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Level structure of 141Ba and 139Xe and the level systematics ofNÄ85 even-odd isotones
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New level schemes of141Ba and139Xe are proposed from analysis of the gamma data from252Cf sponta-
neous fission in Gammasphere. By analogy with theN585 even-odd isotones149Gd, 147Sm, and145Nd, spins
and parities were assigned to the observed excited states in141Ba and139Xe. Level systematics in theN585
even-odd isotones from Gd (Z564) to Te (Z552) are discussed. The level systematics and comparison with
neighboring even-even isotopes indicate that quadrupole and octupole collectivities play a role in141Ba and
139Xe. From Gd (Z564) to Te (Z552), increasing excitation energies of the 13/21 states and lowering
relative intensities of the positive-parity bands in theN585 even-odd isotones may indicate that the octupole
strength is becoming weaker for the isotones when approaching theZ550 closed shell.
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I. INTRODUCTION

TheN585 even-odd nuclei are three neutrons beyond
82-neutron closed shell. This intermediate region is too cl
to the closed shell for the simple strong-deformation mod
yet far enough from doubly magic132Sn to make shell-mode
interpretations difficult. Showing extensive and compl
band structure, these so-called ‘‘quasi-f 7/2’’ nuclei provide a
good opportunity to study the interplay between the sing
particle excitations and the quasicollective motions. TheN
585 even-odd isotones are at the border of the predic
quadrupole-octupole correlation island centered atN588,
Z556 @1#. Theoretical calculations indicate that octupole e
citations may occur in56

141Ba and54
139Xe @2#. Because of the

octupole strength deduced from then f 7/2i 13/2 transitions, oc-
tupole excitations and their trends are of great interest w
regard to the structure ofN585 even-odd isotones.

Piiparinenet al. in 1981 reported high-spin single-partic
excitations in64

149Gd through (a,xn) reactions@3#. Spin and
parity assignments for the excited states were made
means of gamma directional correlation from oriented nu
~DCO! and linear polarization measurements. Levels

64
149Gd were interpreted as shell model multiplets and mul
lets coupled with octupole-phonon excitations, such
n( f 7/2)

3, nh9/2( f 7/2)
2, n( f 7/2)

3
^ 32, nh9/2( f 7/2)

2
^ 32, and

n( f 7/2)
3

^ 32
^ 32. Energies of then( f 7/2)

3 states agree only
moderately with those calculated by using empirical tw
nucleon interactions taken from64

148Gd @3#. Urban et al. in
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e
e
l,

-

d

-

h

y
i
f
-
s

-

1996 presented level schemes for60
145Nd and 62

147Sm, based
largely on their work using heavy-ion reactions@4#. As with

64
149Gd, the excited levels of60

145Nd and62
147Sm were assigned

to the three-valence-neutron excitations in a spherical po
tial or with octupole vibrations coupled to them. The58

143Ce
nucleus has many excited levels known from beta-de
studies of its parent143La @5#, but its band structure is no
known. Our collaboration in 1997 published first results
level schemes of56

141Ba and54
139Xe, based on our 1995 fissio

data at Gammasphere@6#. When the present work was goin
on, the first report on52

137Te, using the data from fission o
248Cm at the Eurogam2 gamma detector array, was repo
by Urbanet al. @7#. No octupole excitations were found i

52
137Te, and the two negative-parity bands observed were
terpreted as excitations of the three valence neutrons.

In this paper using our most recent triple-coinciden
252Cf Gammasphere data, we restudied the level structure

56
141Ba and 54

139Xe to complete the level systematics forN
585 even-odd isotones fromZ564 to 52. We also presen
additional analyses on56

141Ba and54
139Xe, based on factor-of-2

compressed spectra from our triple-coincidence252Cf Gam-
masphere data of 1995. Spin and parity assignments and
figuration interpretations are made for the excited levels
served in56

141Ba and 54
139Xe. Parity doublet bands with both

s51 i ands52 i are observed in141Ba. The level system-
atics and trends of level structure forN585 even-odd iso-
tones are also discussed.
©2002 The American Physical Society05-1
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FIG. 1. Double-gated spectrum on 870.1 a
658.4 keV transitions in141Ba, using the triple-
coincidence 252Cf fission data from Gammas
phere runs of the year 2000. The new band~4! in
141Ba, consisting of 609.3, 690.7, and 831.5 ke
transitions and the interconnecting transition
261.1 keV, is identified, and the transitions of i
fission partners are simultaneously seen.
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II. EXPERIMENT AND DATA ANALYSIS

It has been shown that the combination of a multigam
detection array with a fission source provides a powerful t
for the studies of the high-spin structure of neutron-rich n
clei @8#. For two weeks each in August and November 20
we took fission gamma data in the Gammasphere, wh
then employed 102 Compton-suppressed Ge detectors. A
sion source of252Cf with a strength of 62mCi, sandwiched
between two Fe foils~10 mg/cm2! was mounted in a 7.6-cm
diam polyethylene ball centered in the Gammasphere. M
than 5.731011 triple- and higher-fold events were accum
lated in about 4 weeks of counting.

