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J. Heese, K. P. Lieb, S. Ulbig, and B.Wormann
II. Physikalisches Institut, Universitiit Gottingen, D 340-0 Gottingen, Federal Republic of Germany

J. Billowes, A. A. Chishti, W. Gelletly, * C. J. Lister, and B.J. Varley
Schuster Laboratory, University ofManchester, Manchester M13 9 PL, United Kingdom

(Received 2 May 1989)

High spin states in ' Sr were populated via the reaction ' Ni(' Mg, 2pn) at 80 and 85 MeV beam

energy. Twelve lifetimes in the range from 0.5 to 150 ps and four lifetime limits were measured with

Doppler-shift methods. By comparing lifetimes in "' "Sr obtained with the recoil distance and

Doppler-shift attenuation methods, the appropriate electronic stopping power of Sr ions recoiling in

Ta was determined. In addition, lifetimes of yrast states in ' Sr and ' Rb were determined in the
concurrent reactions "Ni( Mg, 2p) and "Ni(' Mg, 3p). The AI=2 E2 transition strengths and the
E2/M1 mixing ratios of the AI=1 transitions in ' Sr confirm the picture of extremely prolate de-
formed rotational bands (Pz=0.42), based on the [301]—', and [422]—', + Nilsson orbitals. A reduc-

tion in B(E2) values is observed at the onset of (3qp) alignment. The band structure of ' Sr is dis-

cussed in terms of the cranked shell and the Woods-Saxon cranking model with pairing.

I. INTRODUCTION

Detailed in-beam studies of the light strontium iso-
topes by means of heavy-ion fusion evaporation reactions
have revealed evidence for complex band structures. '

Davie and collaborators recently investigated Sr and
identified stretched E2 transitions for three bands, in ad-
dition to the ground band which they extended up to spin
26k. These bands were found to have E2 strengths of
80—180 single-particle units and moments of inertia
steadily increasing with spin. The bands observed in the
heavier Sr isotopes ' Sr are less deformed. ' On the
basis of shell-model arguments and magnetic-moment
measurements, ' some of the s bands have been assigned
to two-quasiparticle g9/2 proton or neutron aligned
configurations.

The odd- A nuclei in this mass region are of interest be-
cause they reveal the details of the interplay between the
single-particle states occupied by the odd nucleus and the
collective "cores." Dramatic changes in shape have been
observed which depend on the density of the single-
particle states and the variation of their energies with de-
formation. A very good example is the core-polarization
effect in 'Sr (%=43) in the [431]—,

'+ Nilsson orbital
which intrudes from the d~/2 shell. Moore et al. found
that the rotational band based on this orbital has a transi-
tional quadrupole moment of

~ g, ~

=3.5(6) b, whereas the
g9/2 band in 'Sr only shows

~ Q, ~

= 1.9(4) b. The
[431]—', + bandhead in 'Sr has a small excitation energy
of 120 keV and its deformation is quite similar to that ex-
pected in Sr. Since the Fermi energies for %=43 and
41 at deformation P2 =0.4 should be comparable, the
[431]—,

'+ orbital is also expected to play a role in the
structure of Sr.

In general, an unpaired g9/2 proton in a low-Q orbit in-
duces an increase in deformation and a nearly rigid (often

triaxial) rotation up to high rotational frequencies. Addi-
tional g9/2 quasiparticle proton alignments are difficult to
observe, probably because they are blocked by a g9/2 pro-
ton pair. In contrast, the situation in the odd-neutron
nuclei is different, since the low-0 Nilsson orbits are filled
and the full rotational alignment of the g9/2 neutron(s}
cannot take place. This has been convincingly demon-
strated by Wormann et al. in a comparison of the E2
transition strengths in the N =41 isotone Kr with those
in Kr. Furthermore, the g9/p (2qp) proton alignment
combined with partial g9/2 neutron alignment leads to a
mixed coupling scheme for the (3qp } yrast bands as
pointed out by Funke et al. ' in the case of 'Kr.

The positive- and negative-parity yrast sequences in
Sr have recently been established by Chishti et al. " up

to probable spins —",
+ and —", , and fairly regular band

structures were found as shown in Fig. 1. The most obvi-
ous irregularity is an upbend in the positive-parity band
ai spin —", +. Indeed, the —",

+ —", + and the —",
+~—", +

transitions have exactly the same y-ray energy of 1175
keV. The present lifetime measurements, made with the
recoil distance and Doppler-shift attenuation (DSA) tech-
niques, were intended to determine the collectivity and
structure of the (lqp) bands and to shed light on the
alignment effects occurring at the onset of the (3qp)
bands.

II. EXPERIMENTAL PROCEDURE

The reaction Ni( Mg, 2pn ) Sr was studied with a
beam of 10—20 nA of Mg + ions supplied by the Oxford
folded tandem accelerator. The beam energies chosen, 80
MeV in the recoil distance and 85 MeV in the DSA ex-
periments, ensured the optimum population of the states
of interest.
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FIG. 1. The decay scheme of high spin states in "Sr (Ref.
11).

