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New level schemes of*'Ba and'3*°Xe are proposed from analysis of the gamma data ffei@f sponta-
neous fission in Gammasphere. By analogy withithe85 even-odd isoton€é$°Gd, *4’Sm, and***Nd, spins
and parities were assigned to the observed excited stafé$Bia and'**Xe. Level systematics in th=85
even-odd isotones from G&ZE 64) to Te €=52) are discussed. The level systematics and comparison with
neighboring even-even isotopes indicate that quadrupole and octupole collectivities play a'fdRaiand
13%e. From Gd Z=64) to Te €=52), increasing excitation energies of the 1'3/@tates and lowering
relative intensities of the positive-parity bands in tiie- 85 even-odd isotones may indicate that the octupole
strength is becoming weaker for the isotones when approaching=t® closed shell.
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. INTRODUCTION 1996 presented level schemes f§PNd and 3'Sm, based

The N=85 even-odd nuclei are three neutrons beyond th(lﬁggely on their work using ?eavy-|onl4r7eact|o[n§. As with
82-neutron closed shell. This intermediate region is too closes ©d. the excited levels ofo’Nd andg;’Sm were assigned
to the closed shell for the simple strong-deformation modelt0 the three-valence-neutron excitations in a spherical poten-
yet far enough from doubly mag#é?Sn to make shell-model tial or with octupole vibrations coupled to them. TEECe
interpretations difficult. Showing extensive and complexnucleus has many excited levels known from beta-decay
band structure, these so-called “quésiy’ nuclei provide a  studies of its parent3La [5], but its band structure is not
good opportunity to study the interplay between the singleknown. Our collaboration in 1997 published first results on
particle excitations and the quasicollective motions. The level schemes ofg'Ba ands; Xe, based on our 1995 fission
=85 even-odd isotones are at the border of the predictedata at Gammasphef6]. When the present work was going
quadrupole-octupole correlation island centeredNat88,  on, the first report or§§7Te, using the data from fission of
Z=56[1]. Theoretical calculations indicate that octupole ex->*%Cm at the Eurogam2 gamma detector array, was reported
citations may occur irke'Ba andisXe [2]. Because of the by Urbanet al. [7]. No octupole excitations were found in
octupole strength deduced from thé,,i 5, transitions, oc- &'Te, and the two negative-parity bands observed were in-
tupole excitations and their trends are of great interest wittierpreted as excitations of the three valence neutrons.
regard to the structure &f=85 even-odd isotones. In this paper using our most recent triple-coincidence

Piiparinenet al.in 1981 reported high-spin single-particle 2>Cf Gammasphere data, we restudied the level structures of
excitations ini4°Gd through @,xn) reactions[3]. Spin and &4 Ba and ;3 Xe to complete the level systematics fbr
parity assignments for the excited states were made by 85 even-odd isotones froZi=64 to 52. We also present
means of gamma directional correlation from oriented nucleadditional analyses otf'Ba andi; Xe, based on factor-of-2
(DCO) and linear polarization measurements. Levels ofcompressed spectra from our triple-coincideReEf Gam-
éﬁng were interpreted as shell model multiplets and multip-masphere data of 1995. Spin and parity assignments and con-
lets coupled with octupole-phonon excitations, such agiguration interpretations are made for the excited levels ob-
v(f72)3, vhoo(f7)2, v(f7)3®37, vheu(f7)?®37, and  served inga'Ba andz;Xe. Parity doublet bands with both
v(f7,)3%®3~®37. Energies of the/(f,,,)° states agree only s=-+i ands=—i are observed ift*'Ba. The level system-
moderately with those calculated by using empirical two-atics and trends of level structure fdr=85 even-odd iso-
nucleon interactions taken frof%Gd [3]. Urbanetal.in  tones are also discussed.
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Gates on 870.1 and 658.4 keV

transitions i FIG. 1. Double-gated spectrum on 870.1 and
Ba-141 ] 658.4 keV transitions if*Ba, using the triple-
coincidence °%Cf fission data from Gammas-
phere runs of the year 2000. The new badin
14184, consisting of 609.3, 690.7, and 831.5 keV
transitions and the interconnecting transition of
‘ .l M st . g I A 261.1 keV, is identified, and the transitions of its
100 300 500 700 900 fission partners are simultaneously seen.
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II. EXPERIMENT AND DATA ANALYSIS

It has been shown that the combination of a multigamma
detection array with a fission source provides a powerful tool
for the studies of the high-spin structure of neutron-rich nu- 1500~
clei [8]. For two weeks each in August and November 2000,
we took fission gamma data in the Gammasphere, whict
then employed 102 Compton-suppressed Ge detectors. A fis 139%e
sion source of°%Cf with a strength of 62uCi, sandwiched
between two Fe foil§10 mg/cnf) was mounted in a 7.6-cm-
diam polyethylene ball centered in the Gammasphere. More
than 5.7< 10 triple- and higher-fold events were accumu-
lated in about 4 weeks of counting.

