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Several rotational bands have been populated in ' 'La via the " Cd(' F, 4ny) fusion-evaporation
reaction. Bands built on low-lying hll/2 gj/2 and d5/2 proton states have been identified. At
higher spins, both proton and neutron [h „~2] alignments have been observed. While the proton
alignment from low-0 orbitals maintains a prolate nuclear shape, the alignment of high-Q neutrons
drives the nucleus to a collectively rotating oblate shape (y ——60 }. The results are interpreted in
the framework of the cranked shell model. In addition, B(M1;I~I—1)/B(E2;I~I —2) ratios
have been extracted for several of the bands and the results compared to a semiclassical model to
identify the detailed structure.

I. INTRODUCTION

The nuclei in the mass 3 —130 region are known to be
soft with respect to the triaxia1 deformation y and are
therefore sensitive to the y-polarizing effects of specific
quasiparticle configurations. This can lead to the coex-
istence of quadrupole structures of different spectroscopic
character, which are determined by the configuration of
the valence quasiparticles. ' The polarizing effect is
most pronounced for intruder high-j quasiparticles in the
favored signature orbitals. When occupied, these orbitals
tend to stabilize the nuclear shape around a specific y
value that is strongly dependent on the position of the
Fermi surface within the high-j shell. In the light rare
earth nuclei with mass 2 —130, the proton Fermi surface
lies in the lower h»&2 rnidshell where the quasiparticle
orbitals favor prolate axial symmetry. Thus odd-Z nuclei
exhibit prolate ~h»&2 yrast bands. In addition, the align-
ment of a pair of protons tends to drive the nuclear shape
towards y ~0' (Lund convention ). Conversely, the neu-
tron Fermi surface lies in the upper h»&2 midshell where
the predicted deformation driving force is towards a col-
lectively rotating oblate shape with y= —60'. If the nu-
cleus is soft with respect to y, that is, if the potential en-

ergy difference Vpo between prolate and oblate shapes is

sufficiently small, a neutron alignment wi11 drive the nu-
cleus to an oblate shape, and the nucleus will rotate col-
lectively around an axis perpendicular to the symmetry
axis.

In odd-'A nuclei, the energy splitting between the two
signature components of a given orbital is a sensitive
probe of the triaxial deformation. A change in
the y deformation will usually manifest itself as a change
in the signature splitting. For example, the odd-N
nuclei' ' Ce and ' Nd have a moderate signature split-
ting in their respective vh»&2 yrast bands, which falls to
zero when a pair of h»&2 protons align. This has been
taken as evidence for a change in the nuclear deformation

from a triaxial (y ~0 ) to a prolate shape caused by the
y-driving inhuence of the aligned proton orbitals.

A measurement of the signature splitting of the proton
orbitals for odd-Z nuclei in this mass region can give
similar information about the nuclear shape. Bands
based on the ~h»&2 orbitals are expected to exhibit a
large signature splitting for a prolate nuclear shape,
whereas the splitting falls to zero when the nucleus
adopts an oblate shape. Any observation of a decrease in
the h

& & &2 proton signature splitting can thus indicate a
change in the triaxial deformation towards a negative y
value caused by the alignment of h»&z neutrons. Com-
pared to the odd-X Ce and Nd isotopes, the resulting
effect of a decrease in the signature splitting for odd-Z
nuclei is caused by a large deformation change in the op-
posite direction in the (/3, y ) plane (to more negative
values of y).

Electromagnetic properties are sensitive to the specific
configurations and are thus useful in identifying band
structures. Such properties are easily obtained for odd-2
nuclei from the measured intensity ratios of competing
Ml and E2 transitions. The observation of both AI=1
and AI=2 transitions in rotational bands allows the ex-
traction of ratios of reduced transition probabilities

8 (Ml; I~I—l)/B(E2; I~I—2)

from measured branching ratios. The ratios can be com-
pared with calculations for various quasiparticle
configurations. Secondly, the sign of the E2/M1 mixing
ratio 6 for the XI=1 transitions is directly related to the
sign of the quadrupole moment Qo. By determining the
mixing ratios for transitions within a rotational band of a
known configuration, it is possible to determine the sign
of the quadrupole moment and hence distinguish between
prolate and oblate shapes.

The odd proton nucleus ' 'La with 57 protons and 74
neutrons is expected to show several features that are
characteristic of a soft rotor. Theoretical calculations
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predict ' the prolate-oblate energy difference Vpo to be
small, and the nucleus therefore should be sensitive to the
shape-polarizing effects of the valence quasiparticles. Al-
though nuclei in this mass region are known to have
predominantly prolate shapes, a soft nuclear core can
lead to the occurrence of shape-coexistence phenomena.

From previous experiments' the ground state of ' 'La
is known to be I =—', ' ~, and P decay studies" ' have
identified several low-lying states including an —", isomer
at 304 keV. In-beam investigations have revealed a
rotational-like yrast band that has been interpreted' ' as
based on an h»&2 proton decoupled from a prolate core.
Data from lifetime measurements indicate, ' however,
that triaxial deformation may be important.

The present paper presents a detailed study of the high
spin level structure of ' 'La. The study is a part of a sys-
tematic investigation of nuclei in the A —130 mass region
undertaken at the State University of New York at Stony
Brook. Section II presents the experimental procedures
and Sec. III gives a detailed presentation of the level

scheme. A comparison of the experimental results with
cranked shell model (CSM) calculations is made in Sec.
IV, and the electromagnetic properties are discussed in
Sec. V. Preliminary results on this study have been pub-
lished elsewhere. '

II. EXPERIMENTAL METH&OS

High spin states of ' 'La were populated by the" Cd(' F,4n )' 'La reaction. A cadmium target, consist-
ing of 2.3 mg/cm of" Cd (enriched to 96%) rolled onto
a lead backing of thickness 50 mg/cm, was bombarded
with a ' F beam provided by the Stony Brook tandem-
LINAC facility with typical beam intensities of. a few
particle nA. To determine the opt'imum beam energy, p-
ray excitation functions were studied at four different
beam energies ranging from 76 to 90 MeV. The yield of
previously known y-ray transitions in ' 'La (Refs. 14 and
1S) was found to be an optimum at an energy Eb„=76
MeV. All of the subsequent measurements were there-
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FIG. 1. Background subtracted gates set on transitions in ' 'La. The y rays are labeled with their energies in keV. {a) Gate set on
the 1054-keV transition of the yrast ~h ll/2 band 7. (b) Gate set on the 859-keV transition of band 4 based on a ~g, orbital. Solid
circles indicate transitions of the yrast band. (c) Crate set on the g79-ke& transition of band $ based on the ~g [ h )
configuratio . Solid circles indicate transitions of the yrast band. (d) Sum of gates set on the dipole transitions of band 13 based on
the oblate irhiin[»iin] configuration.
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TABLE I. Energies, intensities, and angular distribution data for the transitions assigned to ' 'La
which are shown in Fig. 2(a).