The assignments of transitions to the nuclei141Ba and
139Xe were justified by the simultaneous observations of
complementary fission partners and by careful cross-che
using double gating. Figure 1 shows a double-gated spec
for 141Ba indicating one of the newly found bands, band~4!,
observed in141Ba. It can be seen that the fission partne
106,107,108Mo are simultaneously observed in the spectru
An effort was made to determine transition energies and r
tive intensities as accurately as possible. The energy cali
tion was derived from known, well-determined~usually from
beta-decay studies of individual fission fragments! energies
of transitions in our own data set. These results are in g
agreement with those determined from the separate cal
tion measurements with familiar standards. From residual
the energy calibration fit, a systematic error of60.1 keV is
assigned. Various double-gated spectra were examined
the least-squares peak-fitting code of Radford’sGF3 program
@9#. This determined transition energies and relative inten
ties with statistical standard deviations. Figure 2 show
gated spectrum based on factor-of-2 compressed dat
1995, showing the better resolution of the factor-of-2 co
pressed data for the overlapped peaks. Raw data for ga
energies are 16 384 channels from 0 to 5 MeV; the data a
created by one of us~A.D.! creates gated spectra with 819
channels over this range. Tables I and II list the energies w
standard deviations and relative intensities obtained fr
Radford’s GF3 program for the assigned56

141Ba and 54
139Xe

transitions, respectively. There are too many complexities
the spectra for the standard deviations on intensities to
meaningful. We estimate that the more intense transiti
have standard deviations of around 20% and the weaker
sitions as much as 80%.

III. RESULTS AND DISCUSSION

A. New level schemes of141Ba and 139Xe

Our collaboration, Zhuet al. @6#, presented a level schem
with three bands in141Ba. A new level scheme of141Ba with
01430
a
l
-
,
h
s-

re

e
ks
m

s
.
a-
a-

d
a-
of

ith

i-
a
of
-
ma
ay

th
m

f
e
s
n-

FIG. 2. Double-gated spectrum on 571.1 keV (11/22→7/22)
and 581.7 keV (21/22→17/22) in 139Xe, using triple-coincidence
with factor-of-2 compressed~16k to 8k! data array. The cascad
through the intermediate 13/22 level generates two transitions o
nearly equal energies, so close that they are unresolvable with
compression necessary in ourRADWARE cube@9#. This figure shows
the nonlinear least-squares fit using Radford’sFT2 function in the
spectral analysis programGF3 for the complex peak;491 keV and
FT1 for the clean peak'585.3 keV. The data and individual an
summed peaks are shown, as well as the linear background an
residual errors in the fit. Peak widths were fixed by a formula ba
on fitting clean peaks, so in the two-peak fit there were six va
ables, two for the linear background, two peak positions, and
peak heights. The placement of 490.9 and 491.8 keV in the le
scheme is fixed by energy sums of alternate paths, and the en
sums agree within 0.1 keV. For visual comparison with the clo
doublet fitting the 585.3 keV peak was fit as a single peak. T
slanted background subtraction looks peculiar, but it probably
proximates the contribution of the leading edge of the adjacent p
at lower energy. Of course, for intensity determinations, as in Tab
I and II, we would fit such a peak as a doublet or triplet.
5-2
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LEVEL STRUCTURE OF141Ba AND 139Xe AND THE . . . PHYSICAL REVIEW C 66, 014305 ~2002!
five bands proposed in the present work is shown in Fig
Zhu et al. also reported a level scheme of139Xe, which con-
sisted of four bands@6#. Shown in Fig. 4 is the new leve
scheme of139Xe developed in the present work. The ener
values given for the levels were derived from a program u
by the compilers of the Nuclear Data Sheets@10#. This pro-
gram takes as input the transition energies and their stan
deviations. It then generates the statistically best values

TABLE I. Transition energies, statistical standard deviatio
and intensities in141Ba.

Eg

~keV!
s

~keV!
Eg @6#
~keV!