The assignments of transitions to the nuctéiBa and

Gates on 571.1 and 581.7 keV
transitions

585.3

1000

channel
[

490.9
491.8

ou

13%e were justified by the simultaneous observations of the 5
using double gating. Figure 1 shows a double-gated spectrun*g
for *'Ba indicating one of the newly found bands, baday

observed in'*Ba. It can be seen that the fission partners © . |

An effort was made to determine transition energies and rela: ;

tive intensities as accurately as possible. The energy calibra } |

tion was derived from known, well-determin@asually from ]1 S U‘UMW

of transitions in our own data set. These results are in gooc

agreement with those determined from the separate calibra

tion measurements with familiar standards. From residuals of 0 1 L |
assigned. Various double-gated spectra were examined wit| E, (keV)

the least-squares peak-fitting code of Radforks program

[9]. This determined transition energies and relative intensi- FIG. 2. Double-gated spectrum on 571.1 keV (IH27/27)
gated spectrum based on factor-of-2 compressed data ofith factor-of-2 compressedlék to 8k) data array. The cascade
1995, showing the better resolution of the factor-of-2 com-through the intermediate 1372level generates two transitions of
pressed data for the overlapped peaks. Raw data for gammaarly equal energies, so close that they are unresolvable with the
created by one of ufA.D.) creates gated spectra with 8192 the nonlinear least-squares fit using Radfords function in the
channels over this range. Tables | and Il list the energies witlspectral analysis programes for the complex peak-491 keV and
standard deviations and relative intensities obtained fronsTi for the clean peak=585.3 keV. The data and individual and
transitions, respectively. There are too many complexities ofesidual errors in the fit. Peak widths were fixed by a formula based
the spectra for the standard deviations on intensities to ben fitting clean peaks, so in the two-peak fit there were six vari-
meaningful. We estimate that the more intense transitiongbles, two for the linear background, two peak positions, and two

complementary fission partners and by careful cross-check &

106,107.1%%40 are simultaneously observed in the spectrum.

beta-decay studies of individual fission fragmérgnergies

the energy calibration fit, a systematic error0.1 keV is 500 550 600

ties with statistical standard deviations. Figure 2 shows and 581.7 keV (21/2—17/2") in 13%e, using triple-coincidence
energies are 16 384 channels from 0 to 5 MeV; the data arragompression necessary in ®KDWARE cube[9]. This figure shows
Radford’s GF3 program for the assigne@'Ba and ;3°%e  summed peaks are shown, as well as the linear background and the
have standard deviations of around 20% and the weaker trapeak heights. The placement of 490.9 and 491.8 keV in the level

sitions as much as 80%. scheme is fixed by energy sums of alternate paths, and the energy
sums agree within 0.1 keV. For visual comparison with the close-
Ill. RESULTS AND DISCUSSION doublet fitting the 585.3 keV peak was fit as a single peak. The

slanted background subtraction looks peculiar, but it probably ap-
proximates the contribution of the leading edge of the adjacent peak

Our collaboration, Zhet al.[6], presented a level scheme at lower energy. Of course, for intensity determinations, as in Tables
with three bands if*'Ba. A new level scheme df'Ba with I and II, we would fit such a peak as a doublet or triplet.

A. New level schemes of*'Ba and ¥°xe
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TABLE |. Transition energies, statistical standard deviations, TABLE II. Transition energies, statistical standard deviations,

and intensities if*Ba. and intensities it*%Xe.

E, T E, [6] Relative E, T E, [6] Relative

(keV) (keV) (keV) I, Band IT—I1f (keV) (keV)  (keV) I, Band IT—I1f
588.59 0.02 588.9 100 1 (1172—(7127) 571.11 0.02 571.4 100 1 (1172—(7127)
658.42 0.02 658.0  62.0 1 (15/p—(11/2) 58532 0.03 5852 71 1 (1512—(11/2)
812.94 0.05 8129 115 1 (19/2—(15/2°)  630.38 0.03 630.5 22 1 (1972—(15/2)
83544 0.13 2.8 1 (232—(19/2)  690.24 0.09 6905 8 1 (2313—(19/2°)
869.8 0.4 1 (27/2)—(23/2) 66152 0.07 661.7 33 1 (2712—(23/2)
561.63 0.09 560.9 18 2 (912 (5/27) 861.49 0.15 861.9 1 1 (3172—(27/12)
577.26  0.09 3 2 (13/2—(9/2) 962 0.4 1 (352)—(31/2)
532.34 0.14 5323 23 2 (1713—(13/2) 527.92 0.09 528.1 12 2 (9713—(5/27)
609.49 0.07 609.3 17 2 (212—(17/2°) 52524  0.09 3 2 (13/2—(9/2)
845.97 0.09 846.5 7.4 2 (2512—(21/2°) 491.77 0.09 491 2 (1712 —(13/2")
73334 0.5 1.4 2 (29192—(25/2°)  581.74 0.07 5823 18 2 (212—(17/2)
49517 0.15 495 1.6 3 (17/2—(13/2")  763.03 009 763.3 7.9 2 (25— (21/2)
596.96 0.14 596.6 12 3 (2172—(17/2°)  664.16 0.09 664.2 43 2 (2972—(25/2)
69453 0.06 694.4 7 3 (25/2—(21/2") 64653 0.08  646.7 1.4 2 (3312—(29/2)
706.42 0.09 706.3 5 3 (2913—(25/2")  863.94 0.09 864.3 1.2 2 (3712—(33/2)
78443  0.14 1.5 3 (3312—(29/2") 995 0.4 2 (412)—(37/2)
609.28  0.11 6.2 4 (2312—(19/2)  502.02 02 502.6 0.4 3 (17712—(13/2%)
690.66  0.17 35 4  (2712—(23/2)  560.27 0.4 560.7 1.1 3 (21— (17/2Y)
8315  0.12 1.1 4  (31/2—(27/2)  636.65 0.5 636.2 2.6 3 (257p—(21/2Y)
549.44 0.08 2.5 5 (2712 —(23/2") 580.94 0.15 580.8 0.8 3 (2972— (25/2%)
751.04  0.11 1.6 5  (3119—(27/2)  619.63 0.11 3 (33/2)—(29/2")
687.43 0.14 0.9 5 (3512 —(31/2") 732.74 0.16 732.5 1.8 5