A. The recoil distance experiment

The design of the plunger apparatus has been described
previously. ' The beam enters the target chamber
through a 3-mm diameter lead collimator and hits the
target, which consists of a thin self-supporting, stretched

foil of =0.7-mg/cm thickness enriched to 99.98% in
Ni. The recoil nuclei travel at an average velocity of

U Ic =2.05(2)% along a variable flight path D before they
are stopped in a 20-pm thick stretched Ta foil. The liight
distance is set by a micrometer screw to a precision of +1
pm and is continuously monitored by means of a magnet-
ic transducer (+0.1 pm) and the digitized capacity of the
target-stopper system. The distance calibration was car-
ried out with the beam hitting the target to ensure that
additional thermal effects were minimized. A further
check was available because it was possible to measure
the known lifetimes of states in Kr, Sr, and Rb (Refs.
1, 2, 9, 13) which are produced in the a2p, 2p, and 3p
channels of the Mg+ Ni reaction. This comparison is
shown in Table I. The agreement with the previously
measured lifetimes over a range from 1 to 50 ps is excel-
lent. The present experiment has also provided more pre-
cise lifetime values for the 2+ and 4+ yrast states in Sr
than those obtained previously. '

The y radiation was observed at 0' to the beam in a Ge
detector of 25%o relative efficiency at a 1.33-MeV photon
energy with a bismuthe germanate (BGO) Compton
suppression shield. A second Ge detector, without
Compton suppression, was placed at 142' to the beam.
This allowed us to locate the Doppler-shifted peaks in
parts of the spectrum where they did not overlap with
other lines, at least at one of the two detector angles. The
spectra in both detectors were cleaned further with
respect to the strong Coulomb excitation lines in "Mg,

Ni, and ' 'Ta by requiring coincidences with y rays ob-
served in either a 12.5-cm diameter, 12.5-cm long
NaI(T1) detector or an eight-segment BGO detector of
similar size. Since the y-ray multiplicity of the evapora-
tion residues is much higher than the y-ray multiplicity
following Coulomb excitation or P decays, the latter are
suppressed in the gated spectra. This simple y-ray filter,
together with Compton suppression, allowed us to identi-
fy small flight- or stop-peak intensities. Thus, we were
able to scan a larger dynamic range in the decay func-
tions. Figure 2 shows parts of the 0' spectra taken at
D =2 and 750 pm.

Spectra were recorded at 22 distances (chosen in ran-
dom order) between electrical contact ( &2 pm) and 5

TABLE I. Comparison of lifetimes from the present recoil distance analysis and previous work.

Nucleus Transition Present work

Lifetime ~ (ps)

Previous work Reference

80Sr 386

595

2+ ~0+
4+ 2+

49.4(18)
4.2(2)

53(4)

4.8(7)

"Rb 547

501

810

11+ 7+
2 2
13+ 9+
2 2

15 + ll +
2 2

8.5(2)

11.4(10)

1.2(2)'

8.2(4)

11.9(6)

1 3'

13

13

424 2 0+ 37.7(30) 35.6(10)

'Effective value not corrected for feeding.
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FIG. 2. Portions of the Compton suppressed 0' spectra taken
at recoil distance D=2 pm (electrical contact between target
and stopper) and D =750 pm.

mm; this covers the time range up to a few ns. The
stopped- and flight-peak intensities in both detectors were
determined in the y-ray singles and gated spectra and
were normalized to the intensity of the 301-keV Coulomb
excitation line in ' 'Ta which is proportional to the accu-
mulated beam charge. Several decay functions are plot-
ted in Fig. 3. The fits shown were obtained mith the pro-
gram CHRONos (Ref. 14) which considers up to five feed-
ing components (see below). Corrections to the decay
functions due to the finite spread in recoil velocity, the
finite detector size, and the time-dependent hyperfine
deorientation were neglected for reasons discussed previ-
ously. ' ' Feeding-time effects mill be discussed in Sec.
III A.

B. The Doppler-shift attenuation experiment

The lifetimes of the states with spins ) 17/2R are too
short to be measured by means of the recoil distance
technique but are accessible to the DSA method. Such a
measurement was carried out at a 85-meV beam energy
using a 380-pg/cm Ni layer evaporated onto a 100-pm
Ta backing and placed at 45' to the beam. The beam in-
tensity has 20 nA and the y-ray spectra were accumulat-
ed for 78 h.

While neutron evaporation from the Zr compound
nucleus and along the evaporation chains is a fairly rare
process, the 7 Kr+a2p, Rb+3p, and Kr+4p chan-
nels are most strongly populated. Therefore, the com-
mon method of measuring Doppler broadened line shapes
in the yy coincidence mode, and gating on the respective
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FIG. 3. Survival ratios for some yrast transitions in Sr.
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in-band transitions was not feasible. We thus measured
line shapes in Sr by gating the Compton suppressed Ge
detector at 0' with the signals from four conical NE213
neutron detectors which covered some 20% of the total
solid angle. By gating on the evaporated neutrons, we
not only discriminated against the strong charged parti-
cle evaporation channels, but also against Coulomb exci-
tation and P-decay cascades. A sample spectrum is
displayed in Fig. 4; it predominantly contains lines from
the Sr+2pn channel and also, with lower intensity,
from the Rb+3pn channel. ' Since there are bands
with similar deformations in both nuclei, the Sr and

Rb y rays have similar energies, and the probability
that the Sr lines are contaminated is quite high. In the
more favorable cases, the intensity of the contaminating
line was small enough to cause uncertainties in the life-
time analysis of only about 10%, i.e., in the case of the
1065-keV —", +~ —",

+ transition in Sr which is contam-
inated by a 1080-keV Rb line. ' In other cases the num-
ber of overlapping lines prevented reliable DSA line-
shape analyses, e.g., in the case of the 1013-keV

line which is contaminated by the 999-keV
—",

+ transition in Sr, and the 1013- and 1020-keV
lines in Rb. For similar reasons the 955-keV
( —", -+ —", ), 1253-keV ( —", + -+ —", + ), and 1255-keV
( —", ~—", ) multiplets could not be analyzed. Further-
more, no DSA analysis of the 1175-keV —29+~ —",

+ and
—",

+~—", + doublet was possible.