Relative
I g Band I i

p→I f
p

588.59 0.02 588.9 100 1 (11/22)→(7/22)
658.42 0.02 658.0 62.0 1 (15/22)→(11/22)
812.94 0.05 812.9 11.5 1 (19/22)→(15/22)
835.44 0.13 2.8 1 (23/22)→(19/22)
869.8 0.4 1 (27/22)→(23/22)
561.63 0.09 560.9 18 2 (9/22)→(5/22)
577.26 0.09 3 2 (13/22)→(9/22)
532.34 0.14 532.3 23 2 (17/22)→(13/22)
609.49 0.07 609.3 17 2 (21/22)→(17/22)
845.97 0.09 846.5 7.4 2 (25/22)→(21/22)
733.34 0.15 1.4 2 (29/22)→(25/22)
495.17 0.15 495 1.6 3 (17/21)→(13/21)
596.96 0.14 596.6 12 3 (21/21)→(17/21)
694.53 0.06 694.4 7 3 (25/21)→(21/21)
706.42 0.09 706.3 5 3 (29/21)→(25/21)
784.43 0.14 1.5 3 (33/21)→(29/21)
609.28 0.11 6.2 4 (23/22)→(19/22)
690.66 0.17 3.5 4 (27/22)→(23/22)
831.5 0.12 1.1 4 (31/22)→(27/22)
549.44 0.08 2.5 5 (27/21)→(23/21)
751.04 0.11 1.6 5 (31/21)→(27/21)
687.43 0.14 0.9 5 (35/21)→(31/21)
555.14 0.11 554.5 12 2-1 (9/22)→(7/22)
543.72 0.04 543.4 26 2-1 (13/22)→(11/22)
417.58 0.04 417.9 22 2-1 (17/22)→(15/22)
395.17 0.22 394.9 0.6 1-2 (19/22)→(17/22)
214.26 0.26 214.0 1.0 2-1 (21/22)→(19/22)
697.54 0.24 697.6 3 3-1 (13/21)→(11/22)
534.22 0.08 534.3 15 3-1 (17/21)→(15/22)
278.79 0.17 1.4 1-3 (19/22)→(17/21)
318.34 0.06 317.9 4.2 3-1 (21/21)→(19/22)
870.14 0.08 6.6 4-1 (19/22)→(15/22)
452.5 0.1 3.9 4-2 (19/22)→(17/22)
452.2 0.3 4-2 (23/22)→(21/22)
335.96 0.16 2.8 4-3 (19/22)→(17/21)
261.08 0.16 1.2 3-4 (21/21)→(19/22)
348.44 0.22 4-3 (23/22)→(21/21)
614.66 0.05 3.2 5-2 (23/21)→(21/22)
231.42 0.14 0.6 2-5 (25/22)→(23/21)
318.14 0.09 3.4 5-2 (27/21)→(25/22)
415.2 0.2 2-5 (29/22)→(27/21)
335.64 0.22 0.8 5-2 (31/21)→(29/22)
01430
.

d

rd
or

level energies. For the figures we have rounded all le
energies and transition energies to the nearest 0.1 keV~our
estimated systematic standard deviation.! Therefore, occa-
sionally the difference of initial and final level energies do
not quite equal the labeled transition energy. The spin-pa
assignments are all tentative, as indicated by the parenth
about all but the ground state. However, the fact that
fission products are formed with an average of six or m
units of angular momentum greatly simplifies the constr
tion of bands and assignment of spins, because only yra
near-yrast states are observed. We are further helped in

, TABLE II. Transition energies, statistical standard deviation
and intensities in139Xe.

Eg

~keV!
s

~keV!
Eg @6#
~keV!

Relative
I g Band I i

p→I f
p

571.11 0.02 571.4 100 1 (11/22)→(7/22)
585.32 0.03 585.2 71 1 (15/22)→(11/22)
630.38 0.03 630.5 22 1 (19/22)→(15/22)
690.24 0.09 690.5 8 1 (23/22)→(19/22)
661.52 0.07 661.7 3.3 1 (27/22)→(23/22)
861.49 0.15 861.9 1 1 (31/22)→(27/22)
962 0.4 1 (35/22)→(31/22)
527.92 0.09 528.1 12 2 (9/22)→(5/22)
525.24 0.09 3 2 (13/22)→(9/22)
491.77 0.09 491 2 (17/22)→(13/22)
581.74 0.07 582.3 18 2 (21/22)→(17/22)
763.03 0.09 763.3 7.9 2 (25/22)→(21/22)
664.16 0.09 664.2 4.3 2 (29/22)→(25/22)
646.53 0.08 646.7 1.4 2 (33/22)→(29/22)
863.94 0.09 864.3 1.2 2 (37/22)→(33/22)
995 0.4 2 (41/22)→(37/22)
502.02 0.2 502.6 0.4 3 (17/21)→(13/21)
560.27 0.14 560.7 1.1 3 (21/21)→(17/21)
636.65 0.15 636.2 2.6 3 (25/21)→(21/21)
580.94 0.15 580.8 0.8 3 (29/21)→(25/21)
619.63 0.11 3 (33/21)→(29/21)
732.74 0.16 732.5 1.8 5
682.3 0.24 0.9 5
918.54 0.12 918.3 2 3-1 (13/21)→(11/22)
835.14 0.09 835.4 4.9 3-1 (17/21)→(15/22)
765.04 0.19 765.6 2.2 3-1 (21/21)→(19/22)
711.34 0.11 711.7 1.7 3-1 (25/21)→(23/22)
536.94 0.09 537.2 9 2-1 (9/22)→(7/22)
490.88 0.09 492 2-1 (13/22)→(11/22)
397.53 0.05 397.4 17 2-1 (17/22)→(15/22)
232.78 0.18 233.1 2 1-2 (19/22)→(17/22)
348.98 0.2 349.2 2.5 2-1 (21/22)→(19/22)
341.3 0.3 341.3 1.5 1-2 (23/22)→(21/22)
1013.4 0.4 1013.2 1.6 5-1
382.67 0.12 383.0 1.2 5-1
1115.7 0.3 1115.7 0.8 5-1
425.1 0.3 425 5-1
805.04 0.2 1.7 6-1
626.52 0.12 1.6 4-2 (27/21)→(25/22)
5-3
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cases of this paper by the fact that the bands are interla
with each other. Thus spin and parity assignments are q
constrained, since onlyE2, M1, andE1 multipolarities are
expected to compete. Ideally, one would like to have inter
conversion coefficients~ICCs! or directional gamma-gam
correlation measurements to confirm multipolarity assi
ments. Measurement of ICCs for prompt fission gamma
diation is not feasible due to complexity of the large mix
fission product activities. In a few cases where one lo
energy~,150 keV! and one high-energy~.200 keV! tran-
sitions are present in a cascade, the ICC for the low-ene
transition has been extracted by comparing theg-ray inten-
sities @11#. A Eurogam collaboration, Urbanet al. @12#, has
made a few angular correlation measurements. In their c
the fission fragments were stopped in a KCl salt pill, a d
magnetic medium in which the perturbing magnetic or el
tric fields at the stopped fission nuclei should be small. In
our Berkeley Gammasphere experiments we have stoppe
metallic stoppers that could leave large residual perturb
fields. We hope that some groups will come forward
greatly expand the work in angular correlations and test
tentative spin-parity assignments proposed here.

