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Abstract: The isotopes of Sr have been studied by using tb®ed shell Model (PSM). The Energy levels,
transition energies have been calculated and cadpaith the available experimental data. The catiouhs
reproduce the band head spins of positive parigtybands and indicate the multi-quasiparticlecttine for
these bands.
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1. Introduction

The rare-earth nuclei have long served as the ipahdesting ground for the study of collective
rotational behavior in nuclear physics. It is walown that on average the density of single particl
energy level increases with increasing particle Imemmwith spherical shell gaps at a neutron (N) or
proton number = 2, 8, 20, 28, 50, 82 and 126. Sjzgik are also known to exist at larger deformation
for different magic numbers. Clearly then, the ledensity for Z= 40 is lower than for the rare-earth
region for example, and, as a result, small chamgke nucleon number, spin and excitation energy
can have a relatively dramatic effect on the nuckepe. Furthermore, it has become clear that
nuclei around mass 80 are highly deformed [1-5] eand provide another fertile testing ground for
rotational motion in nuclei. The proton-rich striom isotopes have been known [4] to exhibit large
prolate deformation at low excitation energy fomeotime with both proton and neutron numbers
near the middle of the f-p-g shell, correlatingataelatively large number of valence particles, the
ground states of these nuclei are primed to possess of the strongest quadrupole deformgiian

the mass 80 region [6]. The excited states inigie Sr isotopes were first established by Listesle

[2]. Although "’Sr is far from the stability, the ground-state saimd parity has been determined by
beta decay[2] and laser spectroscopy [7] to"lred/2".Quadrupole moments deduced from lifetimes
measured id°Sr [8] indicate very large deformation @f~ 0.4 and are in agreement with theory [9].
In "’Sr all negative parity levels and positive paritgtes above | = 13i2have been observed first
time by C. J. Gross et al. [10]. The positive statgtend up to"E (49/2); they are the highest spin
states observed in any ¥ % nucleus. The low-lying states’i$r were identified by Lister et al. [11]
by using a multiparticlg-ray coincidence technique. The ground state batidband head 3/2as
been extended up to 19/2nd the positive parity band has been extended &2 to 15/2. The
positive and negative—parity yrast sequenceéé3nhave been established by Chishti et al.[12]oup t
probable spins 37/2and 33/2 Recently, Marginean et al. [13] has extendedtjpesiand negative-
parity band in”*Sr from 5/2 to 45/2 and 3/2ro 45/2. Most recently Kaye et al. [14] has confirmed
the existing level scheme 61Sr nucleus. High spin states #8r have been populated through the
bombardment of &Ni target with a**Si beam at 134MeV [15]. Isomeric states have beedigted
[16] to exist in several bands §t5r. A sudden cut-off in thgray intensity at 5170.4keV for the= -

1/2 sequence built on the [431]1/Milsson orbit is consistent with this state beismmeric. Arnell et
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al. [17] have first studie®fSr by®Kr (a, n) ®3Sr reaction and Ekstrom [18] has extended the igesit
parity band from 7/2up to 17/2.

2 Projected Shell M ode

The Projected Shell Model (PSM) has been designddiaveloped, so to speak, in order to meet the
quality of measurements made possible by modererewrpntal techniques. The PSM is the natural
extension of the SU(3) Shell Model for deformedsteyn, where the Nilsson + BCS scheme is used
for the basis selection and the projection of thésrmed basis onto good angular momentum is
done numerically. The deformed basis provides usffizient way to describe the Shell Model basis.
The PSM has been developed as a shell model transatheme which is implemented in a deformed
single-particle basis [19]. Pairing correlations arcluded in this basis, which is constructed gy t
guasiparticle (gp) states obtained from a NilssdBCS calculation. The PSM proceeds as follows:
first, the shell model truncation is carried out dgnsidering the low-lying multi-qp configurations
around the Fermi levels; then the angular-momeruoection method is used to restore the
rotational symmetry violated in the deformed badinally, the two-body Hamiltonian is
diagonalized in the projected basis. The truncadidmeved in this way is very efficient.

The following set of multi-gp configurations is ds®r odd-neutron nuclei:
|#) ={&)]0)ajayas,[0}}, (1)

where &'s are the qgp creation operators dnldbels each configuration. The states are written
in the Nilsson + BCS representation, with (z's) representing the neutron (proton) Nilsson quant

numbers, which run over low-lying orbitals, ah]} the gp vacuum state. The 3-qp states are formed

by one quasineutron plus a pair of quasiprotons.imblusion of the 3-qp configurations is important
for odd-mass nuclei for a description of the barmssing phenomenon which is caused by a rotation
alignment of a pair of quasineutrons. The Hamidoremployed in the calculation is [19]

1 +
H=H, 5 1D QQ, ~GPP-G,> PP, 2)
u u

where H is the spherical single-particle Hamiltonian whizimtains a proper spin-orbit force.
The second term in Eq. (2) is the quadrupole-quaaleu QQ) interaction andy represents its
strength, which is determined by the self-consisteglation between the input quadrupole
deformatione, and the one resulting from the HFB procedure P®, The last two terms are the
monopole and quadrupole pairing interactions, retsypey.

