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Collectivity in even 54
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High-spin states in the even116Xe and118Xe isotopes have been studied with the58Ni( 64Zn) reaction at 265
MeV using the GAMMASPHERE array. Several new rotational bands have been identified in these nuclei, and
previously observed bands have been extended. In116Xe, a strongly coupled (DI 51) rotational band attributed
to the n@h11/2(g7/2,d5/2)

1# configuration and a decoupled (DI 52) rotational band identified with the
p@h11/2g7/2# configuration have been found. Experimental observations also suggest that another rotational
band may be understood within the framework of smooth band termination. In118Xe, two well-developed
sidebands have been observed to decay by multiple paths to the yrast band at spins near 14\ and 28\.
Identification of the higher-lying sideband has resulted in a substantial revision to the previously proposed spin
extent of the yrast band, thereby resolving an earlier disgreement with theoretical calculations.
@S0556-2813~98!06806-X#

PACS number~s!: 21.10.Re, 25.70.Gh, 23.20.Lv, 27.60.1j
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I. INTRODUCTION

Experimental investigations of nuclei located near theZ
550 closed proton shell in theA'110 mass region hav
uncovered exotic collective structures which coexist with
expected single-particle states. For example, well-deform
rotational bands built upon particle-hole (p-h) proton exci-
tations across the shell gap have been observed recently
number ofZ550253 nuclei@1–11# up to exceptionally high
rotational frequencies. As additional particle alignment ta
place at higher frequencies, many of these so-called ‘
truder bands’’ have displayed the characteristic effect
gradually decreasing dynamic moments of inertia to unu
ally low values. This feature has been attributed by theo
ical calculations@12,13# to a mode of smooth band termina
tion. In this interpretation, the nuclear shape traces a gra
~smooth! path through the triaxialg plane from collective
near-prolate (g;0°) to noncollective oblate (g5160°) as
the available valence nucleons outside of theZ5N550
double shell-closure align. These rotational bands termin
once all of the spin vectors of the valence particles and h
in the underlying configurations have been aligned along
rotational axis. The observation of several rotational band
the Z552 114Te62 @7# and 116Te64 @8# isotopes which were
interpreted within the framework of smooth band terminat
stimulated the present search for related structural feature
the Z554 116Xe62 and 118Xe64 isotopes. Indeed, the high
spin characteristics of the yrast band in the intermed
117Xe63 isotope are suggestive of smooth band terminat
@14#.

*Present address: Oliver Lodge Laboratory, University of Liv
pool, P.O. Box 147, Liverpool L69 7ZE, United Kingdom.
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Well-deformed intruder rotational bands built upon 2p-
2h proton excitations have been identified in many50Sn,

51Sb, 52Te, and 53I nuclides in theA'110 mass region.
Among the even1062118Sn @1,2,15–17# isotopes, collective
rotational behavior has been found to be induced by the p
motion of two protons from high-V, upslopingg9/2 orbitals
into low-V, downslopingg7/2 orbitals, creating low-lying,
deformed 2p2h (pg7/2)

2
^ (pg9/2)

22 states. The slopes o
these orbitals with respect to the quadrupole deformation
rameterb2 drive the nucleus towards a prolate deformati
regulated by thepg7/2-pg9/2 level crossing atb2.0.2. In the
odd 1092117Sb @4,5,18–20#, even 1102116Te @6–8,21,22#, and
odd 113,115I @10,11# isotopes, the 2p-2h proton excitation
generates rotational bands built upon deformed 3p2h, 4p2h,
and 5p2h proton configurations, respectively, with the add
tional valence proton~s! occupying deformation-drivingh11/2

or g7/2,d5/2 orbitals. Given these observations, the 2p-2h
proton excitation in the116Xe and 118Xe isotopes would be
expected to induce intruder rotational behavior based u
deformed 6p2h proton configurations, with the four add
tional valence protons occupying deformation-driving orb
als.

