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Energy systematics of low-lying 01 states in neutron-deficient Ba nuclei
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Low-spin states in124,126,128,130Ba fed by the EC/b1 decay of their La parents have been investigated by
means of theg-g angular correlation measurement coupled with an isotope separator on-line. The spin of the
first excited 01 states (02

1) were unambiguously established, and higher-excited 01 states were newly iden-
tified. The energy of the 02

1 state in 124Ba previously assigned was revised upward. Resultingly, the level
energy of the 02

1 state in neutron-deficient Ba nuclei takes a minimum atN572 and then gradually increases
toward neutron midshell (N566), while the level energy of the 03

1 state rapidly decreases with decreasing
neutron number. From an extrapolation of these 01 energies, it is highly expected that the energy relation
between the 02

1 and 03
1 state would invert at122Ba or at more deformed Ba nuclei. This energy inversion is

interpreted as the evolution of the 02
1 state ing-soft nuclei toward the two-phonong-vibrational 01 state in

axially-symmetric deformed nuclei, while the 03
1 state toward theb-vibrational 01 state.

@S0556-2813~97!03012-4#

PACS number~s!: 21.10.Re, 23.20.En, 23.20.Lv, 27.60.1j
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I. INTRODUCTION

The even-even Xe-Ba-Ce nuclei withN,82 lie in a typi-
cal transitional region on nuclear deformation. The struct
of low-lying collective states in these nuclei exhibits ag-soft
character@1#, especially in the Xe nuclei. In the Ba and C
nuclei, although theg-soft character is still dominant,
gradual shape change from ag-soft nucleus nearN'78 to an
axially-symmetric nucleus occurs toward neutron midsh
(N566) @2#. This region gives us a good opportunity
study the evolution of nuclear deformation from ag-soft
nucleus to an axially-symmetric deformed nucleus, beca
the low-lying collective states in this region exhibit smoo
and gradual changes againstZ and N in contrast to other
transitional regions such as theZ.50, N.82 region and the
Z,82, N,126 region. TheZ.50, N.82 nuclei show a
sudden shape change between a spherical vibrational nu
and a well-deformed nucleus aroundZ'64 andN'90 @3#
due to the strong proton-neutron interaction between theh11/2
protons and theh9/2 neutrons. In theZ,82, N,126 nuclei,
which also exhibit the shape change between ag-soft
nucleus and a well-deformed nucleus like the Xe-Ba-Ce
clei, the systematic behavior of low-lying collective states
influenced by subshell effects@3# and the admixture of in-
truder configurations@4#. It is expected that there is no stron
influence of subshell effects@3# and the admixture of intrude
configurations in the Ba and Ce region.

During the past decade, experimental data of low-ly
collective states in the Ba and Ce nuclei have been accu
lated by means of in-beamg-ray spectroscopy with heavy
ion fusion-evaporation reactions and through the EC/b1 de-
cay of precursor nuclides. Ground state bands and quag
560556-2813/97/56~6!/3045~9!/$10.00
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bands in these nuclei have been established fromN578 to
N568. The systematic behavior of these band structures
dicates the shape evolution from ag-soft nucleus to an
axially-symmetric deformed nucleus. Especially, the ene
systematics of the quasi-g band in the Ce nuclei shows
clear indication of the evolution of the quasi-g band ing-soft
nuclei toward theg-band in well-deformed nuclei@2#. How-
ever, the nature of excited 01 states and their evolution ar
still unclear partly due to lack of experimental data. A
though a number of excited 01 states have been establish
for the Xe nuclei and the stable132,134Ba nuclei, only the first
excited 01 states (02

1) have been reported for124– 130Ba and
128– 134Ce. Theoretical calculations such as the general c
lective model~GCM! @5# and the interacting boson mode
~IBM ! @2,6,7# which reproduced many properties of th
ground state band and the quasi-g band failed to reproduce
the excitation energies of the 02

1 band; the level spacings o
the 02

1 band were calculated to be much larger than the
perimental ones for most nuclei, and for some nuclei, p
ticularly for Ba nuclei withA,130, the level energy of the
02

1 state was not reproduced well. In addition, the ene
systematics of the 02

1 state in the Ba nuclei shows an une
pected irregularity. The level energy of the 02

1 state lowers
with decreasing neutron number between134Ba and 128Ba,
and then slightly increases at126Ba and again slightly lowers
at 124Ba. Other collective states in the Xe-Ba-Ce nuclei
not show such an irregularity. It is not clear why this irreg
larity occurs.