555.14 0.11 554.5 12 2-1 (972—(7127) 682.3 0.24 0.9 5

543.72 0.04 543.4 26 2-1  (137p—(11/2) 91854 0.12 918.3 2 31 (1313—(11/2)

41758 0.04 417.9 22 2-1  (17/p—(15/2°) 83514 0.09 8354 4.9 31 (17/p—(15/2)
39517 022 3949 0.6 12 (19/p—(17/2°)  765.04 0.19 765.6 2.2 31 (217p—(19/2)
21426 026 2140 1.0 21  (2Up—(19/2°)  711.34 011 7117 1.7 31 (257p—(23/2)

697.54 0.24 697.6 3 3-1  (1312—(112) 536.94 0.09 537.2 9 2-1 (9712—(7/27)
53422 0.08 534.3 15 31 (17p—(15/2°)  490.88 0.09 492 21 (13713—(112)
27879  0.17 1.4 13 (1972—(17/2") 39753 005 397.4 17 2.1 (171p—(15/2)
318.34 006 3179 4.2 31 (217p—-(19/2°) 232,78 0.8 233.1 2 12 (1972—(17/2)
870.14  0.08 6.6 41 (1973—(15/2°) 34898 02 3492 25 2.1 (21p—(19/2)
452.5 0.1 3.9 42 (1972 —(17/7) 3413 03 3413 15 12 (2312—(21/2)
4522 03 42 (232)—(21/2°) 10134 0.4 10132 16 5-1

33596  0.16 2.8 43 (1972—(17/2") 38267 012 3830 1.2 5-1

261.08 0.16 1.2 34 (21192—(19/2) 11157 03 11157 0.8 5-1

348.44 0.22 4-3  (23/2—(21/2") 425.1 0.3 425 5-1

614.66 0.05 3.2 5-2 (23— (21/2) 805.04 0.2 1.7 6-1

231.42  0.14 0.6 2-5  (251)—(23/2") 62652 0.12 1.6 42 (2713 —(25/2)
318.14  0.09 3.4 52 (27/3—(25/2)

4152 0.2 25 (2912)—(27/2)

335.64 0.22 0.8 52  (3172—(29/2) level energies. For the figures we have rounded all level

energies and transition energies to the nearest 0.1(ka¥V
estimated systematic standard deviatiohherefore, occa-

five bands proposed in the present work is shown in Fig. 3sionally the difference of initial and final level energies does
Zhu et al. also reported a level scheme BfXe, which con-  not quite equal the labeled transition energy. The spin-parity
sisted of four band$6]. Shown in Fig. 4 is the new level assignments are all tentative, as indicated by the parentheses
scheme of**e developed in the present work. The energyabout all but the ground state. However, the fact that the
values given for the levels were derived from a program usedission products are formed with an average of six or more
by the compilers of the Nuclear Data Shegt8]. This pro-  units of angular momentum greatly simplifies the construc-
gram takes as input the transition energies and their standatiwn of bands and assignment of spins, because only yrast or
deviations. It then generates the statistically best values fanear-yrast states are observed. We are further helped in the
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FIG. 3. New level scheme of*'Ba established in the present
work. See text. FIG. 4. New level scheme 0f°Xe established in the present

work. See text.

