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High spin states in "Sr were investigated in the reactions ' Fe( Si,2pn) at 103.6 MeV and
"Mn( Si,p2n) at 95.2 MeV using the techniques of in-beam y-ray spectroscopy. Measurements

were made of y-y coincidences and y-ray directional correlations from oriented nuclei. The life-

times of 12 states and lifetime limits of 10 others were determined with the Doppler shift attenua-

tion method. The data have been analyzed in terms of the Woods-Saxon cranking model. The first

crossing observed in the yrast band is attributed to the alignment of a pair of g9~, protons. The irre-

gularities observed in the J'" moment of inertia in the K =—,'and —,
''+' bands are interpreted as

evidence for the alignment of a g9/2 proton pair as well. The coexistence of prolate and oblate

configurations at low spin is discussed in terms of the polarization of the soft even-even core by the

odd neutron.

I. INTRODUCTION

The neutron deficient nuclei in the A =80 region have
been found to exhibit varying degrees of collectivity as a
function of both particle number and spin. Evidence for
the coexistence' of strongly deformed states with states
having near spherical shapes has been seen in the light
Ge, Se, and Kr isotopes. Theoretical calculations (see
Ref. 3 and references therein) predict similar features in
the light Sr and Zr isotopes. The nuclei Sr- Sr have
some of the most strongly deformed shapes in this mass
region, although in a recent study of Sr, evidence of de-
formation softness was reported. Theoretically, a transi-
tion from rotation to vibrationlike excitations is predict-
ed to occur at N=44. Experimentally, the N=44 nu-
cleus Sr has been shown to exhibit behavior typical of a
weakly deformed transitional system, having both rota-
tional and vibrational degrees of freedom. Therefore, the
odd-mass nucleus 'Sr would be expected to be quite sen-
sitive to the shape polarization effects of quasiparticle ex-
citations on a deformation soft core.

Previously, 'Sr has been studied using both a beams
and Si beams. ' Arnell et al. reported six distinct ro-
tational bands in 'Sr, four of which were studied up to
spins of —", to —", . Lifetime measurements for the lower-

lying states in 'Sr implied differing degrees of collectivity
for the various bands. In a subsequent study the decay
schemes of the yrast and the lowest negative-parity bands
were extended to spins of —", and —", , respectively. Evi-

dence of a crossing in the g»2 yrast band in 'Sr was re-

ported. The present work was initially undertaken to
measure the lifetimes of the high spin states reported in

Ref. 9 via the Doppler shift attenuation method (DSAM).
Two separate reactions, Fe( Si,2pn ) 'Sr at 103.6

MeV and Mn( Si,p2n) 'Sr at 95.2 MeV were used in

the DSAM study. The use of a thick free standing Fe
target and of a target consisting of a thin layer of Mn
evaporated onto a thick Pb foil provided a consistency
check for the analysis of the line-shape data because of
the different stopping powers. During the data analysis,
many new high spin states in 'Sr were identified. Due to
the substantial increase in statistical accuracy of the

Si+ ' Mn data over the Si+ Fe data, the construc-
tion of the level scheme contained in the present paper
was based on data from the Mn target.

II. EXPERIMENTAL TECHNIQUES

High spin states in 'Sr were studied using the tech-
niques of y-ray spectroscopy. The reactions

Mn( Si,p2n) 'Sr and Fe( Si,2pn) 'Sr were used at
beam energies of 95.2 and 103.6 MeV, respectively. The
95.2 MeV Si beam was obtained from the 4.7% abun-
dance in natural Si and accelerated using the Florida
State University Tandem-LINAC accelerator facility.
The Si beam was stripped to a charge state of 8+ in the
terminal of the tandem and accelerated to 77.4 MeV.
This beam was then injected into the superconducting
linear accelerator and boosted to 95.2 Me V. Beam
currents of about 20 nA on target were thus obtained
throughout the duration of the nine day run.

The target for the Si beam consisted of a 2 mg/cm
layer of natural Mn (100% Mn isotopic abundance)
evaporated onto a 0.013 cm thick Pb foil. This lead-
backed target configuration was chosen in order to pro-
vide a stopping medium with a somewhat longer charac-
teristic stopping time than that of the solid Fe target used
with the Si beam.

In the -Si+ Mn experiment, y-y coincidences were
measured using two Ge detectors with bismuth ger-
manate (BGO) Compton suppression shields and one un-
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currents of about 5 nA on target were obtained for the
four day duration of the run. The target used was a 0.01
cm thick free-standing Fe foil ( =92% Fe abundance).

Two Ge detectors with BGO Compton suppression
shields were placed at 0 and 90 to the beam direction.
The y-y coincidence events were recorded on magnetic
tape and subsequently sorted into a square array and pro-
jected as described above.

suppressed Ge(Li) detector. The detectors were arranged
such that one of the suppressed Ge detectors was located
at an angle of 23' to the beam direction in order to mea-
sure Doppler shifted y-ray line shapes. The other two
detectors were located at +100 to the beam direction as
a compromise between the minimization of y-ray
Doppler shifting at 90' and coincidences between the
back to back 511 keV e+-e annihilation photons.

The coincidence events between all pairs of detectors
were recorded on magnetic tape for subsequent off-line
analysis. A ' Eu source placed at the target position was
used to determine the energy and relative eSciency cali-
brations for each detector. The y-y coincidence events
between the two 100 detectors were recalibrated and
sorted' into a 2500 channel folded triangular matrix in
physical memory on a micro VAX-II computer. The
coincidences between the 23' detector and either of the
two 100' detectors were recalibrated and sorted into an
1800' 1800 channel square array in physical memory.

Coincidence spectra were projected from the arrays by
setting gates on the y rays of interest and equal width
subtract gates on a suitable nearby region of the spectrum
in order to approximately remove background coin-
cidences. Coincidence spectra projected from the 100'-
100' array were added to the 100' spectra projected from
23' gates in the 23'-100' array, allowing maximal use of
the available statistics.