The present experiment was designed to investigate
mechanisms by which collective angular momenta are g
erated in the even116Xe and 118Xe isotopes. In addition to
intruder rotational bands, these isotopes are expecte
manifest a wealth of interesting collective rotational stru
tures generated by the four valence protons and avail
valence neutrons outside of theZ5N550 doubly-closed
shell. As a result of this work, level schemes for both116Xe
and 118Xe have been established to high spins and excita
energies. In116Xe, a well-developed rotational band whic
may be understood within the framework of smooth ba

-
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termination has been identified. Decoupled (DI 52) and
strongly coupled (DI 51) rotational bands also have bee
found. In 118Xe, previously observed bands@23# have been
extended, and several new bands have been identified.
yrast band also has been revised substantially@14# at spins
greater than 26\, thereby resolving an earlier disagreeme
with theoretical calculations of the energy cost of high an
lar momenta@24#.

A compilation of previous experimental information o
116Xe and 118Xe can be found in Refs.@25# and@26#, respec-
tively. Results of the two most recent high-sping-ray spec-
troscopy experiments utilizing the90Zr(31P,pxn)116,118Xe
and 92Mo(32S,2pa)118Xe reactions are reported, respe
tively, in Refs. @14# and @23#. Preliminary results from the
present independent study have been reported earlier@27,28#.

II. EXPERIMENT

The 58Ni( 64Zn) reaction at a beam energy of 265 Me
was used to populate states in the116,118Xe nuclei at the
Lawrence Berkeley National Laboratory 88-In. Cyclotron f
cility. Two experiments were performed, one with a thi
target stack of two 500mg/cm2 self-supporting58Ni foils,
and another using a 720mg/cm2 target of 58Ni backed by a
19.2 mg/cm2 layer of natural lead.

g-ray transitions were detected with th
GAMMASPHERE array which included 56 escap
suppressed HPGe detectors, each with an efficiency of
proximately 75% of the standard 7.6 cm37.6 cm NaI~Tl!
for a 1.33 MeVg ray. The detectors were located in 14 rin
which were distributed nearly uniformly over 4p solid
angle, as indicated in Table I.

For the thin-target experiment, events in which at le
four detectors fired in prompt coincidence were written
tape, and a total of 4.83109 unfolded g-g-g triple-
coincidence events were collected. For the backed-targe
periment, the fold condition was changed to require o
three detectors firing in prompt coincidence, and a tota

TABLE I. Location u of detector rings in the
GAMMASPHERE array and the number of detectorsN in each
ring for this experiment. Anglesu are measured in degrees relati
to the beam direction.

u N

17.3 2
31.7 5
37.4 5
50.1 5
58.3 1
79.2 1
90.0 6
99.3 1
100.8 1
121.7 5
129.9 10
142.6 5
148.3 4
162.7 5
he

t
-

-

p-

t

x-
y
f

0.453109 unfolded g-g double-coincidence events wer
collected. In each experiment, approximately 20%~33%! of
the events corresponded to thea2p (4p) channel to116Xe
(118Xe). Considerable strength also was observed in thep
channel to119Cs (;27%).

Recorded events from both experiments were separa
unfolded off line into doubles and triples and replayed in
Eg-Eg coincidence matrices andEg-Eg-Eg coincidence
cubes, respectively. In addition, events from the thin-tar
experiment were sorted into double-gated matrices to se
116Xe and, separately,118Xe preferentially from the popu-
lated reaction channels. Analysis was conducted using
programsESCL8RandLEVIT8R @29#.

Transition multipolarities for116,118Xe were determined
from the backed-target data by using the method of dir
tional correlation of oriented states~DCO! @30#. A matrix
was constructed in which detectors situated at and near
with respect to the beam direction were sorted against th
located at extreme forward (u<37.4°) and extreme back
ward (u>142.6°) angles. From this matrix, the angula
intensity ratio ofg rays

RDCO5
I g~u fb290̄° !

