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g vibrational band and quasiparticle excitations in 80Sr
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Non-yrast states in80Sr were populated in the24Mg(58Ni,2p)80Sr reaction at 200 MeV and theirg decays
investigated using Gammasphere, in order to investigate shape softness and quasiparticle excitations. A large
data set was collected which wasA andZ gated, using the Argonne Fragment Mass Analyzer and a focal plane
ion chamber. The excellent channel selection enhanced the sensitivity to energetically nonfavored configura-
tions. Several new rotational bands were found, and many conflicts between previous experiments were
resolved. In particular, the gamma vibrational band is now clearly delineated, and more than ten quasiparticle
bandheads have been identified. At the highest spins, evidence for a long-predicted shape change was found.
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I. INTRODUCTION

The deformed nuclei of the neutron deficientA;80 re-
gion are interesting for investigating the microscopic und
pinning of collective rotational behavior in general, as th
lie in the middle of thef-p-g shell model space which is larg
enough to support substantial collectivity, with quadrup
transitions of 100’s of Weisskopf units in the ground-sta
bands, but which is small enough that individual particles
specific orbits can strongly modulate that collectivity. T
potential-energy surfaces of nuclei in the region are s
both to elongationb and triaxialityg, so shape polarization
is easy and shape vibrational excitations are expected t
low lying. Measuring and calculating these shapes and t
vibrations provide a challenging contemporary test of o
understanding of nuclear structure.

80Sr is a classic soft deformed rotor in theA;80 region.
It was one of the first nuclei to be identified as having a la
quadrupole deformation in a pioneering heavy-ion study
Morinaga’s Munich group@1# and has since been extensive
studied experimentally, both ‘‘in beam’’@2–7# and through
the decay of80Y @8–10#. Many of the techniques now com
monly used for studying neutron-deficient nuclei far fro
stability were developed for investigating this nucleus and
neighbors@1,2,5#. Numerous theoretical investigations ha
also been made@11–17# using a variety of approaches, in
cluding the interacting boson model, relativistic mean-fie
calculations, Hartree-Fock-Bogoliubov calculations, and
verse microscopic-macroscopic Strutinski-type models. T
seminal Woods-Saxon calculations of Nazarewiczet al. @13#
were very important in revealing the importance of deform
shell gaps in establishing the physics of nuclei through
this region, including their ground-state shapes, band te
nations, and their backbending characteristics. One pre
tion, that of superdeformation, has recently been verifi
@18#. Another long-standing prediction, that of an abru
change from near-prolate to near-oblate shapes at high
appears to be verified in this work.

Despite the extensive experimental work on80Sr, puzzles
remain concerning vibrational modes and the spins and p
ties of the lowest quasiparticle excitations. There are inc
sistencies between some of the published ‘‘in-beam’’ stud
0556-2813/2003/67~6!/064311~8!/$20.00 67 0643
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and with the decay work. The present experiment was aim
at favorably populating low-spin, non-yrast states in order
resolve some of these discrepancies and clarify the low
modes of excitation, particularly the collective vibration
states.