Experimentally, since excited 01 states are scarcely popu
lated with heavy-ion reaction, most of the excited 01 states
in this region were observed through EC/b1 decay and two-
3045 © 1997 The American Physical Society
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3046 56M. ASAI et al.
nucleon transfer reaction. For the stable132,134Ba nuclei, a
number of excited 01 states have been identified with th
(p,t) reactions@8#. For 124– 130Ba nuclei, only the first ex-
cited 01 states and their 21 band members~denoted as 23

1!
have been reported, and no higher-excited 01 states have
been observed. All these 02

1 and 23
1 states were populated b

the EC/b1 decay of their La parents. For130Ba, the spin of
the 02

1 state was assigned from ag-g angular correlation
measured at 90° and 180°@7#. For 128Ba and126Ba, the spin
assignment for the 02

1 states was merely due to the ener
systematics@9,10#. For 124Ba, the 02

1 state was assigned b
observing anE0 transition to the 01

1 state with the conver-
sion electron measurement@11#.

The aim of the present work is to establish the 02
1 states

and higher-excited 01 states in124,126,128,130Ba populated via
the EC/b1 decay of mass-separated La nuclei, and to cla
the nature of the excited 01 states and their evolution from
g-soft nucleus to an axially-symmetric deformed nucleus
order to assign the spin of the excited 01 states unambigu
ously, g-g angular correlation measurements are perform
using an efficient five-HPGe detector system@12#. From the
energy systematics of the 02

1 and 03
1 states, the nature o

these 01 states and their evolution in this transitional regi
are discussed.

II. EXPERIMENTS

The 124– 130La nuclei were produced by heavy-ion fusio
evaporation reactions at the TIARA-ISOL@13# connected
with the JAERI AVF cyclotron. The 195 MeV36Ar beam
with an intensity of about 120 particle nA was delivered to
3 mg/cm2 natMo target for producing128La and130La, and to
an isotopically enriched92Mo and 94Mo target for 124La and
126La respectively. Reaction products were ionized with
thermal ion source, and accelerated with 40 kV. In
present ion source, La and Ce isotopes are efficiently ion
as a monoxide ion rather than as an elemental ion@14#, so
that the monoxide ion was mass-separated for the subseq
spectroscopic measurements. This method has anothe
vantage of reducing contaminants of Cs and Ba isob
which are not obtained as a monoxide ion but efficien
ionized as an elemental ion. In the present reaction syste
Pr isotopes are weakly produced. Since the Pr isotopes
also ionized as a monoxide ion, the radioactivities of128Pr
and 130Pr were weakly observed. After mass-separation w
a resolution of about 1500, the separated ions were tr
ported to a low-background measuring area and collecte
an aluminized Mylar tape in a tape transport system. T
source was periodically transported to the measuring pos
at time intervals of 324 s, 100 s, and 52 s for128La, 126La,
and 124La, respectively.

The measuring position was equipped with fiven-type
coaxial HPGe detectors forg-g angular correlation measure
ments. Each of the detectors has a relative efficiency of ab
30%, and was placed 60 mm from the source position.
detectors were configured at fixed angles of 0°, 60°, 15
200°, and 250° with respect to the source position, wh
provides ten correlation angles of 90°, 100°, 110°, 12
130°, 130°, 140°, 150°, 160°, and 170° simultaneous
Singlesg-ray, g-g~u! coincidence and multispectrum scalin
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measurements were carried out. Detailed description of
system and data analysis is given in Ref.@12#.

For A5130 nuclei, the measurement was performed wi
out the tape transport system in order to measure the d
of 130La as efficiently as possible. In this method, the rad
activity of 130La (T1/258.7 m) was accumulated from th
decay of 130Ce (T1/2522.9 m), which were produced muc
more than130La in the present reaction system. The accum
lation of 130Ba, the daughter of130La, gives no problems to
the measurement of130La, because130Ba is stable. In addi-
tion, data of the decay of130Pr (T1/2540 s) were obtained
simultaneously. The separated ions were continuously
lected on an aluminized Mylar foil mounted at the center
a collection chamber around which the five HPGe detec
were placed at the same geometry as that described abo

The beam intensities of 2 – 33104 ions/s were obtained
for the mass-separated124– 130LaO1 ions at the collecting
position. About 3.83108, 3.03108, 3.73108, and 4.0
3108 coincidence events were accumulated during a pe
of 42, 57, 60 and 51 h forA5124, 126, 128, and 130, re
spectively.