Band ~1! of 141Ba of Zhu et al. is confirmed up to
(19/22). However, their 814.0 keV transition is not ob
served. Instead, we place an 835.4 keV and, tentatively
869.8 keV transition on the top of this band, extending
spin to (27/22). Band ~2! of 141Ba is extended up by the
733.3 keV transition, reaching (29/22). A 577.2 keV transi-
tion is observed in between the 1187.3 and 610.1 keV lev

FIG. 3. New level scheme of141Ba established in the presen
work. See text.
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so band~2! is found to build on the 48.5 keV (5/22) level.
The interconnecting transitions between bands~1! and ~2!
are confirmed. Band~3! is extended to spin (33/21) by the
observation of a 784.4 keV transition. The previously ten
tively reported 495 keV transition in band~3! is observed. A
new connecting transition between the 2114.9 keV level
band~1! and the 1836.2 keV level of band~3! was observed
at 278.7 keV. Of particular interest are the two new bands~4!
and~5!, which are proposed for the first time in141Ba. Band
~4! is extended to the 4303.7 keV (31/22) level with its
intertwined transitions of 335.9, 261.1, 348.2, and tentativ
346.3 keV between bands~4! and ~3!. Band~4! seems to be
a bifurcation of band~1!, and it is not clear which set o
stretchedE2 cross over transitions above 15/22 is best char-
acterized as the extension of band~1!. There are no crossing
transitions observed between band~4! and band~1! except
for the intense decay-out transition of 870.1 keV found
deexcite the 2172.2 keV (19/22) bottom level of band~4! to
feed into the 1302.0 keV (15/22) level of band~1!. In addi-
tion, cross over transitions of 452.5 and 452.3 keV we
found between bands~4! and ~2!. So the new band~4! not
only decays into bands~1! and ~2!, but also interconnects
with band~3!. Consisting of three transitions, the high-lyin
new band~5! reaches the 4931.7 keV (35/21) level, which is
the highest excitation energy of any positive-parity ba
found in theN585 even-odd isotones. Intertwined trans
tions of 614.7, 231.3, 318.1, 415.2, and 335.8 keV were
served between bands~2! and ~5!.

FIG. 4. New level scheme of139Xe established in the presen
work. See text.
5-4
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LEVEL STRUCTURE OF141Ba AND 139Xe AND THE . . . PHYSICAL REVIEW C 66, 014305 ~2002!
Bands~1!, ~2!, and~3! of 139Xe reported by Zhuet al. @6#
are confirmed and extended tentatively by one level in e
band, reaching 4985 keV, (35/22), 6091 keV, (41/22), and
4411.8 keV, 33/22, respectively; the former two reach th
highest excitations observed in all theN585 even-odd iso-
tones. Similar to141Ba, band~2! is found to be built on the
31.7 keV (5/22) level by observation of a 525.2 keV trans
tion. Band~5! is confirmed and extended by observation o
682.3 keV transition. Two new possible bandheads~4! and
~6! are identified. Each consists of only one level.

