prolate deformations for
78–82Kr. The seventh column presents the experimental transition quadrupole moments (qJ

exp) for 78–82Kr. The experimental
data for (qJ

exp) for
78–80Kr is taken from refs. [6,10].

Nucleus Low-lying aJ
o aJ

p qJ
o qJ

p qJ
exp eeff

states below

first crossing
78Kr 2+1 0.891 0.108 2.49 3.045 2.55 0.7

4+1 0.984 0.015 2.500 3.110 2.51 0.7

6+1 0.969 0.030 2.406 3.188 2.43 0.7

80Kr 2+1 0.5 0.5 1.975 1.974 1.95 0.585

4+1 0.5 0.5 2.111 1.993 1.84 0.585

82Kr 2+1 0.768 0.232 1.407 1.751 1.48 0.5

4+1 0.768 0.232 1.512 1.773 1.57 0.5
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Fig. 4. Band diagrams (bands before configuration mixing)
for 82Kr at (a) the oblate minimum, and (b) the prolate min-
imum. Only the most important lowest-lying bands in each
configuration are shown.

seen to arise from the 0-qp band whereas from the band
diagrams arising from prolate solutions, one observes that
the low-lying states from 0+ to 8+ in 78Kr, 0+ to 6+ in
80Kr and 0+ to 4+ in 82Kr are seen to arise from the
0-qp band. In order to give quantitative estimates for aJo

and aJp , we have projected out the wave functions of the
angular-momentum states below the first crossing in the
band diagrams, separately for the states arising from the
oblate and prolate minimum and calculated the transition
quadrupole moments qJo and qJp for the nuclei 78–82Kr. We

have then calculated the values of aJo and aJp by adopt-
ing the same procedure used for determining the mixing
coefficients of s and d states in the case of deuteron by
using the experimentally available transition quadrupole
moments (qJexp) for the various available low-lying angular-

momentum states below the first crossing in 78–82Kr iso-
topes. Here

〈Ψ |q̂|Ψ〉 =
∣

∣aJo
∣

∣

2
qJo +

∣

∣aJp
∣

∣

2
qJp + a∗Jo aJpq

J
p

〈

ΨJ
o | Ψ

J
p

〉

+a∗Jp aJo q
J
o

〈

ΨJ
p | Ψ

J
o

〉

= qJexp . (10)

It is found from the calculations that the value of the inner
product of |ΨJ

p 〉 and |Ψ
J
o 〉 is real and nearly equal to one.

Equations (9) and (10) are simultaneously solved to obtain
the real values of aJo and aJp in the range from zero to one.

In table 1, the values of aJo , a
J
p qJo , q

J
p , q

J
exp and eeff

(where eeff is the effective charge taken for each transi-
tion) are presented for 78–82Kr. From the results presented
in this table, it is observed that in case of 78Kr, the low-
lying spectra up to 6+ have more probability of arising
from an oblate shape than from a prolate shape. The re-
sults indicate that the 6+ state is nearly 96.9% oblate
in 78Kr. There are other works which support this infer-
ence. The configuration-dependent shell correction calcu-
lations [5] account nicely for the observed forking at high
spins and predict an oblate shape at low to moderate spin,
in agreement with the average g-factor measurement. Be-
sides this, Galeriu et al. [24] predicted an oblate defor-
mation of β2 = −0.32 for 78Kr and the calculations of
Moller and Nix [25] also predicted an oblate ground-state
deformation of β2 = −0.20.