cases of this paper by the fact that the bands are interlaced
with each other. Thus spin and parity assignments are quiteo band(2) is found to build on the 48.5 keV (577 level.
constrained, since onlg2, M1, andE1 multipolarities are  The interconnecting transitions between baiit)s and (2)
expected to compete. Ideally, one would like to have internafire confirmed. Band3) is extended to spin (3379 by the
conversion coefficient$ICCs) or directional gamma-gama observation of a 784.4 keV transition. The previously tenta-
correlation measurements to confirm multipolarity assigniively reported 495 keV transition in bar{@) is observed. A
ments. Measurement of ICCs for prompt fission gamma ranew connecting transition between the 2114.9 keV level of
diation is not feasible due to complexity of the large mix of band(1) and the 1836.2 keV level of bar{8) was observed
fission product activities. In a few cases where one low-at 278.7 keV. Of particular interest are the two new ba@ls
energy(<150 keV) and one high-energg>>200 ke\) tran-  and(5), which are proposed for the first time #'Ba. Band
sitions are present in a cascade, the ICC for the low-energid) is extended to the 4303.7 keV (3I/R level with its
transition has been extracted by comparing th&y inten-  intertwined transitions of 335.9, 261.1, 348.2, and tentatively
sities[11]. A Eurogam collaboration, Urbaet al. [12], has  346.3 keV between bandd) and(3). Band(4) seems to be
made a few angular correlation measurements. In their case bifurcation of band1), and it is not clear which set of
the fission fragments were stopped in a KCI salt pill, a dia-stretchedE2 cross over transitions above 15/& best char-
magnetic medium in which the perturbing magnetic or elec-acterized as the extension of bafid. There are no crossing
tric fields at the stopped fission nuclei should be small. In altransitions observed between baf#) and band(1) except
our Berkeley Gammasphere experiments we have stopped far the intense decay-out transition of 870.1 keV found to
metallic stoppers that could leave large residual perturbingleexcite the 2172.2 keV (19/2 bottom level of band4) to
fields. We hope that some groups will come forward tofeed into the 1302.0 keV (1572 level of band(1). In addi-
greatly expand the work in angular correlations and test théion, cross over transitions of 452.5 and 452.3 keV were
tentative spin-parity assignments proposed here. found between bandg) and (2). So the new band4) not
Band (1) of *Ba of Zhu etal. is confirmed up to only decays into bandél) and (2), but also interconnects
(19/27). However, their 814.0 keV transition is not ob- with band(3). Consisting of three transitions, the high-lying
served. Instead, we place an 835.4 keV and, tentatively, anew band5) reaches the 4931.7 keV (35/Rlevel, which is
869.8 keV transition on the top of this band, extending thethe highest excitation energy of any positive-parity band
spin to (27/2). Band (2) of *Ba is extended up by the found in theN=85 even-odd isotones. Intertwined transi-
733.3 keV transition, reaching (2972 A 577.2 keV transi- tions of 614.7, 231.3, 318.1, 415.2, and 335.8 keV were ob-
tion is observed in between the 1187.3 and 610.1 keV levelserved between band®) and (5).
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Bands(1), (2), and(3) of **Xe reported by Zhwet al.[6] TABLE Ill. Experimental B(E1)/B(E2) ratios in **'Ba and
are confirmed and extended tentatively by one level in each™xe.
band, reaching 4985 keV, (35/2, 6091 keV, (41/2), and

4411.8 keV, 33/2, respectively; the former two reach the E. (keV) ENT Ez(li}g’f‘nfiz))

highest excitations observed in all the=85 even-odd iso- Y Pt

tones. Similar to**!Ba, band(2) is found to be built on the 4183 s=+i  812.9  (19/2)—(15/2) 1.548)

31.7 keV (5/2) level by observation of a 525.2 keV transi-  Bands(1) 278.7 (19/2)—(17/2%)

tion. Band(5) is confirmed and extended by observation of a  and(3) 835.4 (23/12)—(19/2°) 0.736)

682.3 keV transition. Two new possible bandheé&fsand 517.1 (23/2)—(21/2")

(6) are identified. Each consists of only one level. 495.1 (17/2)—(13/2") 1.41(8)
The three close-lying levels, which lie lowest in the level 534.2 (17/2)—(15/2°)

scheme of*Ba and'*%e, were established by several beta- 597.0  (21/2)—(17/2) 0.635)

decay studies from 1972 to 1984, as cited in the Table of 318.3 (21/2)—(19/2))

Isotoped 5]. Their spins and parities are assigned as (B/2 Bands(3) 597.0 (21/2)—(17/2%) 0.334)

(5/27), and (7/2). They are interconnected W1 andE2 and (4) 261.1 (21/2)—(19/2))

transitions, establishing a common parity. This trio of lowest #Ba, s=—i 846.0 (25/2)—(21/2°) 2.199)

levels is a common feature of tHé=85 even-odd nuclei, Bands(2) 231.3 (25/2)—(23/2")

though the level order sometimes changes. Typically, for the and(5) 549.4 (27/2)—(23/2") 1.638)

