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We have made theoretical investigations on the structure of high-spin states of °Kr within the frame-
work of cranked Hartree—-Fock—Bogoliubov theory employing a pairing 4+ quadrupole 4+ hexadecapole
model interaction. Dependence of shape on the spin, g factor, alignment of proton as well as neutron
0gg/2 orbital along with backbending phenomenon are investigated up to a high spin J = 24. We have
found excellent agreement with the experimental values and other theoretical calculations.

B p Gore mpencT BIEHO TEOPETHYECKOE UCCIIENOB HHE CTPYKTYPbl COCTOSHHMII ¢ GOJBIINM CIMHOM
wia anp S°Kr B p MK x teopun X prpu—®ok —Boromo6oB , KOr1 HCIOJb3yeTca MOJeNb B3 HMOJeii-
CTBHS CI PHB HHE -+ KB APYIOJIBHOE + TeKC JeK MONbHOe. 3 BUCUMOCTb (POPMBI OT CHMH , ¢g-¢p KTOp,
BBID BHHB HME MMPOTOHHOM, T KX€ HEHTpOoHHOMU 0gg/2-OpOMT U H pady ¢ 3hheKTOM 00p THOTO U3rHO
P cCcM TpUB I0TCH BIUIOTH 10 3H YeHMi ciuH J = 24. TlomyyeHo NpeKkp CHOE COIT CUe TeOPETUYECKOro
OIIMC HHS C BKCHEPUMEHT JIbHBIMU 3H YEHHSAMHU U Pe3yIbT T MU IPYIHX TEOPETHYECKMX MOJIEIEil.

PACS: 21.10.-k; 21.10.Hw; 27.50.4¢

INTRODUCTION

The nuclear structure in mass A = 80 region is characterized by shape coexistence,
softness, interaction of neutron and proton in gg,o state, strong dependence on spin and
particle number, etc. [1]. The study in this particular region has been motivated by the
new experimental facilities. In particular, the newly constructed detector arrays, the domain
of nuclides accessible for spectroscopic studies have increased drastically during the past
decade. For example, some extensive measurements [1-11] 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 angular momentum and particle number. It
has been proved that alignment of proton and neutron pairs at higher angular momenta can
change the nuclear shape from prolate to triaxial and to oblate [12-15].

First experimental evidence for ground-state deformation in neutron-deficient Kr isotopes
was found by Piercey et al. in 1981 [16]. Subsequent experiments revealed the rich structure
of the low-lying excitation spectrum in these nuclei, with coexisting and mixed bands in
72-78Kr [17-19]. Recently, 8°Kr has been predicted with large v deformation and large
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quadrupole deformation and found to possess triaxial superdeformed (TSD) in mass A ~ 80
region [20]. Moreover, the yrast spectra of "®~32Kr are studied by using the projected shell
model (PSM) approach [21]. The theoretical results predict low-lying states in “~82Kr to be
oblate and coexistence of oblate-prolate shapes for 8°Kr [21].

More recently in 2010, shape mixing dynamics in the low-lying states of proton-rich
72,74.76Kr isotopes has been studied by Koichi Sato and Nobuo Hinohara using collective
Hamiltonian, which is derived microscopically by means of the CHFB (constrained Hartree—
Fock-Bogoliubov) + Local QRPA (quasiparticle random phase approximation) method [22].
There are a few more efforts made by physicists to understand the shape coexistence phe-
nomenon in Kr isotope specially in 7®7®Kr. The simultaneous alignments of proton and
neutron pairs in “6Kr could be explained by assuming a prolate shape that changes over to a
triaxial shape with positive g due to the first proton alignment, thereby reducing the neutron
alignment frequency [23,24]. This change in shape was experimentally confirmed from the
lifetime measurements of high-spin states in this nucleus [25]. Further, using cranked shell
model and shell correction method with the Woods—Saxon average field and pairing term,
Gross et al. [24] concluded that the first backbending in the “8Kr yrast line is due to the
alignment of a pair of gg /o protons, while the second irregularity is interpreted in terms of the
go/2 neutron alignment with the change in v = 15 to v = —30. The same was supported by
Billowes et al. [26] by measuring average g factors in 78Kr. Jakhar et al. [23] have studied
the yrast band of 77®Kr with the conclusion that the shape "°Kr becomes triaxial at high
spin and the shape of "®Kr remains prolate all through up to J = 24.

Encouraged by the above studies on Kr isotopes near A = 80 region, we would like to
investigate structure of 8°Kr at high spins using our cranked Hartree—Fock-Bogoliubov theory
employing a pairing + quadrupole + hexadecapole model interaction [23,27].

