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Signature inversion and the first observation of a magnetic dipole band
in odd-odd rubidium isotopes: 82Rb
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2Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556
~Received 22 July 1998!

High-spin states in82Rb were studied through the68Zn(18O,p3n) reaction at 56 MeV beam energy via a
thin target coincidence measurement. The known sequence of positive-parity states built on the 61 state at
191.3 keV was extended up to spin 14, and signature inversion was observed around spin 11. Above spin 8 the
observed properties of this band indicate a rotationlike structure. A new high-lying level sequence connected
by DI 51 transitions was identified. This magnetic dipole sequence is built on a new (112) level at 2617.3 keV
excitation energy which is interpreted as ap(g9/2)

2
^ p(p3/2, f 5/2) ^ ng9/2 four-quasiparticle state at small

quadrupole deformation.@S0556-2813~99!04301-0#

PACS number~s!: 21.10.Re, 23.20.En, 23.20.Lv, 27.50.1e
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I. INTRODUCTION

Collective high-spin bands built on low-lying isome
have been observed in a variety of neutron-deficient odd-
nuclei in the mass 80 region, such as74,76Br @1–3# and
76,78Rb @4,5#, providing evidence for the occurrence of we
deformed nuclear shapes with a quadrupole deformatio
b2'0.38. However, the deformation depends strongly on
occupation of the proton and neutron intruder high-j g9/2

subshells, in particular on the low-V orbitals. With increas-
ing neutron number towards the neutron shell closure aN
550 this deformation-driving feature diminishes and the
perimental excitation spectrum can be well explained in
framework of the spherical shell model, as recently dem
strated for the odd-odd nucleus86Rb @6#.

For the nuclei in-between, the transitional character m
be enhanced leading to a very fragile coexistence of exc
tion modes based on different deformations. Especially
the odd-odd nuclei84Y @7# and 86Nb @8# with 45 neutrons,
the intruderg9/2 subshell is half filled and has already lo
most of its deformation driving capability. The competitio
of g9/2 protons andg9/2 neutrons in these nuclei yielded mo
erate deformations ofb2'0.17 for the rotationlike positive-
parity high-spin band with the occurrence of signature inv
sion at spin 11. In addition to theseN545 nuclei, signature
inversion was observed in the positive-parity yrast sequen
of the lighter odd-odd76,78,80Rb isotopes@4,5,9,10# at spins 9
and 10. Thus, the present investigation was motivated by
question how this structural effect may be exhibited in
heavier but less-deformedN545 odd-odd 82Rb nucleus.
Prior to the present work, there was no information availa
for states withI .10 in 82Rb.

Further, in several odd-mass Br, Kr, Rb, and Y nucl
fast M1 transitions@B(M1)'0.6 Weisskopf units# between
high-spin states have been identified@11,12#, which are built
on high-K three-quasiparticle states. In heavier nuclei w

*Present address: Los Alamos National Laboratory, Los Alam
NM 87545.
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A'200 observations of longM1 bands with only weakE2
crossover transitions@13# have been successfully interprete
using the concept of tilted rotation or the so-called ‘‘She
mechanism’’@14#. The fastM1 transitions are generated b
a gradual alignment of the high-j proton and neutron angula
momenta along the direction of the total spin. This effect
predicted to occur in weakly deformed nuclei throughout
chart of nuclides, including the mass 80 region@15#. Initial
evidence has been found in odd-mass nuclei@11,12# and a
search has been performed for an identification of such aM1
band in an odd-odd Rb nucleus.

Early spin and parity assignments of 11 to the ground
state and 52 to the long-lived isomeric state in odd-odd82Rb
were based on a radioactive decay measurement@16#. Ex-
cited states in82Rb were investigated previously with th
81Br(a,3n) reaction@17# where six transitions~and another
tentatively! were assigned to a band structure in this nucle
However, spins and excitation energies of the levels co
not be given unambiguously since it was not clear at t
time if the sequence was built on top of the 11 ground state
or the long-lived 52 isomer. This problem was solved i
another experiment employing the79Br(a,n) and
78Se(7Li,3n) reactions@18,19# where the energy of the 52

isomer was identified to be at 68.3 keV and the known de
sequence was found to feed into this isomer. Thus, state
to a (101) level at 1281 keV were observed, just below t
expected spin range where signature inversion may t
place. Therefore, a thin target coincidence experiment
been carried out using a heavy-ion reaction to populate h
spin states. Early results have been reported elsewhere@20#.

II. EXPERIMENTAL TECHNIQUES

A thin target coincidence experiment was performed
the 68Zn(18O,p3n) reaction at 56 MeV beam energy. Th
18O beam was provided by the Florida State Univers
Tandem–Superconducting LINAC facility and incident up
a 0.8 mg cm22 self-supporting metallic Zn foil enriched to
99% in 68Zn. Theg rays emitted during the bombardme
were recorded with the Pittsburgh-Florida State Universit

s,
71 ©1999 The American Physical Society
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72 PRC 59DÖRING, ULRICH, JOHNS, RILEY, AND TABOR
detector array@21# consisting of 8 high-purity Ge detectors
the time. Each Ge detector had an efficiency of about 2
and was Compton-suppressed by shields made ou
bismuth-germanate~BGO!. Two detectors were placed at
forward angle of 35 °, two detectors at 90 °, and four det
tors at 145 °. Care was taken to adjust the electronic t
window at about 100 ns to include somewhat coinciden
with slow Ge-detector time signals usually generated by lo
energyg rays. Also, the thresholds in the fast timing ele
tronics were set at about 40 keV for each Ge detecto
accommodate for the known low-energy transitions at 4
and 64.2 keV of the positive-parity sequence. Abo
1.53108 prompt events were stored on 8 mm tape. Af
energy calibration of each coincident event taking into
count the Doppler shift of theg rays, the events were sorte
into a triangular matrix containing all prompt coinciden
events~from 28 detector pairs!, and into a square matrix
where the events from the forward and backward detec
were sorted against the 90 ° detector events~12 detector
pairs!.

