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Energy systematics of low-lying 0 states in neutron-deficient Ba nuclei
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Low-spin states int?4126.1281385 fed by the ECB™ decay of their La parents have been investigated by
means of they-y angular correlation measurement coupled with an isotope separator on-line. The spin of the
first excited 0 states (§) were unambiguously established, and higher-excitedstates were newly iden-
tified. The energy of the D state in1?Ba previously assigned was revised upward. Resultingly, the level
energy of the § state in neutron-deficient Ba nuclei takes a minimurhlat72 and then gradually increases
toward neutron midshellN=66), while the level energy of thejOstate rapidly decreases with decreasing
neutron number. From an extrapolation of these éhergies, it is highly expected that the energy relation
between the § and O state would invert at??Ba or at more deformed Ba nuclei. This energy inversion is
interpreted as the evolution of thg Gstate iny-soft nuclei toward the two-phonopvibrational 0" state in
axially-symmetric deformed nuclei, while the Gstate toward theg-vibrational 0" state.
[S0556-28187)03012-4

PACS numbgs): 21.10.Re, 23.20.En, 23.20.Lv, 27.6Q.

[. INTRODUCTION bands in these nuclei have been established fbai78 to
N=68. The systematic behavior of these band structures in-
The even-even Xe-Ba-Ce nuclei with<82 lie in a typi- dicates the shape evolution from m@soft nucleus to an
cal transitional region on nuclear deformation. The structurexially-symmetric deformed nucleus. Especially, the energy
of low-lying collective states in these nuclei exhibity-@oft  systematics of the quasi-band in the Ce nuclei shows a
character 1], especially in the Xe nuclei. In the Ba and Ce clear indication of the evolution of the quagband iny-soft
nuclei, although they-soft character is still dominant, a nuclei toward they-band in well-deformed nucl¢R]. How-
gradual shape change fromyssoft nucleus neaN~78toan  ever, the nature of excited'Ostates and their evolution are
axially-symmetric nucleus occurs toward neutron midshelktill unclear partly due to lack of experimental data. Al-
(N=66) [2]. This region gives us a good opportunity to though a number of excited'Ostates have been established

study the evolution of nuclear deformation fromyesoft ¢4 the Xe nuclei and the stabfé2138a nuclei, only the first

nucleus to an axially-symmetric deformed nucleus, becausgxCited 0" states (§) have been reported fd?*-1¥Ba and
the low-lying collective states in this region exhibit smooth

, . 128-13¢e. Theoretical calculations such as the general col-
and gradual changes againstand N in contrast to other lective model(GCM) [5] and the interacting boson model
transitional regions such as tde>50,N>82 region and the o ! Ing

7<82, N<126 region. Thez>50, N>82 nuclei show a (IBM) [2,6,7 which reproduced many properties of the

sudden shape change between a spherical vibrational nucle rSound _state band and the quasband failed to reproduce

and a well-deformed nucleus aroude-64 andN~90 [3] the ei<C|tation energies of they Cband; the level spacings of
due to the strong proton-neutron interaction betweerngpg ~ the % band were calculated to be much larger than the ex-
protons and thég, neutrons. In th&<82, N<126 nuclei, perlmental ones for most nuclei, and for some nuclei, par-
which also exhibit the shape change betweeny-goft t|(iularly for Ba nuclei withA<130, the Ievel_ energy of the
nucleus and a well-deformed nucleus like the Xe-Ba-Ce nu02 Stateé was not reproduced well. In addition, the energy
clei, the systematic behavior of low-lying collective states isSystematics of the D state in the Ba nuclei shows an unex-
influenced by subshell effecf8] and the admixture of in- pected irregularity. The level energy of thg Gtate lowers
truder configurationf4]. It is expected that there is no strong with decreasing neutron number betweEfBa and '*3Ba,
influence of subshell effeci8] and the admixture of intruder and then slightly increases &%a and again slightly lowers
configurations in the Ba and Ce region. at 1*Ba. Other collective states in the Xe-Ba-Ce nuclei do
During the past decade, experimental data of low-lyingnot show such an irregularity. It is not clear why this irregu-
collective states in the Ba and Ce nuclei have been accumuarity occurs.
lated by means of in-beamray spectroscopy with heavy- Experimentally, since excited'Ostates are scarcely popu-
ion fusion-evaporation reactions and through the £CHe-  lated with heavy-ion reaction, most of the excitetl States
cay of precursor nuclides. Ground state bands and guasidin this region were observed through E&C/ decay and two-
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nucleon transfer reaction. For the staBf&13Ba nuclei, a measurements were carried out. Detailed description of the
number of excited 0 states have been identified with the System and data analysis is given in Raf].