In the companion study of 'Sr using the reaction
s6Fe( Si,2pn } 'Sr, the Si beam was stripped to a charge
state of 9+ at the terminal of the tandem and stripped
again midway down the high-energy column to a charge
state of 12+ and accelerated to 103.6 MeV. Beam

III THK s&Sr LEVEL SCHEME

The level scheme for 'Sr deduced in the present work
is shown in Fig. 1. The results of the present study
confirm the low-energy structure for 'Sr reported in Ref.
7. These results also confirm the placement of levels in

the I(). =—,
' band reported in Ref. 9. There were some

discrepancies between the level ordering at the top of the

g9/2 yrast band as reported in Ref. 9 and those deduced
in the present study. The details concerning the level or-
dering will be discussed below.

Some 20 new y rays and 15 new levels were identified
in 'Sr. The placement of levels in the present study was
based on y-y coincidence measurements, y-ray intensity
and energy relations, and effective level lifetimes. The as-
signment of spins was based on the directional correla-
tion of y rays (DCO ratios) and systematics. The experi-
mental DCO ratio is defined in the present work as

I(yI observed at H„gated by y2 at &2}
~DCO =

I(y, observed at 82, gated by yz at 8I}

All DCO ratios given in Table I have 8& ——23', 82 ——100',
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FIG. 1. The level scheme for "Sr deduced from the present work. Comparison with previous work is discussed in the text.
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TABLE I. Energies, intensities, DCO ratios, and multipolarities or B(E2)/B(M1) mixing ratios for
transitions in "Sr. Errors in the last digits are shown in parentheses.

5 or
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905
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100.0(20)

70.3(35)
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TABLE I. (Continued).

E1ey (keV)

337

558

797

1109
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2326

2791

3331

3886
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E~ (keV)
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217
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M1/E2'
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E2'

M1/E2
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E2'
EZd

'Relative intensity normalized to the 961 keV transition.
Obtained from a reanalysis of data taken in Ref. 9.

'Reference 7.
"Based on systematics.

and the gate transition is of known E2 multipolarity. The
DCO ratios for pure E2 transitions are expected to be
unity; whereas, if y& is of dipole multipolarity then the
DCO ratio will vary from =0 to =2, depending on the
mixing ratio of y& and the degree of nuclear alignment. "
Table I summarizes the results of the y-ray energy, inten-
sity, DCO ratio measurements, and the multipolarities or
mixing ratios for transitions in 'Sr. The details of the
experimental results concerning each band in 'Sr will be
discussed below.

A. The g9&2 yrast band

The bandhead of the yrast band in 'Sr was reported
to be the —', + level at 132 keV. A cascade of E2 transi-
tions was observed up to the 2961 keV level. At about
the same time, this band was studied up to the —", + level
at 4107 keV. In a subsequent study, Hicks et al. extend-
ed this band up to spin —", . The yrast band in 'Sr was re-
ported to consist of stretched E2 transitions up to spin —", ,
above which two M1/E2 mixed transitions with energies
of 646 and 751 keV were placed.

The 100 summed spectrum gated on the 773, 961, and
1097 keV transitions in the yrast band is shown in Fig. 2.
All y rays previously assigned to this band are present in

2000-a:Q)

X cO LOO)~
C9 Co (g)o) ~+
CO

O

00 500 1000
(kev)

FIG. 2. The spectrum of y rays observed at 100' in coin-
cidence with the 773, 961, and 1097 keV transitions in the yrast
band of "Sr. The y rays in "Sr are labeled by their energies in
keV.

this spectrum, as are several new y rays. The results of
the present study confirm the level placements reported
for the yrast band in Refs. 7 and 8. The present data are
also consistent with the level placement reported in Ref.
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9 up to the —", + level at 2963 keV, and the placement of
the 1144 keV transition. Figure 3 shows the 100 spectra
in coincidence with the 646 keV [Fig. 3(a)] and the 751
keV [Fig. 3(b)] transitions. Clearly, the 1144 keV transi-
tion is not in coincidence with the 751 keV y ray. These
results contradict the placement of the 751 keV transition
as reported in Ref. 9. The authors reported that limited
statistical accuracy did not allow a reliable gate to be set
on the 751 keV transition in order to prove coincidences
with the higher-lying members of the yrast band.

The presence of a 393 keV y ray, with a DCO ratio
consistent with dipole multipolarity, in coincidence with
the 751 keV y ray and not in coincidence with the 1144
keV transition, strongly supports the placement of the
751 keV transition as shown in Fig. 1. The mixed dipole
character of both the 393 and 751 keV y rays makes —",

the most likely spin for the 3714 keV level. A 1039 keV
y ray was seen in coincidence with the 751 keV transition
[Fig. 3(b)], as well as with lower-lying transitions in the
yrast band (Fig. 2}. The presence of this y ray and the
fact that the sum of the 393 and 646 keV y ray energies is
equal to 1039 keV suggests that the 646 keV transition
feeds directly into the —", + level at 4107 keV. Since the
646 keV y ray is a mixed Ml/E2 transition and the
1039 keV y ray has a DCO ratio consistent with
stretched E2 multipolarity, the spin of the 4752 keV level
is most probably —", .

The y-y coincidences and y -ray intensity relations in-

dicate that the 1246 keV transition feeds directly into the
—", + state at 4752 keV. A 489 keV y ray was seen in coin-
cidence with the lower-lying transitions in the 'Sr yrast
band (see Figs. 2 and 3). The y-ray intensity relations
suggest that this transition lies above the 4752 keV level.
The DCO ratio for the 489 keV y ray is consistent with
EI= 1, leading to a tentative spin assignment of ( —", + ) for
the 5242 keU level. A rather weak 1135 keV y ray was
seen in coincidence with the 1144 keU transition. The
spectrum gated on a narrow region around 1135 keV
clearly shows coincidences with the lower-lying transi-
tions in the 'Sr yrast band (see Fig. 4}. This evidence
gives an additional confirmation of the placement of a
level at 5242 keV in this band. Although there were
several candidates for even higher-lying transitions in the
yrast band, no definite placements could be made.