E~ (keV)

109

118.8(2)'

145{1)

169.2(1)

196.0(1)

231.0(2)

244, 8(1)

265.8(3)

273.9(2)

284.2(4)

307.4(4)

336.1(1)

383.5(2)

392.7(2)

395.3(5)

396(1)

398.0{4)

403.4(2)

414.3(1)

421.5(2)

422. 1(3)

422.5(5)

435(1)

442.9(2)

444.3(1)

449.9(3)

466.4(3)

476.1(1)

479.9(3)

480.7(3)
522.6(3)

525(1)

529.9(3)

530.5(3)

533.5(1)

543.3(1)

548(1)

551.1(3)

577.0(3)

583.6(3)

584.0(5)

588.0(1)
602.0{3)

602.8(5)
614.9{1)

136(3)

19(1)

2.1(1)

3.4(1)

0.5(1)

0.4(1)

0.4(1)
:—100

0.9(1)

2.6(1)

0.6(2)

0.8(1)

8.4(2)

1.3(1)

0.3(1)

5.3(1)

6.9(2)

6.8(2)

0.4(1)

1.4(7)'

70(1)

2.9(2)

(0.2'

0.4(2)'

0.3{2)"

1.1(6)"

7.2(2)

A2/AP

+0.04(4)

+0.09(4)

+0.36(3)

—0.60(6)

—0.01(6)

0.0(1)

+0.01(7)

—0.05(4)

+0.07(4)

+0.18(4)

+0.10(5)

A4/Ap

=0.0
—:0.0

—0.15(4)

+0.1Q(6)

=—0.0

=—0.0

—:0.0:—0.0

—0.22(4)

—0.15(5)

Assignment

11 — 7+
2 2
5+ 5+
2 2
5+ 3+
2 2
7+ 5+
2 2

7 + 3 +
2 2

ll + 9+
2 2
9+ 7+
2 2

(
13 —

)
15—

2 2

15 + 13 +
2 2
31 + 29 +
2 2
19 + 17 +
2 2
15 — 11—
2 2
13 + 11 +
2 2
9+ 7+
2 2
7+ 5+
2 2

35 + 33 +
2 2
33 + 31 +
2 2
9+ 5+
2 2

29 + 27 +
2 2

7+ 3+
2 2

37 + 35 +
2 2
9+ 5+
2 2

23 + 19 +
2 2

(
15 — 13 —

)2
25 + 23 +
2 2
11+ 7+
2 2

17 + 15 +
2 2

21 + 19 +
2 2

{23 — 21 —
)2 2

19—
2

19 — 15—
2 2

29 + 25 +
2 2

( —", )
15—
2

27 + 23 +
2 2

(
13 —

)
11—

2 2

13+ 9+
2 2

Bandb

7,4

4,3

3,4

8,7

4,3

5,6

4,3

3,4

1,4

23
10,9

5,6

6,5

6,5

10,9

6,5

9,8

6,5

34

9,8

3,4

9,8

9,8

9,8

9,7

2,3

8,7

2

3
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TABLE I. (Continued. )

z, (kev)

628.4(2)

637.7(2)

650.1(3)

657.3(1)

672.0(1)

680.3(3)

687.6(3)

687.8(1)

690.0(3)

706.0(1)

715.8(3)

722.1{2)

728(1)

751(1)

753.9(1)

757.5(3)

760.0(3)

763.6(3)

77o.o(3)

771.3(2)

774(1)

778(1)

787.2(2)

793.2(1)

801.8(1)

831.5(3)

832.0(2}

833.6(3)

833.7(2)

834.0(2)

834.1(3)

837(1)

844(1)

845(1)

848(1)

859.0(2)

870(1)

873.2(3)

878.8(1)

897(1)

901.5(1)

905(1)

916.6(3)

928.5(3)

944.5(3}

3.4(1)

s(1)'
0.8(4)

3.4(1)

56(1)

6.3(2)

11.3(3)

0.3(1)

3.1(1)

0 5(3)

0.6(3)

1.2(6)'

4.7(4)

3(1)

0.6(3)"

I.o(5)

2.6(l)

32{1)

7.6(2)

1.3(1)

16.5(3)

0.7(1)"

0 3(1)

& 1.0
0.9(1)

0.7(4)

2.8(1)

15{1)

l.s(8)'

1.6(1)

A2/AO

+0.30(7)

+0.22(6)

+0.35(3)

+0.27(5)

+o.18(s)

+0.32(6)

+0.02(8)

+0.32(3)

+0.35(6)

+0.31(4)

+0.5(2)

+0.47(8}

+0.44(5)

+0.2(1}

A4/Ao

—:0.0

+0.05(7)
—0.14(4)

—:0.0

=—0.0

—0.07(7)

=0.0
—0.12(4):—0.0

—:0.0

0.0(2)

—0.09(9)

—0.33(6)

—0.2(l)

Assignment

27 + 27
2 2

(21—

15 + 11 +
2 2

23 — 19—
2 2

33 + 29 +
2 2

(—", )

31 + 27 +
2 2

('2' )-'2'

2 2

13 + 11—
2 2
17 + 13 +
2 2

( —", )~—",

(
17 —

)
15—

(—", )~—",

19 + 15 +
2 2

27 23
2 2

35 + 31 +
2 2

21 + 17 +
2 2
37+ 33+
2 2

23 + 23—
2 2

33 + 31—
2 2

21 +
2

23 + 19 +
2 2

(29 25 —
)2 2

39+ 35+
2 2

31 — 27—
2 2

21 +
2

41 + 37 +
2 2

(
21 — 17 —

)2 2

Band

5,7

1

10

9,7

9,7

37

9,7

10

8,7

9,7

9

5,7

6,7

10,8

1

10

8,7

6

10,8
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TABLE I ~ (Continued. )

E~ (keV)

948.5(3)

952(1)

985.7(1)

1002.1(3)

1010(1)

1016(1)

1028(1)

1040(1)

1043.0(3)

1049.1(3)

1053(1)

1054.6(2)

1061.2(2)

1061.6(4)

1092.4(3)

1097.1(4)

1142(1)

1169(1)

1293.2(5)

1299.2(3)

1446.8(5)

1553.8(5)

6.2(2)d

1.5(8)

0.3(2)

0 5(3)

1.1(6)d

2 7(2)d

0.6(1)

0.8(2)

0.4(2)

& 0.2
(0.2'

1.1(6)

2.2(1)

1.0(5)'

0.6(3)

A2/AO

+0.25(S)

+0.48(11)

—0.36(8)

A4/Ao

—0.01(6)

—0.15(13)

—:0.0

Assignment

43 + 39 +
2 2

23+
2

35 — 31—
2 2

(—)~—
2 2

45+ 41+
2 2

47 + 43 +
2 2

(—", )

(29 )
27

2 2

29 + 27—
2 2

(—)~—
2 2

39 — 35—
2 2

19 + 19—
2 2

47 — 43—
2 2

43 — 39—
2 2

51 — 47—
2 2

55 — 51—
2 2

17 + 15—
2 2

(19 )
15

2 2

25 + 23—+
2 2

(
23 —

)
19—

('2' )-'2'