II. EXPERIMENTAL METHOD

States in 80Sr were populated using th
24Mg(58Ni,2p)80Sr reaction. The58Ni beam at 200 MeV was
accelerated by the ATLAS superconducting linear acceler
at Argonne National Laboratory@19#. Inverse kinematics
were used to enhance the collection of residues near
degrees, and to improveZ separation in the focal plane io
chamber. A 0.8-mg/cm2 foil of .99.5% isotopically enriched
24Mg was used, with a 5-mg/cm2 12C charge reset foil posi-
tioned 10 cm downstream. Gamma rays were detecte
Gammasphere@20#, which contained 100 large~.70% rela-
tive efficiency! hyperpure germanium detectors, ea
mounted in a BGO Compton-suppression shield. The ab
lute singles efficiency was;9% for 1.33-MeV gamma rays
and the peak-to-total ratio.55%. Reaction products which
recoiled inside a rectangular aperture of 0.831.4° around
zero, passed into the Argonne Fragment Mass Analy
~FMA! @21#, where the noninteracting beam was rejected
the 1027 level, and the residues dispersed across a 10
focal plane according toA/q, their mass/atomic charge sta
ratio. For this experiment, the FMA efficiency was estimat
to be;5%. Ions crossing the focal plane were detected i
two-dimensional position sensitive foil-and-channel-pla
system of 8310 cm with the foil made of aluminized form
var @22#. Mechanical slits positioned upstream of the foc
plane were used to select residues withA/q580/2553.20
60.01, thus reducing the downstream count rate
,104 cps. The ions were stopped in a three electrode,
cm-deep, ion chamber operated at 25 torr of isobutane.
time correlations between the accelerator rf clock and
detectors were recorded to allow time-random events to
categorized. The experiment had a triggering method
which an ‘‘event’’ was hardware selected and consisted o
Compton-suppressed germanium event~taken at the VXI
crate level! in coincidence with an ion traversing the foc
©2003 The American Physical Society11-1
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plane between 700 and 1000 ns later. Only when this co
tion was satisfied were events digitized and read out. T
triggering method considerably reduced deadtime and
lowed Gammasphere to be operated in a residue-gated,
multiplicity mode; for this experiment multiplicity 2 was se
lected. In post-run analysis, it was noticed that due
differences in length of the Gammasphere’s signal cab
some detectors did not satisfy the hardware trigger requ
ments, and about 30% of good events were lost.

Data were collected for 48 ‘‘live-time’’ hours, with an

FIG. 1. A sample of the high qualityg-g data from this experi-
ment, showing a single gate set on the 1579-keVJ518→16 decay
in the yrast line. Above this point ‘‘forking’’ of the band occurs; th
yrast sequence has a backbend which has been predicted to
spond to a change from near-prolate to near-oblate shape.

FIG. 2. The decay scheme of low-lying states in80Sr. Many
particle-hole excited configurations are evident near 3 MeV of
citation. Only the collective gamma-vibrational band lies low
excitation, with a bandhead at 1.141 MeV. The continuation of
bands to high spin is given in Table I and is not shown in
figures.
06431
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average beam current of 5 pnA. The ion chamber data w
corrected for small time-dependent gain drifts~at;2% level!
and then sorted into an energy-loss vs energy matrix.
Bragg curves for scattered beam particles, (Z528) and77Rb
(Z537), ~arriving at the focal plane as anA/q ambiguity
with A/q577/24), 80Sr (Z538), 80Y (Z539), and 80Zr
(Z540), could be traced. The80Sr ions were most intens
by more than an order of magnitude. The energy-loss
were parametrized and ‘‘linearized’’ to create an energ
independent energy-loss signal which could be used to s
rate massA580 isobars. An optimum ‘‘strontium’’ gate wa
selected, as were gates for yttrium and rubidium. The zir

rre-

-

e

FIG. 3. The decay scheme of highly excited states associ
with the ground-state band. Above spinJ518, many particle-hole
excitations approach the yrast line and the decay pattern beco
very complicated. For clarity, several other bands shown in Fig
continue to high spin and are not shown in this figure.

FIG. 4. A plot of theS(J,J-1,J-2) factor of Zamfir and Casten
~Ref. @27#! as a function of spin for even-even nuclei80Sr ~solid!,
82Sr ~short-dash! ~Ref. @24#!, 78Kr ~dash-dot! ~Ref. @25#!, and 84Zr
~long-dash! ~Ref. @23#!. All show similar characteristics, with an
odd-even splitting and average values near zero, characterist
triaxial, but soft, shapes. TheS factor for 80Sr seems particularly
constant with spin.
1-2
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g VIBRATIONAL BAND AND QUASIPARTICLE EXCITATIONS IN 80Sr PHYSICAL REVIEW C67, 064311 ~2003!
nium locus was of very low intensity and was well separa
from that of strontium. Gamma rays, in time coinciden
with each of the ions, were identified and sorted into tim
random-subtracted prompt energy-angle and energy-en
matrices that were Doppler corrected. Due to the symm
of Gammasphere, the effective recoil velocity could be e
pirically determined to match up-shifted and down-shift
photopeaks, depending on detector angle. The effective
locity was v/c50.051. Further refinement to improve th
Doppler correction included event-by-event relative veloc
correction, using the ion chamber energies, and for the
detectors around the girth of Gammasphere near 90°,
segmentation of the germanium crystals was used to iden
‘‘upstream,’’ ‘‘middle,’’ and ‘‘downstream’’ gamma-ray hits
~the ‘‘upstream’’ and ‘‘downstream’’ hits being effectivel
62.8° different from the mechanical detector angle!. Even
so, after this sophisticated correction, the photopeaks
;6-keV full width at half maximum at 1 MeV, three time
the intrinsic resolution, reflecting the importance of mo
position-sensitive detectors in the future.

