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Near-yrast structure of neutron-rich, N=85 isotones

W. Urban! W. R. Phillips? I. Ahmad? J. R&awek! A. Korgul,! T. Rzgca-Urbant J. L. Durell?> M. J. Leddy?
A. G. Smith? B. J. Varley? N. Schulz? and L. R. Mors3
linstitute of Experimental Physics, Warsaw University, ul&69, 00-681 Warszawa, Poland
2Schuster Laboratory, Department of Physics and Astronomy, University of Manchester, Manchester M13 9PL, United Kingdom
SArgonne National Laboratory, Argonne, Illlinois 60439
4Institut de Recherches Subatomiques UMR7500, CNRS-IN2P3 and UnivensisePasteur, 67037 Strasbourg, France
(Received 29 November 2000; revised manuscript received 25 June 2002; published 7 Octoper 2002

Excited states in>*Xe, populated in the spontaneous fission*8tcm, were studied by means of prompt-
7y spectroscopy, using trJROGAM2 multidetector array. Spins and parities of excited levels were determined
experimentally. New information was also obtained for th#8a nucleus. These data and a reevaluation of the
data available in the literature dii'Ba and**3Ce show that the near-yrast structures of e, #Ba, and
14%Ce nuclei are similar to that in the heavigr=85 isotones. The presence of strong octupole correlations in
the *¥%e and **!Ba nuclei, reported in another recent study, is not supported by the present work. The
observed excitations in thé=85 isotones are interpreted as being due to quadrupole and octupole vibrations
coupled to the valence-neutron levels.
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. INTRODUCTION 14%Ce nucleus. The present work reports on this study. Partial
results of this work were presented in REEQ].

Neutron-rich lanthanides exhibit features characteristic of
nuclei with octupole deformation. The features are observed
in an “island” of nuclei located on the nuclear chart around
N=288 andZ=60[1-3]. Studies performed up to now dem-  Medium-spin, yrast, and near-yrast levels i#Xe and
onstrate that the strongest octupole correlations in the lant*'Ba were populated in the spontaneous fissior?8€m
thanides are observed in nuclei with=88 neutrons. In nu- [11]. Prompty rays, following fission were measured using
clei closer to theN=82 closed shell, octupole effects are the EUROGAM2 array of anti-Compton spectrometes2].
smaller, while forN>90 quadrupole effects dominate. It has About 2X 10" yyy coincidence events were measured and
been also observed that octupole effects are weaker at tiéranged into various three-dimensional histograms of high
Z=64 subshell closurf4] as well as close to the=50 shell dispersion, V\éhICh aIIoweq studl_es of rays with intensities
[5]. The 3~ octupole-phonon energy is expected to increaséS low as 10° of the total intensity13,14]. The geometry of

when approaching proton numt&50 along constant neu- EUROGAM2 provided double and triple angular correlations,
tron numberN. if the Z=50 closed shell is well defined at 2nd theCLOVER detectors oEUROGAM2 enabled directional-

this neutron number. It is expected to be soKor 85 polarization measuremenrts5,16]. Details of theeUROGAM2

In previous works or*SNd and 47Sm [6] and 4%Gd [7] experiment and the data analysis techniques have been de-

scribed in a number of previous worksee, e.g., Ref.13)).
N =85 isotones, located at the edge of the lanthanide region P s g 113)

of octupole deformation, the structure of these nuclei was s
interpreted as being due to quadrupole and octupole vibra- A. 1¥Xe
tions coupled to single-particle excitations. It was concluded The nucleust®**Xe has been previously studied via tae
that although excited levels can be classified as simplex decay of** [17] and as a fission product observed in the
=+ bands, octupole deformation is not present at the neuspontaneous fission d*Cm [18] and 25°Cf [8]. The 25%Cf
tron numbemM = 85. work reported two bands built on the 1086 keV and 1512
In contrast to the above interpretation, very pronoucedkeV levels, which were both assumed to have positive parity.
octupole effects have been proposed in Me 85, *Ba,  No experimental data to support those assignments were
and 13%e nuclei, with indications that the effect increasesgiven. In the present work we aimed at the experimental
when going towards proton numbet=50 [8]. Conse- verification of spins and parities in the two bands observed.
quently, we investigated thé®*'Te, N=85 isotone, where, Our coincidence data obtained from theROGAM2 mea-
according to Ref[8], strong octupole correlations should surement allowed construction of the partial decay scheme of
be observed. No strong effects were observed in this3%e as shown in Fig. 1. Properties gftransitions in*3*xe
nucleus[9]. obtained in the present work are listed in Tables | and II.
The systematics of excited levels in thie=85 isotones, We confirm all the levels reported in Refg3,18]. An
updated with the new data fdf'Te, suggest that some spin important new datum concerns the 1085.8 keV level, for
and parity assignments reported in Rf] are not correct.  which new 407.4 keV and 526.4 keY decays were found.
To examine this suggestion we reinvestigated tfXe and  Figure 2a) displays a spectrum double gated on the 527 keV
141Ba nuclei and reviewed the available information on theand 491 keV lines, where a peak at 527 keV is seen. This

II. EXPERIMENT, DATA ANALYSIS, AND THE RESULTS
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FIG. 1. Partial decay scheme e as obtained in this work.