III. RESULTS

A. g-g angular correlations

Generally, theg-g angular correlation functionW(u) is
described as

W~u!511A2P2~cosu!1A4P4~cosu!,

whereu is the angle,A2 andA4 are the angular correlation
coefficients, andP2(cosu) and P4(cosu) are the Legendre
polynomials. In the case of measurements using a multi
detector system, coincidence counts obtained by different
tector pairs have to be normalized with corresponding de
tor efficiencies. In the present analysis, the coincidence co
Ni j

mn obtained for the cascade betweeng raysi and j detected
with detectorsm and n, respectively, was normalized b
using the corresponding singles countsSi

m andSj
n obtained in

the same experimental run instead of the detector efficien
themselves@12#. Considering the attenuation arising from fi
nite solid angle of detectors, the fitting equation to dedu
the A2 andA4 values is rewritten as

Ni j
mn

Si
mSj

n 5A0@11Q2
m~ i !Q2

n~ j !A2P2~cosumn!

1Q4
m~ i !Q4

n~ j !A4P4~cosumn!#,

whereumn is the angle between the detectorsm andn, A0 is
a fitting coefficient together with theA2 andA4 , andQ2

m( i )
and Q4

m( i ) are the geometrical correction factors. TheQ2

and Q4 were determined by the collimated source meth
@15# as a function ofg-ray energy using a 150 mm thick lea
collimator with a hole of 2 mm inner diameter and stro
g-ray sources of152Eu, 133Ba and 241Am. Figure 1 shows
results of theg-g angular correlations for 01221201 cas-
cades observed in124– 130Ba and130Ce. The results of theA2
andA4 values were plotted in Fig. 2 together with theoretic
values for possible spin sequences. Here, it is assumed
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56 3047ENERGY SYSTEMATICS OF LOW-LYING 01 STATES . . .
possibleg-ray transitions are limited to onlyE1, M1, and
E2 transitions. All the results are in reasonable agreem
with the theoretical angular correlation of the 0-2-0 spin s
quence, being far from the other spin sequences.

FIG. 1. Results of theg-g angular correlations for 01221

201 spin sequences observed in124– 130Ba and130Ce.

FIG. 2. Parametric plots of the angular correlation coefficie
A2 andA4 for the results of 01221201 cascades in124– 130Ba and
130Ce.
nt
-

B. Excited 01 states

The observation of a number of excited 01 states in the
present experiments was due to the population ofb-decaying
low-spin isomers of the La nuclei. It has been suggested
there exist twob-decaying isomers with high spin and lo
spin in 124,126,128La @9,11,16#. It is not known for these nu-
clides which isomeric state is the ground state. Based
b-branching intensities to Ba levels, the spin of the high-s
isomers was estimated to be 7 or 8 for124La and 5 or 6 for
126,128La @9,16#. These high-spin isomers decay to high-sp
states in Ba nuclei but not to 01 states. On the other hand
the spin of the low-spin isomers is probably 11, whose
EC/b1 decay populates low-spin states such as 01, 11, and
21. With heavy-ion fusion-evaporation reactions, the pop
lation of the high-spin isomers is favored and the low-sp
isomers are populated very little. However, in the pres
experiments, Ce nuclei were produced and mass-separat
a monoxide ion together with the La nuclei with a consid
able intensity. Since the spin and parity of the ground stat
the even-even Ce nuclei is 01, their EC/b1 decay strongly
populated the low-spin isomers of the La nuclei, and follo
ing EC/b1 decay of the low-spin isomers populated excit
01 states in the Ba nuclei.

1. 130Ba

For 130Ba, one excited 01 state (02
1) at 1179.4 keV has

been assigned by the presentg-g angular correlation mea
surement, which confirmed the previous assignment
Kirch et al. @7# from theg-g angular correlation measured
90° and 180°. However, no higher-excited 01 state was ob-
served in the present experiment despite an intense pro
tion of 130Ce. That is because the ground state spin of130La
is 31 and there exists nob-decaying low-spin isomer@17#,
so thatb feedings to the 01 states in130Ba are forbidden.
The observation of the 02

1 state is due to the population byg
transitions from higher-lying states and not by the direcb
feedings.

2. 128Ba

For 128Ba, four excited 01 states at 942.6, 1710.1, 2218
and 2628.9 keV have been identified, which is due to
intense production of128Ce and its EC/b1 decay to the low-
spin isomer of128La. The spin of the 02

1 state which was
tentatively assigned by Siemset al. @10# from the energy
systematics was unambiguously assigned in the present
surement. The other three 01 states were identified for the
first time. Previously, Zolnowski and Sugihara@18# studied
the decay of128La and assigned a number of weakg transi-
tions. However, they did not report theg transitions from the
01 states strongly observed in the present experiment, ex
for the 658.5 keV 02

1→21
1 g transition which was observe

very weakly and tentatively assigned to the decay of128La in
Ref. @18#. Figure 3 shows ag-ray singles spectrum observe
in the present experiment. In Fig. 3, the 658.5 keVg line is
found with a considerable intensity compared to adjac
632.7 and 643.7 keVg lines of the 52→61