In case of 80Kr there is equal probability for the low-
lying states to arise from oblate and prolate deformations.
The results are indicative of the coexistence of oblate and
prolate shapes. The structure of the 80Kr isotope is be-
lieved to be dominated at all spins by a strong oblate-
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prolate competition with clear effects on the spectroscopic
quadrupole moments as well as on the g-factors of the cor-
responding states. For 82Kr the low-lying states have more
probability of arising from an oblate shape. The results
predict that 2+ and 4+ states in 82Kr have 76.8% admix-
ture of oblate wave function. Praharaj [26] has studied
the low-lying positive-parity bands in 82Kr by carrying
out a deformed Hartree-Fock calculation with projection.
This calculation shows that in 82Kr there is sizable oblate-
prolate shape mixing for the lowest 0+ and 2+ states, the
oblate shape making the more dominant contribution. The
energy spectrum obtained from angular-momentum pro-
jection and ortho-normalization in his calculation shows
that the oblate shape makes a more dominant contribu-
tion.

3.2 Backbending phenomena

In figs. 5(a,b,c), the theoretical results of the moment of
inertia J (1) versus the square of the rotational frequency
(ω2) are compared with the experimentally observed ones
for 78–82Kr, respectively.

The kinematic moment of inertia J (1) is defined as

J (1) = [(I − 1/2)/ω] (h̄2MeV−1)

and the rotational frequency (ω) is defined as

ω = [E(I)− E(I − 2)]/2 (h̄MeV).

Figure 2(a) represents the band diagram for 78Kr, ob-
tained by taking an oblate quadrupole deformation. It
is evident from fig. 2(a) that in the spin range I =
6–10h̄ the ground-state band is crossed by five 2-qp neu-
tron bands having configurations νg9/2[5/2, 5/2], K = 0,
νg9/2[5/2,−7/2], K = −1, νg9/2[−3/2, 5/2], K = 1,
νg9/2[1/2, 5/2], K = 2 and νg9/2[−3/2,−7/2], K = −2.
From the study of fig. 2(a), one is led to deduce that
the occurrence of backbending in the yrast spectra arising
from the oblate minimum may be attributed to the cross-
ing of five 2-qp neutron bands around spin 8h̄. Figure 2(b),
represents the band diagram for 78Kr, obtained by taking
prolate quadrupole deformation. A look at this diagram
shows that in the spin range I = 8–10h̄, the ground-state
band is crossed by two 2-qp proton bands having configu-
rations πg9/2[1/2,−3/2], K = −1 and πg9/2[−3/2,−3/2],
K = 0. A careful examination of the wave functions shows
that these two 2-qp proton bands have weight factors twice
the magnitude of that of five neutron bands in the case of
oblate deformation. The occurrence of backbending in the
prolate yrast spectra may be attributed to the crossing of
the two proton 2-qp bands around spin 8h̄. Above 14h̄,
the above two 2-qp bands are crossed by two 4-qp bands
having configurations πg9/2[1/2,−3/2]+νg9/2[−3/2, 5/2],
K = 0 and πg9/2[−3/2,−3/2] + νg9/2[−3/2, 5/2], K = 1
at spin 16h̄.

From fig. 5(a), it may be noted that the experimentally
observed backbending in 78Kr around 10h̄ is predicted to
occur around 8h̄ for the yrast spectra arising from oblate
and prolate minima, respectively.
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Fig. 5. Comparison of the calculated moment of inertia J (1)

with the experimental one as a function of the square of the
rotational frequency ω2 for (a) 78Kr, (b) 80Kr and (c) 82Kr.

In order to decide about the right mechanism respon-
sible for the onset of backbending in 78Kr, it is important
to consider some additional piece of experimental infor-
mation. An experimental determination of the small gy-
romagnetic factor for 8+ in ref. [4] supports strongly an
oblate yrast band and a crossing determined by g9/2 neu-
tron alignment. This measurement is actually considered
as a proof of such a backbending [6,9,10]. In table 2, we
present the values of g-factors for the states 2+ to 8+ for
the oblate and prolate solutions for 78–82Kr isotopes. The
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Table 2. Experimental (Exp.) and calculated (Th.) g-factors
from 21 to 81 states in 78–82Kr (data taken from ref. [14]).

Nucleus g-factors Exp. Th.

