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Proton and neutron alignments and transition strengths in the transitional nucleus 'Rb
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High-spin states in "Rb were investigated with the "Mn( Si, 2pn)"gb reaction using a 95.2
MeV Si beam. y-y coincidences were measured with three detectors at 23' and +100'. The yrast
and near-yrast rotational bands in 'Rb have been extended well above the first band crossings, with
spin assignments based on the directional correlations of oriented nuclei. The mean lifetimes of
many higher levels were measured using the Doppler shift attenuation method. They imply
moderate deformations with average transition moments of 2 —2.5 eb, except at the sharp band
crossing in the negative parity band, where they dip by a factor of 2. The data have been analyzed
in terms of the Woods-Saxon cranking model. The crossing observed in the positive-parity band is
attributed to the alignment of a g9/2 neutron pair. Two negative-parity bands observed above I= '2'

are suggested to contain (g9/2) neutron and proton pairs, respectively.

I. INTRODUCTION

The shapes of the odd A =80 nuclei can be strongly
inAuenced by the unpaired nucleon (see, e.g., Refs. 1 —4).
If the configurations available to the unpaired nucleon
are kept constant with a fixed odd number of nucleons,
the effects of variations in the number of paired nucleons
of opposite isospin can be investigated. The light Rb iso-
topes (Z =37) provide an excellent series to study. Much
is known ' about the rotational properties of the Rb
isotopes with neutron numbers extending from near the
middle of the fp-g shell to near -its closure at %=50.
One expected' effect is a general increase in deformation
as the nucleon numbers approach the middle of the shell
at a particle number of 39.

The isotope 'Rb occupies a crucial position at the
middle of this sequence, but its rotational properties were
not as well known as those of its lighter neighbors prior
to the present work. In particular, the known negative-
parity band ended in what appeared to be part of a strong
backbend, and only three yrast transitions were known.
The yrast band had not been investigated to high enough
spins to determine whether a change occurs in its proper-
ties leading to reduced signature splitting and greatly in-
creased M1 transition strengths. Such a change has been
seen nearby in 'Kr (Ref. 1), 'Sr (Refs. 3 and 4), and Rb
(Ref. 10).

Previous work on 'Rb includes measurements of the
spins and parities of the ground and first excited metasta-
ble states using atomic beam magnetic resonance tech-
niques. ' ' Low-spin excited states were studied' ' fol-
lowing the P+ decay of 'Sr. The high-spin level scheme
of 'Rb has been investigated up to spins of —", + and —",

with o. and ' O fusion-evaporation reactions. Some early
lifetime measurements were made in the yrast positive-
parity band. A more complete set of measurements have

been made up to the —", and —", + states.
The present investigation was undertaken to learn

more about the structure of 'Rb at high spin. y-y coin-
cidences were measured at 23' and +100' following the
production of 'Rb at high angular momentum in a
heavy-ion fusion-evaporation reaction. The coincidence
data provided information on the positions, spins and
lifetimes of a number of new levels in 'Rb. The results
have been compared with Woods-Saxon Strutinsky-
Bogolyubov cranking calculations.

II. EXPERIMENTAL PROCEDURE

High-spin states in 'Rb were populated using the
sMn(29Si, 2pn) 'Rb reaction at a laboratory beam energy

of 95.2 MeV. This reaction was chosen because 'Rb is
one of its strongest products, along with 'Sr and Kr.
The Si beam was obtained from its 4.7% abundance in
natural Si. To avoid further loss of intensity, the Si
beam was stripped only once to a charge state of 8+ and
accelerated to an energy of 77.4 MeV in the FN tandem
accelerator. The necessary additional acceleration was
provided by the Florida State University superconducting
linac. The target consisted of 2 mg/cm of Mn eva-
porated onto an 0.013 cm thick Pb backing which
stopped the 8'Rb recoils as well as the beam.

The electromagnetic decay cascades were detected in
three Ge detectors with relative efliciencies of about 25%%uo.

One Compton suppressed' Ge detector was placed at a
forward angle of 23 and another at 100 . An un-
suppressed Ge(Li) detector was placed at 100' on the oth-
er side of the beam. The energy signals from each coin-
cident pair of detectors were digitized, monitored and
written on magnetic tape. A ' Eu source was used to
determine the efticiency and initial energy calibrations.
After the experiment internal energy calibrations were
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III. CONSTRUCTION OF THE LEVEL SCHEMEdetermined by least squares fitting the energies of the fol-
lowing y rays to linear functions of channel number:
74.3, g4.77, g7.3 (Pb x-rays), 175.6 ( Rb), lgg. 3 ( 'Rb
from P+ decay), 454.9, 664.2 ( Kr), 511.0 (y+ ), 1227.0
and 1524.61 keV ( Ca). These calibrations were used to
gain shift each channel number to a uniform dispersion of
1 keV per channel before sorting into two two-
dimensional arrays in the memory of a Ridge 3200 com-
puter. The 100'—100' coincidences were histogrammed
into a folded triangular array of 2500 channels on a side,
while the 23' —100' coincidences were accumulated into a
square array of 2500 by 2500 channels.