1 and 61
1→41

1

transitions, respectively. The 1934.8 keVg line of the
04

1→21
1 transition is also found more strongly than adjace

1908.1 and 1919.5 keVg lines which depopulate high-spi

s
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3048 56M. ASAI et al.
states. On the contrary, in theg-ray spectrum given in Fig. 1
of Ref. @18#, theseg lines from the 01 states cannot be
found. This discrepancy can be explained by the differe
in the reaction systems. Zolnowski and Sugihara used
118Sn(14N,4n) reaction to produce the128La nuclei, which
does never produce the128Ce nuclei, while the
natMo(36Ar,xpyn) reaction was used in the present expe
ment, which does produce the128Ce nuclei with a consider
able intensity. The fact that the intenseg rays from the 01

states were observed in thenatMo(36Ar,xpyn) reaction but
not in the 118Sn(14N,4n) reaction indicates that the low-spi
isomer of 128La was not directly populated by the heavy-io
reactions, but only populated by the decay of128Ce. The
weakly observed 02

1 state in Ref.@18# was probably popu-
lated by cascadeg transitions from higher-lying high-spin
states in128Ba fed by the decay of the high-spin isomer
128La.

3. 126Ba

For 126Ba, two excited 01 states at 983.3 and 2029.7 ke
have been identified. The spin of the 02

1 state which was
assigned by Geneveyet al. @9# and Siemset al. @10# from the
energy systematics was unambiguously assigned in
present experiment. The 01 state at 2029.7 keV was ident
fied for the first time. Considering systematics of level en
gies andb-branching intensities, this level was assigned
the 04

1 state but not to the 03
1 state. The 2029.7 keV is to

high compared to the 1710.1 keV 03
1 state in 128Ba and the

1357.1 keV in124Ba. It is rather reasonable that this level
combined with the 2218.9 keV 04

1 state in 128Ba. Theb-
branching intensities for the 01 states in the Ba nuclei ob
tained in the present experiments are given in Table I. T
ratio of the b-branching intensity to the 2029.7 keV lev
over that to the 02

1 state was deduced to be 0.72~7!, which is
much larger than those for the 03

1 states in neighboring
124,128Ba and 124,126,128Xe @19–21# nuclei; theb-branching
intensities to their 03

1 states are one or two orders of magn

FIG. 3. Parts of ag-ray singles spectrum obtained atA5128
116, in which a number ofg lines originated from the decay o
128La and 128Ce are observed. Strongg rays from the decay of
128La are indicated with their energies in keV.
e
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he
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tude as small as those to their 02
1 states. Missing of the 03

1

state in126Ba can also be explained by the smallb-branching
to the 03

1 state. In the case of128Ba, the weak 03
1→21

1 g
transition could be observed due to the high yield of t
low-spin isomer of128La. On the other hand, the yield of th
low-spin isomer of126La is relatively low, so that it is highly
probable that the weak 03

1→21
1 g ray was not found owing

to less statistics, or hidden by strongg rays with the same
energy.

4. 124Ba

For 124Ba, two excited 01 states at 1071.3 and 1357
keV have been identified for the first time. Previously, Idris
et al. @11# assigned the 02

1 state at 898 keV by observing a
E0 transition to the 01

1 state. They also reported the 668 ke
02

1→21
1 g transition with a relative intensity of 1.5, which i

comparable to the 643 keV 22
1→21

1 g-ray intensity of 3.8.
However, the 668 keVg rays were not observed in th
present experiment: the upper limit of an intensity ratio
the 668 keV over the 643 keVg rays was deduced to b
,0.006. In addition, the 23

1 and (41) states which were
assigned by Idrissiet al. as belonging to the 02

1 band were
not observed in the present experiment as well. For the3

1

state, the 23
1→21

1 and 23
1→02

1 g rays assigned by Idriss
et al.were not observed. The 1216 keVg ray assigned to the
23

1→01
1 transition was observed, but thisg ray should be

ascribed to the one following the decay of124Ba. For the
(41) state, the 1088 keVg ray assigned to the (41)→41

1

transition by Idrissiet al. should be incorporated in the dif
ferent level spacing between the 2263 and 3351 keV leve
124Ba. In the present experiment, reaction products w
mass-separated as a monoxide ion, with which only
124La and 124Ce nuclei were purely obtained. On the oth
hand, their experimental technique, two kind of which we
performed, allowed large contamination from other nucl
the one was performed using a mass-separation but not
from isobars, especially the124Ba and 124Cs nuclei, and the
other was performed using no mass-separation but only
ing a helium-jet transport. Therefore, it is concluded that
02

1 , 23
1, and (41) states in Ref.@11# were misassigned. In

addition to the newly-assigned 02
1 and 03

1 states, the 23
1

state which is considered to belong to the 02
1 band was as-

signed at 1353.3 keV, whose spin value was assigned du
the observation of depopulatingg transitions to both 01 and
41 states.