Oblate Prolate
78Kr g(21) +0.43(2) +0.390 +0.312

g(41) +0.46(7) +0.389 +0.376

g(61) +0.294 +0.440

g(81) −0.122 +0.556

80Kr g(21) +0.38(5) +0.257 +0.125

g(41) +0.46(15) +0.228 +0.165

g(61) −0.132 +0.155

g(81) −0.221 −0.207

82Kr g(21) +0.40(2) +0.057 −0.023

g(41) +0.29(20) +0.075 −0.037

g(61) −0.264 −0.027

g(81) −0.221 +0.136

g-factors g(I), gπ(I) and gν(I) are defined by [23]

g(I) =
µ(I)

µNI
= gπ(I) + gν(I), (11)

with

gτ (I) =
1

µN [I(I + 1)]1/2

×
[

gτl
〈

ΨI
∥

∥Ĵτ
∥

∥ΨI
〉

+
(

gτs − g
τ
l

)〈

ΨI
∥

∥Ŝτ
∥

∥ΨI
〉]

(12)

and µ(I) is the magnetic moment of a state (I).
In our calculations, the following standard values of

gl and gs have been taken as gπl = 1, gνl = 0, gπs =
5.586× 0.75 and gνs = −3.826× 0.75. It can be seen from
table 2 that the experimental values of g(21) and g(41)
states for 78Kr are reproduced by PSM calculations by
taking an oblate minimum. It is important to note that
the calculated value of g(8+) for 78Kr arising from the
oblate solution is 31% of the calculated value of g(2+)
oblate, which is in qualitative agreement with the experi-
mental observation. The g(8+) for the prolate solution is
found to increase, which is in contradiction with experi-
mental observations. Thus, we are constrained to conclude
that the observed backbending in 78Kr arises due to the
crossing of five 2 νg9/2-qp bands.

The theoretical yrast spectra presented in fig. 1(b) for
80Kr, shows that the low-lying yrast states up to spin 6+

are seen to arise from oblate and prolate minima. The
band diagram of fig. 3(a) shows the crossing of four neu-
tron 2-qp bands around spin 6h̄ whereas the band diagram
for the prolate quadrupole deformation, fig. 3(b), shows
that the ground-state band is crossed by two 2-qp proton
bands and one 2-qp neutron band. The backbending plots
obtained for the yrast energies arising from the prolate
and oblate minima predict the occurrence of backbend-
ing at 6+ whereas experimentally its onset takes place at
8h̄. The backbending occurring in the prolate yrast spec-
tra may be attributed to the crossing of the ground-state

band by two 2-qp prolate bands having configurations
πg9/2[1/2,−3/2], K = −1 and πg9/2[−3/2,−3/2], K = 0.
The yrast spectra for prolate deformation also exhibits
a sharp backbend at 14h̄ which is not observed experi-
mentally. The oblate yrast spectra, however, shows only
one backbending commencing at 6h̄ and the cause for its
occurrence may be attributed to the crossing of four neu-
tron g9/2 bands having configurations νg9/2[−3/2,−3/2],
K = 0, νg9/2[1/2,−3/2], K = −1, νg9/2[−3/2, 5/2],
K = 1, and νg9/2[1/2, 5/2], K = 2.

In order to decide about the right mechanism respon-
sible for the onset of backbending in 80Kr, we present in
table 2, the values of g-factors from 21 to 81 states for the
oblate and prolate solutions. The g-factors of 80Kr for 21
and 41 states obtained from the oblate solution are in rea-
sonable agreement with the experimental data. It may be
noted that the g(61) and g(81) values obtained for oblate
and prolate solutions are comparable to the corresponding
g(21) values suggesting thereby the onset of backbending
in 80Kr as arising due to the simultaneous crossing of g9/2
proton and neutron bands. This observation is also sup-
ported by Mukherjee et al. [10].

