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High-spin states in the **Ba nucleus have been populated using the '?*Sn('*C,4n) reaction.
Excited states were observed up to I = 45/2 and several bands were constructed. Most of the
observed bands are characterized by intense dipole transitions. At low spin, bands built on mixed
vsy 2 and vds,; configurations and on the vh,;,; configuration were observed. The latter band is
associated with a large signature splitting of about 300 keV. According to total Routhian surface
calculations, in this band the nucleus has a triaxial shape with v ~ -80°. At higher spin, bands
built on three and five-quasiparticle configurations were identified. These bands may posses a weakly
deformed shape with either v>0° or y<-60°, depending on the number of h,,/, protons and neutrons

involved in the configuration.

PACS number(s): 21.10.Re, 23.20.Lv, 27.60.+j

I. INTRODUCTION

Nuclei in the A =130 region are interesting because
they show coexistence of different nuclear shapes. The-
oretical calculations predict that, for example, even Ba
nuclei are very soft with respect to changes in v deforma-
tion and that they posses a triaxial (v = —30°) shape
in the ground-state band [1,2]. Also, a v deformation of
about —30° is needed in the calculations to reproduce
the signature splittings in the neutron h;;,, bands in
odd-mass Ba nuclei [3,4].

Another interesting property of the even Ba nuclei is
that several of them show two S bands, corresponding
to proton and neutron h,,/; alignments. In the light Ba
nuclei with well-deformed shapes, the lower S band is
due to the protons [2]. In the heavier Ba isotopes with
decreasing quadrupole deformation and more negative ~y
deformation, the neutron S band becomes favored com-
pared with the proton band. In !32Ba the observed S
band has been shown to be of the neutron h%, /2 origin

and there is no evidence for the proton alignment [5].
For the nuclei in this mass region, the proton Fermi sur-
face is near the bottom of the h,/; shell, while the neu-
tron Fermi surface is close to the top of the hj;/; shell.
Therefore, the h;,/, protons and neutrons favor prolate
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(y = 0°) and oblate (y = —60°) shapes, respectively.
In the odd-NN nuclei, the shape-driving tendency of the
hi1/2 protons results in a strongly coupled character of

the neutron hy; /2 band above the thl/z alignment. The

fl /2 band is an example of bands with intense

M1 transitions observed in the A = 130 region [4-9].
At the prolate shape, the neutron h;;/; particle is asso-
ciated with a high K quantum number, while the proton
hi1/2 particle has low K. At the oblate shape, the roles
of protons and neutrons are interchanged. In both cases,
bands built on the configurations involving k4, /; protons
and neutrons are expected to show enhanced M1 transi-
tions. Systematics of these M1 bands has been discussed
in [9].

The !32Ba nucleus shows rotational structures [5],
while in '3‘Ba at N = 78 there is little evidence for
rotational behavior [10]. For the odd-A nucleus 33Ba
the relatively old study of [11] shows the beginning of
band structures, although the levels were observed only
to I ~ 12 A. The present study of *3Ba was performed
by using 3C induced reactions and it was found that
band structures persist still up to high spins in 33Ba.

Vh11/27rh

II. EXPERIMENTAL METHODS

The 124Sn(*3C,zn)'37~*Ba reactions at beam energies
of 48.4 and 65.5 MeV were used to study high-spin states
in the 132-134By nuclei. The 4n-evaporation channel
leading to 133Ba nucleus was strong at both bombard-
ing energies. The target consisted of 1.7 mg/cm? thick
layer of 124Sn enriched to 97.5% on an 11 mg/cm? thick
gold backing. Results for the 132Ba and '3*Ba nuclei will
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be reported elsewhere [10,12].

The '3C beams were provided by the Tandem Accel-
erator Facility at the Niels Bohr Institute. The emit-
ted v rays were detected in the NORDBALL array [13]
consisting of 15 Compton-suppressed Ge detectors and a
multiplicity filter of 10 BaF, detectors. In order to re-
duce Coulomb excitation and background activity lines,
firing of at least one of the BaF; detectors was required
in coincidence with at least two Ge detectors. With this
trigger condition, slightly over 10® yy—coincidence events
were recorded at both bombarding energies.