5. 130Ce and 128Ce

For 130Ce, the spin of the 02
1 state at 1025.5 keV has bee

assigned with the presentg-g angular correlation measure

TABLE I. Experimentalb-branching ratios for excited 01 states
in 124– 130Ba. Beta-branching intensities to the ground state (01

1)
were not obtained in the present experiments.

Level 124Ba 126Ba 128Ba 130Ba

02
1 100 100 100 100

03
1 23~5! 12~2!

04
1 72~7! 74~12!

05
1 20~3!
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ment, which confirmed the previous assignment by Giz
et al. @22# with the conversion electron measurement obse
ing a very weakE0 transition. However, the 23

1 state at 1305
keV assigned by Gizonet al. was excluded in the presen
experiment. The 1356.4 keV level was assigned to the3

1

state instead, owing to the observation of depopulating
transitions to the 02

1 , 41
1 , 21

1, and 01
1 states. For128Ce,

althoughg-g angular correlations could not be measured,
02

1 and 23
1 states at 1052 and 1305 keV were tentativ

assigned, which are consistent with the previous assignm
by Gizonet al. @22#.

C. Existence ofb-decaying low-spin isomers

The observation of a number of 01 states in the presen
experiments was due to the existence of theb-decaying low-
spin isomers and theirb feedings to the 01 states. This in-
terpretation was experimentally confirmed by the pres
half-life analysis. All the deexcitingg rays from the 01

states observed in the decay of124,126,128La showed different
half-life values from those of the otherg rays from high-spin
states, which is direct evidence for the existence of the lo
spin isomers.

Figure 4 shows decay curves ofg rays for the decay of
124La. The half-lives obtained by the least-squares fitt
with a single-component exponential function are summ
rized in Fig. 5. Theg rays depopulate the 01 and 21 states
exhibited the shorter half-lives than those of the high-s
states, which indicates the existence of the low-spin iso
having a shorter half-life than that of the high-spin isom
The half-lives ofg rays with an initial spin of 21 took values
between 29 s and 24 s, which depend on various contribu
from the decay of the low-spin isomer. Theg rays with an
initial spin of larger than 3 exhibited the fixed half-life va
ues, which is considered as the half-life of the high-s
isomer. Taking a weighted average of these values, ex
for that of the 41

1→21
1 g rays whose decay curve include

FIG. 4. Decay curves ofg rays associated with the decay
124La. Fitted lines and half-life values were obtained by the lea
squares fitting with a single-component exponential function.
n
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small component of the decay of the low-spin isomer,
half-life of the high-spin isomer was determined to
29.21~17! s. Here, it is assumed that the high-spin isome
not populated by the decay of124Ce with the ground state
spin of 01, which is probably true because the spin of t
high-spin isomer is estimated as 7 or 8. The present half-
value for the high-spin isomer is consistent with the previo
ones of 29~2! s @23# and 29~1! s @11#. For the half-life of the
low-spin isomer, 21~4! s was derived from the decay curv
of the 02

1→21
1 g rays, taking the growth component from

the decay of 124Ce with T1/2510.8(15) s and cascadeg
feedings from the higher-lying high-spin states populated
the decay of the high-spin isomer into account.

For 126La, decay curves ofg rays are shown in Fig. 6
Most of theg rays decay withT1/2'64 s, while two 01→21

g rays exhibit shorter half-lives ofT1/2'54 s. Previously, the

t-

FIG. 5. Half-lives obtained forg rays associated with the deca
of 124La, which depend on their initial spin values owing to th
existence of twob-decaying isomers with high spin and low spin
124La.