III. ANALYSIS OF THE LIFETIME
DATA AND RESULTS

It is well known that the analysis of recoil distance de-
cay functions and Doppler broadened lines shapes follow-
ing heavy-ion fusion reactions is sensitive to the feeding
intensities and times, including (continuum) side feeding
times. In addition, the process of the slowing down of
the excited nuclei in the stopping material strongly affects
the lifetimes deduced from the DSA analysis. For these
reasons we discuss in this section the assumptions and
tests made concerning these parameters. The Doppler
broadened line shapes were fitted with the code GNQMoN
(Ref. 17) as described in several recent papers. 's'9

A. Feeding pattern

Great care was taken to use the correct feeding intensi-
ties in the analysis. For this reason, singles spectra of
good statistics were accumulated at 55' to the beam
where the angular distribution effects are at a minimum.
In order to avoid systematic errors due to overlapping
lines in the 55' y-ray singles spectra, the intensities of
some Sr lines were also determined in the 0' neutron
gated spectra where those lines were clearly separated.
In particular, the relative intensities of the Doppler
broadened EI=2 transitions were obtained at 0' in the
neutron gated spectra. Their relative intensities were
then corrected for angular distribution effects using the
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FIG. 4. Portion of the Compton suppressed and neutron gated 0 spectrum. The energies inserted refer to transitions in ' Sr. For
details see text.
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known a2 and a4 angular distribution coeScients. '
The second source of systematic errors, the side feed-

ing time ~F, has been investigated in several previous
studies. ' ' ' lt was found that ~+ can be as large as,
or even exceed the lifetime of, the level it is feeding. In
the present experiment the side average feeding times
were taken into account by fitting the DSA line shapes
for fixed values of ~z in the range from zero to 1 ps. In
most cases the reduced goodness-of-fit parameter y„only
gave a lower limit for vf. An upper limit for ~f could not
be determined from the g„arguments since, for long feed-
ing times of ~f 0.3 ps, good fits could always be
achieved with correspondingly shorter level lifetimes.

For the —",
+ level, this procedure gave a lower limit of

vf ~ 0. 1 5 ps, while the y„minimum was located at
7f —0.25 ps. It was assumed that the side feeding time
for this level does not exceed 0.5 ps. With rf =0.25(,0)
ps the lifetime of the —",

+ state was determined to be

r( —7+)=0.69(to) ps .

The side feeding times for the other levels were estimated
by assuming that the feeding times for a given spin are
equal in the positive- and negative-parity bands (on the
basis of the conformity of the level energies in both
bands) and increase with decreasing spin by
b~f /EI =0. 1 ps/R. In addition, the feeding times in Sr
have been stimulated with the most recent version of our
Monte Carlo code GAMMAPACE, which gives a most con-
vincing agreement for measured and simulated feeding
times in the reaction Fe( S, 3p } Y at a beam energy of
103 MeV. ' Details of the model are also discussed in
Refs. 18 and 21. The Sr simulation was done assuming
that the average collective E2 strengths of the 125
Weiskopf unit (W.u. ) are exponentially decreasing within
a 1-MeV 1/e wide band above the yrast line. The calcu-
lated feeding times rf( —", )=0.11 ps, rf( —", )=0.19 ps,

rf ( p ) =0.3 1 ps, and rf ( —,
'

) =0.56 ps are in good agree-
ment with the assumed range of feeding times included in
Table II. The level lifetimes were again obtained by cal-
culating the correlation between r and ~f. The errors in
the level lifetimes correspond to the feeding-time range.

The effective lifetimes of the —",
+ and —", states were

determined from the line-shape fits to the —", +~—",
+ and

transitions where the effective lifetimes were
fitted as additional free parameters.

In the recoil distance analysis side feeding times were
only taken into account for lifetimes below 3 ps. They
were assumed to be equal in the recoil distance (RD} and
DSA experiments. This is supported by the good agree-
ment between RD and DSA lifetime values for the —",

and —", states.

B. Stopping power function

In Sr we were able to measure the lifetimes of the —",

and —", states with both the RD and DSA methods. The
analysis of the recoil distance data does not depend on
the stopping power as long as the level lifetime exceeds
the slowing down time in the stopper foil. A comparison
of lifetimes determined with both methods then allows
one to select the appropriate stopping power function in
the DSA analysis and thus reduce the systematic errors
in the lifetimes. In order to investigate this point in more
detail, we also considered excited states in the evapora-
tion residues ' Sr, the lifetimes of which were again ac-
cessible to both methods. These nuclei were populated in
the reactions ' Fe( S,a2p) Sr and Fe( S,4p) Sr at
beam energies of 103 and 107 MeV. This experiment is a
by-product of our recent detailed lifetime studies in Y
and Zr, performed with the University of Cologne tan-
dem accelerator: details can be found in Refs. (18 and 19).
In Sr, lifetimes of the 2700-keV 8+ and 1763-keV 6+
yrast states were determined by both methods. For the
3243-keV 8+ and 2230-keV 6+ yrast states in Sr only
the DSA method was applied, but here precise RD re-
sults are available from the work of Dewald et al.