(p,t) reactions[8]. For *?4~1*Ba nuclei, only the first ex- For A=130 nuclei, the measurement was performed with-
cited 0" states and their 2 band membergdenoted as ?) out the tape transport system in order to measure the decay
have been reported, and no higher-excitéd ©tates have ©f _13?La aslefficiently as possible. In this method, the radio-
been observed. All thesgCand 2 states were populated by activity 013 *La (T,=8.7m) was accumulated from the
the EC/3* decay of their La parents. Fd#%Ba, the spin of decay of 12Ce (T12=22.9m), which were produced much
the 0] state was assigned from gy angular correlation more thaln3 % a in the present rgactlon_system. The accumu-
measured at 90° and 1807]. For 12Ba and'?%Ba, the spin lation of 13®Ba, the daughter ot*%a, gives no problems to

3083 i-
assignment for thep states was merely due to the energythe measurement ofL.a, because*Ba is stable. In addi

. 3 — .
systematic§9,10]. For 1?4Ba, the § state was assigned by tion, data of the decay ot (T1,=40's) were obtained
b . 0 t ition to the O state with th simultaneously. The separated ions were continuously col-
observing a ransition to the y state wi € CONVer™ |ected on an aluminized Mylar foil mounted at the center of
sion electron measuremefrit1].

’ . ) a collection chamber around which the five HPGe detectors
The aim of the present W°{|2‘4'152§?2§ftab“5h the Slates  \vere placed at the same geometry as that described above.
and higher-excited 0 states in*?*+2012%.18a populated via The beam intensities of 2-310" ions/s were obtained

the EC3* decay of mass-separated La nuclei, and to clarifyor the mass-separatet?*~13a0" ions at the collecting
the nature of the excitedOstates and their evolution from a position. About 3.&10°8, 3.0x1CE, 3.7x1C%, and 4.0

y-soft nucleus to an axially-symmetric deformed nucleus. Iny 18 coincidence events were accumulated during a period
order to assign the spin of the excited 8tates unambigu- of 42. 57. 60 and 51 h foA=124. 126. 128. and 130. re-
ously, y-y angular correlation measurements are performe‘%pectively.

using an efficient five-HPGe detector systgh2]. From the
energy systematics of the;0and C; states, the nature of

these 0 states and their evolution in this transitional region lll. RESULTS
are discussed. A. y-y angular correlations
Generally, they-y angular correlation functioV(6) is
Il. EXPERIMENTS described as
The 12413 a nuclei were produced by heavy-ion fusion- W(8)=1+A,P,(cosd) + A,P,(cosh),

evaporation reactions at the TIARA-ISOI13] connected

with the JAERI AVF cyclotron. The 195 Me\?°Ar beam  where g is the angleA, andA, are the angular correlation
with an intensity of about 120 particle nA was delivered to acoefficients, andP,(cos) and P,(cos) are the Legendre

3 mg/cn? "Mo target for producing?®.a and**®La, andto  polynomials. In the case of measurements using a multiple-
an isotopically enriched®Mo and ‘Mo target for'*a and  detector system, coincidence counts obtained by different de-
128 a respectively. Reaction products were ionized with atector pairs have to be normalized with corresponding detec-
thermal ion source, and accelerated with 40 kV. In thetor efficiencies. In the present analysis, the coincidence count
present ion source, La and Ce isotopes are efficiently ionize;sl|i“jqn obtained for the cascade betwegraysi andj detected

as a monoxide ion rather than as an elementalligh, SO with detectorsm and n, respectively, was normalized by
that the mon.oxide ion was mass—sgparated for the subsequgg¥ing the corresponding singles couBfsands] obtained in
spectroscopic measurements. This method has another agls same experimental run instead of the detector efficiencies
vantage of reducing contaminants of Cs and Ba isobargyemselve§12]. Considering the attenuation arising from fi-

which are not obtained as a monoxide ion but efficientlynite solid angle of detectors, the fitting equation to deduce
ionized as an elemental ion. In the present reaction systemﬁ,eA2 andA, values is rewritten as

Pr isotopes are weakly produced. Since the Pr isotopes are

also ionized as a monoxide ion, the radioactivities'&Pr mn
13| : H ij . .
and 0Pr.were weakly observed. After mass-separation with ﬁ:Ao[lﬁLQ?(l)QS(J )A,P,(COHm)
a resolution of about 1500, the separated ions were trans- D)
ported to a low-background measuring area and collected on M~
an aluminized Mylar tape in a tape transport system. The +Qa(1)Qa(1)AsPa(COSImn) ],