indicates that the 527 keV line is a doublet corresponding t&\,,/Aqo=+0.050 for a dipole-dipole cascade. The data
two transitions of 527 keV in a cascade. A spectrum doubleshown in Fig. 4 indicate a stretched quadrupole character for
gated on the 527 keV line and displayed in Figh)showsy  the 571.2, 585.4, 630.4, 690.2, 560.7, 527.7, 526.4, 490.8,
lines feeding the 1085.8 keV level and lines corresponding tand 581.9 keV transitions and &l =1 character for the
transitions in the'®Mo and '®Mo nuclei, which are the 491.8, 397.5, 349.0, 341.3, 918.2, 835.2, 765.4, and 711.8
most pronounced fission partners t¥Xe. The new 526.4 keV transitions.
keV transition links the 1085.8 keV level with the 559.5 keV ~ The directional-polarization coefficients are consistent
level. This level decays further via the 527.7 keV and 536.4vith electric quadrupole E2) multipolarity for the 571.2,
keV transitions to the 31.8 keV and 22.8 keV levels, respec585.4, 630.4, 527.7, 526.4, 490.8, and 581.9 keV transitions
tively, as first reported in Refl17]. The new 407.4 keV andAl=1, M1+E2 multipolarity of the 397.5 keV transi-
decay branch of the 1085.8 keV level populates the 678.5ion. For the 918.2, 835.2, and 711.8 keV transitions linear
keV level reported in Refl17]. The 407.4 keV transition is polarization is consistent with the positive parity assignment
observed in the spectrum double gated on the 491 keV an@ the band on top of the 1512.2 keV level, though it is not
656 keV lines, as shown in Fig(@. fully conclusive.

Spin and parity of the ground state, the 22.8 keV level, Adopting spin and parity 3/2, 7/2°, and 5/2 for the
and the 31.8 keV level in"*e were found to be 3/2,  ground state, the 22.8 keV level, and the 31.8 keV level,
7127, and 5/Z [17], respectively. This is strongly supported respectively, and considering the experimentally determined
by the systematics shown in Fig. 3. The 22.8 keV and thenultipolarities of transitions, we assigned spins and parities
31.8 keV levels in'3%Xe fit well the smooth variation of the to the excited levels in3%e as shown in Fig. 1. It was
excitation energies of the 7/2and 5/2 states in theN  assumed here that spin values in bands are increasing with
=85 isotones. Spin and parity assignments to other excitethe increasing excitation energy. This is based on the obser-
levels were made using angular correlations and directionakation that fission predominantly populates yrast levels.

polarization correlations, as described in R¢f,16. Co- Spin and parity assignments are crucial for the conclu-
efficients for these correlations are listed in Tables | and Il sions of this work. Therefore some of these assignments are
Figure 4 shows examples of angular correlations. discussed below in more detail. The negative parity assign-

Theoretical values of the coefficients fory correla- ments to the 559.5, 1085.8, 1577.0, and 2159.8 keV levels
tions for stretched transitions aré,,/Ag=0.102 and are particularly important here since they differ from the as-
A4/ Age=0.009 for a quadrupole-quadrupole cascadesumptions made in Ref8]. Our assignments are based on
Ass/Agp=—0.071 for a quadrupole-dipole cascade, andthe measured angular correlations and linear polarizations,
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TABLE Il. Coefficients of y-y angular correlations for pairs of

measured in this work. In the last column energies of correlatingy transitions in the***Xe nucleus, as measured in this work. Tran-

transitions used to measure directional polarization are shown.

Eexc K E, I, [relative] ~ Polarization ES°"
(keV) (keV) (keV)
559.5 9/2  527.7 61)
536.7 41)
594.0 11/2 571.2 1005)
678.5 9/Z 646.6 1.85)
655.8 41)
1085.5 13/2 407.8 €1)
491.8 253) —0.2211)* 585.4
526.4 30
1179.4 15/2 585.4 7%5) +0.256) 571.2
1194.7 (13/2) 516.0 1.05)
635.5 31
600.5 €2
1418.0 (11/2) 739.0 0.73)
824.2 1.24)
858.7 1.05)
1512.2 13/2 918.2 51)
1577.0 17/2 397.5 242) —0.106) 585.4
490.8 132)
1809.8 19/2 232.8 51)
630.4 333) +0.178) 571.2
1862.0 (17/2) 667.3 1.05)
682.5 41)
2014.5 17/2 152.5 1.13)
502.3 1.24)
835.2 g1) -0.2(2) 585.4
2159.8 21/2 581.9 303)
349.0 142)
21931 (19/2) 1013.7 2.87)
383.3 1.24)
2500.0 23/2 341.3 31
690.2 1Q1)
2575.1 21/2 416.3 1.05)
560.7 11
765.4 €1)
2921.9 (25/2) 763.0 1%3)
2925.6 7325 0@)
2993.9 835.0 a)
3161.5 2712 661.5 41)
3211.8 25/2 636.8 2.97)
711.8 31
3547.9 626.0 2®)
667.0 1.26)
3586.3 (29/2) 664.3 51)
3792.8 (29/2) 581.0 0.95)
631.5 1.05)
4022.9 861.4 0@
4232.8 (33/2) 646.5 2.04)
4299.5 713.0 0®
5096.6 863.8 0@

a/alue obtained for the 491 keV doublet line.

sitions in “sum” are listed in the last columisee text for the
definition of “sum”).

E,-E, pair Ay 1A ALlAq Transitions
(keV) in “sum”

918.2-571.2 -0.133) 0.01(1)

585.4-571.2 0.09) 0.021)
630.4-571.2 0.1@) 0.0X(1)
690.2-571.2 0.1@) 0.0013)
491-571.2 —0.031) 0.0X(1)
397.5-571.2 0.08) 0.001)

397.5-581.9 —0.102) —0.044)
341.3-581.9 —0.124) —0.01(4)

491-527 0.08) —0.035)

835.2—sum —0.041) 0.021) 571.2, 585.4
835.2-560.7  —0.042) 0.022)

349.0—sum -0.092) 0.022) 571.2, 585.4, 630.4
765.4—sum —-0.072) 0.002) 571.2, 585.4, 630.4
711.8—sum —0.0603) 0.024) 571.2, 585.4, 630.4

and on the observed decay properties of the 1085.8 keV
level. The 17/2 spin and parity assignment to the 1577.0
keV level is based on Al =1, M1+ E2 multipolarity, mea-
sured for the 397.5 keV transition, and is consistent with
other observations.