To fit the Doppler broadened line shapes we used the
parametrization of Kalbitzer and Oetzmann for the nu-
clear component of the stopping power function and
treated the angular straggling of the ions according to
Blaugrund. For the electronic component of the stop-
ping power function, we considered the parametrizations
of Northcliffe and Schilling labeled NS, and of Ziegler,

TABLE II. Lifetimes and E2 transition strengths in the ' Sr ground band from present and previous
work.

State

386

981
1764
2701
3766

4+
6+
8+
1O+

Present

49.4(18)

4.2(2)
0.82(8)
0.47(6)
0.49(2)

Mean lifetime ~ (ps)
Previous

53(4)'
63(9)

4.8(7)"
1.8(11)'
0.32(13)'
0.25(11)'

Adopted

4.3(2)
0.96(14)
0.42(6)
0.25(11)

B(E2)
(e fm)

1840(70)

2550(120)
2890( 360)

2390(1870)

la, I

(b)

3.04(6)

2.99(7)
3.04('„')
2.87(19)
2.66( )

'Reference 1.
Reference 41.

'Reference 2.
Effective lifetime not corrected for feeding.
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TABLE III. Comparison of lifetimes in ' Sr obtained from recoil distance and DSA measure-

ments.

Nucleus +RD (PS)

NS NS 0.7
DsA (ps)
ZBL

"Sr 15—
2
13—
2

1.4(2)'

1.3{3)

1.25(10)'

1.05(9}

1.49(10)'

1.44{12)

1.41(10)'

1.28(10)

80Sr 10+
8+ 1.1(2)'

0.54(10)

0.43(8)'

0.80(9)

0.47(2)'

0.83(8)'

0.40(1)b

0.70(7)

0.59(3)'

1.02{10)'

0.48(10)'

0.89(8)

0.49(2)'

0,91(9)'

0.45(1)

0.84(8)

82Sr 8+

6+ 1.3(2)d

0.83(8)'

0.87(9)

1.02(10)'

1.05(11)

0.91(9)'
0.92{9)

'Effective lifetime not corrected for feeding.
b~,s(10+ )=0.47 ps.
'r,s(10+ ) =0.59 ps.
Taken from Reference 3.

Biersack, and Littmark labeled ZBL. Since the DSA
lifetime values with the NS stopping powers (see Table
III} turned out to be systematically shorter than the RD
lifetime values, we had to multiply the NS stopping
power by a constant factor 0.7 in order to achieve agree-
ment with the RD results. This set of data is labeled
"NS'0.7" in Table III. The lifetimes given there have
been calculated with a fixed side feeding time rf =0.2 ps
in order to reduce the errors in the comparison of ~RD
and Tosh.

DSA line-shape fits and RD decay functions for some
of the transitions in ' Sr are presented in Figs. 5 and 6.
For the 783-keV 6+ ~4+ transition in spSr, a long com-
ponent in the recoil distance decay function was observed
with a lifetime of about 30 ps. This component arises
from the feeding from (7') states into the 6+ state, but it
was neglected in the analysis due to its weak feeding in-
tensity of less than 10% of the total feeding into the 6+
state. Since no recoil distance lifetimes in Sr were ob-
tained in the present experiment, a comparison was made
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with previous work. The RD value of the 6+ state is
slightly larger than the DSA value of Ref. 25, probably
due to the neglected side feeding time in the latter RD
analysis. Since the ZBL parametrization, which is based
on the Inost recent and complete evaluation of stopping
power data, gave satisfactory agreement with the RD

lifetimes, it was adopted in aO of the other DSA analyses
in Sr.

C. Lifetime results

The measured lifetimes in Sr are summarized in
Table IV, together with the measured intensities and

TABLE IV. Level energies, transition energies, intensities, branching ratios, and lifetimes in Sr.

E„(keV)

177.4

329.9

499.2

914.3

1179.3

1729.5

2065.0

2729.1

3129.3

4304

E~ (keV)

177.4

152.5

169.0

322.1

415.1

584.3

264.9

680.1

550.2

815.2

335.6

884.5

664.4

999.3

399.3

1065.2

1175

5+
2

7+
2
9+
2

11+
2

13+
2

15+
2

17+
2

19+
2

21+
2

25 +
2

3
2

5+
2
7+
2

5+
2

9+
2

7+
2

11+
2

9+
2

13+
2

11+
2

15+
2

13+
2

17+
2
15+
2

19+
2
17+
2

21+
2

Iy (%)

118.1(36)

98.4(303

51.9(21)

12.1(5)

14.1(10)

7.5(4)

27.8(14)

5.4(5)

12.0(20)

3.0(4)

21.4(11)

2.2(3)

3.6(5)

16.1(13)

b (%)

81.1(12)

18.9(12)

60(2)'

40(2)'

21.1(20)

78.9(20)

31.5(55)

68.5(55)

12.3(21)

87.7(21)

18.3(32)

81.7(32)

T (PS)

20(1) ns'

154(9)

44(5)

2.6{3)

Ty =0.5(2)

1.7(3)

1) 0 4(2)

& 1.0

0.69( 10)

TI =0.25(10)

0.52(10)

Tf 0 15(]Q)

(0 30'