A relatively strong 1541 keV y ray was seen in coin-
cidence with the 773 and 961 keV transitions in the yrast
cascade in 'Sr. A 307 keV y ray was also seen in coin-
cidence with these transitions, as well as with the 1541
keV y ray. The DCO ratios for these new y rays indicate
E2 and M 1 jE2 multipolarities for the 1541 and 307 keV
transitions, respectively. The y-ray intensity relations

suggest the placement of the 307 keV y ray above the
1541 keV transition. From the multipolarities of these y
rays, a tentative spin assignment of —", has been made for

the 3407 keV level.
The multipole mixing ratios for the 646 and 751 keV y

rays were obtained from a reanalysis of the angular distri-
bution data of Hicks et al. using the method suggested
in Ref. 12. A Gaussian shape was assumed for the distri-
bution of magnetic substates. It has been shown' that
the theoretical angular distributions are rather insensitive

to variations in the width o of the substate distribution
for 0&0.&2. Figure 5 shows the 7 curve as a function
of the arctangent of the mixing ratio 5 for both the 646
and 751 keV y rays. The best fit mixing ratios for these
transitions are given in Table I. A second minimum ap-
pears in the g curve for the 646 keV transition corre-
sponding to a mixing ratio value of about 5 =5. By using

C9

100- Cb
M

2 100-

400 600 800 1000 1200
(kev)

FIG. 3. The spectra of y rays observed at 100 in coincidence
with the (a) 646 keV and (b) 751 keV transitions. The 337 and
551 keV y rays seen in (b) result from an overlap of the gate
with the 753 keV transition in the K =

2
'+ ' band in 'Sr.

0
j I! II~ilg &f) "III

&

800 1 000 1 200
(keV)

FIG. 4. The spectrum of y rays observed at 100 in coin-

cidence with the 1135keV transition.
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FIG. 5. The goodness-of-fit X' as a function of the E2/M1
mixing ratio 5 for the angular distributions (Ref. 9) of the (a)
646 keV and (b) 751 keV y rays. The dashed line indicates the
0.1% confidence limit.

the mean lifetime measured for the 646 keV transition
(see Sec. IV) and this mixing ratio value, an E2 strength
of about 590 single particle units is obtained for the 646
keV y ray. This B(E2) value is inconsistent with the
B (E2) values for other transitions in this band and is un-
reasonably large, allowing the rejection of the larger mix-
ing ratio value. Using the mixing ratios shown in Table I
and the lifetimes measured for the 646 and the 751 keV
transitions, B(MI) values of 0.37 (+0.14/ —0.09) and
0.17 (+ 0.12l—0.05) IM~, respectively, were obtained for
these transitions.

B. TheE =5 band

Arnell et a/. reported a negative-parity band based on
the —,

' state at 79 keV up to a tentative spin of —", . This
band was extended up to —", in Ref. 9, with a possible
1056 keV transition from a —", state. The results of the
present study are in complete agreement with the previ-
ously reported level placernents in the K =—,

' band.
The existence of the 1056 keV transition and the —",

state reported in Ref. 9 was also verified. Figure 6 shows
the 100 coincidence spectra for both cascades in the
E =—,

' band. An 1154 keV y ray was seen in coin-
cidence with the 277, 287, 689, 996, and 1074 keV cas-
cade of transitions. Intensity relations indicate that this
transition feeds directly into the —", level at 3980 keV.
The DCO ratio for the 1154 keV y ray is consistent with
E2 multipolarity, leading to a spin assignment of —", for
the 5134 keV level.

The data also indicate peaks at 1212 and 1255 keV are
in coincidence with transitions in the (627, 799, 943,
1047, and 1056 keV) and the (277, 287, 689, 996, 1074,
and 1154 keV) cascades, respectively (see Fig. 6). Due to
limited statistical accuracy and difficulty in setting reli-

L

gsco, Q)
1000- w +~ ~

~CO
~LA ~

Q C9

/
CV

0 400 600 800 1000 1200
E (kev)

FIG. 6. The spectra of y rays observed at 100' in coincidence
with (a) the 277, 287, 689, 856, 996, and 1074 keV transitions in

the a= —z, K =
~

band and with (b) the 627, 799, 943, 1047,

and 1056 keV transitions in the a=+ z, K =
z

band.

C. The X =
~ band

The K"=—,
' band reported in Ref. 7 was populated

relatively weakly in the present study. All transitions
previously placed in this band were seen and their place-
ment was confirmed. Figure 7 shows the 100 coin-
cidence spectrum gated on transitions in both cascades
belonging to this band. New y rays were seen in coin-
cidence with members of each cascade. The y-ray inten-

able gates on these two y rays, it was not possible to veri-
fy their presence in the respective cascades. Therefore,
these transitions and the corresponding levels have been
drawn as dashed lines in Fig. 1.

Neither Ref. 7 nor Ref. 9 report the presence of M1
transitions between the members of this band. In the
present study, 340 and 349 keV y rays were seen in coin-
cidence with transitions belonging to this band. The
DCO ratios for the two y rays are consistent with dipole
multipolarity, supporting the placement shown in Fig. 1.

An 1143 keV y ray was seen in coincidence with the
627, 799, and 943 keV transitions. The forward angle
spectra showed virtually no Doppler shift for this y ray,
indicating a relatively long efFective lifetime compared to
the members of the rotational cascade. Due to the rela-
tively weak intensity of this y ray, it was not possible to
set a reliable gate. Therefore, this y ray was not placed
in the decay scheme shown in Fig. 1.
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FIG. 7. The spectra of y rays observed at 100' in coincidence
with (a) the 477, 700, and SSO keV transitions in the a= —

—,',
K = —,

' band and with {b) the 224, 378, and 804 keV transitions

in then=+ —', E = —' band.

FIG. 8. The spectra of y rays observed at 100' in coincidence
with (a) the 116, 217, 460, and 674 keV transitions in the
a=+ z, K = —,

''+' band and with (b) the 337 and SS1 keV tran-

sitions in the n = —~, K"=—,
' '+' band.

sity relations support the placement of the 932 and 935
keV y rays at the top of the (477, 700, and 880 keV) and
the (379, 621, and 804 keV) cascades, respectively. Due
to the relatively weak intensities of these y rays, it was
not possible to determine their DCO ratios. Therefore,
the tentative spin assignments for the 2739 and 3145 keV
levels are based on systematics.

D. The /~= —''+ bang2

A fourth rotational band in 'Sr was reported in Ref. 7.
This band was shown to be based on a level at 120 keV
having a spin of —,

'. Using arguments based on angular
distribution polarization and lifetime measurements, Ar-
nell et aI. tentatively assigned positive parity to the 120
and 221 keV levels in this band. States in this band were
observed up to spin —", .