Though the 491 keV line is a doublet which could not be
resolved in our multipolarity measurement, meaningful con-
clusions can still drawn from the linear polarization and an-
gular correlations measured for the doublet, since the inten-
sity the 491.8 keV transition is two times larger than that of
the 490.8 keV component. The 571.2 keV—-491 keV angular

gate (527-491) keV

5273
581.9
>
2
=

2000
A

1000

Number of counts
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FIG. 2. Coincidence spectra double gated on lines fféfe.
See text for more explanations.
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47 excitation energies in the correspondiNg-84 core nu-
clei, shown in the right-hand panel of Fig. 3, supports further
the 13/2 spin and parity assignment to the 1085.8 keV
e & level. This level probably corresponds to the 52" con-

ok g | g figuration. The correlation observed between the 9AZrast
oo 2y excitations, displayed relative to the 5/2evels and the 2
/‘,,,;:f-‘iﬂ};:g“ ] »~ ,.2°"N=84  excitation energies in the correspondiNg-84 core nuclei,

. T N g is weaker. The deviation becomes more evidertfd&d and,

os | L e o probably, for13°Sn. It may be caused by the fact, discussed
) in Ref. [7], that in theN=85 isotones the yrast 9/2level

sp- L may have large components from both the &®re excitation
coupled to the 5/2 level and the single-particle excitation of
00 & M e the odd neutron to thehg,, orbital. Close to proton numbers

) Z=50 andZ =64, where the 2 energies increase, the yrast
9/2” level may be dominated by thehg,, excitation. If the
SnTe Xe Ba Ce Nd SmGd Sn Te Xe Ba Ce Nd SmGd 9/2~ excitation results from such a mixture, one expects an-

FIG. 3. Systematics of low- and medium-spin excitations in theOther 9/2 excitation close in energy. Indeed, the nonyrast

N=85 .iso.tones Dashed lines are drawn to p_d /2, level is observed systematically in the=85 isotones.
. guide the eye. The dai o . .
are taken from this work and Refé—9,17,18, ne may see in Fig. 3 that it _correlates better with the 2
excitation of theN =284 core. This nonyrast 9/2may there-

correlation is consistent with &l = 1 character for the 491.8 fore be dominated by the2excitation of the core.
keV transition. This, and the negative polarization for the The 1512.2 keV level was assumed to have spin and par-
491 keV doublet, indicate that the 491.8 keV transition has aty 13/2* in Ref.[8]. This level is populated rather weakly in
M1+E2 character. Consequently the spin and parity of thdission and our polarization measurements are inconclusive.
1085.8 keV level are 1372 This is further confirmed by the However, angular correlation measurements clearly indicate
526.4 keV—490.8 keV angular correlation, which is consis-Al =1 character for the 918.2, 835.2, 765.4, and 711.8 keV
tent with a stretched quadrupole character for both transitransitions, and hence spins 13/2, 17/2, 21/2, and 25/2 for the
tions and thus spin 13/2 for the 1085.2 keV level, in view 0f1512.2, 2014.5, 2575.1, and 3211.8 keV levels, respectively.
the 9/2 and 17/2 spin assignments to the 559.5 keV, andhe fact that such a nonyrast 13/2 level is populated in fis-
1577.0 keV levels, respectively. Negative parity of thesion suggests that it probably has an opposite parity to the
1085.8 keV level is a consequence of the observation that th&3/2", 1085.8 keV level. In the heavieX=85 isotones,
490.8 keV, 526.4 keV, and 527.7 keV decays are of a prompt3/2" excitations are systematically observed and were in-
character. In our experiment we could measure lifetimes iferpreted as due to octupole vibrations. Figure 5 shows their
the range from 10 to a few hundred nanosecdrddd. No  energies as a function of the corresponding &xcitation
half-life longer than 10 ns was observed ii°Xe in the energies in the corresponding=84 cores. The data for
present experiment, indicating that none of the transitions*Nd, #’Sm, and'**Gd were taken from Ref§6,7] and for
with energy lower than 800 keV observed presentlyiXe  *Ba from the reevaluation of th@ decay studieg20],
has magnetic quadrupol®12) multipolarity. Consequently, done in this work and discussed in detail in the next subsec-
the 490.8 keV, 526.4 keV, and 527.7 keV transitions, whichtion. A distinct correlation observed in Fig. 5 strongly sup-
correspond ta\l =2 spin changes, are of stretched char-  ports the interpretation of the 1512.2 keV level i#PXe as
acter and we can assign negative parity to the 1085.8 ke¥n octupole excitation coupled to the 7/222.8 keV level.
and 559.5 keV levels, based on the 5/nd 17/2 spin and The 3~ excitation in the'*Xe core is not known, and in Fig.
parity assignments to the 31.8 keV and 1577.0 keV levels5 an energy of 2050 keV was used, estimated from the sys-
respectively. Similar arguments allow th&=9/2" assign- tematics of these excitations in the regid®].
ment to the 678.5 keV level. A number of other levels with energies 1194.7, 1862.8,