N =85 even-odd nuclei, there is a gap of 0.6—0.8 MeV above 318.1 (27/12)—(25/2°)

the close trio near the ground state before the onset of a large 751.0 (31/2)—(27/2%) 2.439)

number of negative-parity excited states, and the higher-spin, 335.8 (31/2)—(29/2))

near-yrast bands form a sequence of levels connectdtRby 13%e, s= +i 501.9 (17/2)—(13/2") 0.525)

transitions with about the same spacing as the gap. Such aBands(1) 835.1 (17/2)—(15/2))

common feature is seen if'Ba and *%Xe and otherN and (3) 560.3  (21/2)—(17/2") 0.193)

=85 even-odd isotones, although M°Gd, 4’Sm, and 765.0  (21/2)—(19/2°)

145\d the bands are seen only to lower excitations and spins. 636.6  (25/2)—(21/2") 0.155)
The assignments of spins and parities to the excited levels 711.4 (25/2)—(23/2)

of *Ba and3*e are based on the level systematics and
analogies to the even-odd isotoné%:d, *4’Sm, and**Nd,
where the assignments were made by means of DCO angd . .
linear polarization measurements and shell model caIcuIa—alir?i’ta E;rses;n:]er;%?]rgeg#?gr tgolmtra?oss'téogi' Z'\rI:]tZIth[%t] s:)nme
tions or by analogies of level systematics and decay patterrﬁggxg hom?ever only one level of 3548.0 keV '(27/')2 i
n 14 13! ’ y .
[3’4’7].' The yrast bandgl) in **'Ba and “.’Xe are found to assigned to the higher-lying positive-parity ba@ddg, so only
be pwlt on the (7/2) level, and as_ment!oqed gbove, IOandthes: +i parity doublet, bandgl) and(3), is identified. The
(2) is built on the (5/2) level. Keeping this in mind and by e T . 139 i ’ i
analogy to the corresponding levels of the bands“8Gd positive-parity band3) in € is pushed up to consider
147g 145 141g 139)(, ably higher excitation energies, starting from 1512.4 keV,
m, and d, the band€1) and (2) of a and e . )
and is very weakly populatetbee Fig. 4 and Table)ll So

are assigned as negative-parity bands, which consist of cross- " i
over Al =2 E2 transitions and form signature partners. TheBet\Neen bandgl) and (3) there are onlyE1 transitions de

excitation and decay pattern of the newly observed 2172.5"‘:1'2{)‘(9 the levels of ban(B) a}r]d feed.mg those qf bl%g?)
keV level of 1Ba is analogous to the 2704 and 2408 keV'" e. Moreover, the positive-parity ban@) in €
(19/2°) levels in47Sm and™Nd, respectively, which sug- starts from the 3548.0 keV (2772 level, the highest level
gests a (19/2) assignment to this new level and negativeamong all theN =85 even-odd isotones.

parity to band(4) of *Ba, which consists oE2 crossover Table 1l lists theB(E1)/B(E2) ratios calculated from
transitions. Such a band was not well developeddfsm  OUr New data here for levels if'Ba and the corresponding

and 1*Nd [4]. The assignment of spins and positive parity o information for13%e. We suggest in the next section that it

14 15 is difficult to draw conclusions about collectivity from these
_bands(3) and (5) of *Ba and to _ba_nd(s3) and(4) .Of Xe ratios, even if one has lifetime measurements, which have
is made also based on the excitation systematics and dec%& been made for these levels
patterns similar to those of the othBr=85 even-odd iso- '
tones. The positive-parity band@3) and (5) of **'Ba extend
to the highest spins and excitation energies, 4618.6 ke
(33/2") and 4931.7 keV (35/2), respectively, among all The interpretations of the configurations for the excited
isotones studied. So parity doublets with both simplex quanlevels of }4'Ba and!**Xe are made based on the published
tum numberss= +i [bands(1) and (3)] ands=—i [bands decay studies as well as systematics and analogies to the
(2) and(5)] characteristics of octupole deformation are iden-other N=85 even-odd isotones. These earlier studies based
tified in 1*1Ba, as seen in**Gd, 4’Sm, and**Nd, although on (heavy-ion,xn) reaction gamma work generally do not
in the latter three isotopes only lower spins and excitationpopulate as high spins in the bands as does the spontaneous
are observed to be populated. The two parity doublets ifission gamma work. Also, these studies wereZer60, 62,