The data from the two experiments were separately
sorted into two 7y+y-coincidence matrices for establishing
the level scheme. Sample background-subtracted coin-
cidence spectra are shown in Fig. 1. The NORDBALL
array has detectors in four conical rings at 37°, 79°, 101°,
and 143° with respect to the beam direction. For deduc-
ing information about the transition multipolarities the
data were sorted into two E,-E., matrices with the fol-
lowing angle combinations: (1) (37° + 143°) x all angles
and (2) (79° + 101°) x all angles, where first the x axis
and then the y axis is given. In this way all the data
collected in the experiment could be used for determin-
ing the transition multipolarities. By setting equal gates
on the y axis on desired v rays in both matrices coinci-
dence spectra were constructed from which the angular
distribution ratios

L,(E,;37° or 143°)
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were set on clean transitions. Note, that the R ratio is
independent of the character of the gating transition. For
known AT = 0 dipole and AI = 2 quadrupole transitions
this ratio is typically 1.4 — 1.5, while for known stretched
dipole transitions it is about 0.80.

III. THE LEVEL SCHEME

The level scheme of 33Ba based on this study is
presented in Fig. 2. The observed level structures are or-
ganized into the form of nine bands, although a number
of states do not belong to these bands. The transitions
assigned to 133Ba are collected in Table I together with
their intensities and R-ratios. The v-ray intensities for
the lowest transitions in bands 1 and 5 were extracted
from the total projection spectrum. For the transitions
at higher spins the intensities were obtained from the
summed coincidence spectra gated on the bottom tran-
sitions of bands 1 and 5.

Band 1 is based on the 1/2% ground state. It was
previously known up to the 9/2% state from a (-decay
work [14]. Band 5 is built on the 38.9 h 11/2~ isomer,
which is connected to the 3/2% state of band 1 by a
276.0 keV M4 transition [15]. In the present work, we
have confirmed the level scheme of [11] for this band up
to I™ = 19/27 and further extended it by four new states
up to the 27/2 state. The two signatures of band 5 are

R(Ey) = L, (E,;79° or 101°) interconnected by AI = 1 transitions having very small
R ratios which are consistent with negative values of the
were extracted. In each rotational band several gates  multipolarity mixing ratio §(E2/M1), see [16] for the
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FIG. 2. The level scheme of '*3*Ba from the present work.

arrows are proportional to the v-ray intensities.

sign convention of §(E2/M1).

The other level structures observed in !33Ba feed
through band 5. Only one connection from band 2 to
band 1 was established. The band structures 2—4 and
6-9 were previously unknown, except for the few lowest
states in bands 3 and 7. Band 3 is built on a 19/2% state
at 1942 keV and this irregular band was extended up to
the 43/2% state. The 1942 keV state has been reported
to have a half-life of 2-5 ns [11]. However, a much longer
half-life is indicated by the present data, although life-
times were not directly extracted. For example, in the
coincidence spectrum gated on the 980.0 keV transition,
the intensity of the transitions below the 19/2% state is
59% of the 423.9 keV intensity, i.e., part of the intensity
is lost due to the narrowness of the coincidence window
in the experiment. Comparing with the 52 ns 5~ isomer
[17] in 13*Ba, it was concluded that the half-life of the
bandhead of band 3 is 40 — 50 ns. In Table I, the in-
tensities of the transitions feeding through the 1942 keV
isomer are not corrected for this loss of intensity.

Band 2 directly feeds bands 1, 3, and 7, see Fig. 1(a).
It is also connected to band 3 via some intermediate
states. The spin assignments rely on the facts that the
944.4 and 737.3 keV transitions from band 2 to the 19/2~
and 21/2~ states in band 7 are of dipole character. The
parity of band 2 is fixed to positive by the E2 connection

T

he transition energies are given in keV and the widths of the

to bands 1 and 3.

In band 4 eight intense dipole transitions and three
stretched quadrupole transitions were observed, see
Fig. 1(b). This band is directly connected to bands
3 and 6. The connecting 1311.9 and 1075.1 keV transi-
tions to the 27/2% and 27/2 states of these bands are of
AI =1 character. The R ratio for the 1075.1 keV transi-
tion is 0.45(2) which clearly indicates the mixed M1/E2
character, while the 1311.9 keV transition has an R ra-
tio of a pure stretched dipole transition. Therefore, the
band head of band 4 is assigned to I™ = 29/2~.

Band 9 is a sequence of five AI = 1 transitions and
one crossover E2 transition. It is connected to band 5 by
three transitions of stretched dipole character. The fact
that AI = 2 connections to band 5 were not observed
might indicate positive parity for this band.

The remaining part of the level scheme consisting of
bands 6, 7 and 8 is quite complicated. A coincidence
spectrum showing most of the transitions assigned to
these structures is given in Fig. 1(c). The two lowest
states in band 7 have previously [11] been assigned to
I™ = 15/27 and I™ = 19/2~. These assignments were
confirmed in the present work. Furthermore, we have
now constructed band 7 up to I™ = 39/27. Due to many
AT = 2 connections to band 7, bands 6 and 8 are also
assigned negative parity. Characteristic for bands 6 — 8
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TABLE 1. The «y-ray energies, intensities, and R ratios for the transitions assigned to '**Ba following the '?*Sn(3C,4n)
reaction.