The 594.0 keV and 1179.4 keV levels, of the yrast band2193.1, 2925.6, 2993.9, 3547.9, and 4299.5 keV are ob-
on top of the 7/2, 22.8 keV level, fit well the regular sys- served, which decay to the bands built on the 5&hd 7/2
tematics of the 11/2 and 15/2 excitation energies in the levels. The 2193.1 keV and 2925.6 keV levels were reported
N=285 isotones, as shown in the left-hand panel of Fig. 3previously[8]. For these levels we could not establish spins
Their excitation energies, displayed relative to their 7/2 and parities, because of their low population. Nonyrast exci-
bandheads, follow closely the energies of the @nd 4" tations with such decay properties are, however, expected in
excitations in the corresponding core nuclei with-84 neu-  the N=85 isotoneg6].
trons. This observation supports the conclusion of Re¥. Characteristic 11/2 excitations are observed systemati-
that excitations in thé\= 85 isotones can be viewed as vi- cally in heavielN= 85 isotone$6]. They were interpreted as
brations of the core nuclei coupled to the valence-neutrolue to an octupole phonon coupled to the Sf@ember of
states. the v(f7/23)j multiplet [7]. It is interesting to ask if such

A clear correlation between the excitation energies of theexcitations are present in lightlsr= 85 isotones. If observed,
13/2° levels, calculated relative to the 5/2evels, with the they would give additional information about octupole ef-

15+ 1527 ~1372°
a4 ¥ N=84) L

+d
p:Y

Excitation energy (relative) [MeV]
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fects atN=85. The 11/2 excitation should decay to the
> s 11/2° member of the band built on the 7/Ztate and to the
p 9/2" levels. In our data we observe a level at 1194.7 keV,
- i | which has such decay properties. Therefore in REJ] we
i B o Xe suggested that it might be a candidate for the 11/8ctu-
% L | pole excitation built on top of the 572state. This can be
= | s Ba verified now, utilizing the correlation between octupole exci-
Q - '| Ce tations in theN=_85 nuclei and the corresponding &xci-
T, 10 = o '| tations inN=384 cores. One expects that a correlation, simi-
@ - ’ | S Nd lar to the one observed for 13/2ctupole excitations, holds
Py L Gd m also for the 11/2 excitations.
™ i Indeed, the 11/2 excitation energies, displayed relative
¢ to the 5/Z levels, show a strong correlation with the 3
% B excitation energies in the correspondiNg-84 cores, as il-
M T R A T | lustrated in Fig. 6. The data fdf*Nd, #’Sm, and*°Gd are
15 20 taken from Refs[6,7]. For **'Ba and*Ce we reevaluated

Eoo(3 ) at N=84 [ MeV]

[B-decay data from Ref$20,21], as discussed in the next two
subsections. Taking 2050 keV for the @&xcitation energy in
the 1%8e core nucleus, as discussed above, we expect the

FIG. 5. Systematics of 13/2excitation energies calculated rela- 11/2" excitation in **Xe to be about 1450 keV. Conse-
tive to the 7/2 levels in theN =85 isotones as a function of the 3~ quently, the 1194.5 keV level is an unlikely candidate for the
excitation energies in thtl=84 core nuclei. The data are taken 11/2", octupole excitation.
from this work and Refs[4-9,17,18. The data for'*Ce are not The expected 11/2 octupole excitation is of a nonyrast

available.

character and may be populated only weakly in fission. A
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TABLE Ill. Properties ofy transitions in the!*'Ba nucleus, as

> o
é) 15 (open symbols - tentative assign.) mgasured nj_thls_ wo_rk. In the last column an energy of the corre-
= lating transition is given. “sum” denotes an average correlation
a - with the 588.6 and 658.5 keV transitions.
Ii = ) Xe
% B s Eexc K E, I, AglAg  A4lA  ES
= . (keV) (keV) (relative) (keV)
e B /:r' Ba
% 10 A 0.0 3/2
~% | > Ce 48.4 5/2
m e 550 7/
N ‘|' Nd 609.7 9/ 5614 31
WL A 554.7  21)
= i 4 643.6  11/2 588.6 1005
2 Gd | | 7470 912 6920 41
m 1 1 1 1 | 1 | 1 1
s 20 698.5 1.05
_ 1187.6 13/2 440.6 41)
E (3 )at N=84) [ MeV] 5438 112
. o . . 577.9 1)
_FIG. 6. _Systematlcs_of 1172excitation energies r_elatlv_e tp the 1256.7 (11/2) 509.8 1.55)
5/2" levels in theN =85 isotones as a function of thé xcitation 6130 0.84)
energies in thaN=284 core nuclei. The data are taken from this ' '
work and Refs[4-9,17,18. 646.7  1.89)
1302.1 15/2 658.5 5@5) 0.123) —0.042) 588.6
new search for such an excitation]i?PXe,.performeq in this 1311;:2 ﬁg ii;:; 2532)) _0.062) 0043 6585
work, revealed the 1418.0 keV level, with excitation energy 5323 183)
and decay properties as expected for the 11d2tupole ex- 18365 (17/2) 495'0 21)
citation. The present measurements could not establish the ™" '
multipolarities of transitions depopulating this level. Another 5344 1%2) -0.032) 0.0%2)  sum
study is required to answer this question and to identiI‘y2114'7 197z 8126 122) 0.094) -0.034) 6585
a band on top of this level, analogous to vibrational2329-6  21/2 2149 155
bands observed on top of 11/2evels in *Nd, 4’Sm, 609.8  1@2)
and 49Gd [6,7]. 24333 21/2 3185  §l)
506.9 142
B 415, 31279 (25/2) 6946 &1
3176.0 (25/2) 846.4 42)
The nucleus'*'Ba has been studied previously viatBe  3g34 9 (20/2) 7070  21)
decay of1*'Cs[20] and as a fission product observed in the__ '
spontaneous fission of®?Cf [8]. The latter work reported
two excited bands built on the 1187 keV and 1341 keV lev-
els, respectively, which were both assumed to have positive
parity. No experimental data were given to support this
assumption. Levels at 610 keV and 747 keV, with 9/2
tentative spin and parity assignments, were also reported
in Refs.[8,20. 500 gate 532-561