In the present study, seven new levels and nine new y
rays were placed in the decay scheme for this band. Fig-
ure 8 shows the 100' spectra gated on transitions in this
band. The placement of levels reported in Ref. '7 was
con6rrned. The DCO ratios for the 239 and 312 keV y
rays are consistent with M1/E2 multipolarity. AH of the
other new y rays whose DCO ratios were measured were
consistent with stretched quadrupole multipolarity.
There appears to be a peak at 1374 keV in coincidence
with transitions in the (217, 460, 674, 855, 1005, 1144,
and 1278 keV) cascade. Since it was not possible to set a
reliable gate around this peak, the 1374 keV transition

and the corresponding level have been drawn as dashed
lines in Fig. 1.

IV. ANALYSIS OF LIFETIMES DATA

The lifetimes of high spin states in 'Sr were obtained
from an analysis of the Doppler shifted line shapes mea-
sured at forward angles to the beam direction. In order
to check the consistency of the Doppler-shift attenuation
method analysis, line-shape data from both the

Si+ Fe and the Si+ Mn reactions were used.
Background subtracted coincidence spectra gated on
transitions lying below the transition of interest were
added together to improve statistical accuracy for each
set of data. A computer code was developed to perform
the DSAM analysis. Doppler shifted line shapes are cal-
culated for a range of lifetime values. The detector
response is folded into the theoretical line shapes, which
are then compared to the experimental data. The lifetime
value giving the best fit to the experimental line shape is
then taken to be the lifetime of the state of interest. The
details concerning the line-shape fitting process are de-
scribed below.

A. Stopping powers

In the simulation of the recoil slowing down process,
the stopping power was separated into an electronic and
a nuclear component. The tabulated values' for the elec-
tronic stopping powers were scaled' to the experimental
stopping powers' for He:
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(dE/dx) =dE' '/dx(dE' '/dx)/(dE' '/dx),

(2)

where the superscript N —S represents the tabulated
values of Ref. 13, and Z —C the experimental values of
Ref. 15.

The nuclear component of the stopping powers was
calculated using the well-known Bohr ansatz'

(de/dp)„= ln(2e)
1

(3)

where e and p are the reduced energy and range units, '

respectively. Due to the relatively high initial recoil ve-
locities (P=0.03) in both reactions, the nuclear stopping
power has only a minor effect on the quality of the fit.
The angular straggling of the 'Sr ions due to atomic col-
lisions was treated in Blaugrund's approximation. '

B. Kinematics

In the line-shape calculations for each set of data, the
target was divided into several imaginary layers.
Theoretical line shapes, calculated for nuclei produced in
each layer and recoiling through the remainder of the
target or backing, were combined for the entire target.
The projectile velocity as a function of target depth was
calculated by interpolating the stopping powers' for the
beam ions in the target material. The production of re-
sidual nuclei in each target layer was weighted by the rel-
ative cross section at the average beam energy in that lay-
er. For the sSi+ Fereaction, theexperimentallymea-
sured 'Sr production cross section' was used. For the

Si+ Mn reaction, the cross section calculated with
the statistical model code FAcE2 (Ref. 20) was used.

The recoil velocity for the 'Sr ions produced in each
target layer was calculated from simple kinematics. The
distribution of recoil velocities due to the evaporation of
light particles (assumed to be isotropic in the center-of-
mass frame) was assumed to have a Gaussian shape. The
width of the distribution was estimated to be about 10%
based on the proton and neutron evaporation spectra ob-
tained from FAcE2 calculations. The finite solid angle
subtended by the y-ray detector was also included in the
analysis.

C. Corrections for delayed feeding

The inhuence of delays due to both direct and cascade
feeding was treated in the analysis. The population of the
state of interest from cascade feeding was determined
from y-y coincidence measurements. The experimentally
determined lifetimes of the transitions feeding the state of
interest were then used to correct for cascade feeding de-
lays. Therefore, the analysis started with the highest-
lying observed transition in a given band and proceeded

in an iterative fashion down the cascade. The lifetime
value obtained for a given transition with no cascade
feeding correction is referred to as the effective lifetime
and represents the composite lifetime of the state of in-
terest and all of the transitions feeding it. The effective
lifetimes thus give a very good indication of the relative
ordering of transitions in a given cascade.

The continuum feeding times were estimated to be
about 0.1 ps for the highest-lying transitions, increasing
by about 0.03 ps per MeV of deexcitation. This assump-
tion is consistent with the side feeding times used in
several recent studies ' of nuclei in the mass 80 region
performed with heavy-ion reactions. In other recent
studies ' continuum feeding times somewhat longer
than those used in the present work have been reported
in other A =80 nuclei. In Sr, side feeding times equal
to the effective lifetime of the preceding transition were
reported. It is likely that the side feeding time varies for
different nuclei and different reaction mechanisms.

The use of longer continuum feeding times did not
significantly affect the quality of the fits to the present
line-shape data. The longer feeding times did, however,
result in shorter best fit lifetimes for the states of interest.
The continuum feeding times assumed in the present
study probably represent a lower limit to the actual feed-
ing times. Since the same prescription was used for the
side feeding times for all of the lifetimes measured in the
present study, longer feeding times would result in short-
er lifetimes for the states in each band. Thus, the relative
differences in the transition rates between the bands in
'Sr would not be significantly affected.

D. Results of lifetime measurements

The results of the present DSAM lifetime measure-
ments are presented in Table II. Typical line-shape fits
from both sets of data are shown in Fig. 9. Lifetime
values obtained from both the Si + Fe and the

Si+ Mn data are given, where available. Due to lim-
ited statistical accuracy, it was not possible to extract
lifetimes from the Si+ Fe data for the E =—,

"+'
band. The adopted lifetimes shown in Table II were ob-
tained from a weighted average of the lifetime values
determined from both sets of data, with the exception of
those for the E =—,

"+' band. The error bars for each set
of data include both statistical error and an estimated
20% uncertainty in the stopping powers.