It should be mentioned that the (18O,p3n)82Rb reaction
channel is weak ('8%) compared to the dominating pu
neutron evaporation channels leading to82,83Sr isotopes
which have about 22% and 37%, respectively, of the to
yield. Also, the adjacent odd-mass nucleus83Rb @22# was
produced to some extent ('10%) via the (18O,p2n) reac-
tion. The g-ray energies, relative intensities, and spin a
parity assignments of transitions assigned to82Rb are sum-
marized in Table I.

To help in spin assignments the square coincidence ma
was analyzed with respect to directional correlation of o
ented nuclei~DCO! ratios whenever possible for the trans
tions of interest. This ratio is given by

RDCO5
I g1

~35 °,145 °! gated byg2 at 90 °

I g1
~90 °! gated byg2 at 35 °,145 °

. ~1!

The interpretation of the DCO ratios is most straightfo
ward when gating is carried out on stretchedE2 transitions.
In this case DCO ratios of about 1.0 and 0.5 are expected
stretched DI 52 and DI 51 transitions, respectively. I
dipole-quadrupole mixing is included, then the DCO ratio
a DI 51 transition may vary between 0.2 and 1.8 depend
on the amount of mixing and the nuclear alignment. Am
guities may also occur since an unstretched pureDI 50 tran-
sition is expected to have a ratio slightly larger than 1, i
similar to a stretchedE2 transition@23,24#.

The onlyE2 transition known in82Rb before the presen
work is the 980.4 keV 10(1)→8(1) transition @17,18#.
However, in using this transition, only a small fraction of t
new lines assigned to82Rb can be analyzed. Therefore, w
also used the low-lying 123.0 keV 61→52 transition
which has anE1 character@18# as a gate. The thresholds
the Ge detector coincidence circuit were set low enough
the time window wide enough to have a very good coin
dence efficiency at this energy. The DCO ratio for the 12
keV g ray in the 980.4 keVE2 gate is close to 0.5, a
expected for a stretched dipole transition, and aM2 admix-
ture seems to be very unlikely based on the measured
time of the 61 level @18,25#. Therefore, this transition wa
%
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used as gate for other transitions in coincidence. A renorm
ization of the DCO ratios obtained from the 123 keV gate
a factor of 0.5 was applied as necessary for comparison w
DCO ratios deduced fromE2 gates. Furthermore, DCO gate
were set on otherDI 51 transitions such as the 207 and 4
keV as well as the 411 and 473 keV transitions. Individu
DCO ratios are given in Table I together with the gati
conditions.

III. LEVEL SCHEME OF 82Rb AND SPIN-PARITY
ASSIGNMENTS

A. Positive-parity yrast sequence

The new 82Rb level scheme as deduced from our expe
ment is shown in Fig. 1. The known@18# band of positive
parity built on the low-lying 61 level at 191.3 keV has bee
extended up to a 14(1) state at 4015.9 keV. Two coincidenc
gates, set on the 563 and the 980 keV transitions, are
played in Fig. 2. The highest observed transition is a 146
keV g ray depopulating the spin 14 state. DCO ratios ha
been determined for theDI 51 and 2 transitions up to spin
14 leading to firm spin assignments. There is good agr
ment between the ratios determined from the 980 keVE2
gate and the renormalized ratios deduced from the 123
E1 gate. The small ratio for the 64.2 keVDI 51 transition
may be caused by different Ge detector efficiencies at
low g-ray energy rather than dipole-quadrupole mixing.

The yrast nature of the states and the strongDI 52 intra-
band transitions provide evidence that both decay seque
are signature partners, despite the detection of only
~three! DI 52 transitions in the odd-spin~even-spin! decay
sequence above the 8(1) state. Further, an interesting featu
of this yrast band is that intense interconnectingDI 51 tran-
sitions such as the 562.6, 620.9, and 632.0 keV transiti
have been observed only in one direction, from odd-spin
even-spin states. For the other way around, theDI 51 tran-
sitions are weak or missing. Thus, for the 12(1)

→11(1)649.5 keV transition, an upper intensity limit cou
be estimated only from the 123 keV gate~see Table I!. How-
ever, this particular decay feature provides additional e
dence for the bands being signature partners~see Sec. IV A!.

Positive parity for the 61 bandhead state was inferre
previously from angular distribution and polarization me
surements@18#. It is supported by the recently measuredg
factor @25#. For the states above it positive parity is tent
tively given only due to the uncertainties with the 45.6 a
64.2 keV transitions. Both transitions have aDI 51 character
based on the measured angular distribution coefficients@18#.
An almost pure multipolarity ofM1 is expected because o
the low transition energies and their observation in prom
coincidences. However, anE1 nature cannot be completel
ruled out. The fact that the states in this band are yrast
ther supports theM1 nature of the 45.6 and 64.2 keV tran
sitions and thus positive parity for the states since the y
bands in most odd-odd nuclei in this mass region have p
tive parity.