Coincidence spectra were obtained by projection from
these two arrays. The 23' spectra projected from energy
gates on the 100' axis of the square array were used to
determine lifetimes using the Doppler-shift attenuation
method (DSAM). The ratios of the y ray intensities in
these spectra to those in the 100 spectra projected from
energy gates on the 23 axis of the square array were used
to determine the directional correlation of oriented
(DCO) nuclei ratios for spin assignments. Due to the
construction of the triangular array, projection from a
single energy gate produces a spectrum equal to the sum
of the spectra in each 100 detector gated by the other
one. The 100' spectra projected from the triangular array
were added to the 100' spectra projected from 23' gates
on the square array for use in constructing the level
scheme.

The high-spin level scheme of 'Rb inferred from the
present as well as previous ' ' ' work is shown first in
Fig. 1 as a guide for the discussion. For simplicity only
the yrast and nea'r-yrast states are shown. A number of
other nonyrast states were reported from /3+ decay stud-
ies' ' and many of them were also seen in the present
work, but they are not involved in the decay sequences
shown.

Information on the electromagnetic transitions ob-
served in 'Rb is also listed in Table I. All the energies
listed were determined in the present work except for
that of the lowest —,

'+ state, which was taken' ' to be
86.3 keV. They have been corrected for Doppler shifting
by calculating the unshifted energy from the measured
energies at 23' and 100'. The transition and level energies
determine in the present work are very close to those ob-
served in previous work. A precise comparison can-
not be made because the previous values were quoted to
only the nearest keV, but the present values may be sys-
tematically lower by up to 1 keV. The analog to digital
converters used in the present work are very linear, and
the internal energy calibrations described in Sec. II yield-
.ed fits with average deviations of about 0.1 keV between
74 and 1525 keV.

The DCO ratios were determined from the 23 —100
coincidence intensities according to
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FIG. 1. The yrast and near-yrast level scheme of "Rb as deduced from the present and previous work. The widths of the arrows
are approximately proportional to the intensities of the decay transitions.
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TABLE I. Properties of the electromagnetic transitions ob-
served in 'Rb. Uncertainties in the last digits are shown in
parentheses.

E; (keV)

433.6

708.6

986.8

986.8

986.8

1583.1

1774.1

1774.1

2606.8

2709

3054.6

3763.0
4820

5068.1

6561

8235

153.1

611.7
611.7
912.5

912.5
1415.5

1415.5

1737.7

1737.7

2293.6

2574.3

2574.3

2654.7

3293.4

3495.3
4315.3
4496
5495

5643
6792

Er (keV)

347.3

622.3

278.2

553.2

900.4

874.5

787.4

1065.5

1023.7

935

1471.5

1156.2

1057

1305.1

1493

1674

153.1

458.6

611.8
300.7

759.4
503

803.8

322.2

825.2

878.1

281.5

836.6

917.0
719.1
840.6

1021.9

1001
1180

1147
1297

7+
2
13+
2
11 +
2
11+
2
11+
2
17+
2
15+
2

15+
2

21 +
2

(19+)
2

25 +
2

(2'+)
2

29 +
2

(33 +)
2

(37 +)
2
5—
2

7
2

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

21—
2

J+2
25—
2

J+4
29—
2

J+6
33
2

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

+
2

13+
2

11+
2
13+
2

17 +
2
15+
2
17+
2

21 +
2
25+
2
25 +
2
29 +
2

(33 +)
2
3
2
5—
2
3
2
7
2
5—
2
9—
2
7
2
11—
2
9—
2
11—
2
15—
2
13—
2
13—
2
17—
2

21—
2

J+2
25—
2

J+4
29—
2

~ DCO

0.52{5)
1.24(4)

0.51(4)
1.34(10)

0.47(7)

0.93(4)

1.21{4)

1.03(5)

0.45(7)

1.17(6)

0.52( 10)

1.03(8)
0.75(10)

1.16{10)

0.72(4)

0.86(4)

1.05( 10)

0.54(5)

1.07(4)

0.64(8)

0.99(4)

1.10(10)

0.97(5)
0.81(8)
0.98(5)
0.96(6)
1.09(5)
1.00(10)
1.14(8)

1.06(10)
1.03(10)

I(y at 23' gated by yG at 100')
R Dco I(y at 100' gated by yG at 23 )

where the gating transition y& was always one or more of
known E2 multipolarity. The DCO ratios are expect-
ed ' ' to be about unity for unmixed E2 transitions and to
vary from nearly 0 to 2 for b,J= 1 transitions, depending
on the multipole mixing ratio. Systematics show that
most M1/E2 DCO ratios in these yrast cascades lie near
or somewhat above —,'.

A. Positive-parity bands

120.

l

600 1000 1400 1800

E& (keV)

FIG. 2. The spectrum of y rays at 100' in coincidence with
the 622, 875, 1024, 1156, 1305, and 1493 keV transitions in the
yrast positive-parity band. The square root of the number of
counts is displayed along the ordinate to provide a moderate
compression of the dynamic range and a constant height for the
statistical fluctuations. The peaks are labeled by their energies
in keV.