y B- Interpretations for the excited levels of*Ba and *%e
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and 64, all close to the 64 subshell with fillgg, andds,  v(f7/,)% 13, and they(f;;)°®3".
proton orbitals. The earlier work mainly assigned configura- In the Z=60 (***Nd) isotone the “octupole” band has a
tions as excitations of the three valence neutrons, with protobandhead of 11/2 close to the 13/2 and a doublet structure
participation entering only indirectly through octupole pho-17/2",15/2" and 21/2,19/2* above that. In the case of
non couplings. We feel that this approach may be quite ap!*'Ba the 19/2, 15/2", and 11/2 are not observed. The
propriate for the low end of the main bands, near e 11/2" state presumably arises from a nonstretchiegefn
=64 subshell, but we see only small irregularities in the—1) coupling off,, with the octupole phonon.
spacing ofZ=54 and 56 bands when going above the maxi- Band (4) of **'Ba is remarkable in that it is headed by a
mum spins of stretched configurations of the three valence9/2 level at 2172.2 keV remarkably close in ener@3
neutrons. Invoking double-octupole excitations as in RefskeV) to the level of the same spin and parity in baayl The
[3], [4] seems to us questionable for the: 54 and 56 nuclei.  energy spacing in ban@) is also smaller than that in band
Rather, we suggest that the participation of valence proton€l), suggesting that ban@d) has the greater deformation or
(four protons in**%Xe and six in*!Ba) gradually increases quadrupole softness. One of two 19/Rvels inZ=60, 62,
as one goes up the band to higher spins. The nearly equahd 64 isotones has been proposed as a double octupole-
spacing of the levels in the bands is characteristic of harphonon statd3,4]. Such an explanation requires consider-
monic vibrational character. able anharmonicity of the octupole vibration to bring the
The transition rates among the lowest-lying three levels irstate so low. There are alternative and possibly simpler con-
14183 [5] (cf. Vol. 1, pp. 1316 and 1317, and beta-decayfigurations to assign the 1972 such asm(g7,2),v(f3,) 155,
references therejrare slower than the single-proton formula, V(f$/2)6h9/2, etc.
suggesting they are d'ifferer_n couplings of the thr_ee valence The neat picture we might have hoped for would be a
neutrons, not much involving proton or collective shapefamily of four interlaced bands, two of positive and two of
phonons. These three levels were propdsed] to be differ- — \oq4tive parity. Then we could claim an example of both
ent couplings of the threé37,2 neutrons beyond the 82- gjgnavre partner and parity doublet bands. However, the
neutlron.sh.elll closu_rep/(fm; : (ioupl/mgs ?Ilowe(;j b); the presence of five bands if'Ba spoils the simple picture.
Pauli principle are)=3/2, 5/2, 7/2, 9/2, 11/2, and 15/2. So Bands(1)—(4) of *'Ba are most tightly interlaced by transi-

v(f1)3 v(f7)3, and v(f4,)3, are assigned to the tions, while band() onl ; -

, y seems interconnected with band
groltind 3/, 48'5. keV (5/2), and 55.0 ke\( (7/2.) levels (2). The lack ofM1 transitions linking band$3) and (5)
of 14Ba, respectively, and the same configurations are as:

signed to the lowest levels H%e. Thew(f,,)° configura- & 90 o> against their being signature partners.
tion is probably dominant in the lowest 11/2and 15/2 _ We believe it is premature tq try to draw definite conclu-
levels of 41Ba and'3*e. The beta-decay studies suggested® o> about octupole deformations from #B¢E1)/B(E2)

. N - i ratios of Table Ill. Even when lifetimes are known, the
a vhg, single-neutron excitation to the 972evel in *Gd

: X B(E1) strength is not a simple indicator of stable pear-
[13], excluding thev(f,)3 assignment, sehgy(f7,)? was . )
assigned to this 972level in 1*°Gd and also to the 972state shaped deformation. ThEL strength arises from a cross

in 14Sm [14] and 25Nd [15] from single-neutron transfer term in the quadrupole and octupole transition matrix ele-

data. We assume their assignment is applicable also to thnéents, which can give a separation of center of charge and
9/2- states in**Ba and 1¥e. However, the 13/2 state center of mass during rotation or vibration. Any significant

3 - . separation thus requires not only quadrupole and octupole
cann0t2 be formed by/(f7,,) » SO there is likely d°m”.‘am collective motion, but also that the degree of participation of
v(f4)hgp and some contributions from protons. Higher-

spin states in band&l) and (2) probably are a mixture of neutrons and protons be unequal. In cluster-model tefhs,
piIn. . ) . P y strength arises only when the charge-to-mass ratio of the
configurations involvingf 7, and hg;, neutrons plus quadru-

oole phonons core(such ast®%3n) has a differenZ/N ratio than the cluster
: . beyond the core. What is clear is that there is both quadru-
147 14!
The 13/2. states. n- Sm and***Nd were found. to be. pole and octupole collective strength in tNe=85 isotones.
populated withl =6 in single-neutron transfer reactions, in-

dicating the contribution to the 13/2state by theviis;,
single-neutron excitation&ef.[4] and the papers referred to
therein. However, Piiparinert al.[3] argued that the 1372 Now the systematics, analogies, and trends of the level
is predominately due to octupole-phonon excitations couplegatterns inN=85 even-odd isotones from G& € 64) to Te

to the v(f,,)3—that is, v(f;,)3®3~. The octupole phonon (Z=52) are available and can provide important information
in this case is not the same as the core octupole phonon oh the nuclear structure for the isotones, including spin and
13250 at 4.351 MeV, composed of nucleon particle-holeparity assignments made for the excited levels observed in
states across the closed shells.!f'Ba the 13/2 state lies '#'Ba and™*%e.