E.*® I,b R ratio® Spin assignment Band E.® L,b R ratio® Spin assignment Band
83.1 48(5) 1.0(1) 19/2% — 19/2~ 35 463.1  1.2(2)  0.67(12) 37/27 — 35/2~ 86
131.4  3.0(2) 0.78(3) 23/2% — 21/2% 2 468.2  1.9(3) 0.61(7) 43/2~ — 41/2~ 8
137 0.23(4)  0.88(7) 21/2% — 19/2 2 468.4  2.6(2) 0.70(5) 29/2% — 27/2% 2
146.4  0.64(4)  0.87(7) 19/27 — 17/27 5 476.3  0.6(2) (43/2%) — (41/2%) 2
166.7  9.20(8)  0.82(2) 31/27 —29/2~ 4 489.4  0.4(1) 39/2% — 37/2% 2
187.2  7.9(3) 0.80(2) 25/2% — 23/2% 2 490 0.3(1) 19/27 — 17/27
190.9  0.6(1) 0.82(8) 31/27 — 29/2 4 492.4  0.15(5) 0.82(13)¢ 11/2+ — 9/2% 1
219.2  0.24(4) 0.47(7)¢ 23/27 — 21/27 5 493.1  0.9(1) 0.85(9) 29/2% — 27/2% 3
227.4 1.31(8) 0.93(14) 31/27 —29/2~ 7 496 <0.4 21/2% — 23/2% —3
229.2  5.26(9)  0.93(3) 19/2% — 17/27 35 499.1  2.2(2) 0.76(9) 33/2% — 31/27F 2
231.7  0.6(2) 35/2~ — 33/2~ 8 501.4  4.2(2) 0.65(3) 39/2~ — 37/2” 4
231.9 0.30(4) 0.78(5)¢ 21/2(Y — 19/2(H) 9 507.2  0.5(1)  0.53(5)¢ 17/27 — 15/2~ —7
232.7  0.9(2) 29/27 — (27/2) 4 513.1  1.0(1)  0.72(10) 29/2% — 27/2% —2
233.6  13.3(5)  0.83(2) 33/27 — 31/2~ 4 518.3  1.3(1)  0.82(10) 37/2% — 35/2% 2
243.7  0.44(4)  0.79(9) 35/2% — 33/2% 2 529.3  0.7(1) (41/2%) — 39/2% 2
246.6  1.00(5)  0.79(3) 31/2% — 29/2% 2— 545.1  1.9(1) 0.72(5) 29/2% — 27/2°F —2
252.9  0.41(6) 1.76(13) 21/2% — 21/2% 2— 554.0  2.9(2) 0.46(5) 21/2% — 19/2% —3
255.4  1.07(6)  0.81(6) 29/27 — 27/2 4 560.0  2.6(1) 1.02(7) 15/27 — 15/2~ 7—5
257.5 <0.2 0.52(8)¢ 13/2% — 11/2% 1 565.4  0.9(1) 1.34(4) 7/2% — 3/2% 1
261.4  0.8(1) 0.63(7) 31/2% — 29/2% 577.9 <0.2 0.9(2)¢ 15/2% — 13/2% 1
276.9  6.1(2) 0.80(2) 27/2% — 25/2% 2 581.0  2.2(1) 0.62(5) 41/2~ — 39/2~ 4
279.1 1.9(2)  0.71(3)¢ 5/2% — 3/2% 1 586 0.3(1) 35/2% — 33/2% 23
282.2 0.9(1) 1.34(10) 31/2% — 31/2% -3 592.1 1.3(1) 0.65(9) 37/27 — 35/27 87
286.4 <0.1 1.2(2)¢ 7/2% - 5/2% 1 592.4  2.0(1) 1.27(8) 9/2% — 5/2% 1
290.0  7.6(2) 0.76(2) 27/27 — 25/27 7 603 1.0(1) 0.6(2) 43/27 — 41/27 4
291.3  0.4(1) 1.43(7)¢ 5/2% — 1/2% 1 613.6  19.0(9)  0.44(2) 13/27 — 11/2~ 5
292.3  10.8(4)  0.77(2) 35/2~ — 33/2~ 4 615.8  1.3(2)  0.68(10) 37/2% — 35/2% 3
3059 0.22(5)  0.68(4)¢ 9/2% — 7/2% 1 627.3  11.3(5)  0.39(1) 15/27 — 13/2~ 7—5