Bandb

8,7

6

10,8

8,7

8,7

6,7

9,7

5,7

37
9,7

6,7

9,7

9,7

'The intensities are normalized to the 336.1-keV '2' ~ '2' transition.
The band numbers. refer to the labels in Fig. 2(a). A single number indicates an in-band transition,

while two numbers indicate an interband transition.
'Doublet with a strong transition in ' La.
Intensity obtained from coincidence data.

fore undertaken at this energy.
The y-y coincidence data were recorded with four n-

type Ge detectors, each having an efficiency of 25%%uo rela-
tive to a 7.6-cmX7. 6-cm NaI(Tl) detector for 1.33-MeV
y rays. The detectors were located at +57 and +132'
with respect to the beam direction, and at a distance of
14 cm from the target. Each of the four detectors was
surrounded by a bismuth germanate (BGO) anti-
Compton shield of the transverse type. ' The coincidence
resolution time 2~ for the Ge detectors was set to 100 ns.
Approximately 30 million twofold, or higher-order,
events were recorded onto magnetic tape for subsequent
off-line analysis; the data were sorted into a two-
dimensional array of Ez vs Ez. Examples of background
subtracted gated spectra, generated from this array, are
presented in Fig. 1.

In order to obtain information about the multipolarity
of the transitions assigned to ' 'La, a y-ray angular dis-
tribution measurement was undertaken using four
different angles. Data were taken simultaneously with
the four detectors placed 22 cm from the target and at
angles 0, 90, 130, and 150' with respect to the beam direc-

tion. A ' Eu source placed at the target position, togeth-
er with beam-spot activity (beam off), were used for nor-
malization of the four detectors. The measured y-ray in-
tensities were then Gtted to the formula

W(8) = Ao+ A2P2(cos8)+ A~P4(cos8),

where 8 is the detector angle, P2(cos8) and P4(cos8) are
Legendre polynomials, and Ap, A2, and A4 are adjust-
able parameters. The results are presented in Tables I
and II, where a small correction has been made to each
3 2 / 2 p and 2 4 /2 p value to adjust for the finite detector
size.

A pulsed-beam —y measurement was performed to
search for isomeric states. The ' F beam was pulsed with
a 424-ns repetition period. The y rays were detected in a
coaxial Ge(Li) detector positioned at 90'. In this way,
half-lives in the range of 8 —400 ns could be studied.

III. THE LEVEL SCHEME QF ' 'La

The level scheme of ' 'La obtained from the present
work is shown in Figs. 2(a) and (b). The levels have been
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TABLE II. Energies, intensities, and angular distribution data for the transitions assigned to
which are shown in Fig. 2(b).

131L

Ey (keV}

67.3(6)

78(1)

131.6(1)

152.1{3)

154.3(1}

182.6(3)

234.8(3)

236.1

242.0(3)
261.3{3)

267.4(3)
301.0(3)

308.2(1)

315(1)

317.3(1)

331.5(3)

341.7{3)
345.0(3)

366.6{1)

371.4(3}
371.5(3)
389.9(7)

394.6(3)

409.6(3)
413.9(1)

423.5(1)

427. 1(3)

427.5(2)

455.4{3)

458.7(3)
469.3(2)

472.7(3)
472.8(3)

480.7(3)
488.6(3)

507(1)
509(1)

522.2(3)

537.8(3)

544. 1(6}

547.8(5)

559.5(5)

559.8{3)

564(1)

568.5{6)

579{1)

13.2(3)

10.1(2)

8.4(2)

1.8'

6.3(2)

1.6(8)'

2(1)'

3.6(1)

0.6(3)'

1.0(1)'

1.2(6}'

1.6(8)'

2.6(1)'

2.5(1)

1.5(2)

0.7(4)'

1.7{9)'

0.8'

1.0(1)'

( 1.2

0.6(1)'

0.5(1)'

0.3(1)'

A2/Ao

—0.08(4)

—0.37(5}

—0.40(4)

—0.45(4)

—0.54(4)

—0.15{4)

+0.38{1)

—0.46(2)

0.6(1)'

A4/Ao

—:0.0

—:0.0

=—0.0

=0.0

:—0.0

:—0.0
+0.06(1)

—:0.0

Assignment

(21 — 19
)2 2

2 2

(
23 — 21 —

)2 2

( —"+)
2

(25 23
)2 2

2 2

{27 — 25 —
)2 2

( —", )

(
29 — 27 —

)2 2

(—~—)2 2

(
31 — 29 —

)2 2

(21 )
21

2 2

2 2

(23 —
)

21—
2 2

(
33 — 31 —

)2 2

(
25 — 23 —

)2 2

(
35 — 33 —

}2 2

(
27 — 25 —

)2 2

( —", )

(—" —" )2 2

(—", )
15—
2

(21+) 19+
2 2

Bandb

13

15

13,15

15

13

15

14,15

13

11

15,3

13

15

13

14

11

14,15

13

11

14

13

15

11

13

13,12

15

12

13

11

12

11,9

11

13

11

12

13

13

13

13

15,4

13

13
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TABLE II. (Continued).

E~ (keV)

580.2(3)

675.6(4)

703.8(3)

711.3(2)

727.8(3)

749.4(2)

756(1)
780.7(4)

869.8(5)

871.8(3)

896(1)

900.9(3)

941.0(3)

943.9(7)

947.6(1)

978(1)

988.8(3)

1010(1)

1011.1(3)

1015.1(3)

1069(1)

1115(1)

1140.7(3)

1171.4(4)

1310.2(4)

1361.6(5)

1506.8(5)

1734.8{5)

1742.5(5)

0.5{1)'

2(1)'

0.8(2)'

0.4(1)'

0.4(1)'

3(1)'

0.2(1)'

7(1)

&0. 1'

4(2)'

&0.1'

0.4(2)'

2(1)'

2(1)'

1.0(5)'

A2/AO

—0.42(4)

A4/Ao

:—0.0

Assignment

(17+)
2

27—
2

21 — 19—
2 2

( —" )
27—
2

11—
2

15—
2

23—
2
27—
2

Band

15

13

14

12,8

15,3

14

13

13

15,3

12

15

11,7

13

12,7

12

15,9

13

11,7

13

15,7

15,8

15,7

11,7

11,7

'The intensities are normalized to the 336.1-keV '2' '2' transition.
The band numbers refer to the labels in Fig. 2(b). A single number indicates an in-band transition,

while two numbers indicate an interband transition.
'Intensity obtained from coincidence data.

arranged into several bands labeled 1 —15 in order to fa-
cilitate the discussion. The ordering of the y rays has
been determined by their coincidence relationships and
their relative intensities. For some weak transitions, the
placement in the level scheme is uncertain and these tran-
sitions are shown dashed.

The properties of the y rays assigned to ' 'La are listed
in Tables I and II together with their placement in the
level scheme. For the weaker transitions, the y-ray in-
tensities have been obtained from the coincidence data.
Since the coincidence data are averaged over all six possi-
ble pairs of the four detectors, any angular correlation
effects are expected to be small. The spin and parity as-
signments of the levels are based on the multipolarities of
the transitions deduced from the angular distribution

coefficients A2/Ao and A~/Ao. Several tentative as-

signments, within parentheses, have been made for the
weak y rays and are based on systematic rotational prop-
erties.