I g~90̄°2u fb!
~1!

was extracted, in which the second angle in parenthese
fers to the matrix axis which is sliced by the gating tran
tion, and 90̄° andu fb represent those detectors located at a
near 90° and at extreme forward and backward angles,
spectively. In order to maximize the statistics available
angular-correlation analysis, two other matrices also w
constructed, in which detectors located at extreme forw
and backward angles, and detectors situated at and near
were sorted against those located at all angles. From th
matrices, the angular-intensity ratio

RDCO8 5
I g~u fb2uall!

I g~90̄°2uall!
~2!

was extracted, in whichuall represents detectors at all angle
Angular-intensity ratios were calibrated using transitions
known multipolarity in the low excitation-energy region o
the 118Xe level scheme. Transitions of stretched quadrup
character were identified by the ratiosRDCO (RDCO8 )
'1.0(4.0) when gated by a stretchedE2. Similarly, the ra-
tios RDCO (RDCO8 )'0.5(2.0) indicated transitions of pur
stretched dipole character. Forg-ray transitions in which
both angular-intensity ratios could be extracted with a
equate statistics, the ratios were found to imply consist
multipolarity assignments.

III. RESULTS

The level schemes for116Xe and 118Xe based upon coin-
cidence relationships and relative intensities as extrac
from the present experiment are shown in Figs. 1 and
respectively. As seen in the figures, a total of 9~11! se-
quences consisting of 4 or more levels were observed
116Xe (118Xe); 6 new sequences have been identified
116Xe, and 4 new sequences have been found in118Xe. To



nsity
stimated

57 2993COLLECTIVITY IN EVEN 54
116Xe AND 54

118Xe ISOTOPES
FIG. 1. Proposed level scheme for116Xe. Transition energies are given in keV. The width of each arrow is proportional to the inte
of the indicated transition. For clarity, the decay pattern of the level labeled with the letter X has been shown in two locations. E
spins of the unconnected bands are accurate to62\.
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facilitate this discussion, the observed level sequences h
been numbered; hereinafter, these sequences will be refe
to as ‘‘bands’’ regardless of the extent of collective behavi
Linking transitions to known lower-lying levels for bands
5, and 7 in 116Xe and band 5 in118Xe were not observed
directly. Characteristics of theg-ray transitions identified in
these nuclei are listed in Tables II, III, IV, and V. In gener
level spin and parity assignments were deduced fr
angular-correlation analysis and systematic decay proper
Spins for the unconnected bands have been estimated
the spins of the levels into which they decay, plus allowan
for the angular momentum of the linking transitions; ten
tive parities have been assigned on the basis of decay
siderations.
ve
red
.

,

s.
m
s
-
n-

A. Level scheme for 116Xe

The positive-parity yrast cascade in116Xe, labeled 4 in
Fig. 1, has been extended@14# by six transitions toI p

5(441). A spectrum generated for this band by the sum
two gates on the 1475- and 1484-keV band members
double-gated matrix sorted to select116Xe preferentially is
shown in Fig. 3. To construct this matrix, the original coi
cidence data from the thin-target experiment were sorted
der a gating condition of twog rays from a list of energies
This list included the energies of all members of the yr
band except for those of the 752-, 1475-, and 1484-keV tr
sitions, which had contaminants at nearby energies, and
the 1776-keV transition, which was observed only ten
tively. Although the spectrum shown in Fig. 3 cleanly illu
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FIG. 2. Proposed level scheme for118Xe. Transition energies are given in keV. The width of each arrow is proportional to the inte
of the indicated transition. For clarity, the feeding pattern of the level labeled with the letter X has been shown in two locations. E
spins of the unconnected band are accurate to62\.
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trates the extent of the yrast band, the relative intensity of
752-keV transition appears incorrect due to the absence o
energy from the sorting gate list. Also appearing in the sp
trum displayed in Fig. 3 are two peaks at 1756 and 1
keV. Further analysis using the double-gated matrix de
mined that these two transitions do not correspond to
favored continuation of the yrast band, but to a short
quence which decays to the (381) state of band 4, as ha
been indicated in Fig. 1. Reliable angular-correlation m
surements could not be extracted for either these two tra
tions or any of the new transitions in band 4 owing to
weak intensities with which they were observed.