The mean lifetimes and transition strengths determined
in the present study and those measured previously are
included in Table II. Table II also presents the transition
quadrupole moments ~Q, ~, as determined from the
mean lifetimes of the stretched E2 transitions in 'Sr.
The Q, values were calculated from the simple rotational
formula

8(E2,I~I —2)=5/16m(IK20~ I —M') Q, , (4)

where E is the bandhead spin. A value of K =—,
' was as-

sumed for the g9/2 yrast band.
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the f5&2 subshell. The calculated equilibrium deforma-
tion of this state is Pz ——0.28. The third low-lying
negative-parity state predicted theoretically is the [301]—,

orbital. According to the calculations it polarizes the
core towards a large prolate deformation of Pz ——0.35.
Experimentally, the best candidate for this excitation is a
295 keV I =—,

' state observed in Ref. 7.
It is interesting to note that the [303]—,

' and [301]—,
'

states form a pseudospin doublet ' with
[N rl, A]=[202]. In the limit of the pseudo-SU(3) sym-
metry this doublet, together with the [301]—,

' level

(which corresponds to the pseudo-orbital assignment
[200]), constitute a complete pseudo-oscillator subshell
N=2, 8, =0 with the orbital N —n, + 1=3 degeneracy.
It has recently been shown that the pseudo-SU(3) sym-
metry is fairly well obeyed by a realistic average field.

TABLE II. The results of the lifetime measurements.

E1,„(keV)

89

132

810

905

1866

1866

2963

3714

4107

4752

4752

5242

5998

79

366

1911

2448

2906

3495

3980

4551

120

221

337

558

1471

1862

2326

2791

3331

3886

4475

5080

5753

7+
2

9+
2

11+
2

13+
2

17+
2

17+
2

21+
2

( 23+)
2

25 +
2

( 27+)
2

( 27+)
2

( 29+)
2

( 31+)
2
5—
2
7—
2

15—
2
17—
2

(
19 —

)2

(
21 —

)2

(
23 —

)2

(
25 —

)2
1(+)
2

3(+)
2

5 (+)
2

7 (+)
2

13 (+)
2
15 (+)
2

17 (+)
2

19 (+)
2

21(+)
2

23 (+)
2

( 25+)
2

( 27+)
2

( 29+)
2

E~ (keV)

10

43

674

773

961

961

1097

751

1144

646

1039

489

1246

79

287

856

943

996

1047

1074

1056

120

221

217

337

674

753

855

929

1005

1095

1144

1194

1278

~ (ps)

& 0.80

0.34(7)

0.44(2)

0.22(5)

0.38(8)

0.28(6)

& 0.40

0.8(2)

0.48(10)

0.5(2)

& 0.6

& 0.8

(ps)

& 0.78

0.30(6)

0.68(23)

0.28(6)

0.31(10)

0.24(7)

& 0.50

& 0.36

& 1.7

1.0(3)
0.59(15)

0.6(2)

& 0.8

& 0.7

0.9(2)

0.44(12)

0.20(6)

0.24(7)

0.19(6)

0.13(4)

& 0.3

& 0.1

~ (ps)

& 2.2 ps

&13 ns

4.04( 130)

6.64( 1.88)

1.44(43)

& 0.80

0.32(7)

0.57(23)

0.25(6)

0.35(10)

0.26(7)

& 0.50

& 0.40

0.79(14) Rs

77(22)

& 1.7

0.86(30)

0.52(15)

0.55(20)

& 0.8

& 0.8
35(6) ns

0.91(29) nsd

231(72)d

&25

& 1.1
0.9(2)

0.44(12)

0.20(6)

0.24(7)

0.19(6)

0.13(4)

& 0.3

& 0.1

B(E2)e'fm

& 105

200(60)
45p180

690160

& 1245

1610290

400270
120

151029p

12530

1010210

& 680

& 1050

127p680

160063~50

1180

& 710

& 780

3960(1250)

& 2700

& 5300
37501070

40601520
870

59pp2530
1360

3320'75p

2730'

3200'750

& 1120

& 2400

IQ I
«b)

1.43

1.62

& 2.1

232

2.22

1.8',

& 1.4

& 2.1

2.2',

2.4

2.0

& 1.5

& 1.6

4.5",

& 3.2

& 4.1

3.4

3-54

4.25

3.14

2.84

3.14

& 1.8

& 2.6

'Lifetimes measured from the Si + Fe data.
Lifetimes measured from the Si + 'Mn data.

'Adopted lifetime values.
Reference 7.
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The approximate degeneracy between the [20] levels in
'Sr seen experimentally and calculated in Ref. 25 are

consistent with conclusions of Ref. 29.
The lowest positive-parity state in 'Sr is a —', + level at

an excitation energy of 89 keV. It is a member of a
strongly decoupled g9/2 rotational band. Theoretically
the g9/2 single-neutron excitations with E =—,

' and —,'cor-
respond to the shapes with P2= —0.21 and —0.18, re-
spectively.

In addition to the near-oblate g9/2 bandheads the
Woods-Saxon calculations predict excited prolate g»2 or-
bitals [422]—', and [413]—,

' at Pz ——0.35. They are expected
to lie a few hundred keV above the ground state. In Ref.
7 the state at 203 keV has been tentatively assigned to
I =—', + based on the results of the beta-decay study of
'Y. A 203 keV level appears to be directly populated by

the allowed beta transition with log(ft)=5. 3. Theoreti-
cally, the ground state of 'Y is predicted to be the [422h,
state with a large quadrupole deformation. The I =—,

'+
ground state in 'Y is also expected experimentally
from the systematics. The large moment of inertia of the
ground-state rotational band in 'Y suggests a consider-
able prolate deformation. ' All these arguments indicate
that the 203 keV level is the well-deformed [422]—,'
Nilsson orbital.

The I =—,
'+ bandhead seen at 120 keV is most likely

the [431]—,
' intruder state originating from the d5&z sub-

shell. In the calculations this state also corresponds to a
well-deformed prolate shape with Pz ——0.37.

Summarizing this section, the deformed shell-model
calculations give an interpretation of single-neutron exci-
tations in 'Sr in terms of the shape coexistence picture.
Five observed bandheads can be interpreted as quasipar-
ticle states coupled to the prolate core. On the other

hand, the lowest g9/2 excitations polarize the core to-
wards oblate shapes. One may therefore expect strong
shape-polarization effects associated with quasiparticle
alignment to be present at high angular momenta. They
are discussed in the following sections.