source was periodically transported to the measuring position
at time intervals of 324 s, 100 s, and 52 s f8fLa, 1?4 a, whereé,,, is the angle between the detectarsandn, A, is
and **La, respectively. a fitting coefficient together with tha, andA,, andQJ\(i)
The measuring position was equipped with fiveype  and Qj(i) are the geometrical correction factors. TQg
coaxial HPGe detectors fary angular correlation measure- and Q, were determined by the collimated source method
ments. Each of the detectors has a relative efficiency of abolil 5] as a function ofy-ray energy using a 150 mm thick lead
30%, and was placed 60 mm from the source position. Theollimator with a hole of 2 mm inner diameter and strong
detectors were configured at fixed angles of 0°, 60°, 150°y-ray sources of***Eu, *Ba and **’Am. Figure 1 shows
200°, and 250° with respect to the source position, whictresults of they-y angular correlations for 0—2* -0 cas-
provides ten correlation angles of 90°, 100°, 110°, 120°cades observed if**~1¥Ba and**Ce. The results of tha,
130°, 130°, 140°, 150° 160° and 170° simultaneouslyandA, values were plotted in Fig. 2 together with theoretical
Singlesy-ray, y-¢(6) coincidence and multispectrum scaling values for possible spin sequences. Here, it is assumed that
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B. Excited 0% states

The observation of a number of excited Gtates in the
present experiments was due to the populatiog-decaying
low-spin isomers of the La nuclei. It has been suggested that
there exist twoB-decaying isomers with high spin and low
spin in 1241261283 [9,11,14. It is not known for these nu-
clides which isomeric state is the ground state. Based on
B-branching intensities to Ba levels, the spin of the high-spin
isomers was estimated to be 7 or 8 féfLa and 5 or 6 for
126,128 5 [9,16]. These high-spin isomers decay to high-spin
states in Ba nuclei but not to*Ostates. On the other hand,
the spin of the low-spin isomers is probably ,1whose
EC/B* decay populates low-spin states such &s 0", and
2*. With heavy-ion fusion-evaporation reactions, the popu-
lation of the high-spin isomers is favored and the low-spin
isomers are populated very little. However, in the present
experiments, Ce nuclei were produced and mass-separated as
a monoxide ion together with the La nuclei with a consider-
able intensity. Since the spin and parity of the ground state of
the even-even Ce nuclei is"Q their EC8* decay strongly
populated the low-spin isomers of the La nuclei, and follow-
ing ECJB* decay of the low-spin isomers populated excited
0" states in the Ba nuclei.

1. ¥%Ba

For ¥°Ba, one excited 0 state (§) at 1179.4 keV has
been assigned by the presenty angular correlation mea-
surement, which confirmed the previous assignment by
Kirch et al.[7] from the y-y angular correlation measured at
90° and 180°. However, no higher-excited 8tate was ob-
served in the present experiment despite an intense produc-
tion of 3%Ce. That is because the ground state spin®ffa
is 3" and there exists n@-decaying low-spin isome7],
so thatp feedings to the O states in'*®Ba are forbidden.
he observation of theDstate is due to the population by
transitions from higher-lying states and not by the dir8ct

feedings.

2. 1%8a

For 128Ba, four excited 0 states at 942.6, 1710.1, 2218.9
and 2628.9 keV have been identified, which is due to an
intense production ot?%Ce and its EG8" decay to the low-
spin isomer of'% a. The spin of the § state which was
tentatively assigned by Sienet al. [10] from the energy
systematics was unambiguously assigned in the present mea-
surement. The other three' Ostates were identified for the
first time. Previously, Zolnowski and Sugihdra8] studied
the decay of*?3.a and assigned a number of wegkransi-
tions. However, they did not report thetransitions from the
0" states strongly observed in the present experiment, except
for the 658.5 keV § —2; 1y transition which was observed
very weakly and tentatively assigned to the decayZta in
Ref.[18]. Figure 3 shows a-ray singles spectrum observed
in the present experiment. In Fig. 3, the 658.5 kgVine is
found with a considerable intensity compared to adjacent
632.7 and 643.7 ke\y lines of the 5 —6;, and 6 —4]

FIG. 2. Parametric plots of the angular correlation coefficientsiransitions, respectively. The 1934.8 ke line of the

A, andA, for the results of 0 — 27— 07 cascades if?*~3Ba and

13%Ce.