far lower at 1341 keV and if*Nd at 1011 keV. The octu- Shown in Fig. 5 are the level systematics of the two low-
pole phonon of Piiparineret al. [3] must be composed est negative-parity banddands(1) and(2) in *'Ba] in the
mainly of valence-shell particle-hole excitations, mainly of N=85 even-odd isotones. As discussed in the previous sec-
the odd neutron, which can be promoted frdmp, to i3, tion, these bands were interpret¢d,4] in the spherical
without the pair breaking needed for proton excitations. Thusingle-particle model near the proton subsZeHl 64 as con-
there is not a clear-cut choice between assignments dfisting of the three-neutron couplings, but in our Ba and Xe

C. Level systematics of theN =85 even-odd isotones
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FIG. 5. Level systematics of the two negative-parity bands of FIG. 6. Comparison of the yrast band ¥fBa with that of the
the N=85 even-odd isotones, which are interpreted in the sphericaheighboring even-even isotogé®Ba (data taken fronj16]). Also
shell-model basis on single-neutron excitations. Also shown in th&hown in the figure is the comparison for the octupole phonon band
figure are systematics for the 25/tate, which is interpreted as in *4%Ba and the positive-parity band #'Ba, the latter interpreted
pure neutron excitations. The 19/Ztates are interpreted by Pii- as octupole phonon excitations coupled with single-neutron excita-
parinenet al.[3] and Urbaret al.[4] as double-phonon excitations tions.
coupled with single neutron states. The star symbol is attached to
levels assigned by preceding references to couplings of thjge are more regular and in fact more like a collective yrast band
neutrons. The squares are attached to levels assigned by these rgf-yiprational, near-equal spacing. In this transition region
erences to coupling of twéy, with one hy,,. See text for our  petween the spherical shell model and spheroidal shell model
alternative interpretations. it seems to us that traditional analyses of moments-of-inertia

isotones away from proton shells and subshells may morrémd Sart'ile alllgnmelr;t wogl?ﬁg%t bg UE?M'I legw;;seli .the
appropriately be considered signature partners of one banfUMPEr of nucieons beyon h double closed shell 1S

Level systematics and smooth trends can be seen in Fig. 5

from ¢,Gd to g,Te. It is of interest to note the evolution of 5r
the two bands with variation of proton number of the iso- "
tones. Moving down from GdZ=64), the irregularities of (i)_..
the two negative-parity bands are decreasing, and around Ba (31/27)
(Z=56) the level spacing becomes more regular. This 41
changing irregularity may be attributed to moving away from 12%
the Z=64 subshell. Near the proton subshell it is reasonable
to assume configurations involving predominantly just exci- . 2r27)
tations of the three neutrons beyond the 82 shell. Indeed, S 3+ 1
we see a gap in spacing as the spins go above the maximum Q (23/27)
stretched three-neutron limits. It is obvious that proton exci- é + —_—
tations must be involved in the higher-spin states. The octu-  © 8
pole phonon assignments near #e 64 subshell may be the <>1<;. 2 19/2-
most appropriate representation there, but midway between LU + {oe)
Z=50 and 64, the band spacings show but little irregularity A
above the stretched three-neutron limits. Thus it seems rea- . (15/27)
sonable in this middle region to suppose that proton excita- 1L 4 -
tions are mixed with neutron excitations throughout the + (1112
bands. The regular band spacing observefia and*3**Xe AN Sl S
may be an indication that quadrupole collectivity has come
into play. oL ot (7/27)

The band spacings in yrast levels ¥fBa and'*%}e are 138 139
also compared with those for their neighboring even-even 54X684 54X685

isotopes!*®Ba [16] and 3¥e [17] in Fig. 6 and 7, respec-
tively. It can be seen clearly that in comparison wiffiBa FIG. 7. Comparison of the yrast band BfXe with that of the
and *8Xe, respectively, the yrast bands ¥fBa and'3*Xe  neighboring even-even isotopé’Xe (data taken fronj17]).
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FIG. 8. Level systematics of the lower-lying positive-parity ~ FIG. 9. Level systematics of the higher-lying positive-parity
bands of theN=85 even-odd isotones, which are interpreted topand of theN=285 even-odd isotones. This has been interpreted in
build on octupole phonon excitations coupled with single-neutronRef. [4] as an octupole phonon excitation coupled with single-
ground states. For the sake of Comp|eteneSS for the bands, the 25/%artic|e neutron states with one neutron promoted fromft;/'pto
member of the bands is also shown in the figure. Explanation of théne hg,, orbital, and such states are labeled by the star symbol. The
star, concentric circles, and square symbols is given at the top of thequares denote the interpretation of Rél.for several states in Gd
figure. The star symbol denotes a mix of configurations involvingat theZ=64 proton subshell. Note that in Te isotones there is no

an octupole phonon and those with promotion of a neutron frgin  positive-parity band observed.

t0 i3
shell, the octupole excitations in tHé=85 even-odd iso-

too large for simple spherical single-particle shell-model ones become weaker
codes. We respectfully invite the nuclear theory communit :
to make further use of the systematics we present.