The yrast band in the odd mass 80 nuclei is usually
built on a g9 /2 particle because of its large intrinsic spin.
Due to its yrast nature, this band is usually populated the
most strongly. The yrast band in 'Rb is no exception.
The g»2 band has previously ' been identified up to —", +.
Gates on these transitions show that much higher spin
states were populated in the present reaction. The sum of
the coincidence spectra gated on most of these transitions
is shown in Fig. 2 as a composite view of the cascade.
Most of the strong peaks have been assigned to the main
cascade based on the individual coincidence spectra. The
level ordering follows from the y-ray intensities and
efFective lifetimes and is consistent with rotational sys-
tematics. The DCO ratios are generally close to unity
and consistent with those of hJ =2, E2 transitions. This
agrees with previous ' E2 assignments for the lower
transitions. The value of 0.75 for the DCO ratio of the
1493 keV y ray could imply a hJ =1 transition, but is
more likely to be due to the diSculty in recognizing all of
the yield in the strongly Doppler-shifted and broadened
23' spectrum. We have used the rotational systematics to
tentatively assign a AJ=2 multipolarity to this transi-
tion, but have placed the spin in parenthesis.

Many of the g9/2 bands in this mass region exhibit
strong signature splitting so that the states of unfavored
signature (a = —

—,') lie just below the a =+—,
' states of the

next higher spin. This signature splitting is even larger in
'Rb, leading to a level inversion so that, e.g. , the —",

+

state lies above the —",
+ one. A spin of —", + was previous-

ly assigned to the 987 keV state on the basis of AJ =1 de-
cays to the —,

'+ and —",
+ states. Spins of —',

+ and —",
+ for

the 434 and 1774 keV states, which were favored in previ-
ous work, appear rather definite now. The measured
multipolarities of the decay transitions are consistent
with these spins and just these states are selectively popu-
lated in the heavy-ion high-spin reaction. The usual yrast
arguments imply that only the states which increase
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maximally in spin with excitation energy will be popu-
lated strongly.

Several additional y rays are clearly seen in coin-
cidence with positive parity transitions in 'Rb. The nar-
row 1472 keV peak is in coincidence only with the 622
and 874 keV transitions and has a DCO ratio characteris-
tic of a AJ=1 transition. This places it in the level
scheme at 3055 keV and implies a most likely spin of —"+.

2

The coincidence relations of the weaker 935 keV transi-
tion imply that it most likely decays from a state at 2709
keV to the 1774 keV level. The state has been indicated
with a dashed line in Fig. 1 because the limited statistical
accuracy of the peak and the lack of other decay
branches lend a small uncertainty to its exact placement.
It was not possible to determine a reliable DCO ratio for
the 935 keV transition. The 2709 and 3055 keV states are
both candidates to be the fourth member of the a= ——'

2

band.
A Doppler broadened 1057 keV peak was seen in the

622, 874, 1024, and possibly the 1156 keV gates and these
y rays were seen in the 1057 keV gate. Hence, it
represents a transition to either the —", + or —", + states.
Because of this uncertainty, it has not been placed in the
level scheme. Recent work by the Rossendorf group
may resolve this question. The DCO ratio implies a mul-
tipolarity change of hJ =1 and a most likely spin of —"+

2

or —", + depending on which is the final state.

B. Negative-parity bands

The lower-spin portion of the near-yrast negative-
parity bands. was also established in earlier work and
confirmed in the present study. The sum of the spectra in
coincidence with the first four transitions in the favored
a = + —,

' band is shown in Fig. 3. A number of new peaks
can be seen. The strongest ones at 1022, 1180, and 1297
keV are in coincidence with each other as well as with the
first four transitions and appear to represent the con-
tinuation of the cx=+ —,

' band. The DCO ratios for all
three transitions imply E2 multipolarity, leading to the
indicated spins. Several members of the a= ——' band

2

have also been seen, in confirmation of previous results.
The 878 keV transition which was tentatively observed
previously is clearly seen in the present work with a DCO
ratio characteristic of an E2 transition. There is some
evidence for a 281 keV y ray feeding the 2294 keV state,
but the statistics are not definitive.

There is also evidence in Fig. 3 for a sequence of peaks
at 917, 1001, and 1147 keV. A careful inspection of the
837 keV peak in the 825 and 759 keV gates reveals a par-
tially resolved peak on the high-energy side which does
not appear in the 719 keV or higher gates. Fits to the
sum of two Gaussian peaks indicate a rather consistent
centroid of 840.6 keV for the higher, weaker peak. These
four transitions are in coincidence with each other, as
well as with the 759 and 825 keV decays. This is shown
most clearly by the spectrum in Fig. 4 gated by the 917
keV transition. The short effective lifetimes of the 1001
and 1147 keV transitions place them at the top of the cas-
cade in the order shown in Fig. 1, while the 841 and 917
keV decays show no Doppler shifting. The 917 keV y
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ray has been placed below the 841 keV one because of its
higher intensity in most of the gates. However, some
variations in the shape of the 917 keV peak may indicate
contaminants in that region which may increase its ap-
parent strength. The DCO ratios for the 841, 1001, and
1147 keV lines imply that they are E2 transitions. The
DCO ratio of 0.81 for the 917 keV y ray may possibly in-
dicate a AJ =1 transition or more likely problems with
the possible contaminant. The 361 keV transition to the
15 state and yrast arguments that the observed states in-
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FICx. 4. The spectrum of y rays at 100' in coincidence with
the 917 keV transition.
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FIG. 3. The spectrum of y rays at 100' in coincidence with
the 759, 825, 837, and 719 keV transitions in the lowest
negative-parity band. The square root of the number of counts
is graphed along the ordinate.
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crease maximally with spin make it most likely that
J = —", for the 2655 keV level. However, the state has
been labeled an unknown "J" in Fig. 1 because of the
weakness of the 361 keV transition which appears in
some gated spectra but not in others.