The matrices of data were then ‘‘purified’’ by subtractin
scaled-down matrices of neighboring isobars, with a norm
ization chosen to exactly remove the strongest clean ‘‘bre
through’’ transitions. In this particular case,80Sr was so in-
tense that these subtractions were&5%. At the end of this
analysis, matrices could be produced in which almost al
the transitions appeared to be associated with80Sr, allowing
a catalog of80Sr gamma rays to be created. The 386-ke
Jp521→01, transition photopeak had more than 16

counts. About 60% of the events had more than one gam
ray in prompt coincidence. For most of these transitions,
angular distribution could be studied and coincident gam
rays identified. Figure 1 shows a single window from t
coincidence matrix, on the high-lying 1579-keVJp5181

→161 transition, where the quality of the data can be se
The decay scheme developed in this work is shown in
parts as it is complicated. The low-spin regime and ba
heads are in Fig. 2, and the fragmentation of the high-s
sequences are shown in Fig. 3.

The number of detectors at each angle is not the sam
Gammasphere, and the response of each detector slightly
ferent, so similarly-sorted152Eu and 56Co source spectra
were used to create a set of angle normalization factors
efficiency curves. The measured isotropy of the 386-k
ground-state decay, caused by vacuum deorientation, an
ways seen in this type of study, further verified the norm
ization. The validity of the angle normalization was check
by measuring the well-known cascade ofE2 decays in the
ground-state band. These transitions also provided a mea
of the spin-dependent alignment. The source data were
used for relative gain matching, though the absolute sp
trum after Doppler correction was slightly shifted~0.2 keV!
to match the well-measured low-lying80Sr transitions from
the 80Y radioactive decay experiments. This correction pro
ably arises from a small mechanical misalignment of the
get relative to the exact center of Gammasphere. Table I
compilation of all the known transitions. As there are ma
gamma rays, they are grouped by bands, where the as
ments are known. The weakest transitions have only e
06431
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gies, intermediate transitions and those forming comp
multiplets in the spectrum show thea2 angular distribution
coefficient, and the stronger transitions have botha2 anda4
coefficients.

III. RESULTS AND DISCUSSION

A. Gamma vibrational band

It is surprising that there is considerable uncertainty c
cerning spin and structural assignments for some of the v
lowest-lying nonyrast states. Our clean, channel-selec
data are particularly useful in this respect. The lowest n
yrast excitation we find is the gamma vibrational band, co
sistent with the gamma soft potential-energy surfaces alw
calculated for80Sr ~e.g., Refs.@12,13#!. The Jp5Kp521

bandhead has been known for some time@8# at 1141 keV, as
it is populated in beta decay. A recent, more detailed stud
the 80Y beta decay following mass separation by Do¨ring
et al. @10# supported this assignment, and found candida
for higher-lying multiphonon vibrational states. Decaying
the J522 bandhead, Davieet al. @4# reported an odd-spin
sequence, starting atJ53 at 1570 keV, based on an angul
distribution fit to the 1185-keV decay to the ground-sta
band which favored aDJ51 decay with a large positive
mixing ratio. The Do¨ring et al. @10# investigation found con-
sistency with this assignment and reported candidates for
first odd-spin member of the gamma band, and one candi
for the even-spin sequence of this band. In contrast, Winc
et al. @7# concluded the 1570-keV state hadJ54, without
discussing the data supporting the change of assignmen
the present ‘‘in-beam’’ data set we have observed the e
spin members of the band to spinJ510 which interleave and
link with Davie’s odd spin cascade, as is shown on the
side of Fig. 2. These new states, and their linking transitio
confirm the original spin assignments@3,4,10#, and show the
Winchell et al. assignment to be incorrect. We were able
extend the odd-spin cascade beyond the 1339-keV trans
reported by Winchellet al. by three more states toJp

5(211), with a series of quadrupole decays of energ
1507, 1615, and 1752 keV given in Table I.