306.4  0.3(1) 31/2+ —29/2% 52 627.3  3.6(2)  0.51(4)  33/2% — 31/2% 3
310.8  0.9(2) 0.85(5)¢ 23/2(H) - 21/2() 9 631 0.7(1) 0.6(1) 45/27 — 43/27 4
311.4  0.7(2) 19/2= —19/2~ 75 634.6  1.4(1)  0.55(6) 35/2% — 33/2% -3
321.3  11.1(5)  0.74(3) 23/27 — 21/2" 7 641.9  10.2(5)  1.51(3) 19/27 — 15/27 7
321.8  1.9(3) 37/27 — 35/2" 8 650.2  4.4(2) 0.49(3) 21/27 = 19/2~ 7—5
3235  0.9(1) 0.78(4) 31/2% — 29/2% 2 655.4  0.7(2) 27/27 —23/27 7—5
3243 1.3(2) 0.56(5) 39/2~ — 37/2° 8 659.6 <1 1.36(8) 23/27 —19/27 7
326.8  8.6(4) 0.74(2) 27/27 —25/2° 67 660.1  9.0(6)  1.31(12) 31/27 — 27/27 6
327.0  1.0(2) 0.89(4) 25/2(H) — 23/2(H) 9 667.9  0.9(1) 1.44(8) 21/2% — 17/2% 2—1
336.3  0.20(5) 0.75(10)%  25/2 —23/2(Y) 9 680.7 100 1.36(2)  15/27 —11/27 5
338.6 16.7(6)  0.70(2)  21/2 —19/2~ 7 688.0  0.6(1) —37/2% —3
345.3  0.5(2)  0.86(9) 33/2t = 31/2t 3 690.6  0.5(2) 29/2 — 4—
3655  5.3(3)  0.71(3) 25/27 — 23/2° 75 693 1.0(3) 27/27 —23/27 65
381 1.6(2) 23/2— — 21/2— 5—7 697.0 6.4(5) 1,35(7) 31/2_ — 27/2_ 6—7
3825  1.2(3)  0.65(7)°  41/2” —39/2" 87 7023 0.5(1)  0.9(1)*  23/2Y 5 21/27 95
383.1  0.8(2) 39/2 —37/2~ 78 703.2  0.7(2) —39/2+ 3
384 0.35(7) 0.81(11)¢ 27/2(9 5 25/2) 9 711 <0.2 27/29) - 23/20 9
384.5  <0.3 0.77(7) 23/2% — 21/2% 2 715.6  7.6(3)  1.42(8) 27/27 — 23/27 7
385.2  7.0(3)  0.75(2) 37/27 — 35/2" 4 735.0  0.4(1) 29/2% — 25/2% 3
4116  0.7(1)  0.80(9) 35/2% — 33/27 3 737.3  1.8(1)  0.74(5) 23/2% —21/27 27
4159  0.5(1) 0.75(6) 35/2+ —» 33/2F 9 737.8  4.0(2) 0.36(2) 25/2% — 23/2% 3
416 <0.3 (29/2 ) > 27/2(+) 9 743.8 14.9(5) 0.48(2) 17/27 — 15/27 5
419.2  0.67(5)  0.62(8) 39/2% — 37/2% 3 749.6  2.1(2)  1.31(5) 13/2% — 9/2% 1
4239 35.2(10) 1.49(3) 23/2+ — 19/2+ 3 750.6  0.8(2) 23/2% — 21/2% 2—
4255 5.8(2) 0.50(6) 25/2~ — 23/2- 7 752.3  10.5(3)  1.45(4) 27/27 — 23/2+ 67
439.9  0.40(10) —19/2% 3 756 <0.3 27/2 — 25/2
440 <0.2 —19/2~ 774.7  0.5(1) 1.22(11) 31/2% — 27/2% —2
4417 1.7(2)  0.63(5) 41/27 —39/2" 8 778.6  0.5(1)  0.74(7) (27/2) — 25/2%
458.0  10.5(4)  0.60(2) 19/2= - 17/2~ 75 7917 1.4(1)  1.39(8) 31/2% — 27/2% 2
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TABLE 1. (Continued).