Several additional transitions have been seen but not
indicated on the level scheme because of uncertainties in
their placement. Two of these are visible in Fig. 3 at 429
and 958 keV. The third is another 301 keV y ray in addi-
tion to the —', to —,'decay. This y ray is clearly seen in
the 301, 759, and 804 keV gates, which should not be in
coincidence with the —', to —', transition. The existence
of two transitions with indistinguishable energies compli-
cates the coincidence analysis, but it appears that the
301, 429, and 958 keV decays are in coincidence with
each other and feed into the —", state. It is not possible
to determine the level ordering from the intensity ratios
because each of these y rays is also in coincidence with
other, stronger decay sequences.

IV. LIFETIME MEASUREMENTS

Mean lifetimes have been measured for many transi-
tions in 'Rb using the Doppler-shift attenuation method
(DSAM). The measured line shapes at 23 were fitted to
ones calculated by simulating the deceleration and decay
process, as described in Ref. 4. To remove overlapping y
rays, the 23' spectra were measured in coincidence with
specific energy gates in the 100' detectors. The spectra
gated by all the transitions below the one of interest in
the decay sequence were generally added to give the best
possible statistical accuracy.

In the simulation of the deceleration process the tabu-
lated values of the electronic stopping powers were
scaled to the experimental stopping powers for He.
The Bohr ansatz was used to calculate the nuclear com-

ponent of the stopping powers and the Blaugrund approx-
imation was used for the angular straggling due to
atomic collisions. The simulation included the efFects of
beam energy loss in the target, a Gaussian distribution of
recoil velocities and the finite solid angle of the Ge detec-
tor.

The line shape simulation took into account both the
delays due to the observed feeding pattern from known
states above the one of interest and those due to the
unobserved "side" feeding into each level. The line shape
fitting process was started with the highest transition
with adequate statistical accuracy. Since there is no in-
formation about the feeding delays above this transition,
the lifetime which best fits its line shape is an upper limit.
This limit provides an e6'ective lifetime representing the
feeding delay for the transition below it. A11 of the mea-
sured lifetimes and intensities were used in the calcula-
tion of the line shapes below them.

The lifetimes listed in Table II are based on the direct
feeding delays discussed above and on side feeding times
which start at 0.1 ps for the highest transition and in-
crease'by 0.03 ps per MeV of deexcitation. This assump-
tion gave good fits to the lineshapes and has been used in
several recent studies of similar reactions. ' ' Exam-
ples of the fits for a variety of lifetimes are shown in Fig.
5. Two other side feeding patterns were tried. One of
these involved using a side feeding time for each level
equal to the eft'ective lifetime of the level above it, as in a
recent study of Sr. Some, of the line shape fits using
this prescription were better and some were worse. The
resulting lifetimes were similar or somewhat shorter, but
within the error limits in Table II.

The other side feeding prescription involved allowing
both the lifetime of a state and its side feeding time to
vary for the best fit. The fits were generally slightly
better; for example, in the region between the stopped
and fully shifted peaks in the 1024 keV line shape (Fig. 5).

TABLE II. Mean lifetimes, electromagnetic transition strengths, and transition quadrupole moments
in 'Rb. Uncertainties in the last digits are shown in parentheses or as super or subscripts.

(keV)

709
1583
2607
3763
5068
612
913

1416
1738
2574
3293
4315
5495
6792

E~
{keV)

622
874

1024
1156
1305
612
759
804
825
837
719

1022
1180
1297

Present

1.05{20)
0.48(9)
0.24(5)

& 0.26'

2.3(10)
0.36(7)
0.34(8)

& 0.35'

w (ps)
previous'

8.7{4)
1.25(10)
0.60(20)'

5.3(5)
2.1(3)
1.5(2)
4.8(5)
2.0(4)'

Adopted

8.7(4)
1.18(10)
0.48(9)
0.24(5)

& 0.26'
5.3(5)
2.1(3)
1.5(2)
4.8(5)
2.0(4)'
2.3( 10)
0.36(7)
0.34(8)

& 0.35'

B (E2)
(e fm)

101045
1360",„'
1510240
165029Q

& 830
53040

1030130
1430
4254",

1000170
1 8501400

2030330
1050260

& 630

Q, (eb}

1.904
2.10,10

2 1624

2 222Q

& 1.56
1 9411
2.20'„'
2.38,",
1.246
1.8016
2.3939
2.4721
1.7623

& 1.36

'Reference 7.
1 %'eisskopf single-particle unit equals 20.8 e fm .

'Effective lifetime not corrected for feeding.
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I III

Ey Ey
' FIG. 5. The spectra of the 875, 1024, 1156, and 1305 keV y

rays at 23 in coinci ence23' '
dence with all the transitions below them in

the yrast decay sequence. The curves represent the resu ts o
calculations sirnu ating e1 th deceleration and emission process as
described in the text.