The proposed scheme is now very similar to the gam
bands recently explored in detail in neighboring84Zr @23#,
82Sr @24#, and 78,80Kr @25,26#. Analysis of all these bands
using theS(J,J21,J22) factors of Zamfir and Casten@27#
show an odd-even staggering around zero value, as show
Fig. 4. Although there is an odd-even spin effect, the ‘‘S’’
factor remains quite constant in80Sr, compared to the neigh
bors and small in magnitude. The behavior is intermedi
between a rigid triaxial ‘‘S’’ factor, of 11.67 and that of
complete gamma softness, whereS522.0 is expected. The
positions of the gamma band members relative to
ground-state band, provide information on the mean triax
ity. In a rigid model, they would indicate the triaxiality wa
;20° for 80Sr. However, the small value of the ‘‘S’’ factor
indicates that the amplitude of vibrations about the me
value is large.

The clear development of a clear gamma rotational b
‘‘in-beam’’ now balances the evidence fromb-decay work
@10#, where population of high-lying nonyrast states is o
1-3
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TABLE I. A compilation of the gamma rays and their properties associated with80Sr which were studied
in this work. The intensities are normalized to have 1000 units decaying to the ground state. The gamm
are grouped according to the band in which they have been assigned. A few transitions are known
80Sr, but could not be reliably placed.

Estate ~keV! Ji
p Jf

p Eg ~keV! I g
a a2 a4

GSB
385.6~2! 21 01 385.6~2! 929 ~23! .01 ~1! 2.03 ~1!

980.2~3! 41 21 594.6~2! 799 ~20! .12 ~1! 2.04 ~1!

1 763.0~3! 61 41 782.8~2! 636 ~16! .22 ~1! 2.06 ~1!

2 699.7~4! 81 61 936.8~2! 486 ~12! .26 ~1! 2.11 ~1!

3 765.1~4! 101 81 1065.4~2! 369 ~10! .27 ~1! 2.11 ~2!

4 951.5~5! 121 101 1186.3~2! 279 ~11! .24 ~1! 2.08 ~2!

6 276.1~5! 141 121 1324.6~2! 168 ~5! .32 ~2! 2.02 ~3!

7 751.9~6! 161 141 1475.9~2! 99 ~3! .33 ~3! 2.09 ~4!

9 330.7~6! 181 161 1578.7~3! 59 ~3! .31 ~5! 2.13 ~7!

10 878.5~7! 201 181 1547.8~3! 39 ~2! .30 ~6! 2.20 ~9!

12 630~1! (221) 201 1751.2~7! 10 ~1!

14 746~1! (241) (221) 2116.5~7! 4 ~1!

SB1
3 601.9~3! 7(2) 81 902.1~3! 9 ~1! 2.14 ~17! 2.12 ~22!

7(2) 61 1839.0~2! 50 ~2! 2.40 ~5! 2.04 ~6!

3 580.3~3! 7(2) ~5! 683.1~3! 12 ~1! .07 ~9!

7(2) 61 1817.0~3! 71 ~2! 2.10 ~4! 2.07 ~5!

4 379.0~3! 9(2) 7(2) 776.7~2! 57 ~2! .12 ~5! .00 ~7!

9(2) 7(2) 799.1~2! 50 ~1! .24 ~4! 2.04 ~5!

5 349.2~3! 11(2) 9(2) 970.3~2! 87 ~2! .23 ~2! 2.09 ~3!

6 470.6~4! 13(2) 11(2) 1120.0~2! 79 ~3! .25 ~3! 2.12 ~3!

7 731.4~5! 15(2) 13(2) 1260.8~2! 67 ~2! .29 ~5! 2.02 ~6!

9 099.7~5! 17(2) 15(2) 1368.3~2! 59 ~2! .34 ~4! 2.23 ~6!

10 539.6~6! 19(2) 17(2) 1439.9~4! 40 ~2! .19 ~4! .07 ~5!

12 072.8~8! 21(2) 19(2) 1533.2~5! 16 ~3! .38 ~7! 2.05 ~9!