A transition at 839.5 keV was observed in coinciden
with the 562.6 keV line establishing a level at 1703.2 ke
This sidefeeding transition is not a part of the rotationli
yrast sequence and may demonstrate shell-model influe
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TABLE I. Experimental results for states in82Rb.

Elevel
a I i

p b I f
p c Eg

d I g
e RDCO

f E2 gateg RDCO
h DI 51 gateg sL i

~keV! ~keV! ~keV! ~keV!

191.3 61 52 123.0~1! 100~2! 0.50~3! 980 0.48~5! 4111473 E1
209.2 61 17.8~2! j

255.5 7(1) 61 64.2~1! 65~4! 0.22~6! 980 0.34~3! 123 (M1)
301.1 8(1) 7(1) 45.6~2! 55~12! (M1)
393.5 (62,72) 52 325.2~1! 20~2! 0.97~16! 963 1.08~15! 4111473 (E2)
484.0 62 52 415.7~1! 27~3! 0.51~4! 207 M1/E2
538.5 ~6! 7(1) 283.0~2! 3~1! 0.81~19! 123
575.4 ~5! 61 383.9~2! '1
690.6 72 62 206.6~1! 21~2! 0.58~5! 416 M1/E2

0.65~7! 4111473
(72) 296.8~3! 3~1! 1.05~12! 325 (M1/E2)
7(1) 435.2~3! 2~1! (E1)
61 499.2~3! 2~1! 0.58~15! 123 E1
52 622.5~3! '1 (E2)

704.5 ~6! ~5! 129.0~3! '1
495.1~3! 2~1!

734.0 ~7! 8(1) 433.1~3! 2~1!
61 542.6~2! 3~1!

771.0 ~6! 233.3~3! '1
863.7 9(1) 8(1) 562.6~1! 25~2! 0.56~4! 123 M1
898.9 ~7! ~6! 194.4~3! 2~1!

61 707.5~3! 3~1!
1024.9 (81) ~7! 125.9~3! 3~1!

61 833.6~3! 7~1! 1.04~16! 123 (E2)
1084.4 72 72 393.8~2! 5~1! 0.91~8! 2071416 M1/E2

62 600.9~5! 4~1! 0.53~10! 416 M1/E2
1210.8 (91) (81) 186.0~2! 2~1! 0.81~13! 123 (M1/E2)

7(1) 955.3~3! 6~1! 0.87~15! 123 (E2)
1281.5 10(1) 9(1) 417.7~2! 4~1! 0.63~8! 123 M1

8(1) 980.4~1! 31~2! 1.12~8! 123 E2
1356.5 (82,92) 72 666~1! '1

(62,72) 963.0~2! 18~2! 1.12~11! 325 E2
8(1) 1055.2~5! 2~1! (E1)

1703.2 10(1) 9(1) 839.5~2! 10~1! 0.45~12! 123 M1/E2
1732.4 (92) 72 1041.8~4! 13~2! 0.78~11! 2071416 (E2)
1844.1 (92) 72 759.7~3! 7~1! 0.82~15! 2071416 (E2)

8(1) 1543~1! 2~1! (E1)
1902.4 11(1) 10(1) 620.9~2! 12~1! 0.54~4! 980 0.52~7! 123 M1/E2

9(1) 1038.4~3! 5~1! 0.98~16! 123 E2
1962.7 10(1) 9(1) 1099.0~2! 4~1! 0.43~10! 123 (M1/E2)
2290.9 11(1) 10(1) 587.7~3! 3~1! 0.56~13! 123 M1/E2
2395.1 (102,112) (82,92) 1038.6~4! 16~2! 1.09~11! 325 E2
2551.7 12(1) 11(1) 261.1~3! '1 (M1)

11(1) 649.5~4! ,1 (M1)
10(1) 1270.2~3! 12~2! 0.95~7! 980 0.97~13! 123 E2

2617.3 (112) (102,112) 222.4~2! 6~1! 0.94~12! 325 0.69~8! 4111473 (M1/E2)
(92) 773.0~3! 6~1! 1.15~19! 4111473 (E2)
(92) 885.1~3! 3~1! (E2)
10(1) 913.9~3! 3~1! 0.50~14! 123 (E1)

2709.7 (112) (92) 977.1~3! 4~1! (E2)
3027.9 (122) (112) 318.0~3! '1 (M1)

(112) 410.6~2! 14~2! 0.60~10! 325 0.53~8! 123 M1
3183.8 13(1) 12(1) 632.0~3! 4~1! 0.49~12! 123 M1/E2

11(1) 1281.4~4! 5~1! 0.93~19! 123 E2
3501.0 (132) (122) 473.1~2! 11~2! 0.49~10! 123 M1

0.44~6! 2071416
4015.9 14(1) 12(1) 1464.2~5! 6~1! 1.1~2! 123 E2
4048.7 (142) (132) 547.7~3! 8~2! 0.56~8! 4111473 M1

0.44~8! 2071416
4717.2 (152) (142) 668.5~4! 3~1! (M1)

aLevel energy.
bSpin and parity of the initial state.
cSpin and parity of the final state.
dTransition energy. Uncertainty is given in units of the last decimal.
eRelativeg-ray intensity determined from the triangular matrix.
fDCO ratio as deduced from theE2 gate given in next column.
gGate energy used to determine the DCO ratio.
hRenormalized~divided by 2.0! DCO ratio as deduced from theDI 51 gate.
iMultipolarity of the transition.
jObserved in data set of Ref.@18#.