E.* LP

R ratio® Spin assignment Band E,*® F R ratio® Spin assignment Band
796.5 1.5(1) 1.4(2) 21/27 — 17/2~ 7—5 1008.1  2.1(2) 1.42(9) 39/2% — 35/2% 2
798.0  0.8(1) 1.26(8)4 11/2% — 7/2% 1 1018 0.3(1) (25/27) = 21/2~ 5
798 <0.3 (25/27) — 23/2~ 5 1027.7  0.6(1) 1.2(2) 37/2% — 33/2% 3
799.6  0.5(2) (29/2) — 27/2% —3 1031.1  8.8(6) 1.41(4) 23/27 —19/2~ 5
810.9  6.5(2) 1.33(7) 17/2~ — 13/2~ 5 1035.1  2.2(1) 1.36(7) 39/2% — 35/2% 3
812 1.6(3) 0.58(6) 21/27 —19/2~ 5 1039.0  6.0(3) 1.29(6) 35/2% — 31/2% 3
813.8  0.5(1)  0.48(5)¢ 19/27 — 17/2° —5 1041.8  0.9(1)  1.26(10)  (29/2%) — 25/2% —3
814.1  1.0(1) 1.32(8) 17/2% — 13/2% 1 1051 0.7(2) 29/2 — 27/27 —6
822.3  0.4(1) 1.5(3) 33/2% — 29/2% 2 1067.2 <1 0.45(5)¢ 17/2~ — 15/2~ -5
835.3  0.35(6) 1.26(7)¢ 15/2% — 11/2% 1 1067.6  1.3(1) 0.65(6) 25/2% — 23/2% 2—3
839.4  3.0(2)  1.45(12) 31/27 — 27/2” 7—6 1069  0.9(2) (33/27) = 29/2~ 7
846.4  1.2(3)  1.33(10) 39/2~ — 35/2~ 7—6 1075.1  6.0(3) 0.45(2) 29/27 — 27/2~ 46
857.2  14.3(4)  1.43(2) 31/2% — 27/2% 3 1081.5  0.3(1) 1.4(2) 41/27 — 37/2~ 4
875.9  5.4(2) 1.5(2) 31/27 — 27/2” 7 1097.6  1.2(1) 1.8(2) 27/27 — 23/2” 5
877.8  0.9(2)  1.22(10) 29/2% — 27/2% —3 11184 0.5(1)  0.80(6)¢ 19/2(F) »17/2= 955
880.4  1.6(2) 1.29(8) 23/2% — 23/2% 2 -3 1139.3  1.4(1) 1.58(14) 31/2% — 27/2% —3
890.1 78(2) 1.36(4) 19/27 — 15/2~ 5 1148.9  0.9(1) 1.7(2) 35/27 — 31/2~ 7—6
915.5  2.0(1) 1.46(9) 35/2% — 31/2% 2 1152.1  0.4(1) 29/2% — 25/2% —3
916.2  2.6(2) 1.32(14) 39/27 — 35/27 87 1156.7  0.9(1) 31/2% — 27/2% 2—3
918.4  0.8(1) 1.4(2) 33/2% — 29/2% 1173.3  2.4(1) 0.67(6) 21/2% — 19/2% 2—3
920.1  0.5(1)  0.59(13) 21/2% — 19/2% —3 1184  0.3(1) 43/2~ — 39/2~ 4
930 <0.3 —17/2” 1187.2  1.8(1) 0.51(7) 33/27 — 31/2" 8—6
932.3  0.8(1) 1.4(2) 35/2% — 31/2% 2— 1201.8  4.3(2)  1.56(13) 19/27 — 15/2~ 75
935 0.6(1) 37/2% — 33/2* 2 1203.9 1.6(1)  0.87(7)  21/2(Y 5 19/2~ 95
944.4  0.9(1)  0.81(7)  21/2% —»19/27 27 1278.0  4.4(2)  1.38(10)  35/2 — 31/2” 6
958.3  1.6(1) 1.4(2) 21/27 = 17/27 5 1280.3  1.2(1)  0.59(6) 25/2% —23/2% =3
969.8  5.4(4)  1.30(10)  35/27 —31/2~ 7 1304.2  0.9(2) 1.29(15)  23/2% — 19/2 23
975.1  0.5(1) 39/27 —35/2" 7 1311.9  0.6(1)  0.80(9) 29/27 —27/2% 43
980.0  21.1(8)  1.44(3)  27/2" —23/2" 3 1321.3  0.6(1)  0.94(11)  (27/2) — 25/2%  —3
995 0.2(1) 33/2% — 29/2% —2 1419.0 2.1(1)  1.35(14)  35/27 —31/2" 86
997.4  0.2(1)  1.3(2)*  19/27 —»15/27 =7 1601.8  0.4(1) — 23/2+ -3
1005.6  0.6(1) (43/2%) — 39/2% 2

®Transition energies given with a decimal are accurate to 0.1 keV, otherwise accurate to 0.5 keV.