13 723.3~9! (232) (212) 1650.6~4! 9 ~1!

15 577~1! (252) (232) 1853.2~5! 5 ~1!

SB2 ~gamma band!
1 141.0~2! 21 21 755.9~3! 25 ~1! .07 ~4! 2.02 ~5!

01 1140.8~2! 71 ~2! .01 ~12! .01 ~15!

1 570.3~2! 31 21 429.1~2! 19 ~1! 2.03 ~9! 2.02 ~10!

41 590.2~3! 9 ~1!

21 1185.0~2! 49 ~12!

1 831.4~2! 41 21 690.4~2! 16 ~1! .15 ~7! 2.08 ~9!

41 851.5~2! 15 ~1! 2.06 ~9! 13 ~11!

21 1444.6~4!

2 295.6~2! 51 41 463.9~2! 10 ~1!

31 725.2~2! 70 ~2! .19 ~3! 2.08 ~4!

41 1316.0~2! 80 ~2! .20 ~4! .04 ~5!

2 640.7~3! 61 41 809.3~2! 19 ~1! .07 ~9! 2.34 ~12!

3 172.2~3! 71 61 530.8~2! 15 ~4!

51 876.6~2! 80 ~2! .20 ~3! 2.05 ~4!

61 1408.8~5!

3 584.5~4! 81 61 943.8~2! 31 ~1! .23 ~6! .04 ~8!

4 169.5~4! 91 71 997.4~2! 72 ~3! .23 ~5! 2.14 ~7!

4 676.8~8! 101 81 1092.3~7! 19 ~3! .25 ~12!

5 274.4~4! 111 91 1104.9~2! 48 ~2! .22 ~4! 2.14 ~6!

101 1508.7~3! 21 ~3!

6 495.4~5! 131 111 1221.0~3! 51 ~2! .19 ~5! 2.05 ~6!

7 831.5~6! (151) 131 1340.0~3! 18 ~1! .34 ~12!
064311-4
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TABLE I. ~Continued!.

Estate ~keV! Ji
p Jf

p Eg ~keV! I g
a a2 a4

7 867.1~6! (151) (131) 1371.7~3! 13 ~2!

9 340.2~5! (171) (151) 1474.1~4! 14 ~2!

(171) (151) 1507.4~5! 9 ~2!

10 955.5~7! (191) (171) 1615.3~4! 14 ~1!

12 708~1! (211) (191) 1752 ~1! 3 ~1!

SB3
2 835.0~8! ~4! 41 1854.8~7! 25 ~2! .20 ~8! 2.21 ~11!

2 897.6~4! ~5! 41 1917.4~3! 22 ~1! 2.27 ~11! 2.11 ~15!

3 893.2~3! ~6! ~5! 496.0~2! 19 ~1!

~4! 558.1~2! 9 ~1!

51 1097.3~3! 42 ~3! 2.31 ~7! 2.12 ~11!

4 056.1~2! ~8! ~6! 662.3~2! 59 ~2! .23 ~3! 2.07 ~3!

71 884.7~2! 56 ~2! 2.11 ~5! .11 ~7!

4 922.8~3! ~10! 91 754.0~3! 17 ~1!

~8! 866.3~2! 72 ~2! .28 ~3! .01 ~4!

5 958.1~4! ~12! ~10! 1035.3~2! 68 ~3! .32 ~5! .05 ~7!

7 156.1~4! ~14! ~12! 1198.0~2! 51 ~2! .24 ~4! 2.03 ~5!

8 499.8~5! ~16! ~14! 1343.7~2! 32 ~1! .30 ~4! 2.06 ~5!

9 882.1~6! ~18! ~16! 1382.3~5! 16 ~1! .38 ~12!

SB4
4 470.2~5! ~9! 81 1770.5~3! 18 ~1! 2.26 ~13! .02 ~16!

5 500.5~5! ~11! ~9! 1030.8~4! 21 ~3! .30 ~8! 2.25 ~11!

101 1734.6~6! 21 ~3! .10 ~6! 2.20 ~8!

6 666.9~5! ~13! ~11! 1166.4~2! 51 ~2! .21 ~4! 2.19 ~5!