74 PRC 59DÖRING, ULRICH, JOHNS, RILEY, AND TABOR
FIG. 1. Level scheme of odd-odd82Rb as deduced from the present experiment. Spin and parity assignments of 11 and 52 for the ground
state and the long-lived isomer, respectively, as well as assignments for some low-lying states, have been taken from Refs.@16,18#.
7.
ew

in
l
in
e

cted
416

he

ev-
No
ities

r

The 1703.2 keV level is fed by two weak transitions at 58
keV and 913.9 keV. The latter one provides a link to a n
high-spin dipole sequence.

B. High-lying magnetic dipole band

This structure is unique for82Rb and has not been seen
another odd-odd Rb isotope. The band is built on the leve
2617.3 keV. The coincidence relationships of transitions
volved in this newDI 51 high-spin level sequence can b
7

at
-

seen in Fig. 3 where three samples of background-subtra
coincidence spectra are shown. Two gates, the 325 and
keV lines, represent low-lying transitions fed through t
depopulation of the high-lying band, whereas the 473 keVg
ray is a member of theDI 51 sequence.

The new band shows the following features:~i! The decay
out of the lowest level at 2617.3 keV proceeds through s
eral transitions to positive- and negative-parity states.
decay preference is observed based on the relative intens
of the transitions involved.~ii ! The band contains fou
nce. The
sitions:
FIG. 2. Samples of background-corrected coincidence spectra relevant for the extension of the positive-parity level seque
transitions assigned to82Rb are marked with their energy in keV. Open symbols are used to indicate contaminations from known tran
square, 977 keV in82Rb; triangle,80Kr; circle, 82Sr.
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FIG. 3. Samples of background-corrected coincidence spectra relevant for the high-lyingDI 51 sequence. All transitions assigned
82Rb are labeled with their energy in keV. Contaminant transitions from84Sr are labeled with open circles and lines not assigned are ma
with the letter X.
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DI 51 transitions. ~iii ! No crossover transitions betwee
DI 52 states of the band were observed within our statist
limits.

The DCO ratios for the 410.6, 473.1, and 547.7 keV tra
sitions clearly indicate aDI 51 character. To deduce thes
ratios, gates were set on several low-lyingDI 51 and 2 tran-
sitions. The ratios extracted from the established 123 k
gate contain large errors; therefore, another depopula
path via theDI 51 transitions at 206.6 and 415.7 keV h
been used as well. Both transitions were assumed to be
most pureM1 in character based on the angular distribut
coefficient measured in Ref.@18#. In this case a smallE2
component does not affect the deduced DCO ratios mu
Therefore, the added~2071 416 keV! spectra were analyze
with regard to the higher-lying transitions. The results we
renormalized by a factor of 0.5 for comparison withE2
gated DCO ratios. In this way, consistent results emerged
the high-lying transitions supporting theDI 51 nature. The
uppermost 668.5 keV transition is too weak and too close
energy to a tentatively placed low-lying linking transitio
Therefore, no reliable DCO ratio could be extracted for i

Further, the gates set on the 411 and 473 keV transit
of the high-lyingM1 band have been added and analyzed
well to deduce DCO ratios, in particular for the low-ener
lines at 206.6 and 222.4 keV. The gated spectra from wh
these DCO ratios were determined are shown in Fig. 4.
dividual results for a few lines are given in Table I too. T
intensity pattern of the 206.6 and 222.4 keV lines is ve
similar in these spectra which are gated by transitions ab
both lines. Thus, it is likely that the 222.4 keV line has
DI 51 character too. It should be noted that the measu
DCO ratios for the 773.0 and 759.7 keV decay seque
depopulating the 2617.3 keV level are compatible with
E2 nature of these transitions. However, no DCO va
could be extracted for the 885.1 keV transition due to limit
statistics.
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A spin 11 assignment to the 2617.3 keV level seems to
the best choice; however, it leads to a contradiction with
spin and parity assignments of 51 made previously@18# to
the level at 393.5 keV. This level is populated via the dec
branch containing the 963.0, 1038.6, and 222.4 keV tra
tions from the 2617.3 keV level. The coincidence relatio
are certain and the energies match up quite well. The 39
keV level decays further by a 325.2 keV directly to the is
meric 52 state. In case of the previously made 51 assign-
ment a spin difference of 6 would have to be carried away
three transitions, including a parity change. However, aM2
assignment to one of the transitions can be excluded du
their observation in the prompt coincidence measurem
For example, the assumption of aM2 character for the 325.2
keV transition would imply a level lifetime of at least 630 n

FIG. 4. Background-corrected sum spectra used to extract D
ratios for several transitions. The 411 and 473 keV gating tra
tions are members of the new high-lying magnetic dipole band
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to obtain a M2 transition probability below the recom
mended upper limit of 1 Weisskopf unit@26#.