FIG. 6. Decay curves ofg rays associated with the decay o
126La. Fitted lines and half-life values were obtained by the lea
squares fitting with a single-component exponential function.
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3050 56M. ASAI et al.
half-life of the high-spin isomer was reported as 54~2! s by
Ichikawaet al. @23# and 64~3! s by Geneveyet al. @9#. The
inconsistency between the previous values of 54 s and
and the present one of 64 s can be explained by the pro
tion of the 126Ce nuclei withT1/2550.96(34) s and theirb
feedings to the high-spin isomer via a few medium-s
excited-states in126La. In the present experiment using th
94Mo(36Ar,xpyn) reaction and in the experiment by Ge
evey et al. using the natMo(35Cl,xpyn) reaction, the126Ce
nuclei were produced together with the126La nuclei with a
considerable intensity, so that their half-life values were
served to be longer owing to the growth component from
decay of 126Ce. If the contribution to the population of th
high-spin isomer through the EC/b1 decay of126Ce is 1/5 of

FIG. 7. Decay curves ofg rays associated with the decay
128La. Fitted lines and half-life values were obtained by the lea
squares fitting with a single-component exponential function.
s
c-

-
e

that through the direct production and mass-separation
126La, the decay curves exhibiting the half-life of 64 s a
reasonably reproduced by the growth and decay of the h
spin isomer withT1/2554 s. In our additional experimen
using thenatZr(36Ar,xpyn) reaction, in which the126Ce nu-
clei were observed with 1/3 intensity of that in the expe
ment using the94Mo(36Ar,xpyn) reaction, the half-lives for
the high- and low-spin states were observed as'56 s and
'54 s, respectively. The shorter half-life of 56 s than 64 s
reasonably explained in the same manner with the 1/3 in
sity of 126Ce. The half-life of the high-spin isomer of126La
should be evaluated as 54~2! s, taking the result of Ichikawa
et al. in which the natMo(32S,pxn) reaction was used to pro
duce the 126La nuclei, and the126Ce nuclei were not ob-
served. The half-life of the low-spin isomer could not b
determined by the present results, because the half-life
53.9~8! s for the 02

1→21
1 g rays and 50.2~20! s for the

03
1→21

1 g rays are very close to the 50.96~34! s half-life of
126Ce. It can only be estimated that the half-life of the low
spin isomer is by far shorter than 50 s.

For 128La, decay curves ofg rays are shown in Fig. 7
The difference in half-life values for the decay of128La was
reported by Hayakawaet al. @16#, in which the half-life of
the 21

1→01
1 transition was observed to be shorter than tho

of other transitions from high-spin states. In the present
periment, shorter half-lives were clearly observed for t
02,3,4,5

1 →21
1 transitions and the 11→21

1 transition as well as
the 21

1→01
1 transition. However, the half-life of the low

spin isomer of128La could not be determined because of t
close half-life values between the observed ones and
3.925~21! m for the decay of128Ce.

IV. DISCUSSION

Experimental level energies of low-spin states in neutr
deficient Ba nuclei are shown in Fig. 8~a!. Since level ener-
gies of the 02

1 and 23
1 states in124Ba were revised in the

t-
are
FIG. 8. Energy systematics of low-lying states in neutron-deficient Ba nuclei.~a! The experimental results. Levels whose spin values
not indicated in the figure in132,134Ba are 01 states.~b! The calculations by the GCM@5#. ~c! The calculations by the IBM-2.
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present experiment, systematic behavior of these st
which had previously exhibited an unexpected irregula
around 124Ba turned out to show a smooth change aga
neutron number. The level energy of the 02

1 state in the
neutron-deficient Ba nuclei takes a minimum at128Ba (N
572) and then gradually increases toward the neutron m
shell (N566). The 23

1 state shows a similar behavior, takin
a minimum at126Ba and then rising at124Ba. In contrast, the
level energy of the 03

1 state rapidly decreases with decrea
ing neutron number. Since the level energy of low-lying c
lective states in this region exhibits a smooth change up
neutron midshell, it is highly expected due to an extrapo
tion of these experimental data that the energy relation
tween the 02

1 and 03
1 state would invert at122Ba (N566) or

at more deformed Ba nuclei. This is a very interesting feat
to understand the nature of the 01 states in this region a
discussed later.

Figures 8~b! and 8~c! show the level energies calculate
by the general collective model~GCM! and the proton-
neutron interacting boson model~IBM-2!. The GCM calcu-
lation was performed by Petkovet al. @5#, to reproduce the
experimental level energies and the transition probabilitie
the 124– 132Ba nuclei. The IBM-2 calculation was done by th
code NPBOS@24# using the parameters taken from Ref.@25#,
which were derived from the microscopic calculatio
through the method of the OAI mapping@26#. These theoret-
ical calculations reproduced many properties such as
level energies and the transition probabilities of the grou
state band and the quasi-g band, most of which indicate th
typical g-soft character. However, the level energies of
02

1 and 03
1 states as well as their systematic behavior h

not been reproduced well like other states. The 02
1 states in

both the GCM and IBM-2 calculations lie near the 31
1 and

42
1 states, which is a typical feature ofg-soft nuclei. It is

difficult for these calculations to reproduce the lower lev
energies of the experimental 02

1 states around128Ba which
are rather near the two-phonon triplet of spherical vibratio
nuclei.