Properties ofy transitions in*'Ba as observed in the
present work are listed in Table Ill. Our coincidence data
confirm all the levels reported in Rdi8], except the 2929
keV, the population of which may be too low in our mea-
surement. Important new observations made in the present
work are the 440.6 keV and 577.9 key decays of the
1187.6 keV level to the 747.0 keV and 609.7 keV levels,
respectively. Figure 7 displays spectra double gated on the
532.3 keV, 692.0 keV, and 561.4 keV lines, respectively,
which show the newly found, 440.6 keV and 577.9 keV tran-
sitions. The partial decay scheme YfBa obtained in this
work is shown in Fig. 8.

The coefficients which best fit the angular correlations for
pairs of y transitions in'4'Ba are shown in Table lIl. They

E
S 400
-]
S 200 l
= ol ] —AINA el d
= < 2 gate 532-692
& 600 3 2
=
2 400
&)

200

0

500 600 700 800 900 1000

Channel number

are consistent with the spin values shown in Fig. 8. In parSee text for more explanations.
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FIG. 7. Coincidence spectra double gated on lines ff8tBa.
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FIG. 8. Level scheme of*'Ba as obtained in this work.

ticular, spins 13/2 and 17/2 are assigned to the 1187.6 ke$pin and parity assignment to this level is strongly favored.

and 1719.8 keV levels, respectively, because of Athe= 1

character of the 543.8 keV and 417.7 keV transitions. The C. ¥3ce

new 440.6 keV and 577.9 keV decays determine negative ) o

parity for the 1187.6 keV level, since they &@ rather than 1431’he e nucleus has been studied via ffie decay of

M2, in view of their prompt character. a[21]. A pgmal Ie_vel scheme from that stuqu, relevan_t to
Similar arguments allow the 17/2 spin assignment to thdhe present discussion of thé¢=85 isotones, is shown in

1836.5 keV level. The parity could not be determined. InFig. 9. In addition to the characteristic 3/25/2", and 7/2

Ref.[8] the 1341.3 keV level was assigned, tentatively, spinevels originating from the l(f%z)j coupling, and the 9/2

and parity 13/2. The decay of the 1836.5 keV level to the level at 662.7 keV, which were assigned their spins and pari-

1341.3 keV level was marked as tentative there. In our datéies uniquely, we show levels at 640.3, 817.0, and 1116.8,

we see a weak 495.0 keV line, but it is contaminated bywhich fit well the systematic behavior of the 11/29/2, ,

decays in fission-partner nuclei. Therefore the spin and paritynd 11/2 excitations in theN =85 isotones, respectively, as

of the 1341.3 keV level could not be determined. The Sysshown in Figs. 3 and 6. It would be very interesting to verify
tematics shown in Fig. 5 is strongly in favor of a 13/2 experimentally these expectations.

excitation present at this energy.

It may be noted that a level at 1341.5 keV has been also
seen in the8~ decay of 1*'Cs[20]. It is surprising, though
not impossible, that a level with spin 13/Zould be popu-
lated indirectly, following3~ decay of 1*Cs, which has With three neutrons outside tHé=82 closed shell, the
spin and parity 7/2 in its ground state. It is also possible N=85 isotones show an excitation pattern characteristic of
that there is another excited level around 1300 keWiBa, transitional nuclei, i.e., multiparticle levels and vibrationlike
which corresponds to the 13/2octupole excitation in this excitations coupled to them. The near-yrast excitation pat-
nucleus. terns in *%e, #Ba, and most likely also it*Ce are re-

In Ref.[20] a 1256.7 keV level has been reported, whichmarkably similar to each other and to decay schemes in the
was assigned spin and parity 11/ar, tentatively, 13/2. heavierN=85 isotones. This suggests that the structure of
Considering the systematic trends of 1/@nd 13/2 exci-  yrast levels is similar in all these nuclei and allows a system-
tations inN =85 isotones, shown in Figs. 3 and 6, the 11/2 atic comparison of***e, 41Ba, and *%Ce with 1*Nd,

Ill. SYSTEMATICS OF EXCITATIONS
IN THE N=85 ISOTONES
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FIG. 9. The partial level scheme 8f°Ce as reevaluated in this work.

147Sm, and**%Gd, for which detailed studies have been per- Not all the 9/2 levels are known in thé&l= 85 isotones.

formed previously[6,7]. In Fig. 3 the 9/2 levels in e, %’Sm, and'*°Gd are
Atlow excitation energy all three neutrons occupy thg  drawn tentatively(open circles The 1085 keV level in
orbital, producing av(f,%); multiplet with the 3/2, 5/2°,  13%e is a good candidate for the g/tate, as discussed in