The strengths of the monopole pairing interactiamsgiven by

Gy =676, 0. ®

and that for the quadrupole pairing interactiorelated to the monopole pairing by
GQ= Y GM (4)
The Hamiltonian (2) is diagonalized in the shelld@bspace spanned Iy, 9.) where the

Ish},K is the angular-momentum-projection operator W the multi-gp states of eq. (1).
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3 Resultsand Discussion
3.1 Yrast Spectra

In order to check the reliability of the PSM, weskalone the calculations for the yrast state’$ 66r
isotopes. The comparison of the results of thedeuletions with the observed data has been
presented in Fig.1[a-d]. From the Fig.1(a), we & that in’’Sr, the observed data[10] is
quantitatively reproduced by our calculations upht® spin of 23/ and after that calculated values
of the energy states are slightly above the exparially observed values, upto the available observe
spin 49/2h. From Fig.1 (b), we can see that the observed [d&fain "°Sr is exactly reproduced by
our calculations up to the spin 28i2and for the higher states; the calculated stateslahtly higher
than the experimentally observed states. From 1{g), we can see the agreement between the
observed [21] and the calculated values of enetates in®'Sr is very good up to the spin 2312
after this the difference between the two increasesthe calculated energy values is very gooaup t
spin 19/Zh. Then, after this spin, the values of calculatedes are higher than the experimentally
observed values up to the spin 3%/and beyond this spin, the difference betweenwheincreases
further. From Fig.1(d), we can see that the expeniial energy states are qualitatively reproduced up
to the spin 21/, after it the calculated states are slightly highan the observed values [22] up to
the spin 37/ and thereafter the value of calculated statedumtBer increased but the agreement
between the two remain satisfactory even for tigaén states.
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Figurel(a-d): Comparison of the experimental and calculatedt aaectra if”#Sr isotopes.
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3.2 Transition energy

The plots of transition energy [E(I)-E(I-1)] verssigin (I) for’Sr, "°Sr, #'Sr and™Sr respectively are
presented in Figures 2[a-d]. In case’@r, the calculated transition energy plot followe same
trend as followed by the experimental transitioergyg and are qualitatively reproduced at the lower
spins. For’®Sr, it can be noted that the variations shown bgutated transition energy values with
spin agree qualitatively with the experimental eslwp to available spin of 33f2and at the higher
states it follows the behavior of the experimemtad. For®'Sr, it can be seen that there is a good
agreement between calculated and experimentalittcangnergies up to the spin value of Zh/2
Beyond this value of spin, the trend of the experital transition energy is not reproduced well.
Now, in case of*°Sr, there is an overall satisfactory agreement &etwthe experimental and
theoretical transition energies.
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Figure 2[a-d]: Comparison of the Experimental and calculatentsitan energies if ®°Sr isotopes.
3.3 Band Diagrams

In this paper, we have calculated another nuckeactsire property of Sr isotopes and that is thedba
diagram. The band diagrams have been presenthd Fig.3 [a-d]. From Fig.3(a), we can see that in
'Sy, the 1-gp state with configurationgB/2,[5/2] k = 5/2 acts as the yrast band up to §5/Zh.
Beyond the spin 35/&,there is mixing of two bands having configuratiom9/2,[-7/2] k = -7/2 and
1vg9/2,[5/2] + &g 9/2,[ -3/2, 5/2] k = 7/2 and they collectivelyntnbute towards the formation of
the yrast band of'Sr. In case of°Sr, we can see from fig.3(b), that the 1-gp stath wonfiguration
1vg9/2, [5/2] with band head k= 5/2 is acting asytest band up to 3174 and after this spin the 3-
gp band of configurationvd[ 9/2, 5/2] + Zg 9/2,[ -3/2, 5/2] with k = 7/2 crosses band witk 6/2
and then, this band acts as the yrast band in hagiie states. From the band diagrani'sf [Figure
3(c)], it is observed that the energy states frd@i & to 11/2h of the yrast band arise from one
neutron 1g9/2, [-7/2] k=-7/2 quasiparticle (qp) state. Betwethe spins 15/& to 21/2h, there is
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mixing of two 1-gp bands having configuratiomg®/2, [-7/2] k=-7/2 andig9/2,[5/2] k=5/2. From
spins 23/2h to 43/2h, there is mixing of two 3-gp bands and then, belyths, the spectra is arising
from the 3-gp band having configurationg®/2, [-7/2] + 2g9/2, [-3/2,1/2] k=-9/2. In case 6iSr,
again one neutronvy9/2,[-7/2] k=-7/2 band represents yrast statesfans 7/2 h to 17/2h. After

the spin value of 1778 , there is mixing of different bands up to thenspi/Zh and then afterwards
the 3-gp band having configuratiowgb/2,[1/2]+2g9/2,[-3/2,5/2] k=3/2 becomes the yrast band.
Thus, from the graphs presented in Fig. 3[a-d],getthat the yrast states are not composed of the
single-qp states but there is the contribution afp3states and mixing of the both toward the
formation of the yrast states at higher spin.
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Figure 3[a-d]: Band Diagrams iti ®*Sr isotopes
4 Conclusions

From the results of the calculations the conclusidrawn are that the PSM calculations of yrast
bands for’’Sr and’®Sr show a very good agreement with the correspgneliperimentally observed
bands for all the available values of spins®®r and®Sr, the calculated yrast bands are in good
agreement with the experimentally observed bandsvatspins. But at higher spins, the calculated
values are slightly higher than the experiment&soiThe PSM calculations of transition energies for
all the isotopes show good agreement, qualitatiaelg quantitatively, with the experimentally
observed data. It is also observed from the caionis that the yrast band in these nuclei does not
arise from 1-qp state only but also from 3-qp state
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