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The high spin levels in Sr have been populated through the Co( Si,3p) reaction using 98 MeV
Si beam. A regular band structure was found to develop above the 12+ state with a deformation

parameter P = 0.21 6 0.04 and p = 8' + 6'. The projected Hartree-Fock calculations predict a
two proton and two neutron aligned configuration for this band. The predicted quadrupole moment
for this configuration is also in good agreement with the experimental values obtained from the
lifetime measurements. In addition, a large enhancement in B(M1)/B(E2) transition rates has
been observed in the negative parity band above the 11 state.

PACS number(s): 21.10.Re, 23.20.—g, 21.60.Jz, 27.50.+e

The structure of nuclei in mass-80 region is primarily
determined by the lgsI2, 2piI2, 1fsI2, and 2psI2 orbitals
of which the 1gey2 orbital is predominantly responsible
for the observed deformation in this mass range. The
neutron deficient even-even nuclei with Z 36—40 are
the ideal candidates for studying the variation of nuclear
deformation as a function of angular momentum and ex-
citation energy because the ground-state configurations
with the protons occupying the 1fsi2 and 2psi2 orbitals
lead to a low nuclear deformation whereas the alignment
of protons in 1ggi2 orbital gives rise to a substantial de-
formation at higher excitation energy and angular mo-
mentum. The aligned bands with the large deformation
parameter P 0.4 have been observed for a number of
nuclei in this mass range, namely 748r [1] and s2Sr [2].
The alignment of a pair of protons in the low-0 ggg~ or-
bital also leads to a sudden increase in the B(E2) transi-
tion rates. The abruptness of these changes makes these
nuclei the ideal testing ground for the nuclear structure
models.

The motivation in the present work was to extend the
existing level scheme of 4Sr [3] to higher spins and exci-
tation energies and investigate the electromagnetic prop-
erties of the high spin states. The positive parity band
has been established up to a spin of 20+ and excitation
energy of 11 MeV. This is in agreement with the levels
reported by Lister et aL [4]. However, the negative par-
ity band has been extended up to I = 14 for the first
time. In addition, the structure of the high spin levels
in Sr has been probed through a measurement of their
lifetimes for the first time.

The high spin states in Sr were populated through
the Co(2sSi,3p) reaction using 98 MeV sSi beam from
the 14-UD Pelletron accelerator at Tata Institute of
Fundamental Research, Bombay. The p-p coincidence
data were collected with an array of five Coxnpton sup-
pressed HPGe detectors. Each event was qualified with
a two-fold trigger &om a multiplicity filter consisting of
eight NaI(Tl) detectors to reduce the radioactivity back-
ground. The data were collected with two targets: one
prepared by evaporating a 250 pg/cm2 thick Co film on

a 6 mg/cm thick Au backing and the other was a thin
self-supporting 540 pg/cm thick Co foil. The backed
target data had a substantial radioactive contamination
due to the decay of the 6+ isomeric level at an excitation
energy 500 keV in 4Y [5]. Therefore, the in-beam
p-ray intensities were estimated &om the data obtained
with the self-supporting target. The p-ray energies, their
relative intensities, spins and parities of the levels in both
the positive and the negative parity bands are listed in
Table I.

Figure 1(a) shows the coincidence spectrum with 1040
keV gate for the positive parity band where the p tran-
sitions with energies up to 1635 keV can be identified.
Figure 1(b) shows the 415 keV p-ray gated spectrum.
This transition has been placed in the negative parity
band. The previously known transitions of the negative
parity band with energies 719, 1148, 808, and 625 keV
are all clearly visible in this gate. In addition, it shows
a strong coincidence with 433 keV transition. These two
transitions have been placed above the previously known
12 state from the intensity considerations. The multi-
polarities of the new transitions were determined through
a measurement of the directional correlation orientation
(DCO) ratios. The details of the difFerent experimental
facilities are given in Ref. [5]. The deduced level scheme
is shown in Fig. 2. The energy levels populated in the
radioactive decay of 8 Y isomer are not shown.

The aligned quasiparticle angular momentum i and
the kinematic moment of inertia J( ) for the yrast pos-
itive parity high spin band (labeled as band 1 in Fig.
2) have been plotted as a function of the rotational fre-
quency ~ in Fig. 3. The predominantly two-neutron
aligned character of the 3331.5 keV 8+ state in band 2
and the two-proton aligned character of the 3679.6 keV
8+ state in band 1 have been established through the g-
factor measurements [6]. The irregular behavior of the
J~ ) and alignment plots at lower &equencies for band 1
primarily indicate quasiparticle alignments. There is also
an interaction between the close lying similar spin states
of the two bands which is borne out from the presence
of the 8+& ~ 8~+ (348 keV).,1 10+& —+ 102+ (86 keV) and
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TABLE I. p energies and relative intensities, level energies,
spins, and parities in Sr.