and 7/2 multiplet members lowest in enerd@2]. This  Refs.[20,27 and it follows the systematics of Fig. 3. The
characteristic configuration appears systematically inNhe 1108 keV level in 14’Sm, however, proposed as the 9/2
=85 isotones, as illustrated in Fig. 3. Theff); cluster was  excitation[22], deviates from the systematics as illustrated in
introduced in Ref[22] to describe the multiplet of the three Fig. 10(a), which shows the 942 excitation relative to the
lowest states in thél =285 isotones by analogy to the so- 5/>- |evel with the 1108 keV level included. This level also
calléad viz2 nuclei” with Z=23 orN=23, where a similar - qoes not follow the trend of the energy difference between
(vf°); cluster is present. It should be mentioned here that iy, o 9/Z and 9/7 levels. Figure 1(b) shows the energy
the N=85_is_otones thepgy; orbital is much closer to the i ences between the 9/2and 5/2 levels and the 13/2
viz; than .'t IS gtN=Z=23. Thereforezthe 3f2|eyel ha§ at and 9/2 levels, respectively, as a function of the corre-
N:8.5 a 5|gn|f_|cant a_dmxture Of thef?7,,03, configuration, sponding core 2 excitation energy. Once more the 1108
as gﬁlscrfieldlll;_detagl ig /56{22]',[ levels in theN=85 i keV level does not fit the trend. One may notice that the
el =2L1ls an yrast 1eveis in — 02150 1020 keV level in4’Sm[23] fits better the systematics but
tone53 were _mterpreted as hlghger—spm . membgr_s of thﬁs decay properties are not knoy23]. Based on systemat-
v(f42%); multiplet [22]. The »(f,%); multiplet origin of s we suggest that the 817 keV level’fiCe corresponds to

i
these excitations is manifested by a significant decrease ? . )
the in-band transition intensities above spin I5/t Fig. 3 (I%Z\(/aelg ge ?;?232?2% ;mse aii?gxmpggf erties of the 817 kev

thel"=11/2" and 15/2 yrast levels are compared to thé 2 .
and 4 excitations in the correspondifg=284 cores. It is I,n Refs.[?O,ZZ i has'been suggested that thep/ﬂnd'
9/2, levels in theN=285 isotones, one of a more collective

apparent from Fig. 3 that the points for thie=85 isotones . X .
follow closely the N=84 points. In the cluster-vibration and the other of a more single-particle nature, exchange their

model of Ref.[22] the I"=11/2" and 15/2 yrast levels properties when the proton number increase fiom60 to

_ in 14 14 14
were reproduced by coupling tg,, cluster to the quadru- £~ 62- The 9/2 levels in 'Ba, '*%Ce, and'*Nd were

pole vibration. The resulting configuration was called aiﬂtsrpretedlfs single-particle states, and the, devels in
collective quasif,, multiplet. Sm and**%Gd as collective excitations. Figure 3 shows a

The 9/2° excitations atN=85 can be viewed either as Strong correlation between the excitation energies of the
members of the collective quasi, multiplet or as a result 13/2, levels(measured relative to the 5/2eve)) and the 4
of promoting the odd neutron to then, orbital. Observa-  €xcitations in the correspondirlg=_84 cores, suggesting a
tion of two 9/2” levels close in energy in tHe=85 isotones ~ collective nature for the 13[2 levels. Therefore the 942
indicates that two mechanisms compete here. iling, neu-  levels in ***Xe and **Ba, which are strongly linked to the
tron excitation manifests its presence by a characteristid3/2 levels, should also have collective character, contrary
sequence of 13/2 17/2°, and 21/2 levels, forming on top  to the conclusion of Ref$20,22. More experimental infor-
of the 9/2° level a cascade of transitions with energiesmation is needed to clarify this situation.
decreasing with spin. Such cascades are observed in the Let us note that '[hexvhg,zf%2 multiplet can mix with the
heavier N=85 isotones and were interpreted as thecollective quasif;, band on top of the 5/2 level. If there
v[(f§,2)0+,2+,4+’6+®h9,ﬂj configuration [6,7], with j.,, was a clear distinction between thé}, cluster and 9/2
=21/2. In the lightetN=85 isotones studied in the present collective, quasit;;, excitations, as suggested in RE20],
work, the v[(f§/2)0+,2+,4+16+] sequence, with its characteris- one should also see a third 9/2evel nearby.
tic energy spacing, is not present and the band on top of the In the course of this study new theoretical calculations
9/2 level shows more collective, quasirotational characterbecame available for 9/2 levels in the=85 isotoned 24].
Let us note that the quasi;, multiplet, with one quadrupole The calculations confirm the presence of t{é;,%) g/~ and
phonon[22] cannot generate spin 21/2. V[ (f72)hgple- configurations but they also suggest the

044302-8
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Sn Te Xe Ba Ce Nd Sm Gd Sn Te Xe Ba Ce Nd Sm Gd
— 11T FIG. 11. Systematics of energies of medium-spin level&in
=85 isotones. See text for more explanations. Lines are drawn to
Lo | b) 1108 keV o ) ) guide the eye. The data are taken from this work and Refs.
~ gR My R [4-9,17,18
[P] ‘_,p-"’
E /,9"" coupled to thev(f3),,- level. Similar excitations were ob-
cu served in**’Sm and***Nd nuclei[6]. In a recent study of the
2 o 18Gd nucleud25], there are even suggestions of the pres-
% o 132] - 925 ence of a three octupole-phonon excitation. The picture may
= 05 - e s be more complicated, however, since the trend for the 19/2
= TR 1108 keV o levels is quite different from the trend of octupole excitations
- | | | | in the N=85 isotones, as shown in Fig. 11.
o0 Xe Ba Ce Nd Gd At higher excitation energies the odd neutron can be pro-
g moted to thd ,5, orbital giving rise to the 13/2 excitation.
83 Sm As pointed out in Ref[20], the presence of such a contribu-
tion is supported by the observation of 13/Rvels in 1*Nd
00 | | | and **'Sm in (d,p) and («,°He) reaction studie$26,27.