The three close-lying levels, which lie lowest in the lev
scheme of141Ba and139Xe, were established by several bet
decay studies from 1972 to 1984, as cited in the Table
Isotopes@5#. Their spins and parities are assigned as (3/22),
(5/22), and (7/22). They are interconnected byM1 andE2
transitions, establishing a common parity. This trio of low
levels is a common feature of theN585 even-odd nuclei,
though the level order sometimes changes. Typically, for
N585 even-odd nuclei, there is a gap of 0.6–0.8 MeV abo
the close trio near the ground state before the onset of a l
number of negative-parity excited states, and the higher-s
near-yrast bands form a sequence of levels connected bE2
transitions with about the same spacing as the gap. Su
common feature is seen in141Ba and 139Xe and otherN
585 even-odd isotones, although in149Gd, 147Sm, and
145Nd the bands are seen only to lower excitations and sp

The assignments of spins and parities to the excited le
of 141Ba and 139Xe are based on the level systematics a
analogies to the even-odd isotones149Gd, 147Sm, and145Nd,
where the assignments were made by means of DCO
linear polarization measurements and shell model calc
tions or by analogies of level systematics and decay patt
@3,4,7#. The yrast bands~1! in 141Ba and139Xe are found to
be built on the (7/22) level, and as mentioned above, ba
~2! is built on the (5/22) level. Keeping this in mind and by
analogy to the corresponding levels of the bands of149Gd,
147Sm, and145Nd, the bands~1! and ~2! of 141Ba and139Xe
are assigned as negative-parity bands, which consist of cr
over DI 52 E2 transitions and form signature partners. T
excitation and decay pattern of the newly observed 217
keV level of 141Ba is analogous to the 2704 and 2408 ke
(19/22) levels in 147Sm and145Nd, respectively, which sug
gests a (19/22) assignment to this new level and negati
parity to band~4! of 141Ba, which consists ofE2 crossover
transitions. Such a band was not well developed in147Sm
and145Nd @4#. The assignment of spins and positive parity
bands~3! and~5! of 141Ba and to bands~3! and~4! of 139Xe
is made also based on the excitation systematics and d
patterns similar to those of the otherN585 even-odd iso-
tones. The positive-parity bands~3! and ~5! of 141Ba extend
to the highest spins and excitation energies, 4618.6
(33/21) and 4931.7 keV (35/21), respectively, among al
isotones studied. So parity doublets with both simplex qu
tum numberss51 i @bands~1! and ~3!# and s52 i @bands
~2! and~5!# characteristics of octupole deformation are ide
tified in 141Ba, as seen in149Gd, 147Sm, and145Nd, although
in the latter three isotopes only lower spins and excitati
are observed to be populated. The two parity doublets
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141Ba are interconnected byE1 transitions. Note that som
parity assignments differ from those of Zhuet al. @6#. In
139Xe, however, only one level of 3548.0 keV (27/21) is
assigned to the higher-lying positive-parity band~4!, so only
thes51 i parity doublet, bands~1! and~3!, is identified. The
positive-parity band~3! in 139Xe is pushed up to consider
ably higher excitation energies, starting from 1512.4 ke
and is very weakly populated~see Fig. 4 and Table II!. So
between bands~1! and ~3! there are onlyE1 transitions de-
exciting the levels of band~3! and feeding those of band~1!
in 139Xe. Moreover, the positive-parity band~4! in 139Xe
starts from the 3548.0 keV (27/21) level, the highest level
among all theN585 even-odd isotones.

Table III lists theB(E1)/B(E2) ratios calculated from
our new data here for levels in141Ba and the correspondin
information for 139Xe. We suggest in the next section that
is difficult to draw conclusions about collectivity from thes
ratios, even if one has lifetime measurements, which h
not been made for these levels.

B. Interpretations for the excited levels of141Ba and 139Xe

The interpretations of the configurations for the excit
levels of 141Ba and139Xe are made based on the publish
decay studies as well as systematics and analogies to
other N585 even-odd isotones. These earlier studies ba
on ~heavy-ion,xn! reaction gamma work generally do no
populate as high spins in the bands as does the spontan
fission gamma work. Also, these studies were forZ560, 62,

TABLE III. Experimental B(E1)/B(E2) ratios in 141Ba and
139Xe.

Eg ~keV! I i
p→I f

p
B(E1)/B(E2)
(1026 fm22)

141Ba, s51 i 812.9 (19/22)→(15/22) 1.54~8!

Bands~1! 278.7 (19/22)→(17/21)
and ~3! 835.4 (23/22)→(19/22) 0.73~6!

517.1 (23/22)→(21/21)
495.1 (17/21)→(13/21) 1.41~8!

534.2 (17/21)→(15/22)
597.0 (21/21)→(17/21) 0.63~5!

318.3 (21/21)→(19/22)
Bands~3! 597.0 (21/21)→(17/21) 0.33~4!

and ~4! 261.1 (21/21)→(19/22)
141Ba, s52 i 846.0 (25/22)→(21/22) 2.18~9!