500 793 974
(a) 1040 keV Gate

(keV)
793.1

1767.5
2768.7
2807.6
3041
3279
3279
3331.5
3487.6
3487.6
3679.6
3679.6
4447.2

4533.6
4533.6
4635.8
5444. 1
5444. 1

5652.9
5652.9
5891
6069.0
6484.1
6484.1
6484.1
6739.2
6916.6
8005.7
9424

11059

E
(keV)
793.1(1)
974.4(1)

1001.2(1)
1040.1(1)

272(1)
510(1)
238(1)

523.9(1)
718.9(1)
680.0(2)
872.0(1)
347.9(1)

1115.7(2)
854.0(1)
86.3(2)

1148.2(2)
808.3(1)
996.9(1)

1119.3(2)
1205.6(3)
1444(1)
624.9(2)
415.1(2)
830.9(2)
830.9(2)

1086.3(3)
432.5(3)

1266.5(5)
1418(1)
1635(2)

2+
4+
5
6+
5
6
6
8+
7
7
8+
8+
10+
10
10+
9
11
11
12+
12+
12+
12
13
13
13
14+
14
16+
18+
20+

0+
2+
4+
4+
5

5
5
6+
5

+

6+
8+
8+
8+
10+
7
9
9
10+
10+
10+
11
12
12+
11
12+
13
14+
16+
18+

I~
(%)

100(2)
8o(2)
19(1)
60(2)
& 1
& 1

&1
31(1)
19(1)
4.0(4)
17(l)
5.o(4)
23(2)
21(1)
3(1)
22(l)
24(1)
7(1)
15(l)
6(1)
5(1)
12(1)
8(1)
& 1
& 1

17(2)
6(2)
12(2)
8(2)
5(2)

854

872
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1088 120e
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FIG. 1. The pray spectra observed with the
self-supporting Co target in coincidence with (a) 1040 keV
transition which belongs to the positive parity band; (b) 415
keV transition which belongs to the negative parity band of
84S

12+1 m 10& (1206 keV) transitions. However, it is in-

teresting to note that the rapid variations in J~ ~ values
vanish beyond Ru 0.54 MeV and it remains almost
constant at 24.4 MeV A2—thereby indicating a near
rigid rotor behavior over a frequency interval of about
0.3 MeV. The gain in the aligned quasiparticle angular
momentum for ihu 0.42 to 0.54 MeV is 8h which is
a characteristic of a four quasiparticle alignment in this
mass region.

The structure of the states in the four quasiparticle
aligned band has been probed through a measurement of
their lifetime through the Doppler shift lineshape analysis
for p rays belonging to the new band. Figure 4 shows the
6tted lineshapes at 45 with respect to the beam direc-
tion for the 1086, 1267, 1418, and 1444 keV transitions
extracted from the p-p coincidence data obtained with
the backed target. The lineshape of the p-ray deexciting
the topmost 11059 keV (20+) level was fitted without
considering any side feeding or feed from above. This
gave an effective lifetime of 0.20+0.06 ps for this level.
The lineshapes of p transitions deexciting lower states
were 6tted with value of the feeding time equal to the ef-
fective lifetime of the level just above the level of interest.
The side feeding from unobserved levels was also taken
into account and its contribution was determined from
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PIG. 2. The partial level scheme for Sr. The width of the
arrows indicate the transition intensities.
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FIG. 3. The aligned angular momentum i and kinematic
moment of inertia J as a function of rotational frequency
hen for the positive parity bands in Sr.
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the measured p-ray intensities. This side feeding from
the unobserved levels was ~ 30%%uo of the total intensity
and was assumed to be prompt. However, a side feeding
time 0.050 ps does not change the values of the experi-
mental lifetimes within errors. Table II gives the lifetime
values for levels in Sr measured in the present work and
also those obtained from Ref. [3]. It is to be noted that
the lifetime value for the 6+ state estimated through the
lineshape analysis is in good agreement with the value
quoted in Ref. [3] which was obtained through the re-
coil distance method. The value for the 12+ state also
matches within the error limits. The data obtained in a
recoil distance experiment performed during the present
work using the Si+ Co reaction did not give useful
results for Sr due to a large contribution to the intensi-