In the positive parity bands 1 —4, the first few transi-
tions at low excitation energy were previously known
from studies of the decay of ' 'Ce (Refs. 11 and 13). The
26-keV transition from the bottom of band 3 to the
ground state was not detected in our experiment since it
is below the energy thresholds of the electronics. The
spin and parity assignments of band 1 are based on the
multipolarity of the 392.7-keV transition. The large neg-
ative Az/Ao coefFicient implies a mixed M1+E2 transi-
tion; thus I =—', + has been assigned to the state at 588
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keV and, consequently, I =
—,
' to the state at 145 keV.

A comparison with the isotope ' La, where a similar
band has been found built on a second —,

'+ state, ' sup-
ports this assignment. The states of bands 1 —4 decay

mainly by in-band E2 transitions, but weak AI=1 inter-
band transitions connect bands 3 and 4.

Bands 5 and 6 form two sequences of stretched
(BI=2) F2 transitions connected by weaker AI=1 tran-
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FIG. 2. (a) Portion of the level scheme of "'La, deduced frorp this work, showing the prolate bands. The y-ray energies are given
in keV, and the thickness of the arrows represents the y-ray intensity following the 76-MeV bombardment. Not all tentative spin-
parity assignments are included. (b) Remainder of the level scheme of "'La including, to the left, prolate negative-parity states and,
to the right, prolate positive-parity states.
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sitions. The spin assignments for the bands are based on
the nonstretched (b,I=0) 628.4-keV transition and the
stretched (b.I=1) 1299.2-keV dipole transition into the

and —", yrast states, respectively. Bands showing
similar properties (energies, bandhead spins, and decay
patterns) have been reported in other odd-proton nuclei
in this mass region, where a positive parity assignment
has been established from measurements of the conver-
sion coefficients or the linear polarization. ' We there-
fore adopt a positive-parity assignment for bands 5 and 6.

The negative-parity band 7, previously known up to
I = —", , has now been extended up to I =( —", ). The
top three transitions of this band are dashed in Fig. 2(a)
since their ordering is not certain. Since the band is
yrast, it is strongly populated in the reaction. The half-
life of the —", isomer was measured' in a previous exper-
iment to be t, &2=. 170 ps. Because of the long half-life,
no coincidences were observed between those transitions
occurring above and below this isomer.

Bands 8 —10 were only weakly populated in the present
experiment; therefore, information on the multipolarity
of the transitions could only be obtained in a few cases.

Because of the observed systematic multipole decay
branches to several bands including the yrast band, a con-
sistent set of negative-parity levels is defined for these
AI=2 bands. The corresponding tentative I assign-
ments for these bands are shown in Table I. A charac-
teristic feature of these three bands is that the intensity of
the in-band E2 transition from each level is weak corn-
pared to that of the dipole transition branching out of the
band. For this reason the lowest in-band E2 transitions
were not observed. The bandheads interpreted from the
data for bands 8, 9, and 10 have I =( —", ), ( —", ), and
( —", ), respectively. Band 8 connects to the yrast band at
each level by transitions that are consistent with
stretched dipoles. The characteristic decay pattern out of
band 9 involves stretched E2 and AI=O dipole transi-
tions to the yrast band as well as stretched dipole transi-
tions to band 8.

A weakly populated band, labeled 12 in Fig. 2(b), was
found built on an isomeric state at 2121 keV. From the

, pulsed beam experiment, a half-life of 38+2 ns was deter-
mined for this state. The negative A2/30 coefficient list-
ed in Table II for the 947.6-keV transition implies that it
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FIG. 3. {a) Experimental alignments (top) and Routhians (bottom) for the negative-parity prolate bands in ' 'La. The reference
configuration is given by S„f=14.7+45.8' {A MeV '). The two signatures of the ~h»&2 configuration (bands 7 and 8) are indicat-
ed by the diamonds, while the other two negative-parity bands (9 and 10) are given by the triangles; open symbols are for signature
a=+ —', and solid are for a= ——'. The solid circles indicate the band {possibly oblate) built on the isomeric —' state (band 12). (b)
Same as (a) but for the positive-parity bands. Both signatures of the mg7/2 configuration (bands 3 and 4) are indicated by the up trian-
gles (open: a = ——', solid: a = +

2 ), while both signatures of the md5&2 configuration (bands 1 and 2) are indicated by the down trian-
gles (open: a= + z, solid: a = —

—,'). The two signatures of the ng7/i [irh „~z]' configuration (bands 5 and 6) are given by the circles
(open: a=+ —,', solid: a= —

—,'). The yrast ~h 1&&2 band 7 is included for comparison {solid diamonds). (c) Same as (a) but for the ob-
late irh „~z [vh „~,]' band 13. The reference configuration is here given by J„„=9.9+30.7'' (A' MeV ') (see text).
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IV. ROUTHIANS AND ALIGNMENTS
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A. CSM calculations
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fre
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J,=45. 8A' M Ve have been obtained from a fit f h
expression

a o t e

I~ =co(S +ni J )+i
to states of the ry ast band 7 below Ace =0.43 MeV
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TABLE III. Labeling of quasiparticle orbitals adopted in this
paper. Shell model states and Nilsson quantum numbers (for
%co=0, axial) are also shown.

Shell model
state

7Th 11/2

Wh 11/2

77d 5/2

Vh11/2

+h»/2

&g 7/z

Nilsson
orbital

[550]

[541]

—,
'+ [413]

—'+[411]

[514]

[523]

-', "[404]

Signature
component

a= ——1

2a=+—1

2

a— 1

2a=+—1

2

a= 1

2
a=+—1

2a=+—1&
2

1

2

a= ——1

2a=+—1

2

a= 1

2

a=+—1

2
a= 1

2

a=+—1

2

Quasiparticle
label

[A]
l&l
[&]
lD]
[E]
[F]
lGI
[H]
[a]
[b]
lc]
[d]
[e]
[f]

l.2

I.O

0.8

0.6

0.4
CU

0.2

0.0

-O.2
-I 20

I

-90
I

-60
I

-50
Y {deg )

I

0
I

50 60

'For the md5/2 orbital, a=+
2 is the favored signature corn-

ponent; for the other orbitals, a= —
2 is the favored com-

ponent.