Another 13/2 excitation expected ilN=85 isotones is due
to an octupole phonon coupled to14f%);,- level. This
E 2t N=84) [keV] expectation of two 13/2 levels led the authors of R€i8] to
the conclusion that in***Xe and *'Ba two bands of the
FIG. 10. Systematics of 972¢_excitatio_ns in theN=85 isoton_es. same simplex based on the=13/2" levels are present, one
Open C|rclgs represent tentative assignments. Dashed lines &g which has a single-particlei 3, nature and the other,
drawn to guide the eye. The data are taken from this work and Refgq\var in energy, is due to an octupole phonon coupled to the
[4-9.17.18 v(f1,°)7>- State. This is illustrated in Fig. 11, where, ac-
cording to Ref[8], the systematics for the"=13/2" exci-
presence of a third 972 near-yrast excitation corresponding tation(solid line) splits into two branches below proton num-
to the v[(f,?)Panlen- configuration, which comes as the ber Z=60. Due to its predicted yrast character, the lower
lowest 9/2" level in their calculations. Verificaton of the na- 17=13/2" level should be clearly seen iH'Te at an exci-
ture of the observed 972excitations inN= 85 isotones will  tation energy of about 1 MeV. We could not see such a level
require further studies. In particular, one should identify ex-in *Te where, instead, a strongly populatéd=13/2" level
perimentally the expected third 97Zxcitation, which up to  was identified at 1100.8 kelR]. As seen in Fig. 11, levels
now was not observed in the discussed nuclei. proposed int**Xe and *'Ba asl "=13/2" excitation follow
Figure 11 displays energies of medium-spin excited stateslosely the systematics for tH€=13/2" levels, which in-
in N=85 isotones relative to the 7/2level. It can be seen cludes the newly found 1372level in *7Te. In this work
that members of the»(f7,23)j and v[(f2)) hgp]; multiplets  (cf. Secs. Il A and 11B we have shown that the discussed
follow rather smooth systematics in contrast to the 19/2 =13/2 levels in**Xe and **'Ba have negative parity and
level. In Ref.[7] it was suggested that the 19/2evel in  belong to either thez(f7,23)j or v[(f%,z)hg,ﬂj multiplet. In
14%Gd may be due to double octupole-phonon excitatiorFigs. 5 and 6 we have shown that there is a clear correlation

600 700 800
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excitation energies of 1650 keV and 1850 keV for the two
*} EQ3/25) -E(/2) levels, respectively, taking the 3octupole excitation energy
S in 13¢Te to be 2450 keV, as estimated in RE0].
|} EQZY-EG2) There may be more octupole excitations present in the
L« E9/2Y-EBG/2) ‘ N=85 isotones than seen so far. One possibility islan
Te =9/2 coupling of an octupole phonon to the 3/@xcitation.
L The 1249.0 keV level in**'Ba[20] is a good candidate for
‘ such an excitation, considering its decay properties and ex-

i - citation energy. It is marked by an asterisk in Fig. 12. Indeed,
the authors of Ref.20] assigned spin and parity 9/20 the

o 1249.0 keV level or, as a less likely solution, 11/2the
o = e 1256.8 keV level in'*'Ba observed in Ref[20] was as-
L o Ce signed spin 11/2 or, as a less likely solution, spin 1372 It
' is likely that 9/2" excitations may be also present in other
',/ N=85 isotones. The 9/2 excitations are too nonyrast in
| Sm character to be populated in fission but should be se¢h'in
Gd decay experiments. Figure 12 gives hints about their excita-
tion energies.

It seems that the correct calculations of octupole excita-
Eew (3 ) at N=84 [ MeV] tion energies aN=385 will require going beyond the shell-
model scheme. In particular the effect of polarization of
cores towards octupole instability has to be taken into ac-
] . . count, similarly as proposed for coupling of quadrupole pho-
between the energies of the 13/%vels in theN=85 iso- 1 to valence neutrons bit=85[22]. To describe properly
tones and the 3 octupole excitations in thelN=84 cores.  gych excitations the energy of the quadrupole phonon was
Moreover, excitation energies of t.h@= 13/2" levels rela-  taken at 1 MeV in Ref[22], which is significantly lower
tive to the 7/2 level are systematically lower than the cor- than energies of 2 excitations in the correspondirg=82
responding 3 core excitations. These observations indicatecores. This arbitrary selection takes care of the effect of
a large contribution to the 13/2level originating from the “softening” of the N=82 cores towards quadrupole distor-
octupole vibration coupled to the odd particle in the or-  tions, when neutrons are added.
bital as well as the contribution from thei s+ single-
particle excitation. On the other hand, it is likely that the
second 13/2 level with a dominant contribution from the IV. THE EXPECTED YRAST EXCITATIONS IN 1355n
viq3; Neutron excitation is pushed to higher energies and is
too nonyrast aN=_85 to be populated in fission. The obtained systematics of excitation energies inNhe

The presence of octupole excitations in tNe=85 iso- =85 isotones, shown in Fig. 3, helps to predict properties of