0
1440

I

1460
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1480 1410

E (keV)

I

1430 1450

FIG. 4. Lineshapes of7 rays deexciting the 6739 keV (14+),
8006 keV (16+), 5891 keV (12+), and 9424 keV (18+) states
obtained from p-p coincidence spectra at 45' with respect
to the beam direction. The solid lines are the best St using
Doppler shift attenuation simulations.

ties of the 793, 974, and 1040 keV p rays from the decay
of the high spin isomer in s4Y. In view of the relatively
large B(E2) values reported for the 2+ and 4+ states, the
RDM data in Ref. [3] was read and reanalyzed. A three
level formula was used for the reanalysis. The lifetimes of
the top feeding levels and their relative intensities were

TABLE II. Lifetimes, B(E2) and B(M1) values in Sr.

E (I") E»
(keV) (keV)

79S(2+) 79S
1768(4+) 974
2808(6+) 1040
3332{8+) 524
3680(8+) 872
4447(10+) 1116
4534(10+) 854
5653(12+) 1119

(ps)
4.6(5)
2.5(3)
1.5(s)

266(7)
4.8(2)
s.2(5)
2.4(2)
1.2(4)

5653(12+) 1206 1.2(4)

5891(12+) 1444
6739(14+) 1086
8006(16+) 1267
9424(18+) 1418
11059(20+) 1635
6069(12 ) 625
6484(13 ) 415

Reference [3).
bPresent work.
'EHective lifetime.
8Reanalysis of data in Ref. [3].

b

(ps)
9(3)'
6(2)
1.4(4)

235{5)'

0.7(3)

0.7(3)

0.35(15)
o.6(2)
o.s{i)
0.20(8)
0.20(6)c
0.6(2)
o.e(4)

B(E2)
(fm'es)
290(95)
155(50)
450(90)
92{s)

270(10)
150(20)
750(60)

290(100)
500(200)b

62(2O)
105(45)b
290(110)
885(290)
814(270)
6S5(25O)

B(E2)
W.U.

13(4)
7(2)
20(4)
4.2(2)

12(1)
7(1)
34(3)
is(4)
23(9)
3(i)
5(2)
13(6)

40(12)
37(i2)
29(i2)

B(M1)
(eh/2mc)

0.38(13)
o.e(4)

B(M1)
W.u.

O.23(8)
0.5(2)
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fixed from the values reported in Ref. [3]. Our reanalysis
gave an agreement with the reported values for the life-
times of the 3332 keV (8+) level and the 2808 keV (6+)
level. However, the reported values for the 4+ and 2+
states could not be reproduced. The best fits gave the
values of v = 6 + 2 ps and 7 = 9 6 3 ps for the 4+ and
2+ states, respectively. The B(E2) values corresponding
to these lifetimes are listed in Table II and also plotted
in Fig. 7. These values are relatively smaller compared
to the B(E2) values for the 4+ and 2+ states as listed in
Ref. [3).

The measured lifetimes for the high spin states gave
an average value of Qq

——1.5 6 0.3 eb for the quadrupole
moment for the four quasiparticle band. The measured
quadrupole moment, Qq, and rigid body moment of in-
ertia, J( ), for hen & 0.54 MeV have been used for the
determination of the shape parameters P and p through
the simultaneous solution of equations for Qq and J~ l [7]
given by

Q~ ——[3/(57I.)'I ]ZeRopcos(30 + p)/ cos 30', (1)

J~ i = (2/5) ARO[1 —(5/4n ) i P cos(120' + p)], (2)

where RII ——1.2A I . This gave a value of P = 0.21 6
0.04 and p = 8' 6 6' for the shape parameters thereby
establishing a near prolate deformation for the high spin
band I in Sr.