Th lting lifetimes were close to thosee in Table II.e resu
With better statistical accuracy to more re.iab y e
mine two parameters for each lineshape, this technique

The uncertainties in Table II reflect the uncertainties
in side feeding times discussed above, as well as those in

81Rb have been reported. Only the more recent
ones are listed in Table II since they have superseded the
older ones. These measurements of the lower lying
states over ap e p1 th resent ones of higher states wit
shorter lifetimes in only two cases, where they agree
within errors. It might appear that the present results
are consistently shorter, but the previous value for t e
2607 keV state is an effective lifetime and hence an upper
limit.

It was not possible to obtain reliable line shape fits for
the 1147 and 1001 keV transitions due to limited statisti-
cal accuracy an d some contaminant lines. However,

~ ~

these y rays ex i i ch b t considerable Doppler shifts whic
bsence ofwould imply lifetimes less than 1 ps. The absence o

Doppler shifts for the 841 and 917 keV transitions imp y
lifetimes substantially greater than 1 ps.

V. TRANSITION FROM DEFORMED TO SPHERICAL
SHAPES IN ODD-A Rb AND Y ISOTOPES

Both the deformed shell model theory and the expen-
men a sys et 1 tematics predict the transition rom a rotation

=44to a vibrationlike pattern to take place around N =
(see discussion in e .R f. 33). The transitional nuclei aroun
82Kr are y an ~~ sod ~~ ft and therefore, are very sensitive to
all the effects which are associated with shape variations.
In odd-3 nuclei one may expect very strong polarization
ff t oming from aligned quasipartic e excitations. In

fact, such efFects have been observed in many
Kr (Ref 34) 'Sr (Ref. 4), Zr (Ref. 33)] and %=45

["Kr (Ref. 1)] isotones.
The decrease in collectivity when approaching N =44

2J 2J

33
6

5)
(D

cu 4—
LLI

X
LlJ 3—

29 27

25

23

1 9------
2 —21

15

15
17

17 1313
11

9O — 9
7
5

Rb 9Rb 'Rb Rb 85Rb
37 37 37 37 37

FIG. 6. The positive-parity yrast level schernhernes of the light
Rb isotopes relative to the positions of the —+ states. Solid

+1 ( 1)(dashed) lines indicate states of signature e = +
2 (a = —

2 ).

is also clearly seen in the experimental data for odd-Z
systems. The rubidium and yttrium isotopes are very
good candidates for systematic study of this effect since
the most neutron-deficient isotopes of Rb and Y known,

Rb (Ref. 8) and 'Y (Ref. 35), are among the best col-
lective rotors in eth 3 =80 mass region and their spectra,
unlike those of the As and Br nuclei, are not strongly

6 need b shape coexistence effects at low spins.
In Fig. 6 the positive parity levels ' are compare

. b h h Rb spanning a range of neutron num-
N =48bers from N =40 near the middle of the shell to N =

near the shell closure. The most consistent pattern seen
t d increase in level energies, suggesting a e-

crease in deformation, as N increases toward t e s e
closure at N=50. Another experimental argument for
the decrease in collectivity with neutron number comes
from the measured lifetimes. The experimental 8(E2

f th —", +~—'+ transition are 2800(180),values or t e
2130(120), 1010(50), and 234(27) e fm for Rb (Ref. 8,

Rb (Refs. 36 and 37), 'Rb, and Rb (Ref. 10), respec-
tively. The variation in deformation inAuences the

' . 6 that there is aCoriolis coupling. It can be seen in Fig. a e
substantial increase in signature splitting in the g9/2
bands when going towards N =50. This effect can e
directly associated with the transition from the strong
coupling limit (characteristic of well-deformed systems)
to wea coup ing ck 1 ( haracteristic of near-spherical nuc ei .

77' 9RbThe transition takes place around =44. For
and 'Y the lowest ~=+ state has I =

—,
' while for the

heavier isotopes with N 42 it is a =j =—,"n I= = —" state that
becomes the band head of the g9/p band.
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The near-yrast negative-parity levels in Rb are
compared in Fig. 7. The same trend of decreasing defor-
mation with increasing X can be seen among the lower
levels. The trend is not so clear above 2.5 MeV where the
backbend occurs in 'Rb. The signature splitting is rath-
er small for Rb and increases somewhat with ¹ No
states of signature a = —

—,
' have been reported for Rb.79

Theoretically, the properties of Rb can be well de-
scribed in terms of a large prolate deformation, while
the experimental data for Rb have been well understood
by spherical shell model calculations' with Sr as an in-.
ert core. The intermediate Rb isotopes have been ana-
lyzed by Coriolis coupling calculations (see e.g., Refs. 6,
36, and 39) after assuming a sizable triaxiality (y. = —27',
according to the Lund convention) and a gradual reduc-
tion of P2 with increasing N. The single-proton band
head calculations of Ref. 2 indeed suggest a very well de-
formed (Pz--0. 38) configuration for Rb and a deforma-
tion softness in 'Rb (the calculated prolate-oblate energy
diA'erence for the g9/2 configuration is only about 200
keV).