0, —2; transition is also found more strongly than adjacent
1908.1 and 1919.5 keV lines which depopulate high-spin
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TABLE I. ExperimentalB-branching ratios for excitedOstates
in 124-13B3, Beta-branching intensities to the ground statg)(0

A=1'28+16 were not obtained in the present experiments.
Singles

106:

600.5
606.6 + 609.1

1248a lZGBa 128Ba 13OBa

05 100 100 100 100
03 23(5) 12(2)
0; 72(7) 74(12)
0s 203)

632.7

658.5 (05— 2,)
—
D
<
@

626.1

10°

Counts / Channel

1934.8
(04*—>24%)

1919.5

§7 tude as small as those to theif Gtates. Missing of the D
PR state in'?®Ba can also be explained by the sm@ibranching
: to the 0 state. In the case of*®Ba, the weak §—2; y
T T S e A transition could be observed due to the high yield of the
1009 1200 1400 18550 low-spin isomer ofizgl_a._ On the other hand, the yield of the
Channel Number low-spin isomer of'?%.a is relatively low, so that it is highly
probable that the weaky0—2; y ray was not found owing
FIG. 3. Parts of ay-ray singles spectrum obtained At=128  to0 less statistics, or hidden by strongrays with the same
+16, in which a number ofy lines originated from the decay of €nergy.
128 5 and '*%Ce are observed. Strong rays from the decay of 1245
128 a are indicated with their energies in keV. 4. “'Ba

1908.1

104:

For 1?4Ba, two excited 0 states at 1071.3 and 1357.1
states. On the contrary, in theray spectrum given in Fig. 1 keV have been identified for the first time. Previously, Idrissi
of Ref. [18], thesey lines from the O states cannot be et al.[11] assigned the ) state at 898 keV by observing an
found. This discrepancy can be explained by the differenc&o transition to the 9 state. They also reported the 668 keV
in the reaction systems. Zolnowski and Sugihara used thg; .2 ytransition with a relative intensity of 1.5, which is
%Sn(“*N,4n) reaction to pro?zuce thé*%a nuclei, which  comparable to the 643 keV;2-2; y-ray intensity of 3.8.
does never produce the ®Ce nuclei, while the However, the 668 keVy rays were not observed in the

Mo(*°Ar,xpyn) reaction was used in the present experi-present experiment: the upper limit of an intensity ratio of
ment, which does produce thé%Ce nuclei with a consider- the 668 keV over the 643 kel rays was deduced to be
able intensity. The fact that the intenserays from the 0 <0.006. In addition, the 2 and (4') states which were
states were observed in tHéMo(*Ar,xpyn) reaction but assigned by Idrissét al. as belonging to the P band were
not in the 118Sn(**N,4n) reaction indicates that the low-spin not observed in the present experiment as well. For ghe 2
isomer of 128 a was not directly populated by the heavy-ion state, the 227 and Z —0; 7 rays assigned .by drissi
reactions, but only populgted by the decay 8fCe. The et al. were not observed. The 1216 keMay assigned to the
weakly observed § state in Ref[18] was probably popu- 25 —07 transition was observed, but thigray should be
lated b_y 12§.§°ad6/ transitions from highgr-lying h.igh-spin agcribéd to the one following thé decay &Ba. For the
states in~“*Ba fed by the decay of the high-spin isomer of (4") state, the 1088 keV ray assigned to the (4—4;

12
ta. transition by Idrissiet al. should be incorporated in the dif-
3 12634 ferent level spacing between the 2263 and 3351 keV level in
124Ba. In the present experiment, reaction products were
For 1*Ba, two excited 0 states at 983.3 and 2029.7 keV mass-separated as a monoxide ion, with which only the
have been identified. The spin of thg Gtate which was 124 3 and 1‘Ce nuclei were purely obtained. On the other
assigned by Genevest al.[9] and Siemet al.[10] from the  hand, their experimental technique, two kind of which were
energy systematics was unambiguously assigned in thgerformed, allowed large contamination from other nuclei;
present experiment. The'Ostate at 2029.7 keV was identi- the one was performed using a mass-separation but not free
fied for the first time. Considering systematics of level enerfrom isobars, especially th#*Ba and *?/Cs nuclei, and the
gies andg-branching intensities, this level was assigned toother was performed using no mass-separation but only us-
the 0, state but not to the D state. The 2029.7 keV is too ing a helium-jet transport. Therefore, it is concluded that the
high compared to the 1710.1 ke\j Gstate in'?®8a and the 0, , 25, and (4") states in Ref[11] were misassigned. In
1357.1 keV in*?*Ba. It is rather reasonable that this level is addition to the newly-assigned;0and G} states, the 2
combined with the 2218.9 keV Ostate in*?®8a. The -  state which is considered to belong to thg Band was as-
branching intensities for theOstates in the Ba nuclei ob- signed at 1353.3 keV, whose spin value was assigned due to
tained in the present experiments are given in Table |. Thehe observation of depopulatingtransitions to both 0 and
ratio of the B-branching intensity to the 2029.7 keV level 4" states.
over that to the § state was deduced to be 0(7g which is 13 "
much larger than those for the]Ostates in neighboring 5. 1*%Ce and *Ce
3
12412885 and 124126.12% e [19-21] nuclei; the B-branching For 3%Ce, the spin of the D state at 1025.5 keV has been
intensities to their § states are one or two orders of magni- assigned with the presenty angular correlation measure-