FICi. 5. Calculated single-quasiparticle levels in ' 'La shown
as a function of the y deformation. The shape and sense of ro-
tation of the nucleus is indicated at the top of the figure for
specific values of y that correspond to axially symmetric shapes.
The calculation performed at a frequency Ace=250 keV, with
hz =0.2, e4=0, and 6„=h~ = 1.2 MeV.

deformation @4=0.0 were used throughout the calcula-
tions. Small changes in e2 and e4 do not significantly
change the results. The calculated quasiparticle Routhi-
ans for a prolate symmetric rotor (y=O') are shown in
Fig. 4 as a function of rotational frequency. The Nilsson
labels for the orbitals at zero rotational frequency are list-
ed in Table III. The negative- (positive-) parity proton
orbitals are labeled [A ],[B],[C], . . . {[E],[F],[6], . . . ),
while the negative- (positive-) parity neutron orbitals are

Band

number'

1

2
3

5
6
7
8
9

10
11
12
13
14
15

Shell-model

configuration

77d 5/2

77 d 5/2

~g7/2
~8 7/2

~g7/2 [~h 11/2 ]
~g7/2 [~b11/2]

~h 11/2
7Th 11/2

(mh»/2 y vibrational)
(mh»/zy vibrational)

~g7/2 +h 11/2 +g7/2

~hler/2

[&b 1 I/2]

~g7/2 [vb) i/2]
2

Quasiparticle

configuration

[6]
[H]
[F]
[E]

[EAB]
[FAB]

lA]
[&]

(r —f A])

[Eae],[Fae]
[Aab], [Bab]

[Eab], [Fab]
'The band numbers refer to the labels in Figs. 2(a) and (b).

TABLE IV. Possible configurations for most of the bands of
"'La as shown in Figs. 2(a) and (b). Two configurations are
given for the strongly coupled AI=1 bands where the signature
splitting is small.

similarly labeled [a],[b],[c], . . . ([e],[f],[g]. . . ).
this notation, band crossings are labeled by the quasipar-
ticles that align. Thus, the 6rst mh]»2 alignment is la-
beled as the [AB] crossing, while the second 7rI2, «2
alignment is labeled as the [BC] crossing. The shell-
model configurations for the bands numbered 1 —15 and
shown in Figs. 2(a) and 2(b) are listed in Table IV.

Since, in this mass region, the nuclear shape is expect-
ed to be soft with respect to the triaxial deformation, the
quasiparticle orbitals have also been calculated for
different values of the shape asymmetry parameter y.
The results of such a calculation are presented in Fig. 5
where the quasiparticle energies for the proton orbitals
[A], [B],[E], and [F], and the neutron orbitals [a] and
[b] are plotted as a function of y. The calculation was
performed at a fixed rotational frequency fico=0. 25 MeV.
As can be seen, the proton orbitals [A] and [B] have a
strong driving force on the nuclear shape towards y ~ 0,
whereas the neutron orbitals [a] and [b] favor an oblate
shape with y ——60'. The positive-parity orbitals [E]
and [F] do not have such a strong dependence on the y
deformation, as is the case with the positive-parity neu-
tron orbitals.

B. The prolate bands

For the yrast band-7, the experimental Routhian is best
reproduced in the calculations by the orbital [A] in Fig.
4, assuming a prolate (y=0 ) deformation. This orbital
is the a = —

—,
' signature component of the —,

' [550]
Nilsson orbital originating from the h»&2 proton sub-
shell. The a=+ —,

' signature component (labeled [B] in
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Fig. 4) is expected to be higher in excitation energy.
Band 8, starting at 906 keV, is an obvious candidate for
the band built on this unfavored state. Moreover, the
alignment of this band (i„=3.8fi) is close to that of the
yrast band (i„=4.2fi). The signature splitting of these
bands (energy difference between the a=+ —,

' signature
components) at fico=0 25 .MeV is found to be b,e'=450
keV, which is in good agreement with the predicted value
of b,e' —500 keV for a near-prolate shape (see Fig. 5).

The predicted [ AB] proton crossing at a rotational fre-
quency Aco=0. 31 MeV is not observed in these two bands
since either orbital [A] or [8] is occupied, which thus
blocks the crossing. At higher rotational frequencies, an
upbend is observed in band [A] at fico, =0.54 MeV. The
corresponding band in the ' Pr isotone has an upbend
at fico, =0.43 MeV, thereby indicating a strong depen-
dence of the band crossing frequency with proton num-
ber. A comparison with the isotopes ' ' La (fico, =0.50
MeV and iiico, =0.57 MeV, respectively) ' shows a less
dramatic change with decreasing neutron number. As-
suming a prolate nuclear shape, this implies a proton ori-
gin for the upbend. The calculations of Fig. 4 predict the
[BC] proton crossing at A'co, =0.51 MeV, close to the ex-
perimental value. However, h»&z neutrons are also ex-
pected to align (the [ab] crossing) close to this rotational
frequency, and hence no definite conclusion can be
drawn.

The favored band 7 is expected, from Fig. 5, to have a
shape with y ~ 0 . This is because of the strong y-driving
force of the [A] h„/z proton orbital. The orbital [8]
does not have an equally strong y-driving effect, and the
unfavored band 8 is therefore more influenced by the
shape of the core. Since the nuclear core has the largest
moment of inertia for a triaxial shape with y = —30 (Ref.
1), it will strive to adopt this shape when the rotational
frequency increases. This leads to a decrease in the
Routhian e' and therefore an upbend in the alignment
plot. The effect will be more pronounced in the un-
favored and less y-driving band [8] and could partly be
an explanation for the upbend observed in band 8. The
favored and unfavored signature components of the h» &2

proton band can thus have different y deformations. The
neutron [ab] alignment frequency is then expected to be
different in the favored and unfavored bands because of a
difference in shape. The neutron alignment frequency de-
creases as y moves to more negative values and will thus
occur earlier in band [8].

The positive parity bands 1 —4 all have similar Routhi-
ans and alignments. Their configurations are expected to
be based on the —,

' [413] and —', +[411] Nilsson orbitals

that originate from admixtures of states from the g7/2
and d»2 proton shells. The small signature splitting be-
tween bands 3 and 4 is indicative of a strongly coupled
particle (high fl). Since the a = —

—,
' signature is the

favored component, the configuration must be dominated
by the g7/Q proton. For a d»2 particle, the o.=+—,

' com-

ponent is expected to be lower in energy. Band 1 can
therefore be associated with this configuration and band
2, based on the —,

' + ground state, is the unfavored
(a= —

—,
'

) component.

In the CSM calculations the orbitals [E], [F], [G], and
[H] correspond to bands 4, 3, 1, and 2, respectively. The
calculations reproduce the main features of the positive-
parity orbitals although there is a difference between the
predicted and the experimentally observed signature
splittings. This is probably a consequence of the bands
not having a prolate symmetric shape. When considering
a triaxial deformation with the same value of y for all
four bands, there are still some discrepancies. It is there-
fore likely that the bands have different minima in the
(P, y) plane, and somewhat different shapes.

Bands 5 and 6, which feed into the yrast band, are
most likely based on both signature components of a
three-quasiparticle configuration. The alignment of
i -8.5fi for these bands indicates that two h»&2 particles
are involved and, as for the isotone ' Pr, we have adopt-
ed the jrgj/z[jrh»/z] configuration for these bands.
Following the notations of Table III, these bands corre-
spond to the [EAB] and [FAB] configurations, respec-
tively. These three-quasiparticle bands cross the one-
quasiparticle [E] and [F] bands (bands 3 and 4) at
%co, =0.315 MeV, thus defining the [AB]h»/z proton
crossing frequency. This proton crossing is close to the
predicted crossing frequency in Fig. 4. The alignment
gain at the crossing is close to the sum of the alignments
for the individual orbitals [A] and [8]. The signature
splitting between the two components decreases with in-
creasing rotational frequency and becomes zero at
%co=0.43 MeV. In the CSM calculation, a zero splitting
between the orbitals [E] and [F] is predicted to occur for
y )0 (see Fig. 5). The observed decrease in the splitting
can then be explained by the strong driving force of the
h»&2 protons which will give the nucleus a deformation
with y ~0. The lack of transitions connecting bands 3
and 4 with bands 5 and 6 could be a consequence of the
bands having somewhat different triaxial shapes.