PIntensities from the data taken at 65.5 MeV.

°R ratios extracted in most cases from the 65.5 MeV data.
4R ratio extracted from the 48.4 MeV data.

°R ratio is that of the 382.5 — 383.1 keV doublet.

is that the AI = 1 transitions have small R ratios indi-
cating a negative sign for the multipolarity mixing ratio.

IV. DISCUSSION

Our experiments on 33Ba have established many new
bands, which provide information for probing its micro-
scopic structure. Most of these bands show both signa-
tures connected by Al = 1 transitions. A characteristic
feature is also that the bands are in many cases irreg-
ular and perhaps strongly mixed. Rotational properties

of the observed bands are interpreted below in terms of
the cranked shell model (CSM) [18]. To compare our ex-
perimental results with the CSM predictions the exper-
imental data have been expressed in the rotating frame
of reference. A reference given by the Harris parameters
Jo = 10h%/MeV and J; = 20A*/MeV?® has been used
to describe the energy of the rotating core. The values
of the Harris parameters were chosen so that the yrast
sequence in '3?Ba [5] showed an alignment around 0% at
low spins and a constant alignment of about 74 above the
first band crossing. Plots for Routhians e’ and aligned
angular momenta i, are presented in Fig. 3. Discussions
of quasiparticle configurations and alignments, as well as
comparisons with the results of the total Routhian sur-
face (TRS) calculations [19] are given below.
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A. Bands built on the one-quasiparticle

Band 5 is built on an orbital from the hy,/, shell. For
the neutron number N = 77 and a prolate deformation
the @ = 11/2 component is expected to be close to the
Fermi surface, resulting in a band structure with insignif-
icant signature splitting. In contrast, band 5 shows a sig-
nature splitting of about 300 keV, similar as in the 135Ce
isotone [8]. Large signature splittings have also been ob-
served in the other neighboring odd-NV nuclei [4,6]. These
large signature splittings have been attributed to a triax-
ial shape with v ~ -30° [6,8]. To account for the observed
signature splitting in 133Ba by standard CSM calculation,
one has to assume v &~ —40° or v &~ —90°.

The bands built on the 1/2% ground states in the
129,131B5 jsotopes have been interpreted to arise from a
mixed s;/3/d3/, configuration [4,6]. In '33Ba, the 3/2+
state of band 1 is only 12 keV higher in energy than
the 1/2% ground state, indicating the dj /2 configura-
tion. However, the experimental B(M1)/B(E2) ratios
shown in Fig. 4 are larger than the d3/; estimates ob-
tained by using a geometrical model [20,21]. Also, one
would expect the a = —1/2 signature to be favored over
the o = 1/2 signature in a d3;; band, while the observed
band shows an opposite trend. An s,/, admixture in the
configuration might explain these findings.

Results of the TRS calculations are shown in Fig. 5.
In general, these calculations predict very soft surfaces
for 133Ba. The surfaces extracted for the negative parity
states show minima around (B2 = 0.12, vy = —75° and
B2=0.12,y~ —90° inthea = —1/2 and @ = 1/2 sig-
natures, respectively. The calculated signature splitting
is about 400 keV, which is slightly larger than the ex-
perimental value. At low rotational frequencies, the TR

states 15 . L L !
e band 1
O band 3
¢ band 2
10 + -
5 L
I ]
Vs vs,,h’
— /2 1/2"M1/2 ¥ 3
°5 o4 NN PR —— L
7
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4 T T T
2 0 5 10 15 20
/L(:‘-J\ | L 1
~— 50+ =
E ® band 4
= O band 5
§/ 407 o band 7 B
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10 + h =
Vo .
VN41/577ds /5972
0+ D—/B—B—U‘o‘“-;*——f / 1227/ L
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Spin (&)

FIG. 4. Experimental and theoretical B(M1)/B(E2) ra-
tios for some bands in *3*Ba. In the theoretical calculations a
quadrupole moment of Qo = 2 e b was assumed. The calcu-
lated ratios for the usl/zhfl/z and vds;, hfl/z configurations
are very small and fall therefore on the same line.
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surfaces for the lowest positive parity configurations show
very shallow minima between B, = 0.10 and 8, = 0.15,
and v = —30° and v = 30°.