In the present work we have used the Hartree-
Fock and projected Hartree-Fock formalism where
the good angular momentum states are projected
out from the intrinsic configurations. The details
of the model are given in Ref. [8]. The calcula-
tions were carried out for 10 protons and 16 neu-
trons occupying the shell-model configuration space of
2psg2, 2p~y2, 1fsI2, 1gsg2, lgqy2, 2dsy2, 2dsy2, 3sI)2,
and 1hz&~2 with the corresponding single particle
energies 0.19, 0.45, 0.0, 3.43, 10.39, 8.83, 12.26, 11.28,
and 12.26 MeV, respectively. The surface-delta interac-
tion with the strengths G„„=G„„=G„p: 0 42 MeV
has been used as the two-body nucleon-nucleon interac-
tion. The deformed Hartree-Fock orbits obtained for the
lowest prolate solution are shown in Fig. 5. The dot-
ted line in the figure represents the Fermi level for Sr.
The ground state K = 0 configuration was obtained
by filling up all the doubly degenerate levels up to the
Fermi surface. The other positive parity configurations
are obtained by breaking pair(s) of neutrons or/and pro-
tons and promoting them to the levels originating &om
1g9/2 orbital. The corresponding bands are obtained by
projecting out the good angular momentum states &om
these intrinsic states using the angular momentum pro-
jection operator which is defined for the axially symmet-
ric deformed intrinsic state as

plM I + ) f pp ppl Ip) l3J„
2

The projected bands are shown in Fig. 6. The cal-
culations predict that the two-neutron aligned K = 1
band (0„=+7/2+ and —5/2+) crosses the ground-state
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FIG. 7. The B(E2) transition rates in Sr in the positive
parity bands. The lines show the predictions of PHF calcula-
tions for various configurations as mentioned in the figure.

K = 0 band around I 4h while the two-proton aligned
K = 1 band (0 = +3/2+ and —1/2+) becomes yrast
beyond I 10h. This observation is in reasonable agree-
ment with the experimental situation where, initially, the
neutron aligned 8+ state is lower in energy but at higher
spins the proton aligned 12+ state at 5653 keV state be-
comes lower in energy compared to the neutron aligned
12+ state at 5891 keV. An interesting prediction of this
calculation is a further band crossing around I 14k cor-
responding to a two-neutron plus two-proton K = 2 band
(0„= +7/2+ and —5/2+; 0„= +3/2+ and —1/2+)
which matches well with the experimental observation of
a four-particle aligned band beyond a spin of I = 12h.
The lowest four-proton band (0„=—1/2+, +3/2+ and
+5/2+) always remains about 2 MeV higher than the
(2p+2n) band as shown in Fig. 6.

As a further check, we have calculated the quadrupole
moments for these difFerent configurations. A value of
(ez),ir = 1.5e and (e ),ir ——0.5e has been assumed for the
efFective charge for protons and neutrons, respectively.
The experimental and theoretically predicted B(E2) val-
ues are shown in Fig. 7. It is to be noted that the
alignxnent of protons in the low 0 prolate orbitals leads
to a sudden increase in the proton contribution to the
quadrupole moment from Q~ = 2.46el2 to 7.97el2 (where
"l" is the harmonic oscillator length parameter given by
Ai~s fm). This increases the intrinsic quadrupole mo-
ment from 0.67 eb to 1.43 eb—thus leading to an in-
crease in the B(E2) transition rates between states be-
longing to the 2p-aligned band as compared to the GS
band. On the other hand, the alignment of neutrons in
the high 0 orbitals reduces the neutron contribution to
the quadrupole moment from 2.37el to 2.00el2, thereby
slightly reducing the B(E2) transition rates compared
to the GS band. This is supported by the experimen-
tal observation that the B(E2) values for the 10+ ~ 8+
transition of the 2n aligned band is a factor of 5 lower
than that of the 2p aligned band. In case of the high
spin states with I ) 125,, the (2p + 2n) aligned config-
uration gives the correct B(E2) values whereas the 4p

aligned configuration leads to much higher B(E2) values
compared to the present measurements. This provides
further support for an assignment of (2p+ 2n) aligned
configuration for the four quasiparticle high spin band in

Sr. It is seen that there is a drop in the experimental
B(E2) value for the 2p-aligned 8+ state compared to the
10+ and 6+ state. This is due to a difference between
the structure of the 8+ and 6+ states —the latter being
a member of the K = 0 GS band. A similar argument
provides an understanding for the possible dip in the ex-
perimental B(E2) value for the 5653 keV (12+) ~ 4534
keV (10+) transition since the 12+ state is a member of
the (2p+2n) aligned configuration whereas 10+ state has
the 2p aligned configuration.