7 974.1~6! ~15! ~13! 1307.2~3! 24 ~1! .33 ~9! 2.23 ~13!

9 417.3~7! 1443.2~4! 14 ~1!

10 962.3~9! 1545.1~6! 13 ~2!

SB5 ~new!

3 048.5~5! (52) 41 2068.3~4! 8 ~1! 2.48 ~17! 2.33 ~23!

3 313.3~3! (62) (52) 266.2~2! 15 ~1! 2.55 ~8! 2.04 ~11!

51 1017.2~2! 23 ~1! .07 ~8! .03 ~11!

3 714.7~3! (72) (62) 401.2~2! 12 ~1! 2.52 ~13! .07 ~20!

(52) 666.6~3! 19 ~1! .34 ~11! .05 ~16!

4 156.3~3! (82) (72) 441.0~3! 7 ~1!

(62) 843.6~2! 29 ~1! .23 ~6! .03 ~8!

4 632.6~4! (92) (72) 918.0~2! 19 ~1! .38 ~9! 2.26 ~12!

5 149.1~4! (102) (82) 992.8~3! 40 ~3! .03 ~13! .11 ~18!

6 288.3~5! (122) (102) 1139.2~2! 28 ~3!

7 631.1~5! (142) (122) 1342.8~3! 9 ~2!

SB6
4 896.7~4! 101 1132.4~3! 43 ~2! .26 ~5! 2.10 ~7!

81 2195.7~5! 14 ~1!

6 022.0~6! 1125.3~5! 23 ~2! .34 ~5! .00 ~7!

7 307.6~9! 1285.4~6! 24 ~3!

8 716 ~1! 1407.2~4! 22 ~2!

Other transitions in decay scheme
4 650.5~6! ~9! 81 1 950.8~4! 14 ~1! .26 ~18! 2.32 ~25!

7 106.8~6! 121 2 155.4~4! 14 ~1!

8 141 ~1! 141 1 865 ~1! 3 ~2!

9 323.4~9! (152) 1 592.0~8! 8 ~2! .40 ~25!

9 486.9~7! 161 1 735.0~5! 22 ~5!

9 844.8~7! 161 2 092.9~5! 7 ~1! 2.12 ~20!
064311-5
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TABLE I. ~Continued!.

Estate ~keV! Ji
p Jf

p Eg ~keV! I g
a a2 a4

11 073.5~7! 181 1 742.9~4! 12 ~1!

11 307~1! 181 1 976.6~9! 2 ~1!

11 358.7~9! 181 2 028.0~7! 6 ~1!

12 813.8~6! ~20! 1 740.2~5! 10 ~3!

~20! 1 935.4~6! 6 ~1!

aNormalized to make the flux to the ground state equal to 1000 units.
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B. Sideband SB3

Davie et al. @4# reported a cascade ofE2 transitions de-
caying into the lower members of the gamma band, wit
bandhead of unknown spin,J, at 3639 keV. The band wa
labeled SB3. Winchellet al. @7# observed the same casca
of gamma rays, but placed the bandhead at 3394 keV, fi
by three separate decay paths. They allocated a spin/par
Jp572 to this state. In the present study, we find the de
paths proposed by Winchellet al. to be correct, but differ
over spin assignment. The decay of this structure is to p
tive parity states, mainly in the gamma band. The interb
transitions, for example the clean 884-keV decay, have
gular distributions which are rather isotropic, indicatin
mixed multipolarity decays ofE2/M1 type, but the data are
not of sufficient quality to rigorously assign the parity to t
band, although an even spin sequence is strongly favo
Even spin bands with similar decay patterns have been
gested in several neighboring nuclei@28#, although negative
parity has been proposed. With our spin assignments for
gamma band discussed in Sec. III A, we set the bandh
spin to be most likelyJ5(6) at 3393 keV. We could follow
the cascade as far as the ‘‘upbend’’ state at 9882 keV,
could not confirm the higher transitions which were repor
by Winchellet al. @7#. From an interpretation standpoint, th
lack of a parity assignment is unfortunate. An even sp
positive parity sequence provides a natural explanation
the odd-even staggering in theS(4,3,2) plot discussed in th
previous section. An interaction between the even memb
of SB3 and the gamma band, causing repulsion at the;50-
keV level, suppresses the observed staggering in theS(4,3,2)
factor. Alternatively, were the band of negative parity, t
members would interleave rather well with the members
SB1 with a uniform signature splitting pattern. Under th
interpretation it is possible that SB3 could be the miss
even spin members of that rotational band.