1. FORMALISM AND CALCULATIONAL DETAILS

We employ a pairing + quadrupole + hexadecapole model interaction Hamiltonian,
1 A A 1 o
_ 1 Y 1 ;
H = Ho - ; 2;4)@ E; Quu(—1)"Qxu = § gp:n G, PP, 1)

where Hj stands for the one-body spherical part, x, term represents the quadrupole and
hexadecapole terms with A = 2, 4, and G, term is the proton and neutron monopole pairing
interaction. Explicitly we have

R r2
Qk,u = (b_2> YAH(H, ¢)a (2)
o= Yl 3)

In the above equation, ¢l are the creation operators with a = (nalaja™a), as the spherical
basis states quantum numbers with & denoting the conjugate time-reversed orbital. The stan-
dard mean field cranked Hartree—-Fock—Bogoliubov equations [8] are solved self-consistently
for the quadrupole, hexadecapole and pairing gap parameters. The deformation parameters
are defined in terms of the following expectation values:

Doy = x2(Q2),  Day = x4{Qup), 4)
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hwBcosy = Dag, ThwfBsiny = V2Das,  hwfag = Do, (5)
1 .
A, = 5Gr(Py), 6)

The oscillator frequency fiw = 41.0A~'/3 (MeV), 3,~, and (4o are the usual deformation
parameters, while A, and A,, are the pairing gap parameters. The basis space consists of
N = 4,5 harmonic oscillator major shells + 073,/ orbitals for protons, and of N = 5,6 major
shells + 0715, orbitals for neutrons with the assumption of an inert core Z = 40 and N = 70.
The spherical single-particle energies are taken as the spherical Nilsson model single-particle
energies with A-dependent Nilsson parameters [9]. The upper shell radial matrix elements
are reduced by some factors, (N + 3/2)/(No + 3/2), as discussed in [3], where Ny takes
the value 4 for protons and 5 for neutrons. Finally, the interaction strengths are chosen such
that reasonable values of the ground-state shape parameters, the first 27 excitation energy
(~ 100 keV), and the spin-dependent (up to J = 10) g factors of 54Dy are obtained. We
have taken (all in MeV) the following values of the interaction strengths:

X2 = 60/A%, x4 =55/A" G,=253/A, G, =215/A. (7)

2. RESULTS AND DISCUSSIONS

With the introductory comments in Introdiction, it would be interesting to examine the
structure of 3°Kr at high spins, for which we present in Fig. I the values of the deformation
parameters, i.e., quadrupole deformation parameter (/3), hexadecapole deformation parame-
ter (64) and asymmetric deformation (y) along with pairing gaps as a function of spin J
for 8Kr. It is clear from the figure that the shape of ®°Kr is prolate at ground state, which
is in accordance with experimental data [28]. For higher spins the shape of 8°Kr remains
prolate with lower value of quadrupole deformation parameter . It is gratifying to note that
this change in the value of § at higher spin is similar to the study using cranked Hartree—
Fock-Bogoliubov model calculations with the Woods—Saxon potential and monopole pairing,
and to the experimental study done in [29]. Figure 1 also reflects that at the highest spin
(J = 24) considered, 3°Kr becomes very soft leading to a triaxial shape with v = 17.

Moreover, in Fig.1,a, b, we have displayed variation of pairing gaps for protons and
neutrons, respectively. It is seen that with the increase of spin the proton pairing collapses at
J = 20, though it is quite sizeable for other spins. Whereas the neutron pairing persists for
much higher spin values in 3°Kr.

Besides the above-mentioned deformation parameters and pairing gaps, study of g factor
has been extensively employed in the past as a sensitive probe for a better understanding of
the structure of ground state as well as excited states up to very high angular momentum
in stable nuclei in different mass regions. Nuclear structure at high spins in a mid-weight
mass region of A = 80 possesses many interesting features. Among them, the quasiparticle
alignment (QPA) is a significant feature. The g-factor measurement of intra-band states can
provide unique information on QPA, since g factors of gg/o protons are positive and large
(g9p = 1.38) and g factors of gg,o neutrons are negative and small (g, = —0.24). The neutron
and/or proton alignments govern the value and variation of g factors with spin. With this in
view, we have shown comparison of calculated g factor and experimental g-factor value as a
function of angular momentum in Fig. 2, b.
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Fig. 1. Results of cranked Hartree-Fock—Bogoliubov calculations for the angular momentum dependence
of shape parameters 3, 34, v and pairing gaps for the yrast levels in S°Kr

From Fig. 2, it is important to note that our results of g factor are in good agreement with
experimental data known so far [28]. It is also clear that g factor increases with the spin and,
for higher value of spin it decreases. Since, proton alignment causes increasing of g factor
and neutron alignment provides decreasing of g factor, therefore this type of trend of g factor
can be attributed as proton alignment followed by neutron alignment.