A possible energy depression of 01 states due to the ad
mixture of p(g9/2)

22 intruder configuration, which is ob
served in neighboring even-even Te (Z552) and Xe (Z
554) nuclei @27,28#, shall be briefly discussed here, a
though this effect need not be considered for the 02

1 states in
the Ba nuclei. Around the midshell (N566) Te and Xe nu-
clei, the particle-hole proton intruder configuration due to
excitation of twog9/2 protons across theZ550 shell gap
mixes with low-lying collective states, and depresses
level energy of 01 states@27#. The excitation energy of the
intruder 01 state is depressed below the pairing gap ene
by the residual proton-neutron interaction, so that the
truder 01 state decreases in energy toward neutron mids
and shows a minimum at midshell, corresponding to
number of valence neutrons@29#. This characteristic differs
very much from the experimental level energies of the2

1

state in the Ba nuclei, which show a minimum atN572, not
at N566, and then increase toward the neutron midsh
The comparison between the excitation energy of the1

states in the even-even Te-Xe-Ba nuclei and thep(g9/2)
21

intruder states in adjacent odd-even Sb-I-Cs nuclei@27# also
es
y
t

d-

-
-
to
-
e-

e

f

e
d

e
e

l

l

e

e

y
-
ll

e

ll.

supports no influence of the intruder mixing on the 02
1 states

in the Ba nuclei.
Experimental level energies of low-spin states in anoth

neighboring even-even Ce (Z558) nuclei are given in Fig.
9, together with those of the IBM-2 calculation. The 02

1

states and their 21 band members (23
1) in 128– 134Ce were

recently established by Gizonet al. @22# and Wiedenho¨ver
et al. @30# through theEC/b1 decay of their Pr parents. The
level energy of the 02

1 state takes a minimum at130Ce and
then rises at128Ce like the Ba nuclei. In the IBM-2 calcula-
tion, the parameters were also taken from Ref.@25#, but the
parameterxp520.60 was used instead of20.42 to improve
calculated level energies of the quasi-g band. From the re-
cent microscopic IBM-2 calculation@31# and the phenom-
enological fitting by Pudduet al. @2#, it was indicated that the
xp value decreases with increasing proton-boson number
this region. Thus the smaller value of20.60 than20.52
used for the Ba nuclei is considered to be rather reasona
The Ce nuclei lie in the same transitional region as the B
nuclei exhibiting the shape evolution from ag-soft nucleus
to an axially-symmetric deformed nucleus, but are more d
formed than the Ba nuclei. Thus the structure of low-lyin
collective states exhibits more drastic evolution than that
the Ba nuclei. The level energies of the quasi-g band and the
02

1 state in both the experiment and the calculation clea
show a gradual increase toward the neutron midshell, wh
is interpreted as the manifestation of the shape evoluti
from a g-soft nucleus to an axially-symmetric deformed
nucleus@2#. Though not very clear, the same trend is noted
the IBM-2 calculation for the Ba nuclei around122Ba as
shown in Fig. 8~c!. The specific feature of the 02

1 state in the
Ba nuclei, taking a minimum atN572 and then increasing in
energy toward the neutron midshell, can be also interpre
as the manifestation of this shape evolution. However,
should be noted that the above feature of the 02

1 level energy
in the Ba nuclei is too drastic compared to those of oth
levels. It is probably influenced around128Ba by some low-

FIG. 9. Energy systematics of low-lying states in neutron
deficient Ce nuclei.~a! The experimental results.~b! The calcula-
tions by the IBM-2.
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ering force against the 02
1 level energy. Petkovet al. @5#

suggested that the lower level energy of the 02
1 state in the

Ba nuclei were associated with the structure of potential ig
direction. The energy staggering index@32# deduced from
the level energies of the quasi-g band indicates the highes
degree ofg-instability at 128Ba in this region, which may be
associated with the lower 02

1 level energy around128Ba.
Considering the nature of the 01 states ing-soft nuclei,

the inversion of the energy relation between the 02
1 and 03

1

state observed in the Ba nuclei is also interpreted as
manifestation of the shape evolution from ag-soft nucleus to
an axially-symmetric deformed nucleus. It has been s
gested@5# that the nature of the low-lying 01 states in the
g-soft nuclei aroundA'130 is more complicated than th
one implied by the simple geometrical interpretation in ter
of b or ~two-phonon! g vibrations. For the 02

1 states in the
g-soft nuclei, the interpretation as theb-vibrational state is
excluded because of the large branching ra
B(E2;02