The positiveA2 angular distribution coefficient measure
previously @18# and the present average DCO ratio of 1.
for the 325.2 keV line can also be understood when a s
and parity of 72 are assumed for the 393.5 keV level. Th
would lead to anE2 nature of the 325.2 keV transition
However, the measured linear polarization@18# would be in
disagreement. Further, a 62 assignment might be possib
for the 393.5 keV level since strong dipole-quadrupole m
ing (d'12.3) of the 325.2 keV transition can account f
the observed DCO ratio and the previously measured ang
distribution coefficients. The 62 possibility does not, how-
ever, remove the disagreement with the previously meas
polarization. A weak line at 296.8 keV has been seen
coincidence with the 325.2 keV transition which provides
link to the known 72 level at 690.6 keV. SinceM2 decay is
extremely unlikely for the 296.8 keV transition, its occu
rence contradicts the earlier 51 assignment to the 393.5 keV
level. The likelyM1/E2 character of the 296.8 keV line i
consistent with both possible spin-parity assignments of2

and 72 discussed above.
In conclusion, both spins are possible from the curr

data, with the 62 assignment somewhat favored. Further,
strong population of the 393.5 keV level in the (a,n) reac-
tion @18# supports the lower spin assignment with a stron
mixed 325.2 keV decay to the 52 isomer. However, due to
these assignment problems, both spin possibilities are g
for the sequence feeding into the 393.5 keV level. Also,
spins for the high-lyingM1 band are given in parentheses

C. Additional states feeding into the 52 isomer

There are additional weakly populated levels which de
mainly to the low-lying 61,7(1), and 8(1) states, e.g., via
transitions at 383.9, 495.1, 597.6, 707.5, 833.6, and 95
keV ~see left-hand side of Fig. 1!. This new side structure is
not connected to the other high-spin sequences. The
energy connecting transitions are weak in intensity. The le
at 704.5 keV excitation energy decays via the 129.0
495.1 keV transitions. The observed coincidence of the 49
keV transition with the 123.0 keV line points to the presen
of a low-energy 18 keV transition not seen in this expe
ment. However, an inspection of the unpublished Le
Ge~Li ! coincidence data set of Ref.@18# measured via the
(a,n) reaction shows, e.g., low-energy lines at 17.8 and 2
keV in coincidence with the 123.0 keV transition. The 17
keV transition fits the energy difference quite well, and th
a level at 209.2 keV is introduced. The proposed spin ass
ments for the side levels are partly based on DCO ra
deduced from the 123 keV gate. Additional weak transitio
at 132.5, 344.8, 892.2, and 1346 keV have been see
coincidence with the 123.0 keV transition but not placed in
the level scheme.

IV. DISCUSSION

A. Systematics of signature inversion in odd-odd Rb isotopes

The extension of the high-spin positive-parity sequence
82Rb provides evidence for signature inversion around s
11. The normalized energy difference of the states, a
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called the moment-of-inertia parameter within the rotatio
model, is shown in Fig. 5. For comparison, also the kno
data for 76,78,80Rb are plotted. In all four nuclei, a zig-za
pattern is inferred, with a phase change at spin 11 in82Rb.
This happens at the same spin as in the heavierN545 odd-
odd nuclei 84Y and 86Nb. A similar phase change or signa
ture inversion is seen experimentally in most of the ligh
odd-odd Rb isotopes but at lower spins, e.g., at spin 9
76,78Rb and spin 10 in80Rb. The signature inversion ob
served in odd-odd82Y @27# takes place again at spin 9.

Different explanations for signature inversion have be
offered, mainly for nuclei in the mass 150 region. This i
cludes the responsibility of high-j intruder orbitals@28# and
their respective filling, shape fluctuations@29#, the influence
of the proton-neutron interaction@30#, and Coriolis mixing
within an axially symmetric rotor plus two-particle mod
@31#. The effect has also been seen in theA'120 mass re-
gion, i.e., in theph11/2^ nh11/2 bands@32–34#. It has been
pointed out@35# earlier that the signature inversion in th
mass 80 region is related to the filling of the high-j g9/2
proton andg9/2 neutron subshells and reflects the transiti
from mainly single-particle excitations at low spins to mo
rotational~collective! motion at higher spins. In the odd-od
Rb chain, the shift from spin 9 to 11 seems to be correla
with the nuclear quadrupole deformation, which decrea
from 76,78Rb (b2'0.38) towards 82Rb (b2'0.2). But
within theN545 chain,82Rb, 84Y, and 86Nb, the signature
inversion remains at spin 11 indicating only moderate def
mation changes.

FIG. 5. Normalized energy difference for the positive-parity s
quences in82Rb and lighter odd-odd Rb isotopes as a function
the spin of the initial state. Full~open! circles represent even-spi
~odd-spin! values. The experimental data were taken from76Rb,
Ref. @4#; 78Rb, Ref.@5#; 80Rb, Refs.@9,10#.
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The regular increase in energy spacing of the yr
positive-parity band above spin 8 in82Rb and its similarity
with other bands in nearby odd-odd nuclei points to a ro
tionlike character. To probe this similarity, the kinema
moments of inertia of the yrast bands in82Rb, adjacent80Rb
@9,10#, and 84Y @7# were deduced from the experimental e
ergies and spins using the standard cranked-shell model
malism @36# and are plotted as a function of the rotation
frequency in Fig. 6. After the irregularities at low spins t
kinematic moments of inertia stay almost constant and so
what below the rigid-body value in the frequency range
0.4 to 0.7 MeV. At higher frequencies an increase occur
the 80Rb and 84Y values which has been associated w
quasiparticle alignment. The moment of inertia for a rigid
rotating oblate-deformed nucleus withA582 and ub2u
50.20 is shown as a dashed line in Fig. 6. It is given in fi
order of b2 according to Ref.@37# by Jri 5(2/5)AmR0