B. Multiquasiparticle bands

Band 3 is an irregular band built on a low-lying iso-
meric 19/2% state. Such 19/2% isomers have been also
observed in the N = 77 isotones 3'Xe [22] and 3°Ce
[8] and have been associated with the neutron vs;/,h?; /2

configuration. In 35Ce the configuration assignment is
also confirmed by a g-factor measurement [23]. For this
three-quasiparticle configuration, states with I = 19/2
and I = 21/2 are expected. In the shell model, the
two-nucleon interaction in the vs;/2h11 /2 configuration is
about 250 keV more attractive for the 5~ state than for
the 6~ state. Thus in the three-quasiparticle vs, /zhfl /2
configuration the 19/2% state should be found at lower
energy than the 21/2% state. Contrary to the above
N = 77 nuclei, an @ = 1/2 band in '3'Ba starting at
I = 21/2 and 2.616 MeV excitation energy has been as-

sociated with the vs;,3h2; /2 configuration [6].

o))k
:

The 23/2% state of band 3 is quite close to the band-
head. Since the vds,; quasiparticle state is very close
to the vs,,, state, the 23/2% state of band 3 and the
band on top of it can perhaps be associated with the
vd3/2hf1/2 configuration. The 19/2% and 23/27% states

are also related to the lowest 5~ and 7~ states in neigh-
boring even-mass nuclei. In Fig. 6 these states are
shown for 130-132Xe [22,24] and '32-134Ba [11,17]. The
5~ and 7~ states are 174-363 keV apart and have been
interpreted as arising from the vs; 2k, /2 and vdz/3hy1/2
configurations, respectively.

In !33Ba the crossing of bands 1 and 3 occurs at
hw =0.24 MeV with an alignment gain of about 8% (as-
suming K = 1/2 for both bands). At higher spin the
alignment and Routhian plots reveal irregularities with
small alignment gains. Near the bandhead band 3 is of
decoupled character. Above I = 31/2 the level pattern
develops towards that of a strongly coupled band. The
experimental B(M1)/B(E?2) ratios (see Fig. 4) are much
larger than the theoretical estimates for the s; /2h§1 /2 and

d3/2h3, /2 configurations, which also suggests a change

in the configuration. To account for the experimen-
tal B(M1)/B(E2) ratios, a configuration involving both
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FIG. 6. Systematics of the lowest 57, 7~ states in the even
nuclei and 19/2%, 23/2% states in the odd-N nuclei around
133

Ba.

protons and neutrons is needed.

In the TR surfaces for the lowest positive parity config-
uration the neutron h,;/; alignment takes place around
the frequency of 0.22 MeV, in good agreement with the
experimental crossing frequency of bands 1 and 3. The
hy1/2 alignment drives the nuclear shape to a large neg-
ative value of v, as shown in Fig. 5. The a = —1/2
sequence is calculated to be clearly favored compared
with the a = 1/2 sequence, also in accord with the level
scheme and the proposed ds /zhfl /2 configuration. It is
interesting to note that in the TR surfaces the minimum
at B ~ 0.145, v = —85° persists up to the frequency of
about 0.50 MeV, i.e., roughly to the frequency where the
change in the level pattern is observed.

Band 2 starts with intense AI = 1 transitions, while
at higher spin also AI = 2 transitions are observed. The
extracted B(M1)/B(E2) ratios (cf. Fig. 4) are quite
large and show a pronounced staggering. This band we
associate with the vhy;,2mhy1/2g7/2 configuration, fol-
lowing the configuration assignments of similar bands in
the neighboring odd-N nuclei [6,8]. The configuration
assignment is further supported by a comparison with
132Ba: The bandhead of band 2 lies about 2.8 MeV above
the 11/2~ state of the h;;/, band, which is not so far
from the excitation energy of the why;/287/2 97 state in
132Ba [5]. Inspection of Fig. 3 reveals that band 2 has
(8-9)A aligned angular momentum, which is similar to
that of the why;/2g7/2 band in 132B4.  We also note
that the « = —1/2 signature is slightly lower in en-
ergy than the a = 1/2 signature. As pointed out in [6],
the o = —1/2 signature of the vhy; omhyi;/287/2 band
should be energetically favored when v > 10°. Indeed,
a minimum around (B, = 0.13, v = 35° is seen in the
TR surfaces [see Fig. 5(d)].

Bands 4, 8, and 9 are regular bands composed of in-
tense AI = 1 transitions. Bands 8 and 9 are nonyrast and
only weakly populated in the present reaction, whereas
band 4 receives a considerable fraction of the intensity.
Band 4 becomes actually yrast around I = 41/2. Similar

bands have also been observed in many neighboring nu-
clei. One such AI = 1 band, observed in the neighboring
odd-N nuclei, is built on the vhyy/,7h2; /2 configuration.