There is an additional indication of a band crossing in
bands 3 and 4 at Aco, -0.4 MeV. The gain in alignment
of at least 7A again points to an alignment of a pair of
h»/z quasiparticles. The proton [BC] and [AD] cross-
ings are predicted at %co, =0.5 MeV, which is too high in

rotational frequency to explain the crossing. The neutron
[ab] crossing, predicted to occur at A'co, =0.46 MeV, is
more likely. If the nucleus has a small negative y defor-
mation, ' the neutron crossing frequency will decrease and
will then come closer to the observed value. Band cross-
ings at similar rotational frequencies have been observed
in the even-even ' '' Ba nuclei (fico, =0.43 MeV and
0.40 MeV, respectively) and have been attributed to the
breakup and alignment of an h»&2 neutron pair.
When moving away from a prolate shape to negative y
values, the splitting between the [E] and [F] orbitals in-

creases. For this reason, it is only the favored band that
can be followed up to a sufficiently high spin to clearly
see the backbend. When fully aligned, the neutrons will
induce a shape change towards large negative y values
(y= —60'). The aligned three-quasiparticle bands, based
on the jrgj/zI3 [vh &&/z] configuration, and the corre-
sponding one-quasiparticle bands (erg j/z) will then have

large differences in shape. This is expected to give a
small interaction between the bands, which partly can ex-
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plain why the bands are not observed above the crossing.
Possible candidates for the [Ecib] and [Fab]
configurations with oblate' shapes are discussed in Sec.
IV D.

A definite interpretation for the AI =2 bands 9 and 10,
which are of negative parity, has not been made. The
only negative-parity proton orbitals at this -Fermi level in-
volve the h» &2 spin-orbit intruder. Bands built on the
[C] and [D] mh»&2 orbitals are expected at somewhat
higher energy and will not be near yrast. Furthermore,
with the proton in the [C] or [D] orbitals, the [AB]
crossing is no longer blocked and should occur at
fico -0.31 MeV. However, this crossing is not observed
in bands 9 and 10. The high-0 oblate —", [505] orbital,
however, could result in a separate negative-parity band.
This oblate high-0 orbital is predicted to achieve low
energies for nuclei with proton numbers Z =53—57.
Bands associated with high-Q orbitals, however, are ex-
pected to be strongly coupled b,I= 1 bands with no signa-
ture splitting and strong M 1 transitions. Bands 9 and 10
do not show these specific characteristics. It is possible
that the unfavored signatures of the high-0 and low-0
orbitals, the latter of which is signature split, could in-
teract because of similar I energies to alter this interpre-
tation.

Alternatively, other collective modes can be invoked to
describe bands 9 and 10. When considering the even-
even neighbors ' Ba and ' Ce, rotational bands exist
built on the 2r y-vibrational states at 907-keV (Ref. 26)
and 821-keV (Ref. 28) excitation energy, respectively.
The y-vibrational bands of neighboring even-even nuclei
typically show strong E2 strength into the yrast band at
each level competing with the in-band decay. Bands 9
and 10, showing similar decay properties, could therefore
be based on the h» &z proton band coupled to the y-
vibrational band of the core. The excitation energy of the

state above the —", isomer of 1053 keV is somewhat
higher than the corresponding values for the 2+ states in

the even-even nuclei. This could be an effect of the h» &2

proton stabilizing the nuclear shape around y =O'. Simi-
lar bands to band 9, showing the same characteristic de-

cay pattern, have systematically been observed in 53I,
s5Cs (Ref. 29), and 59Pr (Ref. 20) isotopes.

C. Collective oblate band

Band 13 in Fig. 2(b) has several properties that are
markedly different from the bands discussed so far. This
band has strong AI = 1 transitions compared to the E2
crossovers with negative E2/Ml mixing ratios 5 for the
AI = 1 transitions. It also has a large constant alignment
and no signature splitting. Although the parity of this
band has not been experimentally determined, the above-
mentioned properties point to a unique three-
quasiparticle structure for this band, namely the negative
parity irh»&2 [vh»&2] configuration.

In order to discuss the alignment for band 13, it should

be noted that this band has an effective dynamic moment
of inertia that is lower than those of the other bands.
This is illustrated in Fig. 6 where 2',g =dI„/dco is plotted
for the yrast band and band 13 as a function of rotational
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FIG. 6. Dynamic moment of inertia for the m h» /~ band 7
(diamonds} and the oblate nb „~2 [vh» ~z] band 13 (circles}.

E'(y) = g e'(y)+ —,
' Vpocos3y —,'(fico)2g—

frequency. The difference between the bands is indicative
of different collective shapes. A reduct. ion of -3 3%%uo is
observed for band 1 3 and consequently, when extracting
the alignment i„, the reference moment of inertia has
been reduced by the same amount. The alignment ob-
tained in this way, when using IC= —", (see below) and
I= —", for the bandhead, is plotted in Fig. 3(c). It has a
constant value i, =8.9A over a large frequency range.
The large alignment implies the presence of two decou-
pled h» &2 particles. It is only at the highest rotational
frequencies (fico-0. 55 MeV) that an upbend is observed.

The experimental Routhians for the two signature
components of band 13, plotted in Fig. 3(c), show no sig-
nature splitting. The absence of signature splitting can be
explained from an investigation of Fig. 5. When the y
deformation changes from 0 to —60' (from a prolate to
an oblate shape), the splitting between the h»&2 proton
[ A] and [8]orbitals decreases from a large value to zero.
The shape change is induced by the decoupling and rota-
tional alignment of a y-driving h» &2 neutron pair; the or-
bitals [ci] and [b] have energy minima close to y = —60'.
For such an oblate shape, the proton occupies the

[505] Nilsson orbital and will be strongly coupled;
the irh„&z[vh»&2] configuration will thus possess a
large K value of —", .

The constant alignment of 8.9A is close to the expected
value for two fully decoupled h»&z neutrons. The proton
in the proposed configuration is strongly coupled and
does not contribute significantly to the alignment. Furth-
ermore, for an oblate shape no proton alignment is ex-
pected below %co =0.57 MeV, and since the neutron or-
bitals [a] and [b] are occupied, the first allowed neutron
alignment is the [cd] crossing that is expected at fico 0 6-.
MeV.

To understand better the total energy of the valence
nucleons and how the signature splitting depends on the
triaxial deformation y, total Routhians have been calcu-
lated using the expression'
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FIG. 7. Total Routhians for some selected one- and three-
quasiparticle configurations in '"La as a function of the y de-
formation. The calculation was performed at Boo=0.25 MeV
with Vpo set to zero.

at a fixed rotational frequency %co=0.25 MeV. Here,
e'(y) are the quasiparticle energies as a function of y as
shown in Fig. 5, and VpQ is the prolate-oblate energy
difference. The reference moment of inertia J' is given by
the Harris expression multiplied by a hydrodynarnical y
dependence:

J=(Jo+ —,'co J, )—', cos (@+30') .