To get into more insight, we have also plotted contributions of protons and neutrons in
0Ogg /o orbital to total angular momenta in Fig.2,a. In the low-spin part, the neutron and
proton alignments are almost the same, but for higher spin the proton alignment dominates,
which actually results in increased g factor as can be seen in Fig.2,b. It is important to point
out here that proton pairing gap vanishes at J = 20 as shown already in Fig. 1,a, whereas
neutron pairing persists for much higher spin values, which, in turn, decreases g factor at
high spins as reflected in Fig. 2, b for the value of spin J = 20—24.

With the above dependence of the shape parameters on the spin, now we investigate the
energies of the yrast levels with comparison to the experimental values, which are plotted
in Fig.3,b. The parabolic shape is quite well reproduced, but calculated numbers are found
larger as compared to the experimental values toward higher angular momentum. In order



High-Spin Structure of °Kr 815

12
- a
5 i 80Kr ./I”.——=
6 - - ./:/././.
4 __g—e—0—*—
0 .,14'/' * —8— D91
—o— 14y
T T T T T T T T T T T T
0.6 - 80K b
5
g 0.4
G -
= | —o— Theory
= Exp.
0.2 T T T T T T T T T T T
0 4 8 12 16 20 24
Angular momentum

Fig. 2. The angular momentum dependence of g factor and contributions of protons and neutrons in

o2 orbital for the yrast levels in *°Kr

to demonstrate the change in structure as a function of angular momentum, we display a
plot of J vs. rotational frequency w in Fig.3,a, depicting the variation of the moment of
inertia (J = Iw). It is clear from Fig. 3, a that experimental results exhibit upbends at J = §,
at frequency w = 0.5 MeV like a sharp discontinuity at a point. In the theoretical curve,
this small sudden jump is smoothed out, but it does exhibit the gross features similar to the

measurements.

It is here worth pointing out that a conclusion has been drawn already in [30,31] that
in 8Kr at spins J = 8 and J = 10, the positive-parity ground-state band is crossed by an
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Fig. 3. @) Variation of angular momentum as a function of rotational frequency in *°Kr. b) Energies of

the yrast states of 3°Kr compared with the experimental values
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aligned two-quasiparticle gg/o proton band. Doring et al. [32] showed that the ground-state
positive-parity band is crossed by a two-quasiproton (2-qp) band at a rotational frequency
w = 0.5 MeV and becomes yrast above the 8" state. Verma et al. [21] have also concluded
recently that the observed backbendings in 8°Kr around spins J = 8 are reproduced around
spins J = 6, with the result indicating the crossing of both oblate and prolate gg /> 2-qp bands.

Our results (Fig. 3, a), however, do not show very sharp backbendings, but the results are
very much close to experimental results specially in the region of interest at J = 8, 10, 12,
and 14. A very sharp backbending can be seen though at a very high spin at J = 24.

3. SUMMARY

We have performed a fully self-consistent cranked Hartree—Fock—Bogoliubov calculation
to examine high-spin structure of 3°Kr up to J = 24. From our calculations 3°Kr was found
to possess prolate deformation for all the values of spins. Experimental value of g factor is
well reproduced in our calculation. Variation of the g factors as well as the rotation alignment
of Ogg /> orbital as a function of spin show that the alignment of proton dominates over the
neutron alignment in the higher spin region. At very high spins it goes the other way. The
angular momentum vs. rotational frequency plot shows a good qualitative agreement between
theory and experiment and we conclude that change in structure with spin is qualitatively
correctly described in this microscopic many-body approach.
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iting, Banaras Hindu University, Varanasi, India. The authors are indebted to Prof. A. Ansari,
Institute of Physics, Bhuvneshwar, India, for valuable correspondence and encouraging sug-
gestions.

REFERENCES

1. Sheikh J.A. et al. Neutron—-Proton Interactions in the Mass-80 Region // Phys. Rev. Lett. 1999.
V.64. P.376.

2. Ansari A., Wuest E., Muhlhans K. Magnetic Moment and High-Spin Structure of Some Rare-Earth
Nuclei // Nucl. Phys. A. 1984. V.415. P.215.

3. Baranger M., Kumar K. Nuclear Deformations in the Pairing-Plus-Quadrupole Model: (III). Static
Nuclear Shapes in the Rare-Earth Region // Nucl. Phys. A. 1968. V.110. P.529.

4. Alzner A. et al. Gyromagnetic Ratios of Collective States of '®SEr // Z. Phys. A. 1985. V.322.
P.467.

5. Doran C.E. et al. Measured Gyromagnetic Ratios of Individual Excited States in the Ground- and
Gamma-Bands of '®SEr // Z. Phys. A. 1986. V.325. P.285.