The band diagrams for 82Kr are presented in
figs. 4(a,b). The yrast spectra of 82Kr presented in fig. 1(c)
show agreement with the yrast spectra obtained from
the oblate minimum for the low-lying 0+ to 4+ states.
The weight factors of these states corresponding to an
oblate quadrupole deformation are larger in magnitude
than those of the corresponding prolate states. Figure 4(a)
presents the band diagram corresponding to the oblate de-
formation. It can be seen from fig. 4(a) that the ground-
state band is crossed by five 2-qp neutron bands around
spin 6h̄. The band diagram corresponding to the pro-
late quadrupole deformation shows that the ground-state
band is crossed by one 2-qp neutron band around spin
6h̄ having configuration νg9/2[5/2,−7/2], K = −1 and
by one 2-qp proton band around spin 8h̄ having config-
uration πg9/2[1/2,−3/2], K = −1. The observed back-
bending around spin 6h̄ is reproduced by PSM results
obtained from the oblate minimum. The g-factors of low-
lying states in the case of 82Kr are not reproduced in the
present PSM calculations.

3.3 B(E2) transition probabilities

B(E2) transition probabilities can give important infor-
mation on the nuclear structure and provide stringent test
of a particular model.

The matrix elements of a quadrupole operator Q̂LM

with respect to the (final) shell model wave functions can
be evaluated by using the formula [20]

〈

ΨIfMf

∣

∣Q̂LM

∣

∣ΨIiMi

〉

= (IiMi, LM |IfMf)
〈

ΨIf
∥

∥Q̂L

∥

∥ΨIi
〉

.
(13)

The reduced transition probabilities B(EL) from the
initial state Ii to the final state If are given by [23]

B(EL, Ii → If) =
e2

(2Ii + 1)

∣

∣

〈

ψIf

∥

∥Q̂L

∥

∥ψIi

〉
∣

∣

2
, (14)
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Table 3. Experimental (Exp.) and calculated (Th.) B(E2) reduced transition probabilities (in units of e2b2). Columns 4, 5
and 6 present the theoretical values of B(E2) transitions obtained for oblate, prolate and mixed deformations, respectively. The
effective charge used is given in the last column. Experimental data for B(E2)’s are taken from 78Kr (ref. [6]), 80Kr (ref. [10])
and 82Kr (ref. [13]).

Nucleus Transition B(E2)’s

Exp Th.

I+f → I+i Oblate Prolate Mixed eeff

78Kr 21 → 01 0.1297(5) 0.1233 0.1845 0.1294 0.7

41 → 21 0.1791+0.0109
−0.0096 0.1777 0.2749 0.1787 0.7

61 → 41 0.1848+0.0565
−0.0351 0.1812 0.3182 0.1848 0.7

81 → 61 0.1661+0.0256
−0.0195 0.0228 0.3323 0.7

101 → 81 0.1489+0.0275
−0.0200 0.1773 0.0606 0.7

121 → 101 0.1588+0.0397
−0.0265 0.2000 0.2507 0.7

141 → 121 0.2108+0.0703
−0.0422 0.2110 0.2555 0.7

161 → 141 0.0616+0.0206
−0.0123 0.2158 0.1746 0.7

181 → 161 0.0317+0.0382
−0.0111 0.2131 0.1817 0.7

201 → 181 0.0357+0.0643
−0.0140 0.1611 0.2242 0.7

221 → 201 0.0181+0.0768
−0.0081 0.1667 0.2209 0.7

80Kr 21 → 01 0.076(6) 0.0776 0.0775 0.0776 0.585

41 → 21 0.0960.027
0.016 0.1129 0.1266 0.1198 0.585

61 → 41 0.2060.065
0.055 0.0868 0.1354 0.585

81 → 61 0.1720.033
0.029 0.0606 0.0000 0.585

101 → 81 0.1650.032
0.026 0.1172 0.0014 0.585

121 → 101 0.1860.041
0.024 0.1314 0.1281 0.585

141 → 121 0.1020.163
0.022 0.1430 0.0584 0.585

161 → 141 0.0470.030
0.012 0.1520 0.0912 0.585

181 → 161 0.0430.029
0.012 0.1554 0.1170 0.585

201 → 181 > 0.0286 0.1450 0.1178 0.585

82Kr 21 → 01 0.044(2) 0.0402 0.0610 0.0440 0.5

41 → 21 0.065(24) 0.0629 0.0890 0.0700 0.5

where the reduced matrix element is given by

〈

ψIf

∥

∥Q̂L

∥

∥ψIi

〉

=
∑

κi,κf

f Iiκi
f Ifκf

∑

Mi,Mf ,M

(−)If−Mf

(

If L Ii
−Mf M Mi

)