2@1
2(5/4p)1/2b2cos(120 °1g)] where A is the mass number
m is the average nucleon mass,R05r 0A1/3 is the nuclear
radius withr 051.2 fm, andg represents the triaxiality pa
rameter which is here 0 °(160 °) for a prolate~oblate!
shape. In general, the rigid-body moment of inertia does
vary much with deformation, e.g., for a nucleus withA
582 from 21.5\2/MeV at a spherical shape t
28.3 \2/MeV for an oblate-deformed nucleus withub2u
50.5. In the frequency range of 0.4 to 0.7 MeV, the82Rb
values for the moment of inertia are about 15% lower wh
compared to80Rb and84Y which may be caused by a lowe
deformation of82Rb. However, the relatively constant valu
of J(1) suggest an onset of collective rotational behav
above states with spin 8.

Besides the moments of inertia, strong alterations
B(M1)/B(E2) ratios have been found to be a typical featu
of signature-partner sequences in the positive-parity y
states of odd-odd nuclei in the mass 80 region@27#. This is of
particular interest for bands where no level lifetime inform
tion is available. The ratio involves theM1 transition
strengths between signature partners and the intrabandE2
strengths and can be deduced directly from the transi

FIG. 6. Kinematic moments of inertia for the positive-pari
bands in 82Rb, 80Rb @9,10#, and 84Y @7#. Solid ~open! symbols
represent signaturea50 even-spin sequence (a51 odd-spin se-
quence!. A value ofK56 has been used in the analysis. The ho
zontal dashed line represents the moment of inertia for a rigid
tation of an oblate nucleus withA582 andub2u50.20.
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energies andg-ray intensities, e.g., see@38#. Experimental
values are shown in Fig. 7 for the bands in82Rb and84Y. In
extracting these values, a possible but small dipo
quadrupole mixing for theDI 51 transitions has been ne
glected which is supported by the measured DCO ratios
any case, a small quadrupole contribution does not cha
the ratio much.

Large alterations occur in theB(M1)/B(E2) ratio, and
the band in82Rb behaves very similarly to previous obse
vations for yrast positive-parity bands in adjacent odd-o
nuclei, such as78Rb @5#, 82Y @27#, 84Y @7#, and 86Nb @8#. To
illustrate this similarity, the84Y values are shown in Fig. 7
for comparison since the positive-parity band in84Y is
known to much higher-spin states and its collectivity h
been probed by lifetime measurements. The amplitudes
vary from nucleus to nucleus, but they always occur with
same phase, i.e., theM1 transition from the even-spin to th
odd-spin state is much weaker than vice versa. Since
collective structure the intrabandE2 transition strengths usu
ally vary smoothly with spin, the alterations can be asso
ated with the variations in theM1 strengths, as demonstrate
by two-quasiparticle plus triaxial rotor calculations for od
odd 84,82Y @7,27#. In this model theM1 transitions from an
odd-spin state to the lower even-spin state are strong bec
they involve a change in the quasiparticle-core coupl
only, while those from even-spin to odd-spin states are m
weaker because they involve changes in the rotational st
of the core. A possible triaxiality of the nuclear shape do
not change the phase in theB(M1)/B(E2) ratios but rather
the amplitude which is sensitive to the contributions from t
odd proton and the odd neutron to the totalM1 strengths.
Thus, the weak 12(1)→11(1) 649.5 keV transition between
signature-partner states can be understood well in term
the established systematics. However, the weak 261.1
transition from the same level to another higher-lying 11

state indicates that the 121 state is not a pure rotational sta
and may have four-quasiparticle~qp! contributions in its
wave function.

B. Hartree-Fock-Bogoliubov shape calculations for82Rb

Shape calculations using the Hartree-Fock-Bogoliub
formalism @39# were carried out for positive- and negativ

-
-

FIG. 7. Ratio ofM1 to E2 transition strengths deduced from
DI 51 and 2 transitions in the positive-parity bands of82Rb and
84Y @7# as a function of the spin of the initial state. Points corr
sponding to even-spin~odd-spin! states are shown with full~open!
symbols.
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FIG. 8. TRS plots in the (b2 ,g) polar coordinate system for the positive-parity states in82Rb with signaturea50. The rotational
frequency is given in the inset. A prolate~oblate! shape corresponds to a triaxiality ofg50 °(260 °). The contour lines are separated
200 keV.
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parity states in82Rb. A Woods-Saxon potential was used
describe the single-particle motion. A short-range monop
pairing force was included, and the cranking approximat
was utilized to describe the rotation. Samples of to
Routhian surfaces~TRS! for 82Rb are presented in Fig. 8 i
the polar coordinate plane (b2 ,g) for positive-parity states
and in Fig. 9 for negative-parity states. At each grid poi
the total Routhian was minimized with respect to the he
decapole deformationb4 . The labeling scheme of Ref.@40#
was used, where lower~upper! case letters are used for th
proton ~neutron! configuration. Thus, the lowest two
quasiparticle proton-neutron configuration in Fig. 8 is
beled bA @b: proton in configuration~parity, signature!
5(1,21/2); A: neutron in configuration (1,11/2)# yield-
ing an overall positive parity and signaturea50. Likewise,
the lowest 2qp proton-neutron configuration of negative p
ity and signaturea51 as shown in Fig. 9 corresponds to th
configuration fA @f: proton in (2,11/2); A: neutron in
(1,11/2)#.