Bands~2! 231.3 (25/22)→(23/21)
and ~5! 549.4 (27/21)→(23/21) 1.63~8!

318.1 (27/21)→(25/22)
751.0 (31/21)→(27/21) 2.43~9!

335.8 (31/21)→(29/22)
139Xe, s51 i 501.9 (17/21)→(13/21) 0.52~5!

Bands~1! 835.1 (17/21)→(15/22)
and ~3! 560.3 (21/21)→(17/21) 0.19~3!

765.0 (21/21)→(19/22)
636.6 (25/21)→(21/21) 0.15~5!

711.4 (25/21)→(23/22)
5-5



ra
to
o-
a

he
xi
nc
fs

o

qu
a

i
ay
a,
nc
pe

-

o

a

te

r
t

t
r-

f
-

n-

o

le

n
ole

o

u

f

a

d
r

pole-
r-

he
on-

a
of
th
the
.
i-
d

u-

e
ar-
s
le-
and
nt
ole
of

,
the

ru-

vel

on
nd

d in

w-

sec-

Xe

Y. X. LUO et al. PHYSICAL REVIEW C 66, 014305 ~2002!
and 64, all close to the 64 subshell with filledg7/2 andd5/2

proton orbitals. The earlier work mainly assigned configu
tions as excitations of the three valence neutrons, with pro
participation entering only indirectly through octupole ph
non couplings. We feel that this approach may be quite
propriate for the low end of the main bands, near theZ
564 subshell, but we see only small irregularities in t
spacing ofZ554 and 56 bands when going above the ma
mum spins of stretched configurations of the three vale
neutrons. Invoking double-octupole excitations as in Re
@3#, @4# seems to us questionable for theZ554 and 56 nuclei.
Rather, we suggest that the participation of valence prot
~four protons in139Xe and six in141Ba! gradually increases
as one goes up the band to higher spins. The nearly e
spacing of the levels in the bands is characteristic of h
monic vibrational character.

The transition rates among the lowest-lying three levels
141Ba @5# ~cf. Vol. 1, pp. 1316 and 1317, and beta-dec
references therein! are slower than the single-proton formul
suggesting they are different couplings of the three vale
neutrons, not much involving proton or collective sha
phonons. These three levels were proposed@3,4# to be differ-
ent couplings of the threef 7/2 neutrons beyond the 82
neutron shell closure,n( f 7/2)

3. Couplings allowed by the
Pauli principle areJ53/2, 5/2, 7/2, 9/2, 11/2, and 15/2. S
n( f 7/2)3/2

3 , n( f 7/2)5/2
3 , and n( f 7/2)7/2

3 are assigned to the
ground 3/22, 48.5 keV (5/22), and 55.0 keV (7/22) levels
of 141Ba, respectively, and the same configurations are
signed to the lowest levels in139Xe. Then( f 7/2)

3 configura-
tion is probably dominant in the lowest 11/22 and 15/22

levels of 141Ba and139Xe. The beta-decay studies sugges
a nh9/2 single-neutron excitation to the 9/22 level in 149Gd
@13#, excluding then( f 7/2)

3 assignment, sonh9/2( f 7/2)
2 was

assigned to this 9/22 level in 149Gd and also to the 9/22 state
in 147Sm @14# and 145Nd @15# from single-neutron transfe
data. We assume their assignment is applicable also to
9/22 states in141Ba and 139Xe. However, the 13/22 state
cannot be formed byn( f 7/2)

3, so there is likely dominan
n( f 7/2)

2h9/2 and some contributions from protons. Highe
spin states in bands~1! and ~2! probably are a mixture o
configurations involvingf 7/2 andh9/2 neutrons plus quadru
pole phonons.

The 13/21 states in147Sm and145Nd were found to be
populated withl 56 in single-neutron transfer reactions, i
dicating the contribution to the 13/21 state by then i 13/2
single-neutron excitations~Ref. @4# and the papers referred t
therein!. However, Piiparinenet al. @3# argued that the 13/21

is predominately due to octupole-phonon excitations coup
to then( f 7/2)

3—that is,n( f 7/2)
3

^ 32. The octupole phonon
in this case is not the same as the core octupole phono
132Sn at 4.351 MeV, composed of nucleon particle-h
states across the closed shells. In141Ba the 13/21 state lies
far lower at 1341 keV and in145Nd at 1011 keV. The octu-
pole phonon of Piiparinenet al. @3# must be composed
mainly of valence-shell particle-hole excitations, mainly
the odd neutron, which can be promoted fromf 7/2 to i 13/2
without the pair breaking needed for proton excitations. Th
there is not a clear-cut choice between assignments
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n( f 7/2)
2i 13/2 and then( f 7/2)

3
^ 32.