. . . . H H id3 13 13
tones is clearly manifested by the systematic observation dhe nhearyrast excitations it**Sn and *'Te. The **°Sn
11/2" and 13/Z excitations in these nuclei. In Fig. 12 the nucleus is located on the path of the astrophysigadocess
combined data from Figs. 5 and 6 are displayed. The energgnd its properties are important for the r-process calculations.
of octupole excitations ifN=84 andN=85 isotones de- For instance, the excitation pattern ¥sn can provide in-
creases with increasing proton number. This observation coformation about neutron level energies and about the strength
tradicts recent suggestions of RE$] that octupole correla- Of the Z=50 shell closure alN=285.
tions increase with decreasing proton number. The trend For **‘Te the systematics suggests spin 7/®r the
shown in Fig. 12 reflects the increasing proton contributionground state. Two excited states with spins 5éhd 3/2" are
to the octupole phonon. As their number increases filbm predicted close to each other at around 100 keV. The 9/2
=50 towardsZ=64, protons fill thew(ds;) and 7(g7.) level is expected at around 700 keV above the 7tate. It
orbitals, both of which can couple by the octupole interaction's of great interest to verify experimentally predictions for
to the mr(h,y,) orbital, giving rise to strong octupole corre- **Te, to enrich the systematics.
lations in the regiof28]. For Gd to BaN =85 isotones the The existing systematics suggests that spin and parity of
variation of octupole excitation energy k=85 isotones is the ground state if3>Sn are 7/2. For the first excited state
very regular and could be used to predict energies of the yetpin 5/2° and excitation energy of about 200 keV are ex-
unknown octupole excitations. The data shown in Fig. 12pected, while for the second excited state spin 3 ex-
suggest that the expected excitation energy of the1l@#2el  pected at around 400 keV. Further up, the,94nd 11/2
in 14Ce is 1190 keV. Belowz=56, the observed trends levels are expected to be between 700 keV and 800 keV
change. The interaction of the 3core excitation with va- above the 7/2 level, while the 15/2 level is expected to be
lence neutrons grows for the 11/2evels, while for 13/2 around 1200 keV above the 7/2evel.
levels it decreases. ldentification of the 11/and 13/2 These predictions can be compared with theoretical esti-
levels in ¥*Te would significantly enrich the systematics. mates obtained fof**Sn using theoxsasH code[31] with
With linear extrapolations of the data in Fig. 12, one predictghe same input data as used to successfully describe the ex-

1.5 |—  (open symbols - tentative assign.)

Eoc(3” ) at N=85 [ MeV |
T
B

1.5 2.0 2.5

FIG. 12. Octupole excitations in tHé=85 isotones.
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Eee [ —22 - tones is qualitatively explained as resulting from various oc-
[MeV] —ur tupole couplings between thej=Al=3 orbitals active in
B /7 the region. Based on this picture we suggest that there is a
2r 9/2" octupole excitation present in tié=85 isotones dis-
- cussed. The 1249.0 keV level ##'Ba is the first candidate
I 9" for this new octupole excitation.
e —E i Excitations observed in th&l=85 isotones were ex-
52 — % plained as the result of coupling between levels formed by
----------------------------------- ] three valence neutrons in tlie, andhg, orbitals and quad-
ol e rupole and octupole vibrations. These excitations can be
classified using the simplex quantum numbersasti and

- 13 )
FIG. 13. oxBAsH prediction for'3*Sn. See text for explanations. s=—i levels. The classification shows that the underlying,

_ TV single-particle structure contains orbitals necessary to build
citation pattern in'*‘Sn in Refs[29,30. The results, shown octupole deformation but the clear vibrational character of
in Fig. 13, confirm the expected pattern, though the groungne gpserved excitations indicates that octupole deformation
state produqes calculations about 300 ke_V lower thang ot present in thé\=85 isotones with 56 Z<64.
expected. If it was at the level marked in Fig. 13 by the g iangjve systematics of energies of identified levels ob-
dashed line, the agreement between energies calculated Withine in this work serves as a guide for searches for several

OXBASH and estimated from systematics would be very Sat'new, suggested excitations in the=85 isotones, possibly
isfactory up to 1.5 MeV of excitation. The above results arei5 B~ decay studies. In®"Te the 3/2, 5/2°, and 9/2

now confirmed by more detailed shell-model calculatlonsyrast levels, predicted by the systematic trends of energy
of Ref. [24]. levels, are still not known. A confirmation of the proposed
11/2" levels in¥%e, *Ba, and***Ce is of great interest as
V. CONCLUSIONS would identification of further 9/2 levels. It is also of inter-

In summary, medium-spin, near-yrast excited states iffSt to find 13/2 to 9/2, decay branches if*‘Ce—"*4Gd,
13%e and 41Ba, populated in the spontaneous fission ofN=85 isotones in order to clarify the nature of the 9/2
248Cm, were studied using thEUROGAM2 array. Spin and levels in these nuclei.
parity assignments based on measured angular correlations Various octupole vibrations coupled to three valence neu-
and linear polarizations, as well as new decay branches of§tons in theN=85 isotones, presented in this work, provide
served for the 1085.8 keV level itF%e and the 1187.6 kev an excellent testing ground for models describing the cou-
level in %1Ba, have shown that both levels have negativePling between single-particle and collective excitations in

parity. This result, together with our recent study of #i&re this rggipn. Equally interesting is to obtain a more accurate
nucleus, indicates that the structures 8fTe, 13%e, and description of quadrupole modes coupled toligg andi g,
14134 are similar to the heavied =85 isotones and do not Neutron orbitals not considered in previous calculations.

support recent proposals that octupole correlations increase
in these nuclei. A similar structure is suggested t6iCe,
based on a reevaluation of the data available in the literature. This work was partially supported by the Science and
A very strong correlation between the excitation energieEngineering Research Council of the United Kingdom under
of 13/2" octupole excitations in ths=85 isotones, and the Grant No. GRH71161 and by the U.S. Department of Energy
energies of the 3 octupole vibrations in the corresponding under Contract No. W-31-109-ENG-38. The authors are in-
N=84 core nuclei, was found. A similar correlation, ex- debted for the use of*Cm to the Office of Basic Energy
pected for 11/2 octupole excitations, enables predictions toSciences, U.S. Department of Energy, through the transplu-
be made of the excitation energies of the I1févels in the  tonium element production facilities at the Oak Ridge Na-
3%, 1%1Ba, and!*%Ce nuclei. tional Laboratory. One of the authofs.K.) acknowledges
The systematics of octupole excitations in the85 iso-  the scholarship from the Foundation for Polish Science.
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