In 13'Ba and !3°Ce this band is connected to the one-
quasiparticle hi;/, band mainly by Al = 2 transitions
[6,8]. In these nuclei, the proton h;;,; alignment takes
place in the frequency range of 0.40 — 0.45 MeV. Among
the strongly coupled bands observed in 33Ba only band
9 is directly connected to the neutron hy;,, band. How-
ever, the connecting transitions are of AI = 1 type and
the bandhead spin is I = 19/2, compared to I = 27/2 for
the vhyy/2mh?, ,, band in 131Ba and 135Ce. The aligned
angular momenta and Routhians extracted for band 9
are quite similar to those for band 2. Therefore, it is
proposed that band 9 is built on a similar configuration
as band 2, e.g., the vhy;,2mhyy/3ds/, configuration at a
prolate shape.

Since bands 4 and 8 start at high excitation energies,
they are most likely built on five-quasiparticle configu-
rations. A band similar to band 4 has been reported in
135Ce [8]. Its I = 27/2 bandhead is at 4.496 MeV, while
in band 4 the I = 29/2 bandhead is at 4.658 MeV. There
is a similar band also in 32Ba with a 14~ bandhead at
5.721 MeV [12]. The band in 13°Ce has been associated
with the oblate Vsl/zhfl/zwhn/zg-,/z configuration. The
bandhead of band 4 lies about 2.7 MeV above the band-
head of band 3, compared to about 2.8 MeV between
bands 2 and 5. In both cases, the difference in the con-
figurations is the same, i.e., proton h1y/2g7/2. Although
shape changes are also involved, it seems to be possible
to associate band 4 with the configuration earlier sug-
gested for the similar band in 13Ce. The alignment ex-
tracted for band 4 is shown in Fig. 3. The K value of
17/2 used is comprised of K = 11/2 for the proton hy s,
K = 5/2 for the proton g2, and K = 1/2 for the neutron
81,2 configuration. The B(M1)/B(E2) ratios measured
in this band are 10-20 times larger than in band 5 and
also clearly larger than in band 2 built on the prolate
vhy1/2mhi1/287/2 configuration. Both the large aligned
angular momentum and large B(M1)/B(E2) ratios are
consistent with the proposed five-quasiparticle configura-
tion. Band 8 is associated with slightly larger alignment
than band 4. In the Routhian plot band 8 lies 200-300
keV higher than band 4. Band 8 might be built on a
similar configuration as band 4.

In addition to the strongly coupled structures, also de-
coupled sequences have been observed in the neighboring
odd-N nuclei [6,8]. Some of these sequences have been

interpreted to arise from the yhgl /2 configuration pos-

sessing nearly an oblate (y = —60°) shape. Such a
band is also predicted in '33Ba. In the TR surfaces, the
crossing between the vh3; /2 and the vh;;/; bands oc-
curs at iw =~ 0.33 MeV. Due to the large negative value
of v (= —80°), this configuration is expected to show a
large signature splitting. Above I = 19/2, both signa-
tures are observed in band 7 and the signature splitting
is not as large as the TR surfaces indicate for the vh3, /2
band. Therefore, band 7 is not likely to be built on this
configuration. Instead, band 6 might arise from this con-
figuration.
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The properties of band 7 vary considerably with spin.
There are large changes in the B(M1)/B(FE2) ratios and
the « = —1/2 signature shows a clear alignment gain
at low rotational frequencies, suggesting a configuration
change around I = 21/2. The 15/2~ and 19/2~ states
can perhaps be understood as a consequence of the v vi-
bration built on the neutron h;/; configuration. Note,
that the v band of 13?Ba is rather irregular with a low-
lying 67 state [5], which might have a dominant 7ds /287 /2
configuration [24]. It is proposed that the upper part
of band 7 is built on the vh;y/;mds/287/2 configuration.
The prolate vs;/2mhy1/287/2 or vds/amhyy /2ds), configu-
rations can also account for the observed alignment and
the signature splittings at higher spin, but not likely for
the large experimental B(M1)/B(E?2) ratios.

V. SUMMARY

Excited states of 133Ba have been studied using !3C
induced reactions and the NORDBALL detector array.
It was found that bandlike structures persist still in

133Ba. In total, nine bands were observed. Most of
the bands show intense M1 transitions. By comparing
the band properties with known bands in neighboring
nuclei, configuration assignments have been made. The
one-quasiparticle neutron h;;,; band is associated with
large signature splitting. In the TR surfaces this band
has a minimum at very large negative v deformation,
v ~ —80°. Multiquasiparticle bands built on pure neu-
tron as well as on mixed proton-neutron configurations
were also identified. The latter kind of configurations
may posses either v>0° or v < —60°, depending on the
number of hy;/; protons and neutrons involved.
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