159.5

381.3

649.5

982.7

1339.8

1774.0

2202.5

2729.0

3215

159.5

221.7

381.3

268.1

490.1

333.2

601.4

357.0

690.3

434.6

791.0

428.5

862.7

526.2

955.4

487

1013

5—
2

7
2

9
2

11—
2

13—
2

15—
2

17—
2

19—
2

21—
2

3
2
5—
2

7—
2
5—
2
9—
2

7
2
ll—
2
9—
2
13—
2
11—
2
15—
2
13—
2
17—
2
15—
2
19—
2
17—
2

100.0(20)

54.4(17)

9.7(4)

26.0(13)

17.2(9}

13.6{12)

14.8(19)

9.0(7)

19.2(103

4.3(5)

15.0(12)

3.6(5)

11.8(12)

1.0(33

84.9(9)

15.1(9)

60.2(24)

39.8(24)

48.0(54)

52.0(54)

32.0(28)

68.0(28)

22.4(34)

77.6(34}

23.4(43)

76.6(43)

70(9)

18(3)

4.3(7)

1.5(2)

Tg =0.5(2)

1.25{20)

TI =0.4(2)

1.4{1)'

0.90(15)

Tj.=0.25(10)

&0.6'

'Reference 20.
Average value of TRD=1.3(3) ps and Tos„=1.2(3) ps.

'Effective lifetime, average of TRD=1.4(2) ps and TosA=1.4(1) ps.
Effective lifetime not corrected for feeding.
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branching ratios. The experimental errors of the DSA
lifetimes only contain statistical errors and uncertainties
due to the range of rf. The deduced electromagnetic
transition strengths will be discussed below.

A summary of lifetimes of the four lowest transitions in
Sr obtained in the present and previous work' is given

in Table II. The effective lifetimes of the 6+ and 8+ state
in Sr were measured by the RD method in the' Ni( Mg, 2p)s Sr and ' Fe( S,a2p) Sr reactions. The
resulting values r,a(8+) =1.1(2) and r,tt(6 ) =1.6(2) ps
do not seem to be caused by long feeding times in the ps
range as reported by Davie et al. In the present work,
the inhuence of the side feeding times was treated similar-
ly as in Sr, i.e., ~f was neglected for the long-lived 2
and 4+ states, but was assumed to be rf =0.2(2) ps in the
analysis of the 6+ and 8+ states. The 8(E2) values cor-
responding to the adopted lifetimes given an average
transitional quadrupole moment of ~Q, ~

=3.00(6) b.

IV. DiSCUSSION

A. The imp bandheads

A recent measurement of the ground-state spin in Sr

by laser spectroscopy has confirmed the I"=—,'spin-

parity assignment made by Lister et al. ' According to
the single-particle scheme calculated with a %oods-
Saxon potential, the 41st neutron occupies the [301]—,

'

orbit, at large prolate deformation. This orbit is also ac-
cessible, however, at large oblate deformation and the
measured spin does not allow us to determine the sign of
the deformation. On the other hand, the E2/M 1 mixing
ratios 5(E2/Ml) of the BI=1 in-band transitions de-
pend on this sign and furthermore distinguish between
different Nilsson orbits. We therefore compared the ex-
perimental E2/Ml mixing ratios with those evaluated
with the Nilsson model in the limit of axial symmetry
(y =0' or —60') and the well-defined projection quantum
number Q. ' 5 is given by

5(E2/M 1 ) =[0.933E (MeV)/(I, —1)'~~)

X[l+5n, i2(
—

) +'i'b]Q, /(g„—gg ) . (1)

Here, I; is the initial spin and E~ is the transition energy,

Q, is the (transitional) quadrupole moment, g„—gz is the
difference between the single particle and collective g fac-
tors, and b is a term related to the decoupling parameter
in 0=

—,
' bands. In this limit, gz can be expressed as '

Expt.

TABLE V. Comparison of experimental and calculated E2/M1 mixing ratios.

Negative-parity band

Theory

prolate oblate

5—
2

7
2
9—
2
11—
2
13—
2
15—
2

—0.09(6)
—0.17(7)
—0.13(6)
—0.24(6)
—0.07(7)
—0.15{5)

—0.17
—0.17
—0.15
—0.15

—0.14
—0.15

—25.2
—24.0
—22.2
—22.3
—20.2
—21.2

+0.12

+0.11

+0.10

+0.10

+0.09

+0.10

+ 1.27

+ 1.21

+ 1.12

+ 1.13

+ 1.02

+ 1.07

+0.22

+0.22

+0.20

+0.20

+0.18

+0.20

+0.39

+0.39

+0.34

+0.34

+0.31

+0.32

+0.09

+0.08

+0.07

+0.08

+0.07

+0.07

+2.22

+2.12

+ 1.96

+ 1.97

+ 1.78

+ 1.87

Expt'
Positive-parity band

Prolate

Theory

Oblate

'7 +
2

9+
2
11+
2

13+
2

—0.22(8)
—0.26(6)
—0.37(16)
—0.18(8 )

—0.16
—0.14
—0.27
—0.15

+0.64

+0.55

+ 1.09

+0.59

+0.17

+0.14

+0.28

+0.15

+0.36

+0.31

+0.61

+0.33

'[301]—'
[303]—'

'[301]z, not corrected for decoupling parameter.