56 ENERGY SYSTEMATICS OF LOW-LYING § STATES... 3049

+++++++++++++++++

124 | NS A SA T AT LT FLST S S
La 3 3 A A O O

[
mmmmmmmmmmmmmmmmm

421.3keV ] ocNNAFT T T OB WO G OO G~ &

29.03(3) s

| o)
L <3 576.6keV | . 29F o ¢} {) -
w2
2917(7) s =
@] | z | _
3 1033.4keV o (}
T <20 29.00(13) s Eal o 29215 |
j2}
£10%
LO) -
841.4keV
24.8(11) s 25 d

FIG. 5. Half-lives obtained fol rays associated with the decay

10— of ?4.a, which depend on their initial spin values owing to the
Time (s) ?gftence of twgs-decaying isomers with high spin and low spin in
a.

FIG. 4. Decay curves ofy rays associated with the decay of o
124 3. Fitted lines and half-life values were obtained by the least-Small component of the decay of the low-spin isomer, the

squares fitting with a single-component exponential function. half-life of the high-spin isomer was determined to be
29.21(17) s. Here, it is assumed that the high-spin isomer is
ment, which confirmed the previous assignment by Gizorfot populated by the decay df“Ce with the ground state
et al.[22] with the conversion electron measurement observspin of 07, which is probably true because the spin of the
ing a very weakE0 transition. However, the 2state at 1305 high-spin isomer is estimated as 7 or 8. The present half-life
keV assigned by Gizomt al. was excluded in the present Vvalue for the high-spin isomer is consistent with the previous
experiment. The 1356.4 keV level was assigned to the 2 Ones of 2€2) s[23] and 291) s[11]. For the half-life of the
state instead, owing to the observation of depopulating Iow-sp|n+|sonler, 204) s was derived from the decay curve
transitions to the 9, 4, 2;, and O states. For'i?®ce, ~ Of the & =2, yrays, taking the growth component from
althoughy-y angular correlations could not be measured, thdhe decay of 4Ce_W|th T1,=10.8(15) s and cascadg
0; and Z states at 1052 and 1305 keV were tentativelyfeed'ngs from the higher-lying high-spin states populated by

assigned, which are consistent with the previous assignmentttge declazly of the high-spin isomer into account. N
by Gizonet al.[22]. For 1%8La, decay curves of rays are shown in Fig. 6.

Most of they rays decay witlT;,,~64 s, while two 0 — 2"

rays exhibit shorter half-lives of,,,~54 s. Previously, the
C. Existence of B-decaying low-spin isomers vray 2 y

The observation of a number of"Ostates in the present ———————
experiments was due to the existence of gheecaying low- 109k 4= 2 126L E
spin isomers and thejg feedings to the 0 states. This in- ‘ B30V 38(92)15 ]
terpretation was experimentally confirmed by the present VT o '

half-life analysis. All the deexcitingy rays from the O - 255.9keV 7
states observed in the decay 6f-*2¢*2Ba showed different F o S0®)s
61+_>41+

half-life values from those of the otherrays from high-spin S 62 1dkeV
states, which is direct evidence for the existence of the low- 10 3 N 64.6(T)s ]

spin isomers. § S 4y ]
Figure 4 shows decay curves gfrays for the decay of z 1227 8keV 63.6d)s ]

124 a. The half-lives obtained by the least-squares fitting ke 07— 2;* 1

with a single-component exponential function are summa- 727.4keV

rized in Fig. 5. They rays depopulate the*0and 2" states Lok 53.9(8) s

exhibited the shorter half-lives than those of the high-spin : 04t =21
states, which indicates the existence of the low-spin isomer I
having a shorter half-life than that of the high-spin isomer.
The half-lives ofy rays with an initial spin of 2 took values
between 29 s and 24 s, which depend on various contribution . o .
from the decay of the low-spin isomer. Therays with an 0 20 f"i?m © 60 80
initial spin of larger than 3 exhibited the fixed half-life val-

ues, which is considered as the half-life of the high-spin  FiG. 6. Decay curves of rays associated with the decay of
isomer. Taking a weighted average of these values, exceptd a. Fitted lines and half-life values were obtained by the least-
for that of the 4 —2; vy rays whose decay curve includes squares fitting with a single-component exponential function.