The results are presented in Fig. 7 where VpQ has been
set to zero, i.e., assuming the prolate and oblate core po-
tential energies are similar. As can be seen, a minimum
occurs in the total Routhians at y = —60 for the
negative-parity [ Aab] and [Bab] configurations
(7rh»&2[vh»&2] ). It is clear that only the [Aab] and
[Bab] configurations have zero signature splitting at the
predicted minimum, namely for y ——60'. The positive-
parity configurations [Eab] and [Fab] (7rg7/7 [vh &&&2] )

are also seen to decrease in energy for an oblate shape.
However, these configurations cannot explain band 13 be-
cause of the predicted signature splitting of —150 keV
contrary to the experimental value for this band
(b,e'-0). The experimentally deduced Routhian, signa-
ture splitting and alignment of band 13 are thus con-
sistent with the negative-parity configuration having an
oblate 7rh i & &7 I33 [vh

& & &2 ] configuration.
The data do not give a direct measurement of the

difference in the total energy between prolate and oblate
shapes. An estimate of VpQ, however, may be obtained
from the experimental Routhians when extrapolated
down to zero rotational frequency. At this point, the en-

ergy difference between different orbitals does not depend
on any reference moment of inertia and is given by the
quantity

2A„—VpQ,

where 6„ is the neutron pairing gap including the residu-
al neutron-proton and neutron-neutron interactions. The
oblate band and the prolate ~h»/2 band have, when ex-

trapolated down to %~=0, an energy difference of 2.3
MeV. Assuming the neutron pair gap b, „~1.0 MeV (a
smaller value seems unrealistic and results in the [ab]
neutron crossing occurring below 0.4 MeV, contrary to
the observed alignments in the positive parity [E] and
[F] bands), then a value Vpo ~ —300 keV is obtained.
Since the prolate shape is favored over the oblate shape,
VpQ cannot be positive. Thus, an estimate for VpQ at
zero rotational frequency of 0» VpQ 300 keV is ob-
tained for ' 'La which is in good agreement with the
theoretical predictions of Refs. 3 and 9.

Finally, band 13 shows very little interaction with oth-
er structures in this nucleus. The decay out of the band
goes through several branches and feeds mainly the ( —", +

)

state of band 15 and the —", isomeric state of band 12.
No transitions were observed that directly connected
band 13 with the prolate deformed bands, indicating a
weak interaction between the bands that is most likely
due to the difference in shape. The interaction must be
smaller than the energy difference between the states of
the same spin and parity (assuming that there are only
two such states). With the proposed spin assignments,
the —", states of the oblate band 13 and the unfavored
band [B]are separated by about 75 keV.

D. Other structures in ' 'La

There are additional structures in ' 'La above an exci-
tation energy of 2.0 MeV that were only populated weak-
ly and could not be studied in detail. No definite
configuration assignment, therefore, could be made. For
exar.pie, there exists an isomeric level at 2121 keV, from
which the main decay directly feeds the yrast ~h»/2
band via a 947.6-keV transition. The 38-ns half-life is in-
dicative or a significantly different structure or shape be-
tween the isomer and the prolate yrast band. There are
transitions observed feeding the isomer (band 12). The
relatively strong AI=1 transitions compared to the E2
crossovers and the regular increase of the transition ener-
gies with spin imply a rotational band based on a high-E
configuration. Using E =—", , an alignment close to 2A is
obtained. Negative parity bands with similar alignments,
based on high-E isomers, have been found in the neigh-
boring isotopes ' Ba (Ref. 30) and ' Ce (Ref. 31) with a
proposed vg7/2(3vh»/2 neutron configuration. It is pos-
sible that band 12 in ' 'La has the odd proton coupled to
this configuration, namely, band 12 is built on the
Tlg 7 /2 vg 7/2 @vh» /2 configuration The shape of the
band built on this configuration would be dominated by
the [a]vh&&&2 orbital. Thus, an oblate y ——60' shape is
expected, which would explain both the strong connec-
tion to the oblate band 13 and the isomeric decay to the
prolate band 7. Following the notations of Table III,
band 12 would then be built on the [Eae] and [Fae]
configurations.

Band 15, with the proposed bandhead of I = —",
+ at

2345 keV, shows no well-developed rotational structure.
The excitation energy and the level spacings within the
band are close to those found for a band based on a —',"+'

state at 2368 keV in ' La (Ref. 19). An assignment of a
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similar configuration for the two bands is plausible, and
for ' La a d5/2 or g7/2 proton weakly coupled to noncol-
lective states in the even-even core was proposed. An
alternative interpretation is in terms of an oblate band
similar to the more strongly populated band 13 ([dab]
and [Bah]), and, perhaps, band 12 ([Eae] and [Fae])
The level spacings within band 15 increase with excita-
tion energy, although an energy staggering efFect seems to
be present. A possible configuration for the band is the

7rg 7/2 [vh» /2 ] configuration with signature com-
ponents [Eab) and [Fab] Th. ese two components come
low in energy for y ——60' (see Fig. 7) and their signature
splitting would explain the energy staggering.

The structure starting at 3580 keV [band 11 in Fig.
2(b)] may also have a counterpart in ' La, where a ( —", )

state is known at 3599 keV. Here the h»/2 proton may
be weakly coupled to noncollective excitations of the
even-even core.

V. ELECTROMAGNETIC PROPERTIES

A. B(M1)/B(E2) ratios

From the intensities of competing AI=1 and AI=2
transitions, it is possible to extract values for the ratios of
the reduced transition rates for specific quasiparticle
configurations using the approximate expression

1 ) I&(M1 ) E& (E2)=0.693 X XB(E2 I~I 2) Ir(E2) E (Ml)

where the E2/M 1 mixing ratio for the b.I= 1 transitions
has been set to zero. Experimental values for such ratios
have been extracted for transitions in the mg7/2,

7rg7/2 [7rh» /2 ],and the oblate 7rh» /z S [vh» /2 ] bands.
The results are presented in Fig. 8 together with theoreti-
cal calculations obtained from a semiclassical formu-
la 33, 34

B (M 1; I~I —1)
B (E2; I~I—2)

12

5Qocos (y+30 )

2 2
2

z
X t(gi —gR)[(I —E )' —ii]—(g2 gR)i2I 1+

where a signature dependent term has been included.
Here g, and i, are the gyromagnetic factor and align-
ment for the strongly coupled quasiparticle, while g2 and
i2 refer to the gyromagnetic factor and alignment of the
decoupled quasiparticles. The rotational gyromagnetic
factor gR was taken as Z/A =0.435, and empirical
values, taken from nearby nuclei, were used for the g fac-
tors of the quasiparticles. The quadrupole moment was
calculated assuming a deformation parameter 13=0.2.