[312]—,'
'Taken from Reference 20.
[422] 5 +.
I[431]—,

'+, not corrected for decoupling parameter.
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gn gl +[(g, g
—

i )/2&]g( Iu ) + (~~ I' —Iu, „,I'), (2)

where a& +,&z are the coeScients of the Nilsson wave
functions in a spherical basis. In the calculations, we
used gz =Z/A =0.48, g, =0.7g,"', and the a, +,zz
coeScients given in Ref. 32 for prolate and oblate defor-
mations Pz=0. 42 corresponding to IQ, I=3.5 b. The
decoupling term in (1) was neglected in the 0=—,

' orbits
due to the small signature splittings observed.

The calculated mixing ratios for di8'erent Nilsson or-
bits are compared in Table V with the experimental
values. For the negative-parity states, the [301]T, as-

signment is confirmed and a prolate deformation can be
unambiguously concluded, since there is no evidence for
a triaxial shape in this band, which would lead to 0 mix-
ing (see Sec. IV B). The situation is more complicated in
the positive-parity band: As the predicted energies of the
[301]—,

' and [431]—,
'+ single-particle states are equal at

Pz=0. 4 (Ref. g), one would rather expect the [431]—,
'+

state to be lower in energy. Indeed, a regular AI = 1 rota-
tional band in ' Sr based on this orbit, with no signature
splitting and Pz=0. 4, has recently been identified by
Moore et al. In Kr a partially decoupled band with
Pz=0. 34, based on the [422]—,'+ orbit, was observed by
Nolte et al. and Wormann et al. In Sr, the sign and
magnitude of the mixing ratios uniquely determine the
[422]—,

'+ orbit as the yrast structure, again with prolate
shape.

B. Deformation parameters

The experimental E2 and M1 transition strengths and
quadrupole moments calculated from the 8(E2) values
for the 0=—', (negative-parity) and the 0=—', (positive-

parity) orbits are given in Table VI and are further illus-
trated in Fig. 7. In the positive-parity band, the IQ, I

TABLE VI. B(E2) and B(M1) values and transitional quadrupole moments in ' Sr.

E„(keV) B(M1) (p~2) B{E2) (e fm ) Ig I (b)

159

381

649

982

1339

1773

2201

3214

7
2

9
2

ll—
2

13—
2

15—
2

17—
2

21—
2

3—
2
5—
2
5—
2
7—
2
7—
2
9—
2
9—
2
ll—
2
11—
2
13—
2
13—
2
15—
2
17—
2

—0.09(6)

E2
—0.17(7)

E2
—0.13(6)

—0.24(6)

—0.07(7)

E2
—0.15(5)

E2

I@I &o.5

E2

0.20(3)

0.24(4)

0.40(7" )

0 47(14)

0.32(' )

& 0.08

0.19(8)

78p( 1730
)

860(23o)

199p( 3650
)

2690( 490 )

1330(2130)

3610(730)

345p( 3300
)

2840(690)

180(

iso�)

+ 1320

~70
1460(390

)

& 1150

1.5(12)

2.46(26)

3.1(14)

3.ss('„')

3.78(41)

60( )

1.6{,",)

2.18(",, )

& 1.9

330

499

914

1179

1729

2064

3214

4303

7+
2

9+
2

1 1 +
2

13+
2

15+
2

17+
2

21 +
2

25 +
2

5+
2

5+
2
7+
2

7+
2
9+
2

9 +
2
11 +
2
11+
2
13+
2

15+
2
17+
2
21+
2

—0.22(8)

—0.26(6)

—0.37(16)

—0.18(8 )

E2

E2
E2

0.10(1)

0.20(3)

0.17(4)

0.37('„')

0.18(8)

2410(215o)

1020(160)

5980( 2780 )

1850(280)

1840( 2200
)

2610(4~50)

2320( 4870
)

~ 1430

1920(21oo)

940( 270
)

~ 1220

2.6(10)

3.21(27)

4.5(12)

3.31(26)

2-8( 14)

3.48(31)

3 6(27 )

2.68(2155)

1.78( 18 )

'From References 1 and 20.
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1500-
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1000-
863 keV

500-

0
1700

I I I I I I I I I

1750 1800 1S50

C
1000—a

1065 keV

1060 1080 1100

Channel number

1120

FIG. 6. Doppler broadened line shapes of several ' Sr transi-
tions. The hatched lines are contaminants not considered in the
fits which are inserted as full lines.

values are constant up to duo=0. 4 MeV; their average
value ~Q, ~

=3.3(3) b corresponds to P2=0.40(4) in the
limit of a rigid spheroid with radius Ro=1.2 A' fm.
The negative-parity band shows a slightly reduced

transition strength, but the quadrupole moments
of the —,', 1 —,', and —", states are again in agreement
and average to ~Q, ~=3.5(3) b or P2=0.44(4). In both
bands, reductions of ~Q, ~

and P2 take place at fico=0.45
MeV, i.e., at the onset of the first band crossings (see Sec.
IVC). It appears that this (most probable g9/2 proton)
alignment causes a decrease in collectivity of about 40%
in both bands.