1→22
1)/B(E2;02

1→21
1). TheB(E2) ratios for the

02
1 and 03

1 states obtained in the present experiments w
summarized in Table II together with the IBM-2 calcul
tions. The experimentalB(E2;02

1→22
1)/B(E2;02

1→21
1)

ratios have been reported for the124,126,128,130Xe and
130,132,134Ba nuclei, all of which indicate the strong transitio
to the 22

1 quasi-g bandhead. For the124,126,128Ba nuclei, al-
though this ratio was not obtained because the energy o
02

1→22
1 transition is too low compared to that of th

02
1→21

1 transition to observe thisg ray owing to theEg
25

multiplication factor, deduced upper limits were consiste
with the strong transition to the 22

1 state. The GCM and
IBM-2 calculations also give the largeB(E2;02

1→
22

1)/B(E2;02
1→21

1) ratios for these nuclei. In the GCM
calculation@5#, the nature of the 02

1 state was described a
the one strongly associated with theg degree of freedom
These characteristics are rather close to those of the
phonon g-vibrational state (0gg

1 ) in well-deformed nuclei,
although the interpretation as the 0gg

1 state itself is unlikely
because of their lower level energy compared to the expe
one from the 22

1 level energy and through the description
the multipleQ-phonon scheme in the IBM framework@6#.
On the other hand, the 03

1 state in both the GCM and IBM-2
calculations preferentially decay to the 21

1 state in the

TABLE II. Experimental and calculatedB(E2) ratios for 02,3
1

states to 21,2
1 states in124– 130Ba.

Ji
p Jf

p 124Ba 126Ba 128Ba 130Ba

Experiments
02

1 21
1 1.3 1.0 0.18 3.2~5!

22
1 ,100 ,100 ,100 100

03
1 21

1 100 100
22

1 ,3000 ,70
IBM-2

02
1 21

1 2.9 1.5 0.4 0
22

1 100 100 100 100
03

1 21
1 100 100 100 100

22
1 140 21 0 6
e

-

s

o

re

he

t

o-

ed

ground state band, that is, the nature of the 03
1 state re-

sembles those of theb-vibrational state (0b
1) in well-

deformed nuclei. In the present experiments, only
03

1→21
1 g ray could be observed as the depopulating tr

sition from the 03
1 state. The upper limit of the

B(E2;03
1→22

1)/B(E2;03
1→21

1) ratio for 128Ba was de-
duced to be,0.70, which also indicate the preferential d
cay to the 21

1 state. In the simple geometrical interpretatio
the level energy of theb-vibrational 01 state is lower than
that of the two-phonong-vibrational 01 state. Considering
the nature of these 01 states, the inversion of the energ
relation between the 02

1 and 03
1 state observed in the B

nuclei is interpreted as the evolution of the 02
1 state ing-soft

nuclei toward the 0gg
1 state in axially-symmetric deforme

nuclei, while the 03
1 state toward the 0b

1 state. This corre-
spondence was previously suggested by Casten and Wa
@33#. The present results support this suggestion.

V. CONCLUSIONS

Excited 01 states in 124– 130Ba and 130Ce fed by the
EC/b1 decay of mass-separated La and Pr nuclei were
signed with theg-g angular correlation measurement usi
an efficient five-HPGe detector system. The observation
number of excited 01 states was due to the existence
b-decaying low-spin isomers in124,126,128La which predomi-
nantly decay to low-spin states in the Ba nuclei with a s
of 01, 11, and 21, and their population via the EC/b1

decay of their Ce parents. All the deexcitingg rays from the
01 states observed in the decay of124,126,128La showed dif-
ferent half-life values from those of the otherg rays from
high-spin states, which is direct evidence for the existence
the low-spin isomers.

The present results for the 01 states revealed that th
level energy of the 02

1 state in neutron-deficient Ba nucle
takes a minimum atN572 and then gradually increases t
ward neutron midshell (N566), while the level energy of
the 03

1 state rapidly decreases with decreasing neutron n
ber. From an extrapolation of these 01 energies, it is highly
expected that the energy relation between the 02

1 and 03
1

state would invert at122Ba or at more deformed Ba nucle
Considering the nature of the 02

1 and 03
1 states ing-soft

nuclei, this energy inversion is interpreted as the evolution
the 02

1 state ing-soft nuclei toward the 0gg
1 state in axially-

symmetric deformed nuclei, while the 03
1 state toward the

0b
1 state. The energy systematics of the 02

1 and 03
1 states in

the Ba nuclei exhibit more dynamic behavior than those
theoretical predictions. More precise theoretical investi
tions as well as the experimental ones, especially to de
absolute transition probabilities, are highly expected to
veal the nature of the low-lying 01 states in this transitiona
region.
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