In the Z560 (145Nd! isotone the ‘‘octupole’’ band has a
bandhead of 11/21 close to the 13/21 and a doublet structure
17/21,15/21 and 21/21,19/21 above that. In the case o
141Ba the 19/21, 15/21, and 11/21 are not observed. The
11/21 state presumably arises from a nonstretched (I stretch

21) coupling of f 7/2 with the octupole phonon.
Band ~4! of 141Ba is remarkable in that it is headed by

19/22 level at 2172.2 keV remarkably close in energy~58
keV! to the level of the same spin and parity in band~1!. The
energy spacing in band~4! is also smaller than that in ban
~1!, suggesting that band~4! has the greater deformation o
quadrupole softness. One of two 19/22 levels inZ560, 62,
and 64 isotones has been proposed as a double octu
phonon state@3,4#. Such an explanation requires conside
able anharmonicity of the octupole vibration to bring t
state so low. There are alternative and possibly simpler c
figurations to assign the 19/22, such asp(g7/2

22)2n( f 7/2
3 )15/2,

n( f 7/2
2 )6h9/2, etc.
The neat picture we might have hoped for would be

family of four interlaced bands, two of positive and two
negative parity. Then we could claim an example of bo
signature partner and parity doublet bands. However,
presence of five bands in141Ba spoils the simple picture
Bands~1!–~4! of 141Ba are most tightly interlaced by trans
tions, while band~5! only seems interconnected with ban
~2!. The lack of M1 transitions linking bands~3! and ~5!
argues against their being signature partners.

We believe it is premature to try to draw definite concl
sions about octupole deformations from theB(E1)/B(E2)
ratios of Table III. Even when lifetimes are known, th
B(E1) strength is not a simple indicator of stable pe
shaped deformation. TheE1 strength arises from a cros
term in the quadrupole and octupole transition matrix e
ments, which can give a separation of center of charge
center of mass during rotation or vibration. Any significa
separation thus requires not only quadrupole and octup
collective motion, but also that the degree of participation
neutrons and protons be unequal. In cluster-model termsE1
strength arises only when the charge-to-mass ratio of
core~such as132Sn! has a differentZ/N ratio than the cluster
beyond the core. What is clear is that there is both quad
pole and octupole collective strength in theN585 isotones.

C. Level systematics of theNÄ85 even-odd isotones

Now the systematics, analogies, and trends of the le
patterns inN585 even-odd isotones from Gd (Z564) to Te
(Z552) are available and can provide important informati
on the nuclear structure for the isotones, including spin a
parity assignments made for the excited levels observe
141Ba and139Xe.

Shown in Fig. 5 are the level systematics of the two lo
est negative-parity bands@bands~1! and ~2! in 141Ba# in the
N585 even-odd isotones. As discussed in the previous
tion, these bands were interpreted@3,4# in the spherical
single-particle model near the proton subshellZ564 as con-
sisting of the three-neutron couplings, but in our Ba and
5-6
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isotones away from proton shells and subshells may m
appropriately be considered signature partners of one b
Level systematics and smooth trends can be seen in F
from 64Gd to 52Te. It is of interest to note the evolution o
the two bands with variation of proton number of the is
tones. Moving down from Gd (Z564), the irregularities of
the two negative-parity bands are decreasing, and aroun
(Z556) the level spacing becomes more regular. T
changing irregularity may be attributed to moving away fro
theZ564 subshell. Near the proton subshell it is reasona
to assume configurations involving predominantly just ex
tations of the three neutrons beyond theN582 shell. Indeed,
we see a gap in spacing as the spins go above the maxi
stretched three-neutron limits. It is obvious that proton ex
tations must be involved in the higher-spin states. The o
pole phonon assignments near theZ564 subshell may be the
most appropriate representation there, but midway betw
Z550 and 64, the band spacings show but little irregula
above the stretched three-neutron limits. Thus it seems
sonable in this middle region to suppose that proton exc
tions are mixed with neutron excitations throughout t
bands. The regular band spacing observed in141Ba and139Xe
may be an indication that quadrupole collectivity has co
into play.

The band spacings in yrast levels of141Ba and139Xe are
also compared with those for their neighboring even-e
isotopes140Ba @16# and 138Xe @17# in Fig. 6 and 7, respec
tively. It can be seen clearly that in comparison with140Ba
and 138Xe, respectively, the yrast bands of141Ba and139Xe

FIG. 5. Level systematics of the two negative-parity bands
theN585 even-odd isotones, which are interpreted in the spher
shell-model basis on single-neutron excitations. Also shown in
figure are systematics for the 25/21 state, which is interpreted a
pure neutron excitations. The 19/22 states are interpreted by Pi
parinenet al. @3# and Urbanet al. @4# as double-phonon excitation
coupled with single neutron states. The star symbol is attache
levels assigned by preceding references to couplings of threef 7/2

neutrons. The squares are attached to levels assigned by thes
erences to coupling of twof 7/2 with one h9/2. See text for our
alternative interpretations.
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it seems to us that traditional analyses of moments-of-ine
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f
al
e

to

ref-

FIG. 6. Comparison of the yrast band of141Ba with that of the
neighboring even-even isotope140Ba ~data taken from@16#!. Also
shown in the figure is the comparison for the octupole phonon b
in 140Ba and the positive-parity band in141Ba, the latter interpreted
as octupole phonon excitations coupled with single-neutron exc
tions.