So far we have assumed axial symmetry in the analysis,
while there is ample evidence for nonaxial nuclear shapes
in many odd-Z nuclei of this mass region. ' ' ' In re-
cent papers, Hamamoto has discussed criteria for
detecting nonaxial shapes in odd-A nuclei in tests in y-
ray spectroscopy. Deviations from axial symmetry are
evident as (i) a signature dependence of the
B(E2,I~I 1) val—ues, (ii) an anomalous signature
dependence of the B(M1) values, and (iii) a signature in-
version of the high-j Routhians. Criteria (i) and (ii) re-
quire precise experimental EI=1 M1 and E2 transition
strengths to be tested As . shown in Fig. 7(b), the Q,
values obtained from the bI= —1, B(E2) values suffer
from the relatively large experimental errors of the mix-
ing ratios. Nonetheless, nearly all

~ Q, ~
values are in good

agreement with the average Sgures deduced from the
BI=2 transitions [see Fig. 7(a)]. In the positive-parity
band, the slight signature dependence of the Q(I~I —1)
would correspond to a small positive y value.

)Ot I {b) (b)
5-

(c) B(M1)
1T. =

79sr hI = 2
TY, =+

- 0.4

- 0.4

- 0.2

0

—0.3

—0.2 a 0
- 0.6

3

2-

(a)

~ ~ && ll

-05
—04

—0.2

- 0.1

ll

~ ~

-04

- 0.2

0
0 G2 04

hu) fMeV)
0.6

~ ~

0 I I I j I l i s I a I a g 0
5/2 9/2 13/2 17/2 5/2 9/2 13/2 17/2 21/2

I;(h)

FIG. 7. (a) Experimental transitional quadrupole moments as a function of the rotational frequency for the positive- and negative-
parity stretched E2 transitions (b) transitional quadrupole moments of EI= —1 transitions as a function of the initial spin I;, (c)
8(M1) values of EI= —1 transitions as function of the initial spin I;.
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(a)

)
-0.5-

+ c1 =+1/2
~ a = -1/2

J =15 h /MeV

J, = 5h/Mev

-15
0

I I I ~ Ii i I I I I

0.2 O.I 0.6 0 0.2 O.I 0.6

h( (MeV)

FIG. 8. Experimental neutron Routhians for the (a) positive-
and (b) negative-parity yrast bands in ' Sr. The Harris parame-
ters J0 and J& are inserted.

=4fuue/[(fin)) +(be) ] . (3)

This equation only holds in the limit of axial symmetry.
Here, the indices f and u denote favored (a=+ —,

' } and

unfavored signatures (a = —
—,
' ), respectively, he is the en-

ergy difference between the a=+—,
' Routhians, and

B(M1),„is the average 8(M1}transition strength

B(M1),„—= —,
' [B[M1,If~(I—1)„]

+B[M1,(I—1)„—+(I—2)f]I . (4)

Another useful relationship to test triaxiality was pro-
posed as

bB(M1,If ) = IB[M1,If~(I—1)]

B[M1,(—I 1)„~(I——2)f ] I /8(M1), „

The experimental Routhians of the positive- and
negative-parity yrast bands are plotted in Fig. 8. In the
negative-parity band very little signature splitting is visi-
ble (be =0) and the 8(M1) values of subsequent transi-
tions overlap within their errors bars so as to fulfill Eq.
(3}. The positive-parity band shows a small signature
splitting of he =90—130 keV, but no signature inversion
of the favored and unfavored Routhians. The left- and
right-hand side of Eq. (3) can be calculated for the se-

bB(Ml, —3}=0.7(5) and 58(M1, —,')=2.0(8) for the left-
hand side to be compared with 1.2 and 2.0 for the right-
hand side of Eq. (3). Thus we may safely conclude that
the negative-parity band has axial symmetry up to spin

For the positive-parity band, we cannot fully ex-
clude a triaxial shape, but as all requirements for axial
symmetry are fu1611ed, it seems unlikely that the odd g9&z
neutron induces a large asymmetry of the core. None the
less, more precise 5 values are desirable in order to pur-
sue this question.

C. Alignment properties

Figure 9(a) illustrates the dynamical moment of inertia
J' ' in the a=+—,

' negative-parity bands in comparison
with the ground band in Sr (Ref. 37). All three bands
show broad peaks of J' ' at flu=0. 4—0.6 MeV, indicat-
ing strong band mixings. Following the arguments given
in Refs. 2 and 37, this mixing most probably arises from

g9/g proton (2' } alignment. The aligned quasiparticle
alignment in the m. = —1 bands in Sr amounts to
i =2.Sfi.

The most obvious irregularity in the observed level se-
quence is the pronounced upbend in the positive-parity

79Sr TK=+

+ a =+1/2'"' - ~ a=-1I2

30-
J /h

{VeV 'j

25-

20-

15-
~ 78Sr gO
+ Sr z = —,a=+1/279

~ Sr x = —.a=- 't/279

(o)
0
0 0.2 0.4 0.6 0.8

a {VeV)

(b)
r

I I I I l I I

0.5
h~ {Mev}

FIG. 9. (a) The plot of the aligned single-particle momentum for the Sr positive-parity bands. The Harris parameters used to ob-
tain this curve are Jo=15 A /MeV and J& =5 R /MeV . (b) The dynamic moment of inertia J for the Sr negative-parity bands
compared with the ground-state band of Sr.
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band observed by Chishti et al. "which clearly is in con-
trast to the gradual alignment found for the negative-
parity states. In Fig. 9(a) the aligned quasiparticle angu-
lar momentum i in this band is plotted versus fi~; i in-

creases gradually by 0.7A in the range Ace=0. 3—0.52
MeV and rapidly increases by another 3.7A during the
upbend at A'co=0. 58 MeV. The total gain in quasiparticle
spin amounts to 4.4R. The shape of this i(co) curve seems