30
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~ 'Rb
9Rb
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0.2
! i I
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6 (0 (MeV)
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VI. CRANKING SHELL MODEL
ANALYSIS OF EXPERIMENTAI. DATA

FIG. 8. The dynamical moments of inertia I' ' and the tran-
sition quadrupole moments Q, as a function of rotational fre-
quencyco for the m=+, a=+

2
states in Rb and ' Y.1 77, 79, 81 81,83

A more detailed comparison can be made from a
cranking model analysis of the level schemes and transi-
tion quadrupole moments Q, . The dynamical moments
of inertia J' ' and the Q, values for the m = + bands in

' 'Rb and ' Y are graphed as functions of the rota-
tional frequency co in Fig. 8. The values of J' ' and co are

2J

derived, as usual, from the measured transition energies
(assuming K =—,'), and the Q, values, from the measured
lifetimes. A broad upbend indicating a band crossing
with strong interaction can be seen in the dynamical mo-
ments of inertia for 'Rb and Y at Pi~=0. 55 MeV. This
e6'ect decreases rapidly with decreasing neutron number.
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FIG. 9. The dynamical moments of inertia I' ' and transition
quadrupole moments Q, as a function of rotational frequency ro

for the m = —,a = + —,
' states in " "Rb and ""Y.
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Another alignment may be starting in Rb and Y at
fico) 0.7 MeV.

The transition quadrupole moments confirm sugges-
tions that 'Rb and Y are less deformed than the lighter
isotopes. The Q, values in 'Rb do increase smoothly
with spin —suggesting a stretching eft'ect. On the other
hand, those of Rb fall considerably at the crossing re-
gion. Rb maintains the highest level of deformation,
with a value of Q, consistently above 3 eb. It is interest-
ing to observe that the Q, values in 'Rb are lower com-
pared to those in Y, suggesting that the latter nucleus is
slightly more deformed.

The backbending in the lowest-negative-parity band in
'Rb can be clearly seen in Fig. 9 as a sharp rise and fall

in J' ' near the rotational frequency of 0.4 MeV. Note
that the vertical scale for J' ' has been compressed con-
siderably compared to that in Fig. 8 to show this large ex-
cursion. Such sharp backbends are rare in the 3 =80 re-
gion. Note that there is a corresponding sharp dip in the
quadrupole transition strengths in 'Rb at Ace=0. 4 MeV,
in agreement with a sharp band crossing picture. Even
away from the dip, the Q, values for 'Rb are substantial-
ly lower than for Rb or Rb, as in the positive-parity
bands. They show its reduced deformation more clearly
than do the level spacings.

Experimental Routhians for 'Rb and Y are present-
ed in Fig. 10 as functions of A~. Our reference parame-
ters J0=15fi /MeV and Ji =4k'/MeV are the same as
those chosen for Zr in Ref. 33. The large signature
splitting in the g9/2 bands is clearly seen in Fig. 10. It is
systematically larger by about 180 keV in 'Rb as com-
pared to Y. This is consistent with larger deformation

in Y as discussed above. Another signature-dependent
effect is the early upbending at around %~=0.48 MeV in
the unfavored (a= —

—,
'

)g9&2 band in Y which occurs at
considerably lower frequency than in the favored band.
Such a phenomenon is typical of a shape change associat-
ed with a band crossing.

The spin labeled "J"in Fig. 1 most likely has a value of
If it were of —", , then the second negative-parity band

would lie about 600 keV higher in energy and, therefore,
would probably be too weakly populated to be observed.
This assignment implies that there are no cz = —

—,
'

negative-parity states observed above the band crossing.
After the sharp band crossing at %co =0.4 MeV there is a
fork in the m= —sequence in 'Rb. Both o.= —,

' bands
carry very similar alignment which is about 1.5-2 A

larger than that of the g9/2 favored band.
A very interesting phenomenon observed in the odd-A

nuclei around Sr is the presence of 3-qp strongly cou-
pled bands connected by M1 transitions. They have been
seen above the first g9/2 band crossing in Kr (Ref. 34),
'Kr (Ref. 1), and 'Sr (Refs. 4 and 40), and explained in

terms of an oblate to prolate deformation change induced
by the aligned g9/2 protons. In the odd-Z neighbors a
similar hI =1 sequence has been observed in Rb above
the I = —", + state (see Fig. 6) and in the negative-parity
band ' in Y (above I = —", ). It has been speculated '

that this AI =1 band in odd-Z nuclei contains two
aligned g9/2 neutrons. In Y this band becomes nearly
degenerate with the m= —yrast band at the highest
spins; see Fig. 10. We looked for the analogous structure
in 'Rb but there is no evidence for its presence in our
data.
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VII. THEORETICAL ANALYSIS

A theoretical analysis of the high-spin properties of
'Rb has been carried out using the Woods-Saxon model

of Ref. 2. The pairing force was assumed to be of the
monopole type and the rotation was treated by means of
the cranking approximation. In all details the procedure
used in this paper follows the method described in Refs. 4
and 33 where more details and additional references can
be found.

0.0
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7K 0!
~ (+,+1/2}
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a ( +1/2)
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-1.0
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-2.5 I

0.2 0.3 0.4 0.5 0.6 0.7 0.8
hm (Mev)

FIG. 10. Experimentai RoUth&ans for 'Rb and Y. The
reference parameters are Jo = 15 A /MeV, J, =4 I /MeV .