1773.8keV
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I . r . 7 . 7 that through the direct production and mass-separation of
105 A 10 2o 1281 o A 128 a, the decay curves exhibiting the half-life of 64 s are
284.1keV . reasonably reproduced by the growth and decay of the high-
5.111(10) m ] spin isomer withT,,=54s. In our additional experiment
using the"Zr(*Ar,xpyn) reaction, in which the**Ce nu-

clei were observed with 1/3 intensity of that in the experi-

ment using the’*Mo(3¢Ar, xpyn) reaction, the half-lives for

643.7keV

487.8keV

= 0t =2, 5366 m the high- and low-spin states were observed~&s6 s and
> 3 658.5keV ~b4 s, respectively. The shorter half-life of 56 s than 64 s is
g 4.00(6) m reasonably explained in the same manner with the 1/3 inten-
c sity of *?%Ce. The half-life of the high-spin isomer df%.a

104 1934.8keV

should be evaluated as @4 s, taking the result of Ichikawa
et al.in which the "®Mo(32S,pxn) reaction was used to pro-
] duce the!?®a nuclei, and the'?®Ce nuclei were not ob-
2063.2keV 41508 m - served. The half-life of the low-spin isomer could not be
] determined by the present results, because the half-life of
\ . ! . . 53.98) s for the G —2; y rays and 50.20) s for the
100 e s 200 300 03 —2; yrays are very close to the 50(38) s half-life of
126Ce. It can only be estimated that the half-life of the low-
FIG. 7. Decay curves of rays associated with the decay of Spin isomer is by far shorter than 50 s.
128 3. Fitted lines and half-life values were obtained by the least- For 28 a, decay curves of rays are shown in Fig. 7.
squares fitting with a single-component exponential function. The difference in half-life values for the decay tfLa was
reported by Hayakawat al. [16], in which the half-life of
half-life of the high-spin isomer was reported ag54s by  the 2/ —0; transition was observed to be shorter than those
Ichikawa et al. [23] and 643) s by Geneveyet al. [9]. The  of other transitions from high-spin states. In the present ex-
inconsistency between the previous values of 54 s and 64 seriment, shorter half-lives were clearly observed for the
and the present one of 64 s can be explained by the produg;, , .2 transitions and the 11— 2] transition as well as
tion of the **Ce nuclei withT,,=50.96(34) s and theif  the 2" .0 transition. However, the half-life of the low-
feedings to the high-spin isomer via a few medium-sping,in jsomer of*28La could not be determined because of the

excited-states in”*®La. In the present experiment using the cjpse half-life values between the observed ones and the
9Mo(3Ar, xpyn) reaction and in the experiment by Gen- 3.92521) m for the decay of-2Ce.

evey et al. using the"®Mo(3°Cl,xpyn) reaction, thel?®Ce
nuclei were produced together with thé%La nuclei with a
considerable intensity, so that their half-life values were ob-
served to be longer owing to the growth component from the Experimental level energies of low-spin states in neutron-
decay of1?%Ce. If the contribution to the population of the deficient Ba nuclei are shown in Fig(s8. Since level ener-
high-spin isomer through the EG/ decay of'?Ce is 1/5 of  gies of the § and Z states in?“Ba were revised in the

4.17(16) m

[ %3
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IV. DISCUSSION
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FIG. 8. Energy systematics of low-lying states in neutron-deficient Ba nialéfhe experimental results. Levels whose spin values are
not indicated in the figure it?'3Ba are 0 states(b) The calculations by the GCNb]. (c) The calculations by the IBM-2.
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present experiment, systematic behavior of these state

which had previously exhibited an unexpected irregularity (a) Exp ] (b) IBM-2 ]

around ?Ba turned out to show a smooth change agains ) ] - ]

neutron number. The level energy of thg Gtate in the s3Ce ] .

neutron-deficient Ba nuclei takes a minimum @8Ba (N b ‘

=72) and then gradually increases toward the neutron mid ] N

shell (N=66). The 2 state shows a similar behavior, taking - B >

a minimum at'?®Ba and then rising at>Ba. In contrast, the @—1 ] = %

level energy of the § state rapidly decreases with decreas- * —-— —"/7 &1 3 — T == " g

ing neutron number. Since the level energy of low-lying col-  *" ———"=  /2;] 2t =] =

lective states in this region exhibits a smooth change up t 2, — & — = 11 T_ = sl §

neutron midshell, it is highly expected due to an extrapola: - :,7‘: ] o — — B

tion of these experimental data that the energy relation be o ,_,—*" A a = 2t ] =

tween the § and 0 state would invert at?Ba (N=66) or -+ e ]

at more deformed Ba nuclei. This is a very interesting featurc 5. _ —-— ] 2= ]

to understand the nature of the' Gtates in this region as o' _ _ _ _ _ o]y o _ . _ o]y

discussed later R ERRE AR ER RN
Figures 8&b) and 8c) show the level energies calculated