FIG. 7. Comparison of the yrast band of139Xe with that of the
neighboring even-even isotope138Xe ~data taken from@17#!.
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too large for simple spherical single-particle shell-mod
codes. We respectfully invite the nuclear theory commun
to make further use of the systematics we present.

Figure 8 depicts the systematics of lower-lying positiv
parity bands@band~3! in 141Ba, for example# in N585 even-
odd isotones, which is considered to build on the octup
phonon excitations coupled ton( f 7/2)

3. The positive parity
state 25/21 has an almost constant energy as seen in Fig
Figure 9 is drawn for the higher-lying positive-parity ban
@band~5! in 141Ba, for example#, which are accounted for by
Urbanet al. @4# as the octupole phonon excitations coupl
to excited neutron configurations involving thenh9/2( f 7/2)

2

orbital. In Fig. 8, of particular interest, is the variation of th
excitation energies of the bandheads of the lower-lying p
tive parity band, 13/21, with changing proton number of th
isotopes. It is more clearly seen in Fig. 10 that with decre
ing proton number the excitation energies of the 13/21 states
are increasing, while those of the 13/22 states, bandheads o
the negative-parity band@band~2! in 141Ba, for example#, are
decreasing in such a way that the 13/21 yrast state in Gd,
Sm, and Nd becomes nonyrast in Ba and Xe isotones, an
13/21 state is observed in the Te isotone. The pronoun
trend of the excitation energies of the 13/21 state in theN
585 even-odd isotones may account for the decrease of
tive intensities of the lower-lying positive-parity band wi
decreasing proton number of the isotones and for the v
weak population of the positive band~3! in 139Xe and the
failure to observe a positive-parity band in137Te. The rising
excitation energies and weakening population of
positive-parity band with decreasing proton number of i
tones may imply that when approaching theZ550 proton

FIG. 8. Level systematics of the lower-lying positive-pari
bands of theN585 even-odd isotones, which are interpreted
build on octupole phonon excitations coupled with single-neut
ground states. For the sake of completeness for the bands, the 21

member of the bands is also shown in the figure. Explanation of
star, concentric circles, and square symbols is given at the top o
figure. The star symbol denotes a mix of configurations involv
an octupole phonon and those with promotion of a neutron fromf 7/2

to i 13/2.
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shell, the octupole excitations in theN585 even-odd iso-
tones become weaker.

IV. SUMMARY

New level schemes of141Ba and139Xe are proposed here
up to an excitation of'5 MeV by using the triple- and

n
/2
e

he

FIG. 9. Level systematics of the higher-lying positive-par
band of theN585 even-odd isotones. This has been interpreted
Ref. @4# as an octupole phonon excitation coupled with sing
particle neutron states with one neutron promoted from thef 7/2 to
the h9/2 orbital, and such states are labeled by the star symbol.
squares denote the interpretation of Ref.@4# for several states in Gd
at theZ564 proton subshell. Note that in Te isotones there is
positive-parity band observed.

FIG. 10. Trends of the excitation energies of the bandhe
13/21, of the lower-lying positive-parity bands of theN585 even-
odd isotones. Also shown in the figure are the 13/22 states. The
13/21 is rising in excitation energy when proton number is decre
ing, becoming nonyrast for Ba and Xe isotones. Also shown in
figure are the energy differences between the 32 states of theN
584 even-even isotones and the 13/21 states of the neighboring
N585 even-odd isotones. The data ofN584 isotones are taken
from @16,18–23#. Also see text.
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higher-fold coincidence data from252Cf spontaneous fission
at Gammasphere obtained in the year 2000, supplemente
factor-of-2 compressed spectra from our data of 1995. S
and parities are proposed for the excited levels. Systema
of the yrast and near-yrast level structure of theN585 even-
odd isotones have been extended and expanded fromZ564
to 52. Level systematics and analogies of decay patterns
the N585 even-odd isotones support the spin and parity
signments. The level spacings of the observed bands in141Ba
and 139Xe become somewhat more regular in comparis
with those of isotones near theZ564 subshell, and this com
parative regularity is seen when the yrast bands of141Ba and
139Xe are compared to those of their neighboring even-e
isotopes140Ba and 138Xe, respectively. This suggests th
quadrupole rotation/vibrational motion has come into play
141Ba and 139Xe. The increasing excitation energies of t
13/21 states and the decreasing relative intensities of
positive-parity bands of theN585 even-odd isotones with
decreasing proton number of the isotones may be an ind
tion that when approaching theZ550 proton shell, the octu
pole excitations of theN585 even-odd isotones requir
S.
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more energy, and finally go above yrast and are not obs
able in the prompt fission gamma spectra.
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