For the ~g7/2 band, the experimental values of the
B (M 1 )/B (E2) ratios show an increase with increasing
spin. There is also a marked signature dependence that is
more strongly pronounced in the data than in the model
calculations. Above the [7rh»/z] proton alignment, the
ratios of the reduced transition rates remain constant at a
value that is slightly lower than those below the crossing.
Model calculations for both pure rd~7/2[ rj»7/iz] and

7rg7/2 3 [7rh» /2 ] configurations are also shown. The de-
crease of the ratio above the crossing can be seen as an
efFect of the aligned h»/2 protons. When a quasiparticle
pair align, the term (gz —gz )iz is introduced in the for-
mula; for h»/2 protons, which have positive g factors,
this term tends to cancel the contribution from the other
strongly coupled quasiparticle (7rg7/p or 7rd5/2), which
also has a positive g factor.

The extracted B(M1)/B(E2) ratios for the oblate
band 13 are more than an order of magnitude larger than
those of the prolate one- and three-quasiproton bands.
This can only be quantitatively reproduced in the model
calculations when using the proposed oblate
7rh &&/2 [vh»/2] configuration with K = —", . The larger
values for the ratios result for two reasons. First,
whereas the [7rh»/2] proton alignment introduces a can-

I I I I I I I I I I I I I I I

2
II/2 @ [ 11/2]

I I I I I I

AJ

I I

M M

t t
M

~ ~

OJ

CQ IXI

10 .—

0.1 .—

~7/2

2
5/2(3I 77h11/2

"~7/2
(3

2
7Th

1 1/2

7/2 15/2 23/2 31/2 39/2 47/2

FICx. 8. Ratios of reduced transition probabilities
B(M1)/B(E2) extracted for the positive-parity bands 3,4 and
5,6 and the oblate band 13. The lines represent calculations for
the given pure configurations using the geometrical model of
Donau and Frauendorf (Ref. 33).

I

cellation into the B(M1;I~I—1) expression, a
[vh &&/z] neutron alignment causes an enhancement be-
cause of the negative sign of the g factor. Secondly, the
reduced M1 transition probability is proportional to the
square of pz, the component of the magnetic dipole mo-
ment perpendicular to the total spin I of the nucleus. For
high K, this component will be large and thus the B (M 1 )

values will be enhanced. It is only for an oblate shape
(y= —60') that a proton orbital of sufficiently high 0
comes close to the Fermi surface, namely the 0= —",
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member of the proton hii/2 shell ( —", [505]). Thus the
oblate irh»/2[vh»/q] configuration will possess high
K and the B (M 1 )/B (E2) ratios will be correspondingly
large. Other possible configurations for band 13 involv-
ing a strongly coupled g7/2 or d5/2 proton together with
the aligned h 11/2 neutrons are predicted to have
B(M1)/B(E2) ratios four times smaller than the mea-
sured values for this band.

B. The mixing ratios

The E2/Ml mixing ratio 6 for AI=1 transitions can
give additional information on the nuclear shapes. Using
the semiclassical model, Donau and Frauendorf define a
mixing ratio thus:

2
1/2

K5D„=(—', )' Qocos(y+30 ) 1—

which is related to conventional experimental 6 values
through the relationship

5=0. 8355DFEr ( MeV ) .

For the oblate band 13 with the proposed
rrh, «2I83[vh»/2] configuration, the Ml contribution to
the mixing ratio (the expression within the curly brack-
ets) is positive and therefore sgn(Qo) =sgn(5). The large
negative A2/Ao coefficients found for the AI=1 transi-
tions in this band imply negative mixing ratios and hence

Qo (0, namely an oblate shape (y = —60'). An estimate
of the mixing ratios for the lower AI=1 transitions, ob-
tained from the angular distribution data, yields
—0.21~6~ —0.07, which is in qualitative agreement
with calculations using the simplified model that predicts
5- —0.2.

VI. SUMMARY

The odd-proton nucleus ' 'La has been produced in
compound nuclear reactions, and its y decay has been
studied revealing states up to high spin. The results have
been interpreted within the framework of the cranked
shell model including effects of the triaxial deformation
y. Bands based on prolate and oblate shapes, collectively
rotating around an axis perpendicular to the symmetry
axis, have been identified. These bands coexist in the nu-
cleus over a large frequency range.

The yrast band is based on an h»/2 proton decoupled
from a prolate core. It was observed up to spin
I =( —", ) with an upbend at fico=0. 54 MeV. Both the
second hii/2 proton alignment, the [BC] crossing (the
[AB] crossing is blocked), and the first hii/2 neutron
alignment, the [ab] crossing, could be responsible for this
effect. The unfavored signature partner of the yrast band
was also identified with a large signature splitting with
respect to the yrast band. Two additional bands with

presumably negative parity were also established. Possi-
ble interpretations involve an oblate strongly coupled
7TA 11/2 orbital or an A 11/2 pI oton coUpled to the v-
vibrational states of the core.

Four positive-parity bands were found at low excita-
tion energy with small alignments and small signature
splittings. These are one-quasiproton bands based on
Nilsson orbitals arising from the g7/ and d»2 shells. A.t
higher excitation energies, two positive-parity three-
quasiproton bands were observed and assigned the
erg 7/2 [rrh i i /z ] configuration. This assignment is based
on systematics with other odd-Z isotopes in this mass re-
gion and is consistent with measured ratios of reduced
transition probabilities B(M 1 )/B (E2). The crossing
with the corresponding one-quasiproton bands at
A'co=0. 31 MeV defines the [ AB] h»/2 proton crossing
frequency where the gain in the alignment is —8A. The
signature splitting between the three-quasiproton bands
falls to zero with increasing spin, which may indicate that
the nucleus is adopting a triaxial shape with small posi-
tive values of the triaxial deformation y. Evidence for a
second band crossing in two of the one-quasiproton bands
was found at fico-0. 4 MeV, possibly due to the [ab]h i i/~
neutron alignment.

A strongly populated AI = 1 band was observed and as-
signed the rrh»/z[vh»/2] configuration with an oblate
shape (y = —60') that rotates collectively around an axis
perpendicular to the symmetry axis. This band coexists
with the other near-prolate bands. The assignment is
based on the large values of the B(M1)/B(E2) ratios,
the lack of signature splitting, and the negative mixing
ratios 5 for the AI=1 transitions. The constant align-
ment of 8.9A over a large frequency range is consistent
with this configuration. The band has only a weak in-
teraction with the prolate bands as a consequence of the
difference in shape.

Additional band structures were observed in ' 'La, but
no firm assignments could be made. Possible
configurations for some of these bands are the

7/2 (3 &7/2 &~ 11/2 coIlflguration for the —", isomeric
state (band 12) and the irg7/2[vhii/2] configuration
with an oblate shape for the (17/2+ ) state (band 15).

The existence of collective bands of both prolate and
oblate shapes in ' 'La shows that this nucleus is soft with
respect to y, and its shape is strongly influenced by the
excited valence quasiparticles. An estimate of the
prolate-oblate energy difference at zero rotational fre-
quency from the measured Routhians gives a limit
Vpo —300 keV, i e., the oblate minimum is higher in
energy than the prolate minimum but by no more than
300 keV.
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ence Foundation.
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