As discussed earlier, the reanalysis of the lifetime data
in Ref. [3] gave a relatively smaller value for the 2+ and
4+ states of the ground-state band. The B(E2) value
for the 4+ state is in agreement but the value for the
2+ and 6+ states are higher compared to the theoretical
value ( 5 W.u. ) obtained by assuming a pure K = 0
GS configuration. It is, however, interesting to note that
there is a paired (K = 0) configuration with the last pair
of protons in the 0 = +1/2+ level which will have a
large quadrupole moment and a B(E2) value 35 W.u.
This band (shown in Fig. 6) lies about 1.5 MeV higher
and can mix with the ground-state band. A simple es-
timate of this mixing indicates an increase in the calcu-
lated B(E2) values for the GS band to about 11 W.u.
This is in reasonable agreement with the experimental
B(E2) values for the 2+ and 4+ states as shown in Fig.
7. The B(E2) value for the 6+ state, nevertheless, re-
mains relatively higher. This indicates a larger mixing
of the 2p-paired band, giving rise to a higher collectivity
for this state.

In a recent communication, Frauendorf et aL [9] have
shown that an asymmetric filling of neutrons and protons
in the high j orbitals can lead to a forking of the proton
and neutron aligned bands due to a repulsive neutron-
proton correlation energy obtained for these configura-
tions. Sr has an asymmetric filling with neutrons in
the upper half and protons filling the lower half of the
1g9~2 orbitals. Therefore, the observation of two bands
built on the two 8+ states with the 2n and 2p aligned
configurations, respectively, is in agreement with the pos-
sible presence of n-p interaction in Sr. The presence
of n pinteraction is also -likely to lead to a mixing of
2p-aligned configuration in the 2n-aligned configuration.
Thus, there should be interband transition between the
proton and neutron aligned bands. The experimental
data, indeed, support such a possibility. Thus the obser-
vation of the 2p and 2n aligned bands in Sr seems to
support the presence of n-p interaction in mass-80 region.

The negative parity band has been extended to an ex-
citation energy of 6917 keV and a spin of 14 with the
addition of 415 and 433 keV M1 transitions. The Ml
xnultipolarity for the 625 keV transition also confirms the
12 spin for the 6069 keV level. The measured lifetimes
(see Table II) indicate B(Ml) values lying between 0.15
to 0.7 W.u. for the 12 and 13 levels. It should be
noted that M1 transitions are absent for states between
the 11 and 6 states. On the other hand, there is a
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sudden drop in the 13 to 11 E2 transition intensity
and the 14 to 12 transition is absent. In other words,
the B(Ml)/B(E2) ratio shows a sharp increase above
the I = ll state and the levels also seem to have a
regular behavior of a band beyond the 12 state. The
B(M1) values below the 11 states are expected to be
small because of small g factors for these states, e.g. ,
the g factor of the 4636 keV (9 ) state has been ex-
perimentally measured to be g = 0.00(4) [6], indicating
a predominantly neutron configuration for these states.
On the other hand, the large M1 transition rates above
the 11 state can be understood in the framework of the
semiclassical model by Donau and Frauendorf [10]as aris-
ing due to occupation of high 0 (7/2, 9/2) components of
the g9~2 orbital by two protons. This is possible if the
nucleus develops an oblate deformation. Out of the two
possible K values (= O„k 0„), the K = 1 configura-
tion gives a B(M1) value 0.01 (eh/2mc), whereas the
predicted B(Ml) value for lt = 8 is 1.2 (eh/2mc)2 for
the 13 state. The experimental B(Ml) value of 0.9+0.4
(eh/2mc) 2 clearly favors the high X configuration. It can
be emphasized here that a prolate deformation will lead
to an occupation of low O(1/2, 3/2) orbitals and con-

sequently a small lt(= 1 or 2) configuration. Thus, a
prolate deformation will predict a much smaller B(M1)
compared to the experimental value. The present exper-
imental results, therefore, seem to indicate a high K con-
figuration with an oblate deformation for states above the
12 level. This conclusion, however, needs further con-
firmation through an identification of more transitions in
this band.

In conclusion, the positive parity band originating at
I = 12h in Sr has been found to have the shape pa-
rameters P = 0.21 + 0.04 and p = 8' + 6' from the
present lifetime measurements of the levels and the mo-
ment of inertia of the band. The microscopic PHF cal-
culations provide a reasonable description for the high
spin behavior of Sr. They are in good agreement with
the observed B(E2) values for the neutron-aligned and
the proton-aligned configurations and predict a (2p+ 2n)
aligned configuration with a prolate deformation for the
four quasiparticle aligned band in Sr. The observed in-
crease in the B(M1)/B(E2) values in the negative parity
band can probably be attributed to an alignment of pro-
tons in the high 0 components of ggg2 orbitals leading to
a high K oblate band.
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