IV. SUMMARY

Figure 8 depicts the systematics of lower-lying positive-
New level schemes of*'Ba and***e are proposed here

parity bandgband(3) in 4'Ba, for exampléin N=85 even-
odd isotones, which is considered to build on the octupolg,; o an excitation of~5 MeV by using the triple- and

phonon excitations coupled te(f;,)3. The positive parity
state 25/2 has an almost constant energy as seen in Fig. 8. 2 0F

Figure 9 is drawn for the higher-lying positive-parity bands
[band(5) in **'Ba, for examplé which are accounted for by ) _
Urbanet al. [4] as the octupole phonon excitations coupled °h9!2f7/2____!3—/2
to excited neutron configurations involving thdg(f-,)? B . _

orbital. In Fig. 8, of particular interest, is the variation of the < ._&

excitation energies of the bandheads of the lower-lying posi- @ —_——

tive parity band, 13/2, with changing proton number of the 31_0— 3\_—\\1}_/2"'
isotopes. It is more clearly seen in Fig. 10 that with decreas- £ ofe +3°, Ol f.2
. . . . () 13/2"772
ing proton number the excitation energies of the 13ates w } +

are increasing, while those of the 13/atates, bandheads of B B3, N=84yE(13/2°, N=85)

the negative-parity barithand(2) in *Ba, for examplg are [
decreasing in such a way that the 13/grast state in Gd, g

Ba Nd Sm Gd

Sm, and Nd becomes nonyrast in Ba and Xe isotones, and no
0.0 Te  Xe

13/2" state is observed in the Te isotone. The pronounced
trend of the excitation energies of the 13/8tate in theN IG. 10. Trends of the excitation energies of the bandhead,

= 85_ even-_o_dd isotones may a_ccount f(_)r the d_ecrease Of_ rel§3/2+, of the lower-lying positive-parity bands of tli¢=85 even-
tive intensities of the lower-lying positive-parity band with 444 jsotones. Also shown in the figure are the I3fates. The

decreasing proton number of the isotones and for the veryg>+ is rising in excitation energy when proton number is decreas-
ing, becoming nonyrast for Ba and Xe isotones. Also shown in the

weak population of the positive bar(@) in **Xe and the
figure are the energy differences between thes3ates of theN

failure to observe a positive-parity band §%Te. The rising
excitation energies and weakening population of the=84 even-even isotones and the I'3/&tates of the neighboring

positive-parity band with decreasing proton number of iSON=85 even-odd isotones. The data Mt 84 isotones are taken
tones may imply that when approaching the=50 proton  from [16,18—-23. Also see text.
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higher-fold coincidence data froA?°Cf spontaneous fission more energy, and finally go above yrast and are not observ-
at Gammasphere obtained in the year 2000, supplemented Bple in the prompt fission gamma spectra.

factor-of-2 compressed spectra from our data of 1995. Spins
and parities are proposed for the excited levels. Systematics
of the yrast and near-yrast level structure of e 85 even- The work at Vanderbilt University, Lawrence Berkeley
odd isotones have been extended and expandedZre®4  National Laboratory, Lawrence Livermore National Labora-

to 52. Level systematics and analogies of decay patterns fdPry, and Idaho National Engineering and Environmental
the N=85 even-odd isotones support the spin and parity ashgggpagrrgn)[’vzz ngépgg%% géEUF\;EM%‘;pZ%“%”;n?r‘;E”ﬁ?SV
signments. The level spacings of the observed bandSfa W—7405-ENG48. DE_-AC03_—768F00098 and DE-ACO7- '
ar_1d e be_come somewhat more regular in comparison; 61n01570. The work at Tsinghua was supported by the Na-
with those of isotones near the=64 subshell, and this com- 54| Natural Science Foundation and the Science Founda-
parative regularity is seen when the yrast band¥Ba and  tion for Nuclear Industry, China. The Joint Institute for
°Xe are compared to those of their neighboring even-evemeavy lon Research is supported by its members, University
isotopes1*Ba and *¥Xe, respectively. This suggests that of Tennessee, Vanderbilt, and the U.S. DOE through Con-
quadrupole rotation/vibrational motion has come into play intract No. DE-FG05-87ER40311 with the University of Ten-
14183 and®%e. The increasing excitation energies of the nessee. The authors are indebted for the us&af to the
13/2" states and the decreasing relative intensities of th@ffice of Basic Energy Sciences, U.S. Department of Energy,
positive-parity bands of thél=85 even-odd isotones with through thg transp_lutonlum element production facilities at
decreasing proton number of the isotones may be an indic he Oak Ridge National Laboratory. The authors would also

. . ike to acknowledge the essential help of I. Ahmad, J.
tion that when approaching tie=50 proton shell, the oCtu- 5 006 “and R. V. F. Janssens in preparing and lending the

pole excitations of theN=85 even-odd isotones require 252-¢ gource we used in the year 2000 runs.
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