For positive-parity states at low rotational frequency, i.
configuration bA at\v<0.292 MeV, the calculations pre
dict that the nucleus82Rb is veryg soft with a quadrupole
le
n
l

,
-

-

r-

,

deformation of at mostb2'0.23, as can be seen in Fig.
With increasing frequency, the nucleus becomes sligh
more deformed and more stiff at an oblate shape (b2

'0.25, g5257 °). The same pattern was calculated f
the signature partner configuration aA witha51 ~not
shown!.

For negative-parity states at low rotational frequency,
TRS calculations predict an almost spherical shape for s
configurations where the valence neutron is occupying
g9/2 subshell, e.g., for the fA and eA configurations. This
no surprise since for 45 neutrons theg9/2 subshell is half
filled and the deformation driving property of the neutro
configuration is strongly reduced. At a higher frequen
e.g., at 0.487 MeV, two minima develop at a less-deform
near-prolate and a near-oblate shape. However, the n
oblate minimum disappears again with further increasing
quency.

The TRS calculations for the negative-parity states wh
the valence proton occupies theg9/2 subshell predict a some
what different shape for82Rb. At low rotational frequency,
the shape is calculated to be weakly deformed (b2<0.20)
with a quite largeg softness. At higher frequencies, th
FIG. 9. TRS plots in the (b2 ,g) polar coordinate system for the negative-parity states in82Rb with signaturea51. See caption of Fig.
8 for more details.
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PRC 59 79SIGNATURE INVERSION AND THE FIRST . . .
shape becomes more stiff at smaller deformation (b2

<0.10). In general, the TRS calculations support the con
sion that the82Rb nucleus does not have a stable deformat
at low spins.

C. Low-lying negative-parity states

The low-lying negative-parity states in82Rb do not show
the rotational behavior known from its neutron-deficient od
odd Rb neighbors. This indicates a substantially sma
quadrupole deformation and clearly exhibits the transitio
nature of this nucleus. This nature is also reflected in
magnetic moment for the 52 isomeric state@41,42# in 82Rb
which can be explained quite well on the basis of spher
shell-model considerations by coupling ap3/2 proton to the
unusual neutron (g9/2)7/2

3 configuration. A similar situation
was found for the magnetic moment of the 52 isomer in the
lighter N545 nucleus80Br @43,44#. Recently, also the mea
sured magnetic moment of the 61 state at 191.3 keV in82Rb
has been interpreted containing the same seniority-3g9/2

neutron configuration coupled to ag9/2 proton @25#.
An attempt has been made to apply qualitative sh

model considerations to the negative-parity states in82Rb.
As already pointed out@18#, the low-lying 62 and 72 states
at 484.0 and 690.6 keV, which are separated by o
207 keV, are very likely based on the 2qp configuratio
(pp3/2^ ng9/2)62 and (p f 5/2^ ng9/2)72, respectively. This
proposal is based on the assumption that the unpaired
tron occupies theg9/2 subshell which is the case at very sm
deformation. A spin of 7 is the highest possible spin wh
can be obtained within the spherical shell model for tw
particle excitations of negative parity. Higher-spin sta
have to be connected with the creation of additional unpa
quasiparticles which costs quite a lot of energy. Only in c
of a finite deformation the unpaired proton may occupy
g9/2 subshell at low excitation energies as well, and a gre
variety of low-lying states is expected for positive- a
negative-parity states. In the framework of the spherical s
model, such proton excitations are estimated to be at m
higher energies. The occurrence of positive-parity state
the pg9/2^ ng9/2 configuration at low energies points to th
presence of theseg9/2 proton excitations. The consequenc
for negative-parity states are, however, difficult to assess
to the limited experimental information.

D. High-lying M1 band

The observed high-lyingDI 51 level sequence show
some interesting features which can be summarized as
low: ~i! The sequence starts at the (112) level at 2617.3 keV.
The large energy separation to the ground state and o
low-lying states indicates a predominantly 4qp nature.~ii !
The decay out happens mainly at the (112) bandhead state to
several low-lying states with positive and negative par
There is no obvious preference for either parity, pointi
also to a 4qp nature of the bandhead.~iii ! The band does no
show any signature splitting.

The occurrence of enhanced magnetic dipole transiti
in the massA'200 has been interpreted in the framework
the tilted-axis cranking model@13,14#. The structure of the
so-called ‘‘Shears bands’’ is due to a recoupling of the
-
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gular momenta of a few nucleons in high-j orbitals at small
oblate deformation. So far, these bands have been ident
in transitional nuclei at mass number higher than 100. Ty
cal features of such bands are~i! large M1 transition prob-
abilities or largeB(M1)/B(E2) ratios at the beginning o
the band which fall smoothly off with increasing spin and~ii !
no signature splitting. The latter effect has been clearly id
tified from the experimental energies in82Rb.