by the general collective moddlGCM) and the proton- FIG. 9. Energy systematics of low-lying states in neutron-

neutron interacting boson mod@BM-2). The GCM calcu- deficient Ce nuclei(a) The experimental result¢b) The calcula-
lation was performed by Petkoet al. [5], to reproduce the tions by the IBM-2.
experimental level energies and the transition probabilities of
the 124-1*Ba nuclei. The IBM-2 calculation was done by the gpports no influence of the intruder mixing on thg States
code NPBO$24] using the parameters taken from R&b|, i the Ba nuclei.
which were derived from the microscopic calculation  Experimental level energies of low-spin states in another
through the method of the OAI mappiig6]. These theoret- neighboring even-even C& £58) nuclei are given in Fig.
ical calculations reproduced many properties such as thg, together with those of the IBM-2 calculation. Thg 0
level energies and the transition probabilities of the groundiates and their 2 band members @ in 128-13Ce were
state band and the quagiband, most of which indi(_:ate the recently established by Gizoet al. [22] and Wiedenkeer
typical y-soft character. Howeve-r, the Ievell energies of thegt al.[30] through theEC/ 8" decay of their Pr parents. The
0, and O; states as well as their systematic behavior havgay el energy of the § state takes a minimum &f%Ce and
not been reproduced well like other states. THesdates in  then rises at2%Ce like the Ba nuclei. In the IBM-2 calcula-
both the GCM and IBM-2 calculations lie near th¢ &nd tion, the parameters were also taken from R2E], but the
4, states, which is a typical feature gfsoft nuclei. It is  parameten = —0.60 was used instead 6f0.42 to improve
difficult for these calculations to reproduce the lower levelcalculated level energies of the quasband. From the re-
energies of the experimental; Gstates around®Ba which  cent microscopic IBM-2 calculatiof31] and the phenom-
are rather near the two-phonon triplet of spherical vibrationakenological fitting by Puddet al.[2], it was indicated that the
nuclei. X, value decreases with increasing proton-boson number in
A possible energy depression of Gtates due to the ad- this region. Thus the smaller value f0.60 than—0.52
mixture of 7(gg) 2 intruder configuration, which is ob- used for the Ba nuclei is considered to be rather reasonable.
served in neighboring even-even TE%£52) and Xe £  The Ce nuclei lie in the same transitional region as the Ba
=54) nuclei[27,28, shall be briefly discussed here, al- nuclei exhibiting the shape evolution fromjasoft nucleus
though this effect need not be considered for tgegmtes in to an axially-symmetric deformed nucleus, but are more de-
the Ba nuclei. Around the midshelN=66) Te and Xe nu- formed than the Ba nuclei. Thus the structure of low-lying
clei, the particle-hole proton intruder configuration due to thecollective states exhibits more drastic evolution than that of
excitation of twogg, protons across th&=>50 shell gap the Ba nuclei. The level energies of the quatiand and the
mixes with low-lying collective states, and depresses thd), state in both the experiment and the calculation clearly
level energy of 0 state[27]. The excitation energy of the show a gradual increase toward the neutron midshell, which
intruder 0" state is depressed below the pairing gap energys interpreted as the manifestation of the shape evolution
by the residual proton-neutron interaction, so that the infrom a y-soft nucleus to an axially-symmetric deformed
truder 0" state decreases in energy toward neutron midshefucleug2]. Though not very clear, the same trend is noted in
and shows a minimum at midshell, corresponding to théhe IBM-2 calculation for the Ba nuclei arountfBa as
number of valence neutrofg9]. This characteristic differs shown in Fig. ). The specific feature of the;Ostate in the
very much from the experimental level energies of the 0 Ba nuclei, taking a minimum & =72 and then increasing in
state in the Ba nuclei, which show a minimumN&t 72, not  energy toward the neutron midshell, can be also interpreted
at N=66, and then increase toward the neutron midshellas the manifestation of this shape evolution. However, it
The comparison between the excitation energy of the 0 should be noted that the above feature of thedvel energy
states in the even-even Te-Xe-Ba nuclei and #{gy;) 1  in the Ba nuclei is too drastic compared to those of other
intruder states in adjacent odd-even Sb-I-Cs nyd@| also  levels. It is probably influenced arourtd®8a by some low-
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TABLE 1. EXD?"Q“;”}?' and calculateB(E2) ratios for G;  ground state band, that is, the nature of the €tate re-

states to 2, states in***"*Ba. sembles those of theg-vibrational state (@) in well-