VI. ANGULAR MOMENTUM ALIGNMENT IN 'Sr

The cranked shell model (CSM} analysis of rotational
bands in 'Sr is presented in Figs. 10—13. Figure 10
shows the experimental Routhians versus rotational fre-
quency for the positive-parity bands in 'Sr, i.e., the g9/2
band and the d»2 band. These bands are expected to
have quite different shapes (see Sec. V). Therefore, it is
rather meaningless to fit a common reference for the vac-
uum configuration. In order to present all the data on
the same graph we have simply taken Jo ——11% /MeV,
J~ ——0 ("low" moment of inertia reference).

In the CSM analysis we assumed that the 3407 keV lev-
el is a —", + state belonging to the one-quasi-particle
(1—qp} g9/2 favored band with the signature quantum
number r = —i. Indeed, when extrapolating the low spin
part of the r = —i g9/Q Routhian to higher rotational fre-
quencies, it approaches the —", + (3407 keV) state (see Fig.
10).

The sequence built on the top of the —", + yrast state at
2963 keV is a three-quasi-particle (3—qp) configuration
involving two aligned g9/2 protons. It crosses the g9/2
yrast band at Ace& ——0.50 MeV. At fico& ——0.56 MeV an ap-
parent second band crossing can be seen in the r = —i
band.

The signature splitting in the 1 —qp m= + band is
large, characteristic of a decoupled configuration. Such a
decoupled g9/2 band has also been found in other N=43
isotones (see discussion in Refs. 3 and 7). On the other
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(2
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0.6 0.8

FIG. 10. Experimental Routhians for the positive-parity ro-
tational bands in "Sr. The reference parameters are Jo ——11
MeV/fi and J]——0 (see text).

—~—r=+I

I I I

0.2 0.4
f ~(Mev)

I I

0.6

FIG. 11. Experimental Routhians for the negative-parity
bands in "Sr and the g9/2 bands (Ref. 4) in ' Sr and ' Sr. The
latter ones have been artificially shifted down in energy in order
to allow presentation on the same graph.
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hand, in the 3 —qp m= + band the signature splitting
significantly decreases. (Unfortunately, it is difficult to
give a precise value for the signature splitting in this
band. This is because both the —", + and —",

+ yrast states
lie in the crossing regions and are disturbed by a band in-
teraction. ) Another interesting feature seen in the 3 —qp
band is strong Ml+ E2 (EI=1) transitions. One can
thus conclude that this band shows properties of a cou-
pled configuration with a large (E ) value.

A similar change in the rotational pattern in the g9/2
band has previously been seen in 'Kr. Above I = —", +

a decoupled g9/2 sequence is crossed by a coupled 3—qp
band. Within the 3 —qp band in 'Kr the EI=1 rates are
so strong that the in-band E2 transitions have not been
detected in Ref. 33.

The lighter Sr isotopes with %=41 and 39 are expected
experimentally and theoretically to have very de-

formed prolate shapes. The g9/2 [422]—,
' Routhians in Sr

and Sr are displayed in Fig. 11. It can be observed that
the signature splitting in the 1 —qp g9/2 band in the
lighter Sr isotopes is considerably reduced compared to
that in 'Sr (at fico=0.35 MeV it is almost zero in Sr,
about 120 keV in Sr and about 300 keV in 'Sr). This
indicates a strong variation in the shape parameters of
g9/z bands with neutron number. (If all three isotopes
had similar prolate shapes the changes in the signature
splitting would be exactly opposite to that observed ex-
perimentally. )

The d5/2 band built on the [431]—,
' state does not show

any strong irregularity up to highest spins observed. Due
to its large moment of inertia it gradually approaches the

g9/p bands but it never becomes yrast. The signature
splitting between the r =—i and +i members of this
band is very small. In order to magnify the fluctuations
in the d5/2 band its second (dynamical) moment of iner-
tia, J' '=dI/dco, has been plotted in Fig. 12 together
with the J' ' values for the yrast band in Sr and the g9/2
band in 'Y. The J' ' moment of inertia for Sr shows a
smooth behavior with a maximum centered around
Ace=0.55 MeV, which has been interpreted as a gradual
alignment of the g9/2 proton pair. Above Aco =0.7 MeV a
second upbending, associated with the alignment of the
first neutron g9/2 pair, starts to develop. The r = —i
member of the d5/2 band has a very similar J' ' behavior.
The hump in J' ' seen below Aco=0.6 Me& reflects, most
likely, the g9/2 proton crossing with a large band interac-
tion. The irregularity seen at the last, tentative, data
point may indicate the beginning of the neutron align-
ment. An increase in J' ' is more pronounced in the r =i
d~/2 band. Its starts above Are=0. 5 MeV —which again
is consistent with the alignment of a proton pair.

The experimental data for 'Y fits to the proton cross-
ing scenario. In the g9/p one-quasi-proton band the
alignment of the first g9/2 proton pair is blocked and
indeed, neither irregularity nor hump in J' ' is seen
around Ace=0.55 MeV there.

At low rotational frequencies both m= —rotational
bands built on the [301]—,

' and [303]—,
' Nilsson states have

very similar rotational patterns (see Fig. 11). In both
bands the signature splitting is very small, of the order of
50 keV. The J' ' moment of inertia in the m. = —bands in
'Sr is shown in Fig. 13. At Aco3 ——0.51 MeV the proton

crossing is seen in both members of the [303]—,
' band and

this value of proton crossing frequency is very close to
the crossing frequency ~& in the m = + sequence. In the
r =i [301]—,

' band the moment of inertia increases dramat-
ically around Am=0. 45 MeV. Unfortunately, this band is
known only up to I = —", which makes it difficult to con-
clude whether this irregularity is caused by a proton
crossing or by some other structural changes.

I I I

0.2 0.4
]l co (MeV)

I

0.6

FIG. 13. Similar to Fig. 12 but for the m. = —bands in 'Sr.

VII. THEORETICAL ANALYSIS

A theoretical analysis of the rotational bands in 'Sr
has been performed using the Woods-Saxon cranking
model of Ref. 25. Equilibrium shapes were calculated by
minimizing the total Routhian with respect to deforma-
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tion parameters P2, P4, and y. As a residual interaction,
the monopole pairing force has been taken with the
strength from Ref. 25. At zero frequency self-consistent
pairing gaps were calculated within the BCS model. At
higher rotational frequencies, however, the pairing gaps
were allowed to decrease gradually with increasing rota-
tional frequency according to a simple analytical formula
(for details see Refs. 3 and 34). The Fermi surfaces for
protons and neutrons have been found numerically at
each frequency from the particle number equation. The
total Routhian in a fixed quasi-particle configuration
(defined by means of parity, signature and excitation
quantum numbers) was defined as a sum of the Strutinsky
energy (liquid drop plus shell correction) and the rota-
tional energy (calculated after solving the HFBC equa-
tions).