6. Brandolini F. et al. g Factors in the Ground State and in the y Bands in '°%¢2:1%4Dy // Eur. Phys.
J. A, 1999. V.6. P. 149.

7. Jossa D.T. et al. Identification of Excited States in 157Os and 1%80s: Shape Coexistence at Extreme
Neutron Deficiency // Nucl. Phys. A. 2001. V. 689. P.631.

8. Ring P., Schuck P. The Nuclear Many-Body Problem. Berlin: Springer, 1980.

9. Nilsson S.G. et al. On the Nuclear Structure and Stability of Heavy and Superheavy Elements //
Nucl. Phys. A. 1969. V.131. P. 1.

10. Purry C.S. et al. Multi-Quasiparticle Isomers and Rotational Bands in "W // Nucl. Phys. A. 1998.
V.632. P.229.



11.

12.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.
30.

31.
32.

High-Spin Structure of 8°Kr 817

Stuchbery A. E. Deformation, Pairing and Magnetic Moments in Rare-Earth Nuclei // Nucl. Phys.
A. 1995. V.589. P.222.

Paul S.D., Jain H.C., Sheikh J. A. Transition Quadrupole Moments in Zr // Phys. Rev. C. 1997.
V.55. P.1563.

. Algora A. et al. Pronounced Shape Change Induced by Quasiparticle Alignment // Phys. Rev. C.

2000. V.61. P.031303.

. Rudolph D. et al. Systematics of Even-Even 7. = 1 Nuclei in the A = 80 Region: High-Spin

Rotational Bands in "*Kr, "8Sr, and 82Zr // Phys. Rev. C. 1997. V.56. P.98.

. de Angelisa G. et al. Delayed gg,o Alignment in the N = Z Nucleus "2Kr // Phys. Lett. B. 1997.

V.415. P.217.

. Piercey R. B. et al. Evidence for Deformed Ground States in Light Kr Isotopes // Phys. Rev. Lett.

1981. V.47. P.1514.

. Chandler C. et al. Evidence for a Highly Deformed Oblate 0" State in 56Kr // Phys. Rev. C. 1997.

V.56. P.2924(R).

. Becker F. et al. Investigation of Prolate-Oblate Shape Coexistence in “*Kr // Eur. Phys. J. A. 1999.

V.4.P.103.

Bouchez E. et al. New Shape Isomer in the Self-Conjugate Nucleus “2Kr // Phys. Rev. Lett. 2003.
V. 90. P.082502.

Shen Cai-Wan et al. Prediction and Formation Mechanism of Triaxial Superdeformed Nuclei for
A = 80 // High Energy Phys. Nucl. Phys. 2005. V.29. P.875.

Verma S., Devia R., Khosa S. K. Microscopic Study of Yrast Bands and Backbending Anomaly in
78=82Kr Isotopes // Eur. Phys. J. A. 2006. V.30. P.531.

Sato K., Hinohara N. Shape Mixing Dynamics in the Low-Lying States of Proton-Rich Kr Isotopes //
Nucl. Phys. A. 2011. V.849. P.53.

Jakhar U.R., Yadav H.L., Ansari A. Structure of High-Spin States of "®Kr and "®Kr Nuclei //
Pramana J. Phys. 2005. V.65. P.1041.

Gross C.J. et al. Band Crossings and Near-Rigid Rotation in "®Kr and "®Kr // Nucl. Phys. A. 1989.
V.501. P.367.

Valiente-Dobyn J.J. et al. Lifetimes of High-Spin States in "Kr // Acta Phys. Polon. B. 2005.
V.36, No.4. P.1339.

Billowes J. et al. Neutron Alignment at the First Crossing in “®Kr // Phys. Rev. C. 1993. V.47.
P.917(R).

Yadav H. L. et al. g Factors as a Probe for High-Spin Structure of Neutron Rich Dy Isotopes //
Phys. Part. Nucl. Lett. 2002. V. 112. P. 66.

Singh B., Viggars D.A. Nuclear Data Sheets for A = 80 // Nucl. Data Sheets. 1982. V.36, No.2.
P.127.

Mukherjee G. et al. Shape of 8°Kr at High Spin // Phys. Rev. C. 2001. V. 64. P.034316.

Funke L. et al. In-Beam Study of 3°Kr; Quasiparticle Excitations in Nuclei around Mass 80 // Nucl.
Phys. A. 1981. V.355. P.228.

Sastry D.L. et al. Band Structure in *°Kr // Phys. Rev. C. 1981. V.23. P.2086.
Doring J. et al. High-Spin Bands in 3°Kr // Phys. Rev. C. 1995. V.52. P.76.

Received on September 14, 2014.