0.4
(a} 10o
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FIG. 10. Shape evolution as a function of the rotational frequency for the Sr (a) positive-parity and (b) negative-parity favored
bands. The insets show the rotational frequency in MeV, asterisks denote TRS calculated for (2qp) (1qp),, configurations. The
hatched areas correspond to excitation energies ~0.4 MeV above the minimum, the energy difference between the contour lines is
0.8 MeV.
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to be quite puzzling. If the upbend was due to a g9/2
(2pq ) neutron crossing, one should see a similar crossing
in the negative-parity band (where g9/2 neutron align-
ment is not blocked), unless there is a drastic shape
change between the positive- and negative-parity (3qp)
bands. Such second-band crossing has not been found.
Of course, one may also consider a more complicated
scenario recently suggested for the positive-parity yrast
band of Kr: here the g9&2 proton and neutron align-
ments are found to coincide at Ace=0. 65 MeV. The
aligned protons seem to reduce the deformation in such a
way that the neutron alignment frequency is lowered. A
similar effect may also be present in the positive-parity
band of Sr, as indicated by the strongly reduced defor-
mation on the basis of B(E2) values [see Fig. 7(a)].

D. Woods-Saxon cranking calculations

The inAuence of collective rotation and particle align-
ments on the shape of Sr has also been considered from
the point of view of the Strutinsky-Bogolubov cranking
model with a deformed Woods-Saxon potential. Details
of the model and the input parameters in the A =80 re-
gion are given in recent work of Nazarewicz and Gross
et al. As a first step, the total Routhian surfaces (TRS)
in Sr were calculated for the ( 1qp„) neutron
configurations. The shape evolution in Sr as a function
of the rotational frequency is shown in Figs. 10(a) and
10(b) for the positive- and negative-parity favored bands,
respectively. The hatched areas correspond to an energy
of less than 0.4 MeV above the minimum the energy

difference between the contour lines is 0.8 MeV. At small
rotational frequencies (fico ~0.4 MeV) a stable minimum
is predicted at deformations Pz=0. 37, y =O'. This value
is in good agreement with the experiment if one considers
that the experimental charge deformation has to be re-
duced by 10% to yield the Woods-Saxon deformation pa-
rameter. ' At those deformations, the g9/i proton (2qp)
alignment is expected to take place at Ace =0.4—0.5 MeV
with a large interaction as shown in Fig. 11(a).

The neutron crossing is shifted up to a much higher
angular frequency of Ace = 1 MeV. The TRS for rotation-
al frequencies %co )0.5 MeV have thus been calculated
for the (2qp) (lqp)„configurations and are labeled with
asterisks in Figs. 10 (a) and (b). The 3qp TRS for the
positive-parity a=+ —,

' band show a decrease in quadru-

pole deformation and less defined y values, while in the
negative-parity TRS minimum stays at Pi=0. 37, y =0'.
This is in agreement with the observed alignment proper-
ties in the negative-parity band associated with g9&2 pro-
tons. On the other hand, it can be seen in Fig. 10 that the
proton crossing induces a strong shape change in the pos-
itive parity band. The upbend in this band can be ex-
plained by angular momentum alignments of g9/i protons
causing a transition to negative y values. In fact such a
tendency has already been predicted for Sr (Ref. 8).
Neutron quasiparticle Routhians calculated for deforma-
tions corresponding to the minimum in the 3qp TRS, i.e.,
Pi=0.26, y= —30', are displayed in Fig. 12. At this de-
formation the BC crossing has a large interaction leading
to a very smooth angular momentum alignment at
h m )0.6 MeV. At the moment, no experimental data are

P2 = 0.37, (3/ = 0.007, y = 0

(lv}eV)
(l.221 S/2'

(rt, a}= (+,+1/2)

———(- +1/2)

( 1/2}
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F1G. 1 t. pioton and neutron ~oods-Saxon quasiparticle Routhians for ' Sr at a deformation pi =0 37, Pg =
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p2 =0.26, t3t, =-0.03, =-30'

/(
/

/
/

/
/

/

/

I t I I t 1 I a l

0 0.2 0I0.6 . 0.8 1.0

htu {MeV)

FIG. 12. Neutron quasiparticle Routhians at deformations
P2=0.26, P~= —0.03, and y= —30'.

the Ziegler-Biersack-Littmark parametrization of the
electronic stopping power well describes the slowing
down of fast Sr ions in Ta.

By making use of the measured E2/M 1 mixing ratios,
the positive- and negative-parity (Iqp) bands have been
found to be based on the [422]—,

'+ and [301]—', Nilsson
orbits, at large prolate deformations of Pz+ =0.40(4) and

P2 =0.44(4), respectively. In the [422]—,
'+ orbit, the neu-

tron does not induce a core polarization towards larger
deformation. In this respect, the situation is very similar
to the one found in the isotone Kr (Refs. 9 and 42). In
the (lqp) bands no evidence for strong triaxiality has
been found below spin —", , either from the signature split-

ting or the staggering of M1 and E2 transition strengths.
Cranked shell-model and Hartree-Fock-Bogolyubov cal-
culations support this interpretation.

In the transition region to (3qp) alignment, the quad-
rupole moments in both bands show a very similar behav-
ior; they decrease by about 40% at fico=0.45 MeV. This
drop in collectivity is probably associated with the align-
ment of a g9/2 proton pairs, as suggested by Hartree-
Fock-Bogolyubov cranking calculations.
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