deformed nuclei. In the present experiments, only the

oI **ea *%Ba “’Ba “%Ba 03 —2; yray could be observed as the depopulating tran-
Experiments siton from the @ state. The upper limit of the
0; 2f 1.3 1.0 0.18 3.5) B(E2;0; —2,)/B(E2;05 —2]) ratio for *®a was de-
25 <100 <100 <100 100 duced to be<0.70, which also indicate the preferential de-
03 24 100 100 cay to the Z state. In the simple geometrical interpretation,
25 <3000 <70 the level energy of thgg-vibrational 0" state is lower than
IBM-2 that of the two-phonony-vibrational 0" state. Considering
05 2 2.9 1.5 0.4 0 the nature of these "0 states, the inversion of the energy
25 100 100 100 100 relation between the 0 and G state observed in the Ba
0; 27 100 100 100 100 nuclei is interpreted as the evolution of thg 8tate iny-soft
25 140 21 0 6 nuclei toward the QV state in axially-symmetric deformed

nuclei, while the § state toward the p state. This corre-
spondence was previously suggested by Casten and Warner

ering force against the ;0 level energy. Petkowt al. [5] [33]. The present results support this suggestion.

suggested that the lower level energy of the €tate in the
Ba nuclei were associated with the structure of potentigl in V. CONCLUSIONS

direction. The energy staggering indg¥2] deduced from Excited 0" states in?*-13Ba and *%Ce fed by the

the level energies of the quagiband indicates the highest 5" d f d d lei

degree ofy-instability at 12®8a in this region, which may be EC/p" decay of mass-separated La and Pr nuclei were as-
' signed with they-y angular correlation measurement using

i i 2
assomat_ed \.N'th the Iower2+OIeveI+energy qroun& Ba. . an efficient five-HPGe detector system. The observation of a
Considering the nature of the'Ostates iny-soft nuclei, her of excited 0 states was due to the existence of

the inversion of the energy relation between tjednd G p-decaying low-spin isomers i#4126:128 3 which predomi-
statg obse_rved in the Ba I’]UC|eI. is also interpreted as thﬁantly decay to low-spin states in the Ba nuclei with a spin
manifestation of the shape evolution fromyaoft nucleus to s 0+ 1+ and 2. and their population via the E@!

an axially-symmetric deformed nucleus. It has been suggecay of their Ce parents. All the deexcitingays from the
gested[5] that the nature of the low-lying 0 states in the 0" states observed in the decay 8126128 a showed dif-
y-soft nuclei aroundA~130 is more complicated than the ferent half-life values from those of the otherrays from

one implied by the simple geometrical interpretation in termsyjgn_spin states, which is direct evidence for the existence of
of B or (two-phonon v vibrations. For the § states in the the low-spin isomers.

y-soft nuclei, the interpretation as thgvibrational state is The present results for the™Ostates revealed that the
excludeg bfcause ff t+he large  branching ratioeye| energy of the § state in neutron-deficient Ba nuclei
B(E2;0, —2,)/B(E2;0, —27). TheB(E2) ratios for the  (5kes a minimum aN=72 and then gradually increases to-
0, and 0; states obtained in the present experiments werguard neutron midshellN=66), while the level energy of
summarized in Table Il together with the IBM-2 calcula- the o} state rapidly decreases with decreasing neutron num-
tions. The experimentaB(E2;0, —2,)/B(E2;0, —27)  ber. From an extrapolation of thes& @nergies, it is highly
ratios have been reported for the***#*1#*Re and  gypected that the energy relation between tfeahd G
130:132.18a nuclei, all of which indicate the strong transition state would invert at?Ba or at more deformed Ba nuclei.
to the 2 quasi-y bandhead. For thé2*****Ba nuclei, al-  considering the nature of thej0and O states iny-soft
though this ratio was not obtained because the energy of thg,clej, this energy inversion is interpreted as the evolution of
0, —2, transition is too low compared to that of the the ] state iny-soft nuclei toward the 0, state in axially-

0, —2, transition to observe thiy ray owing to theE,”  symmetric deformed nuclei, while the;Ostate toward the
m.ultlpl|cat|0n factor, q_educed upper limits were consstentoE state. The. energy systematics F)f the @”_d O states in
with the strong transition to the ;2 state. The GCM and e Ba nuclei exhibit more dynamic behavior than those of
IBM-2 calculations also give the largeB(E2;0,—~  theoretical predictions. More precise theoretical investiga-
2,)/B(E2;0, —27) ratios for these nuclei. In the GCM tions as well as the experimental ones, especially to derive
calculation[5], the nature of the D state was described as absolute transition probabilities, are highly expected to re-
the one strongly associated with thedegree of freedom. veal the nature of the low-lying 0 states in this transitional
These characteristics are rather close to those of the twaegion.
phonon y-vibrational state (Qy) in well-deformed nuclei,
although the interpretation as thé;pstate itself is unlikely

because of their lower level energy compared to the expected ACKNOWLEDGMENTS
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