On the other hand, the occurrence of enhanced high-
M1 transitions in the mass 80 region has been previou
observed in several odd-mass nuclei, such as the odd-neu
nucleus 81Kr @11# and the odd-proton nuclei81,83,85Rb
@45,46#. It has been demonstrated by shell-model calcu
tions that for odd-proton nuclei with even-N, like 85Rb
which is situated in the vicinity of the neutron shell closu
at N550, fastM1 transitions can also be generated by t
3qp configurationpg9/2^ ng9/2^ n f 5/2 @46#.

Even though rotation may not play a significant role f
the low-lying negative-parity states, the occurrence of
high-lying M1 band may point to an onset of a small qua
rupole deformation. Therefore, the band has been analy
using the standard cranked-shell model formalism@36# and
the resulting kinematic moments of inertia and the expe
mental Routhians are shown in Fig. 10 as a function of
rotational frequency. In general, the moments of inertia
somewhat higher, about 20%, when compared with
positive-parity band in82Rb, and there is no signature spli
ting at all. The few points available from both signatur
follow a straight line.

Assuming a small deformation of82Rb and negative par
ity for the DI 51 sequence, we suggest the following inte
pretation: In order to generate a 4qp state of negative pa
an additional nucleon pair has to be broken. If we assu
that a proton pair breaks up then thep1/2, p3/2, f 5/2, or g9/2
subshells can be occupied at proton numberZ537. A
negative-parity cluster can than be formed by elevation
one unpaired particle into theg9/2 subshell. The newly un-
paired quasiprotons cannot, however, occupy all the poss

FIG. 10. Kinematic moments of inertia~top! and experimental
Routhian~bottom! for the high-lyingM1 band built on the (112)
state in 82Rb. Solid ~open! symbols have been used for the pr
posed even-spin~odd-spin! DI 52 sequence. A value ofK56 has
been used in the analysis.
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orbitals because of the Pauli principle. The lowest-ene
g9/2 orbital is already filled by an unpaired quasiproto
Therefore, the quasiprotons can couple at most to a clust
(p3/2,g9/2) or ( f 5/2,g9/2) with spins of 52 or 62, respec-
tively. This cluster may couple further to the 2qp configu
tion (pg9/2^ ng9/2)61,71,81,91 to form 4qp states within the
spin range 112, . . . ,152. Due to the Pauli blocking of the
lowest g9/2 quasiproton orbital, more excitation energy
needed to generate high-spin states.

It should be noted that essentially the same arguments
be made for two-quasineutron excitations; however, at n
tron number 45 the break up of ap3/2 or f 5/2 neutron pair and
elevation of one neutron into theg9/2 subshell costs much
more energy than for a proton pair. Thus, the break o
neutron pair is very unlikely and we propose the 4qp c
figuration p(g9/2)

2
^ p(p3/2, f 5/2) ^ ng9/2 for the 112 band-

head state of the newM1 sequence.
A rough estimate of the excitation energy of the 112 state

can be made from the sum of the excitation energies o
constituents, namely the 52 and 61 states. The energy
needed to form the two-quasiproton 52 configuration can be
deduced from the excitation energies of the lowest 52 states
in adjacent even-even nuclei which have been interprete
two-quasiproton excitations; e.g., at 2860 keV in80Kr @47#
and 2817 keV in82Sr @48#. Further, the energies of the 52

states at 2828 keV in82Kr @49# and at 2769 keV in84Sr @50#
are similar, resulting in an average energy of 2818 keV. T
value has to be added to the 61 energy of 191.3 keV yielding
about 3 MeV for the 112 state, which is only 15% large
than the experimental value of 2.6 MeV.

As already mentioned, high-lyingM1 bands of negative
parity were observed in several neighboring odd-mass
clei, including 79Kr, 81,83Rb, and 83Y. A comprehensive
compilation is given in Ref.@12#. It has been suggested th
these bands are mainly based on a high-K 3qp configuration
involving the (pg9/2^ ng9/2) cluster coupled to a negative
parity (p3/2, f 5/2) proton ~neutron! for odd-neutron~odd-
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proton! nuclei. The proposed 4qp configuration for the hig
lying 112 bandhead state in82Rb is similar in nature.

V. SUMMARY

High-spin states in the odd-odd nucleus82Rb were stud-
ied using the 68Zn(18O,p3n) reaction at 56 MeV. The
positive-parity sequence was extended up to a 14(1) state.
Signature inversion has been seen around spin 11, some
shifted to higher spins when compared with the lighter od
odd 76,78,80Rb isotopes. This shift could be a consequence
the expected decrease in quadrupole deformation for incr
ing N in odd-odd Rb isotopes.

No well-developed rotational bands of negative par
were observed at low-spins. Instead, a high-lyingDI 51 se-
quence was found for the first time in an odd-odd nucleus
the mass 80 region. The (112) bandhead state at 2617.3 ke
is interpreted as a 4qpp(g9/2)

2
^ p(p3/2, f 5/2) ^ ng9/2 state.

At a neutron number of 45, when the intruderg9/2 subshell is
half filled in 82Rb, the competition between the deformatio
driving g9/2 valence proton excitations and the almost sphe
cal g9/2 valence neutron excitations results in a lower def
mation compared to the neutron-deficient Rb isotopes
still with a rotationlike positive-parity yrast band above sp
8 and a collective high-lying magnetic dipole band.
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