C. Candidates for negative-parity excitation

The most strongly populated core excitation reported
Davie et al. @4# was a cascade which de-excited into t
ground-state band at spinJp561. The two high energy
‘‘decay-out’’ transitions of 1817 and 1839 keV were report
to be inconsistent with pure dipole radiation, both havi
very large negativea2 and large positivea4 angular distri-
06431
e-
l-

a

d
of
y

i-
d
n-

d.
g-

he
ad

ut
d

,
r

rs

f

g

y

bution coefficients. It was suggested the band had posi
parity and a bandhead assignment ofJp571, although a
‘‘folded’’ Jp551 assignment would be equally consiste
with the measurement. For many years this result has
mained a puzzle, as most neighboring nuclei have b
found to have negative parity bands as the most stron
excited non-yrast states. The angular distributions meas
by Winchell et al. were completely different from Davie’s
with much smaller coefficients. The 1839-keV decay a
peared to be fully consistent with a pure dipole decay. O
measurements are quite close to Winchell’s~Table I of both
papers! and in our data both 1817- and 1839-keV deca
appear consistent with pure dipole decays. While dipole
cay by no means proves the decay is pureE1, and thus the
band has negative parity, the experimental data which le
the initial positive parity assignment are inconsistent with
new large data sets, opening the question of the parity of
band. In addition, we have confirmed the decay branch to
J58 member of the ground-state band through the 902-k
transition, excluding a ‘‘folded’’ spin sequence. High-ener
pure dipole decays are frequently found as parity-chang
interband transitions, so with no other data available, ne
tive parity would become experimentally favored, setting t
bandhead atJp57(2). It is very difficult to construct a posi-
tive parity high-spin bandhead from the states available n
the Fermi surface. However, several high-spin nega
bandheads can be easily constructed, with ag9/2 particle and
one in thefp shell, also favoring this assignment. Prelimina
results from a measurement of the polarization of these t
sitions @29# using ‘‘clover’’ detectors to measure the asym
metry of Compton scattering further indicate that the 181
and 1839-keV gamma rays are indeed ofE1 character.

A completely new set of states has been found decay
into the ground-state band at spinJ54, as is shown on the
right of Fig. 2. It is surprising that these states have not b
seen before, as they are quite strongly populated. Figu
shows a coincident window from the new band. The ‘‘deca
out’’ transition is a high-energy, 2068-keV, dipole transitio
suggesting negative parity. Above it, the lowest energy tr
sition known in 80Sr, at 266 keV is located. This unusu
pattern, a;2000-keV decay with a;200-keV precursor, is
found in both isotones and isotopes of80Sr, always associ-
ated with negative parity@23–25,28#. Thus a negative parity
assignment for this band also seems likely.

D. High-spin ground-state band

Although this experiment was not specifically design
for high-spin study, the large data set and the suppressio
1-6
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competing reaction channels allowed the decay schem
80Sr to be developed to surprisingly high spin. Figure
shows the yrast sequence above spinJ58 and the states
decaying into the ground-state band. The mean feeding
discrete lines wasJ510. A sample of theg-g coincidence
data is shown in Fig. 1, a gate on the 1578-keVJ518→16
ground-state band transition. Below this point, the grou
state cascade is clear, while above the cascade forks at
four different ways, two branches carrying approximate
equal intensity. Both of these paths show backbends, a m
change from the smooth development at lower spin. T
observation is unambiguous in our work. The yrast line
this work aboveJ518 differs considerably from that o
Davie et al. @4# and removes the puzzle of the jagged hig
spin dynamic moment of inertia which was reported in th
study and widely discussed as a possible signature of pa
collapse. Overall, the high-spin decay pattern found in
present study is similar to that suggested by Winchellet al.
@7#, including the forking above spinJ518. We could not
confirm the Winchell structures labeled ‘‘b,’’ ‘‘ c,’’ and ‘‘ d’’ in
our data, but did verify their structure of SB4. It is difficult t
understand our nonobservation of Winchell’s structure ‘c’’
as it was reported to feed into the yrast line at spinJ514,
and we suggest it may be a misassignment associated
another nucleus. We did, however, observe the gamma
in Winchell’s ‘‘d’’ structure, and can confirm they are in80Sr,
but were unable to place them in the decay scheme.