Figure 14 shows a few examples of total Routhian sur-
faces (TRS) for several quasi-particle configurations in
'Sr calculated at different rotational frequencies. The

upper portion of Fig. 14 corresponds to the positive-
parity bands. At low rotational frequencies the m= +
TRS are very soft with respect to the (Pz, y ) parameters.
The equilibrium deformation in the g9/2 band has been
calculated to be P2

——0.23, y= —50', corresponding to a
near-oblate shape. The quasi-particle diagram represen-
tative for this configuration is shown in Fig. 15. The g9/2
proton and neutron crossings are expected to occur at

Ace=0.5 and 0.42 MeV, respectively. In both cases the
band interaction is very small. Note the large signature
splitting between the lowest g9/2 Routhians.

At Z=38 the two-quasi-particle g9/2 proton excitation
drives the nuclear shape towards y= —30' (see Ref. 35)
and indeed, in the 3 —qp ~= + configuration the abso-
lute minimum is moved to y = —30 . Quasi-particle
Routhians for N=43 at B2 ——0.22, y = —33' are present-
ed in Fig. 16 of Ref. 3. A neutron BC crossing is expect-
ed at Ace=0.56 MeV, in good agreement with experimen-
tal data. However, the signature splitting between the
lowest g9/2 neutron Routhians is still large at this triaxial
shape, which might indicate that the calculations un-
derestimate the range of the shape transition (a better
agreement with experiment would be given by a larger
value of y, closer to the prolate axis; see Fig. 16).

A secondary near-prolate minimum with P2
——0.33 and

y = —10' seen at %co=0.29 MeV is representative for the
dsr2 band and the g9&2 bands built on the [413]—', and

[422]—,
' Nilsson states (see Fig. 18 of Ref. 3 for a neutron

diagram). At this deformation the neutron g9/2 signature
splitting is very small and the neutron AB crossing with a
very large band interaction is shifted to higher frequen-
cies, Acog0. 6 MeV.

The lower portion of Fig. 14 shows TRS for +=-
configuration in 'Sr. Before the proton alignment the
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FIG. 14. Total Routhian surfaces (with pairing) in the (Pz, y) plane for various quasi-particle configurations [labeled by means of
the parity and signature (rr, r) quantum numbers] in 'Sr. The numbers give values of rotational frequency (in MeV). The distance
between contour lines is 0.25 MeV.
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(32 = 0.234, (3 = - 0.02, f = -50'

1.5—

E 10-
(MeV)
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0.0 / --c
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lowest negative-parity Routhians correspond to near-
prolate shapes with Pz ——0.35, —10'&y & —5'. At this
shape the signature splitting between the lowest m=-
Routhians is small (see Fig. 16). At y = —5' the r =i ex-
citation lies below the r = i R—outhian (see below).
However, when the y parameter is decreased to about
—10' the signature order agrees with the experimental
one (See Fig. 18 of Ref. 3). After alignment of a proton
pair the y deformation moves towards y= —30' (as in
the g9/i band) and further alignment of g9/, neutrons
shifts the equilibrium to even more negative y values,
—50'& y & —40'.

Let us now discuss the lowest negative-parity Routhi-
ans in terms of the pseudo-SU(3) symmetry. For N=43
one can consider only three almost degenerate orbitals
forming the [20] pseudo-oscillator subshell. In fact the
[2 1] subshell consisting of the [312]—', and [310]—,

' orbitals
is expected to influence significantly the rotational pat-
tern only for lower particle numbers, around N=36. As
in Ref. 36 we assume axial symmetry of the mean field.
In such a case the orbital part of the Coriolis interaction,
rol„,does not introduce any rotational coupling. There-
fore the Coriolis force acts only through the pseudospin
part which, consequently, leads to the two groups con-
sisting of three almost degenerate negative-parity Routhi-

0.0 0.2 0.4 0.6 08 1.0 0.0 0.2 04 0.6 0.8 1.0

'ti co( MeV )

FIG. 15. Quasiparticle Routhians for "Sr at a deformation

p, =0.234, p~= —0.02, y= —50', characteristic of the g9/i
oblate bands. The spin and parity of the Routhians are indicat-

ed in the same way as in Figs. 10 and 11.

ans with very small alignment (of the order of —,'A'). Ex-
perimentally (Fig. 11) and theoretically (Fig. 16) the
lowest ~= —Routhians are indeed very similar and carry
very little alignment before the first band crossing takes
place. In the pseudospin limit the signature of the lowest
quasiparticle state is expected to be r = i—( —1) (see
Ref. 27), i.e., r = i—for N=2 Calculations at near-
prolate shape indeed predict the r = —i Routhian to be
lower in energy. Experimental data, however, shows that
the actual situation is reversed; the lowest ~= —one
quasiparticle state has r =+i. As it was said above this
apparent discrepancy can be explained by assuming nega-
tive y deformation of about —10'.

The [431]—,
' band can be associated with the well-

deformed prolate shape. At such a shape the proton
alignment occurs very gradually because of the large
band interaction at Z=38 (see Fig. 16 and the discussion
of Sr data in Ref. 25). This is consistent with a smooth
increase in J' ' of the d~/2 bands discussed in connection
with Fig. 12.

The results of the lifetime measurements given in Table
II are presented in Fig. 17 as a graph of Q, versus fico. As
expected, the g9/2 band shows very little collectivity at
low spins. Its transition quadrupole moment is about 1.5
eb at fico =0.4 MeV [which corresponds to quadrupole de-
formation of pi=0. 19 (cf. Sec. V)] and increases in mag-
nitude, reaching a value of about 2.3 eb at %co=0.55
MeV. This pattern can be qualitatively understood from
Fig. 14. At low spins the g9/2 band corresponds to an ob-
late shape with Pi=0.20 and a further reduction of the

I I I I I I I

[431]1/2

P2 = 0.345, (34 = - 0.005, 7= -5'
\
C)

1.5—
[303]5/2

co 10—

(MeV)
0.5

99/2

00
Z = 38

I I

0.4
I I I I

0.6 0.8
I I I I I I I I I I I I

0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

/i'( MeV }

FIG. 16. Similar to Fig. 12, but at a deformation of
Pz ——0.345, P4 ———0.005, y= —5', characteristic of the near-
prolate structures in "Sr.