A. The positive-parity states

The calculated total Routhian surfaces (TRS) in the
(p2, y ) plane for the favored (a =

—,
' ) g9&z configuration in

'Rb are shown in Fig. 11. At each (pz, y) grid point the
total Routhian was minimized with respect to the hexa-
decapole deformation, p4. At low rotational frequencies
the TRS are very soft with respect to y deformation, and
the absolute minimum at Ac@=0.29 MeV corresponds to
the triaxial near-prolate shape with p2=0. 29, y = —11.
A quasiparticle diagram representative of the favored
one-quasiparticle (1-qp) g9&2 configuration is shown in

Fig. 12. At this deformation the first crossing corre-
sponds to the a1ignment of g9/2 protons at %co&=0.53
MeV, but it is blocked in the positive-parity band. The
frequency of the neutron crossing is slightly higher,
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%co„=0.65 MeV, and the band interaction is larger. This
would lead to a more gradual alignment of the g9&2 neu-
trons. The next proton crossing (a BC crossing) is pre-
dicted at an even higher frequency, Am) 0.8 MeV at this
deformation point. The calculated minimum for the un-
favored (a= —

—,') g9/2 band (not shown in Fig. 11) can be
associated with positive y deformation: Pz=0. 29,
y =13'. At this shape the pattern of the lowest neutron
excitations resembles that of Fig. 12, and the same is true
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FIG. 12. Quasiparticle Routhians for "Rb at a deformation
of P2=0.29, y= —11', P4= —0.011, characteristic of the one-
quasiparticle g9/2 bands. The spin and parity of Routhians are
indicated in the following way: (+, z 3, full line; (+,—2 3, dot-
ted line; (—,~), dot-dashed line; (—,—~), dashed line. The
pairing gap and the Fermi level were fixed at the values corre-
sponding to ~=0. The conventional labels (A, B,C) are indicat-
ed for the Routhians discussed in the text.
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for the lowest proton Routhians —there is only a small
shift (around 30 keV) towards lower frequencies.

The second TRS presented in Fig. 11, %co=0.69 MeV,
corresponds to the situation after the first band crossing.
The minimum is moved toward the oblate axis and the
quadrupole deformation Pz is reduced. At this near-
oblate shape, P2=0.24, y= —50', the neutron crossing
occurs at a much lower frequency, Ac@„=0.42 MeV, but
the proton BC crossing is delayed even more (see Fig. 13).
Such a deformation change is characteristic of the situa-
tion when the aligning particles (here: neutrons) occupy
the upper half of a high-j (here: g9&2) subshell.

The bump in J' ' observed at fico=0. 52 MeV (see Fig.
8) can, therefore, be associated with the neutron g9&2
alignment inducing a shape change from the near-prolate
to the near-oblate region. Because of the strong variation
of co„with y it is impossible to predict the exact value of
the neutron crossing frequency on the basis of the quasi-
particle diagrams shown in Figs. 12 and 13. A reasonable
estimate of co„would be the average value extracted from
Fig. 12 (for the 1-qp band) and Fig. 13 (for the 3-qp
band), i.e., —,

' (0.65+0.42) MeV=0. 54 MeV, in a fair
agreement with experimental data. Our calculations do
not support the suggestion of Ref. 41 about the proton
character of the crossing in the g9&2 band in Y. The BC
crossing frequency is predicted to occur at %~=0.8 MeV
which is far too high, even after taking into account the
uncertainty of the model.

At still higher frequencies the near-oblate minimum is
stabilized, see the TRS at Ace= 1.08 MeV in Fig. 11. This
prediction also holds for the unfavored vrg9~2(vg9~2)
band. It is interesting to note that the signature splitting
in the 3-qp band is expected to be reduced after the neu-
tron crossing (cf., Figs. 12 and 13). Experimentally, how-
ever, no candidates for the unfavored 3-qp sequence have
been observed in 'Rb to con6rm this prediction. On the
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other hand, the last experimental points for Y shown in
Fig. 10 suggest that such an effect indeed takes place.

B. The negative-parity states

The lowest-negative-parity 1-qp excitations in 'Rb can
be well understood in terms of f~/2 —p»z mixing. A
strong Coriolis mixing at low spins leading to the reduc-
tion of 8(E2) values around the K= —', band head was

suggested by the asymmetric-rotor-plus-particle model
(a similar quenching of the quadrupole strength at low
spins has also been observed ' in the m = —band in Y).
In these calculations, however, a significant triaxiality
(y= —26') has been assumed in order to reproduce the
observed signature splitting and electromagnetic rates.

The calculated TRS for the lowest (m. = —,a= —
—,')

configuration in 'Rb are shown in Fig. 14. At low fre-
quencies, Ace=0. 29 MeV, the total nuclear potential is
very y soft, and very shallow near-prolate and near-
oblate local minima can be seen. This probably would ex-
plain why the assumption of an effective triaxiality in
Ref. 7 was successful. Experimentally, the lowest ~=-
Routhian has signature e= —,'. This is consistent with the
results presented in Figs. 12 and 13 and confirms a dom-
inating role for the f~/2 ([301]—', ,[303]—,') and p, /2

([301]3/2) subshells in building the negative-parity band.
Unlike the case of the g»2 band, the first proton cross-

ing is not blocked here. The aligned quasiprotons are ex-
pected to polarize the core towards near-prolate shapes
while the neutron Routhians would trigger a shape
change towards y = —60'. This is illustrated in the
second TRS in Fig. 14 for %co=0.59 MeV. At the near-
oblate minimum (y= —55 ) there are two g9/2 neutrons
aligned and no g9/2 protons. The near-prolate
configuration cannot, unfortunately, be easily separated
because the low-lying noncollective oblate (y =60 ) state
disturbs the picture (such a separation would be possible
after going to the energy-versus-spin representation). We
have checked, however, that in the deformation region of
Pz=0. 15, y )0' the corresponding quasiparticle vacuum
contains two aligned g9/2 protons and no aligned g9/2
neutrons.