We also found many other high-energy decays to the y
line which have not previously been reported. Most of t
high-energy decays we find seem consistent with quadru
radiation, except where otherwise noted in Table I or Figs
and 3. At high spin, the gap between the yrast and yr
states of the same spin and parity is dramatically reduc
Presumably, this is a manifestation of the overall reduction
the importance of pairing due to blocking above the ene
required for quasiparticle excitation. Although the bandhe
for two-quasiparticle excitation lie around 3 MeV, the ban
all have moments of inertia larger than the ground-st

FIG. 5. A coincidence window set on the 266-keV gamma ray
the proposed new negative parity band.
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band, and so become energetically more favored with s
until they intercept the ground-state band near spinJ520. It
is interesting to note that the ‘‘superdeformed’’ bands, pol
ized to very large deformation by promotion of particles in
theh11/2 shell, continue this trend, with even larger momen
of inertia and even larger relative gains in energy with sp
Although the excitation energy of these bands is not
known, the lowest members of these bands cannot lie v
far above their ‘‘normal’’ non-yrast counterparts found in th
study, or else ‘‘normal’’ states would make the yrast line
extremely high spin, and superdeformed states would ne
become yrast. It is worth noting that one of the bands
ported by Devlin @18#, band SD4, seems to have a ve
anomalous moment of inertia, much smaller than the ot
superdeformed sequences, and indeed lower than man
the ‘‘normal’’ bands including the ground-state sequence.

The monotonic increase of the moment of inertia at low
spin, shown in Fig. 6, has been discussed in terms of al
ments ofg9/2 protons and neutrons, in a near-prolate-shap
potential. However, the new high-spin abrupt change in m
ment of inertia appears to arise from a structure with co
pletely different character becoming yrast. This is exac
what was predicted by Nazarewiczet al. many years ago
@13#, with a noncollective near oblate core with fully aligne
particles producing a band which became energetically
vored at spinJ518 until termination at spinJ524. It is also
interesting that this jump to near-rigid moment of inertia o
curs at relatively high spin in80Sr, compared to other neigh
boring nuclei, again due to the importance of theN,Z
538,40 shell gaps keeping near-prolate shapes favore
high spin.

IV. CONCLUSION

This paper reports a detailed investigation of80Sr. The
key to the experiment was having a data set which consi
almost exclusively~.97%! of gamma rays from a single

f

FIG. 6. The kinematic moment of inertia of the yrast sequen
in 80Sr ~solid line! compared to neighboring82,84Sr ~Refs.@24,28#!
(82Sr is the dash-dot line;84Sr is the short-dashed line!. All show
abrupt discontinuities arising from shape changes and alignmen
g9/2 particles, but for80Sr this effect is delayed to higher spin, du
to the substantial gap in the single-particle energies at neutron n
ber N538.
1-7
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nucleus, diminishing the possibility of doublets with tran
tions from other nuclei which might cause confusing coin
dence relationships and misleading angular distributio
Many new transitions and structures have been found,
previous spin and parity discrepancies resolved. The gam
band has now been firmly established, with both odd- a
even-spin members identified. Its bandhead at 1141 keV
tinguishes it from the many quasiparticle excited ban
which have been found to start near 3 MeV. However,
soon as there is enough energy to allow quasiparticle ex
tion, very many configurations become possible, and n
more than ten such states have been observed. Many of
seem to have larger moments of inertia than the ground s
due to both polarization and pairing suppression, so t
approach the yrast line with increasing spin. By spinJ518
ri
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all the rotational simplicity is lost and the collectivity be
comes fragmented amongst many levels. Consequently, i
comes difficult to follow the ‘‘normal’’ states to the shel
model termination in this space near spinJ530. One
particular configuration, predicted to be of oblate shape w
alignedg9/2 protons and neutrons, appears to cause a sh
backbend above spinJ518 in the yrast line.
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