A m(MeV)

FIG. 17. Observed transition quadrupole moments Q, [see
Eq. (4)] in the g9/i, [431]—', and [303]—', bands of "Sr, plotted as a

function of rotational frequency. The states are marked in the
same way as in Fig. 12.
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quadrupole moment may be caused by an interaction
with the low-lying spherical configuration. At higher fre-
quencies, however, both P2 and y increase and, conse-
quently, Q, increases too.

One of the most interesting results of this study is the
confirmation of the intruder nature of the [431]—,

' band.
Its transition quadrupole moment is unusually large,
about 3.5 eb, corresponding to an axial deformation of
about 0.4. This agrees nicely with the results of the band-
head calculations discussed in Sec. V. At this point it has
to be remarked that the results of the TRS calculations
shown in Fig. 14 (top) do not allow us to separate the
d5&2 configuration in the (pz, y) plane, because at higher
frequencies and larger deformations both the d5/2 and

g9/2 orbitals carry the same quantum numbers and are
mixed. The increase in J' ' at Ace ~ 0.55 MeV seen in the
[431]—,

' band in Fig. 12 can be nicely correlated with the
drop in Q, seen in the same frequency interval. Due to
the large value of proton band interaction the band cross-
ing is very smooth and Q, decreases gradually.

The transition quadrupole moments in the [303]—,
' band

are around 2.2 eb; i.e., they are smaller than the theoreti-
cal predictions of Fig. 14 (pz ——0.35, i.e., Q, =3 eb). One
possible reason for this discrepancy would be the strong
Coriolis mixing between the [303]—'„[301]—'„and [301]—,

'

orbitals. However, this point still needs to be clarified.
Finally, we would like to comment on the results of the

particle-rotor calculations of Ref. 7. In these calculations
the single-particle orbitals were taken from the Nilsson
model and an axially deformed prolate core with a quad-
rupole deformation of e=0.3 (P2=0.316~ was assumed.
The particle-rotor approach gave a fair description of the
[303]—', and [431]—,

' rotational bands. However, the calcu-
lations failed to reproduce the [301]—,

' and g9&2 bands.
For the [301]—,

' band the authors obtained a significant
decoupling with the r =i Routhian being yrast, in con-
trast to the experimental data. This discrepancy can be
diminished by introducing a negative y parameter (see
discussion above). On the other hand, very small signa-
ture splitting and large 8(E2) values (around 100 W.u. )

were predicted for the g9/2 band. This large discrepancy
can be immediately traced to the assumption of a well-
deformed prolate shape used by the authors.

VIII. CONCLUSIONS

The present investigation has resulted in the placement
of some 20 new y rays and 15 new levels in the decay
scheme of 'Sr. The low spin level structure reported by
Arnell et al. was confirmed. The g9/2 yrast band was
studied up to spin I =( —", +) and the onset of 3 —qp exci-
tations reported by Hicks et ol. was observed. Howev-
er, the placement of levels near the vicinity of the 1 —qp
and 3 —qp band crossing deduced in the present work was
somewhat different than that previously reported. The
negative parity K = —,

' and —,
' bands were extended to

spins of I =( —", ) and ( —", ), respectively. Evidence of a

g9/2 proton alignment in the K"=
—,
' band was seen.

The IC = —,
''+' band was extended to spin I =(—"+) and

2

evidence of a gradual g9/z proton alignment was also
seen.

The mean lifetimes of 12 states were measured and life-
time limits for 10 others were established using the
Doppler-shift attenuation method. A consistency check
for the analysis of the Doppler-shifted line shapes was
provided through the use of data from two different reac-
tions and target configurations. The 8 (E2) values imply
moderate deformations for both the g9/2 and K
bands. In contrast, the 8(E2) values for transitions in
the K"=—,

' '+ ' band indicate an average deformation near-

ly twice as large as that in the yrast band. These results
are consistent with the results of lifetime measurements
by Arnell et al. for lower-lying states in the same bands.

The nuclei from the 70—80 mass region (g9 jp region)
have been known for many years to exhibit various signa-
tures of shape coexistence. Among doubly-even nuclei
the best examples are Se and Se, where an oblate
ground state coexists with a well deformed prolate struc-
ture which becomes yrast at higher angular momenta
(see, e.g. , Ref. 36). In odd-A nuclei experimental infor-
mation for coexisting oblate and prolate bands has been
recently found in Se and 'Se. All these nuclei belong
to the lower half to the g9/2 subshell.

'Sr is probably the best known example of shape coex-
istence in the heavier nuclei from the g9/2 region. The
lowest g9/2 neutron excitations in 'Sr polarize the core
towards oblate shapes, while prolate shapes are expected
for the m= —states and the [431]—,

' band.
A quite dramatic change in the positive-parity se-

quence has been observed after the first band crossing. It
can be interpreted in terms of the shape change induced
by the alignment of the g9/2 proton pair which drives the
equilibrium shape of the 3 —qp m= + configuration to-
wards larger y values. An analogous effect observed in
'Kr has previously been given a similar explanation: a

transition from oblate to prolate shapes. The opposite
tendency is expected for the lowest m. = —bands: after
the alignment of proton and neutron quasiparticles the
value of y deformation decreases.

The intruder d~/2 band shows signatures of a gradual

g9/2 proton alignment, characteristic of a well-deformed
prolate shape. This is consistent with the very large
values of transition quadrupole moment extracted from
the experimental 8 (E2) rates.

An interesting and not yet understood point is why the
intensity in the unfavored 3 —qp positive-parity yrast
band is greater than that in the favored band. One possi-
ble explanation can be given in terms of the g9/2 neutron
crossing above I = —", . Another possibility is the ex-
istence of noncollective isomeric states [seen in the
(+, + i) diagram of Fig. 14] which may infiuence the
side feeding.
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