The picture of the two competing S bands, based on
the proton and the neutron excitations, is typical of Kr
and Sr nuclei with N )46 [see e.g. , Ref. 42 where

(vrg9/2) and (vg9/p) bands have been found in Kr].
The relative position of the neutron and proton g9/2
bands changes rapidly with the number of particles. For
example, g-factor measurements have assigned the Sband
in Sr to the neutron configuration, while the proton
structure for the S band in Sr has been suggested by
another recent study. " A very similar situation has also
been found in the transitional nuclei around ' Ba where
the competing vh»/2 and mh»/2 configurations lie very
close in energy, see e.g., Ref. 45. In both regions, i.e.,
3 =80 and 3 = 128, the aligned neutrons drive the sys-
tem towards near-oblate shapes while the protons polar-
ize the core towards near-prolate shapes. As a conse-
quence, the standard additivity rules of the cranking shell
model cannot directly be applied and additional experi-
mental information is needed (such as the g factor mea-
surements quoted above) before it can be definitely con-
cluded which of the two aligned bands is the neutron or
the proton S band, respectively.

In view of above it is very difficult to make a definite
statement which of the two observed 3-qp negative-parity
bands in 'Rb contains the g9/2 proton-neutron pair. Our
calculations speak in favor of the neutron excitation, but
the aligned proton structure is very close in energy. The
conclusion of Ref. 46 about the proton band crossing is
based on the additivity properties of quasiparticle excita-
tions and, therefore, should be taken with some caution.

The last diagram in Fig. 14 shows TRS at Ace=0. 98
MeV, representative of the 5-qp configuration, containing
two aligned g9/2 protons and two aligned g»2 neutrons.
The 5-qp band is expected to have an oblate shape
(P2 =0.18, y = —60'). A pronounced well deformed
minimum (/32--0. 46) is also seen. The corresponding
configuration contains two h»/2 neutrons (for more de-
tails about this well deformed band we refer the reader to
Refs. 4, 33, and 38).

Let us finally comment on the very low value of the
crossing frequency in the m= —band. Such a dramatic
even-odd staggering in co has already been observed in a
number of nuclei from the A =80 mass region (see e.g. ,
Refs. 31 and 46). It can be explained in terms of the re-
duced pairing in the negative parity configurations (note
that in the quasiparticle diagrams shown in Figs. 12 and
13 the pairing gaps were kept fixed at values correspond-
ing to zero rotational frequency), or by shape changes in
the crossing region (see discussion in Sec. VII A).

VIII. SUMMARY

0.0 0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6

P2 cos (y+ 30 )

FIG. 14. Similar to Fig. 11, but for the (m= —,cx= —z}
configuration in "Rb. The (~= —,a=+ 2) TRS are very sirni-

lar.

The present investigation of the structure of 'Rb at
high angular momentum has confirmed previous work
and extended the lowest positive- and negative-parity ro-
tational bands well beyond the first band crossings. Ad-
ditional levels have been located, including a cascade of
four transitions which feeds into the —", state. DCO ra-
tios were measured for most of the transitions to help
determine their multipolarities. The mean lifetimes of
many of the higher transitions have been measured using
the DSAM by fitting the forward-angle lineshapes.

This investigation has confirmed that the yrast and
near-yrast structure of 'Rb is generally consistent with
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the other odd Rb isotopes with N &50. There is no
dramatic reduction in signature splitting and shift to
6J= 1 transitions in the positive parity band as has been
seen in 'Kr, 'Sr, and Rb. There is, however, a steady
increase in collectivity as the neutron number decreases
from the shell closure at X =50. 'Rb occupies an inter-
mediate position in this sequence and the transition quad-
rupole moments clearly show that it is less deformed than
its lighter neighbors.

In one way 'Rb deviates substantially from this inter-
mediate position among the light Rb isotopes. It shows
the strongest band crossing effects among the states of
both parities. This is particularly true of the sharp back-
bend in the negative parity band, which is accompanied
by a substantial drop in the transition moments.

A theoretical analysis was performed using the
Woods-Saxon cranking model. A gradual alignment in
the g9/2 band can be explained in terms of the g9/2 neu-
tron crossing associated with a shape transition towards
near-oblate shapes. The fork observed in the negative-
parity band above I = —", is, most likely, caused by an in-

dependent alignment of the g9/2 neutron and the g9/2
proton pairs. Our calculations suggest that the neutron
band is lower in energy, but this conclusion depends very

much on the correct value of the prolate-oblate energy
difference which is computed with an accuracy of a few
hundred keV. Clearly, some additional experiments are
needed (e.g. , g factor measurements) to answer the ques-
tion of which one of these two bands is lower. At still
higher angular momenta the proton and neutron bands
are expected to be crossed by a five-quasiparticle struc-
ture tt(f5/2 +p &/2 ) ( erg 9/2 S ( Vg 9/2
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