×
〈

φκf

∣

∣P̂ If
Kκf

Mf
Q̂LM P̂

Ii
Kκi

Mi

∣

∣φκi

〉

=2
∑

κi,κf

f Iiκi
f Ifκf

∑

M ′,M ′′

(−)If−Kκf (2If+1)−1

(

If L Ii
−Kκf

M ′ M ′′

)

×

∫

dΩDM ′′Kκi
(Ω)

〈

φκf

∣

∣Q̂LM ′R̂(Ω)
∣

∣φκi

〉

. (15)

In table 3, the results of B(E2) transition probabilities
from I → I − 2 states are presented for 78–82Kr isotopes.
These values are calculated from the corresponding wave
functions of the oblate and prolate states. The estimates

with a single value of effective charge do not give satisfac-
tory agreement with experiments for higher transitions.
From table 3, it is observed that the theoretical values of
B(E2) transitions obtained for a single value of effective
(eeff) charge for each isotope arising from the oblate so-
lution are in reasonable agreement with the experimental
data for the lower transitions.

Generally, eeff charges are chosen to take into consid-
eration the core-polarization effects. For a nucleus eeff
is proportional to Z/A. Raman et al. [27] have taken
eeff = εZ/A (for neutrons only) where ε is the proportion-
ality constant. By choosing the proportionality constant
around 1.5, the values of eeff works out to be 0.69, 0.67 and
0.64 for 78–82Kr, respectively. We have chosen the values
0.7, 0.585 and 0.5 for 78,80,82Kr, respectively, which are in
close proximity to the above values. For 78Kr the B(E2)
transition probabilities up to the transition 14 → 12 are
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reproduced satisfactorily by the oblate solutions. However,
for higher transitions the agreement is poor. In the case
of 80Kr, B(E2)’s for the lower transitions only are repro-
duced.

4 Conclusions

From the projected shell model study of 78–82Kr the fol-
lowing conclusions can be drawn:

1. The PSM calculations with quadrupole-quadrupole in-
teraction plus monopole and quadrupole pairing force
are found to reproduce the yrast spectra of 78–82Kr.

2. The calculations predict I ≤ 4+ states in the yrast
spectra of 78Kr to have more of oblate nature. These
states are predicted to be composite states with ao =
0.891 and ap = 0.108 for the 2+ state.

3. The PSM calculations predict a coexistence of prolate
and oblate shapes for the low-lying states in 80Kr.

4. The observed backbendings in 78,80Kr around spins
10h̄ and 8h̄ are reproduced around spins 8h̄ and 6h̄,
respectively. The results indicate that the backbend-
ing in case of 78Kr arises from the the crossing of five
2-qp neutron oblate bands, whereas in 80Kr the back-
bending may arise from the crossing of both oblate and
prolate g9/2 2-qp bands.

5. In case of 82Kr, the observed backbending around 6h̄
is reproduced by PSM results arising from oblate de-
formation.

6. The reduced B(E2) transition probabilities are found
to show satisfactory agreement with the experimental
data for the lower transitions.

7. The experimental values of g(21) and g(41) for
78,80Kr

are reproduced by PSM calculations. The PSM calcu-
lations extract g(21) and g(41) from the intrinsic state
having oblate deformation.

The authors are most grateful to Prof. Y. Sun and Prof. J.A.
Sheikh for their collaborations and most valuable discussions.
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