The band labeled 2 in Fig. 1 consists of three mutua
coincidentg rays and decays via several weak transitions
band 4. Only the 657-keV transition in this band has
been observed before@25#. In the absence of reliable angula
correlation measurements, the spins and parity of this b
have been assigned on the basis of the systematic beh
observed in heavier even Xe nuclei@23#. A band consisting
of four weak transitions and labeled 1 in Fig. 1 appears
feed into band 2 at theI p581 state; a definitive link could
not be identified.

The band labeled 3 in Fig. 1, populated at approxima
5% of the intensity of band 4, includes seven levels and
been observed for the first time in this work. Except for
highest state, every state in band 3 decays both in band
e
its
c-
8
r-
e

e-

-
si-
e

y
o
t

nd
ior

to

ly
as
e
nd

to the nearest level in band 4. The lowest state in band 3
three separate decay paths: a 683-keV transition to thI p

581 state in band 2, a 1247-keV transition to the 81 state in
band 4, and a 525-keV transition to the 101 state in band 4.
Though each of these linking transitions is too weak to
tract angular-correlation measurements, the competing d
paths limit the possible spin and parity assignments to
lowest state in the band. Angular-intensity ratios measu
for the 295-keV link between band 3 and the 121 state in
band 4 have the valuesRDCO50.9460.16 andRDCO8 54.04
60.23. In order to ensure experimentally reasonable m
polarities for the intraband 522-keV transition and the 12
keV link between band 3 and band 4, the multipolarity of t
295-keV transition has been concluded to have dominaI
→I M 1 character, with small possibleE2 admixtures; this
results in a spin and parity assignment ofI p5101 to the
experimental bandhead. In general, angular-correla
analysis of intraband transitions was hindered by the p
ence of strong contaminants in band 4 at similar energ
Measurements extracted for the 234- and 241-keV links
tween band 3 and band 4 are consistent withI→I assign-
ments within quoted errors. A short sequence consisting
two transitions at 977 and 956 keV has been observe
decay into the highest state in this band.

Another new feature of this level scheme, band 5 inclu
eight transitions and has been followed up to a rotatio
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TABLE II. g-ray energies, intensities, and angular-correlation data for transitions assigned to116Xe.

Eg ~keV! a I g ~%! b RDCO
c RDCO8 c I i

p→I f
p Multipolarity

184.8 1.1~0.1! 2.32~0.33! 132→132 M1/E2
227.8 3.7~0.1! 3.47~0.16! 112→112 M1/E2
230.1~0.7! 5.8~0.2! (152)→152 M1/E2
233.7 2.3~0.1! 0.83~0.14! 3.00~0.19! 141→141 M1/E2
241.4 1.7~0.1! 2.80~0.35! 161→161 M1/E2
273.3~0.3! 0.8~0.1! 181→181 M1/E2
277.6 2.0~0.1! 122→
290.0 4.7~0.2! 0.96~0.12! 3.71~0.22! 92→92 M1/E2
295.4 2.2~0.1! 0.94~0.16! 4.04~0.23! 121→121 M1/E2
301.2~1.4! <0.5 (101→91) (M1/E2)
309.5 4.6~0.5! 0.67~0.07! 2.44~0.14! 132→122 M1/E2
315.0~1.4! d <0.5d (111→101) (M1/E2)
315.0~1.4! d <0.5d (121→111) (M1/E2)
319.2~0.3! 1.4~0.1! 201→201 M1/E2
327.4 <0.5 →102

332.6 2.2~0.1! →112

367.7 2.7~0.3! 0.66~0.07! 2.10~0.15! 152→142 M1/E2
382.6 1.1~0.1! 0.65~0.26! 2.56~0.45! 122→112 M1/E2
386.3 3.3~0.3! 0.72~0.07! 2.50~0.19! 142→132 M1/E2
393.6 104.6~1.9! 1.00e 4.00e 21→01 E2
411.2 1.6~0.2! 162→152 M1/E2
465.2 6.4~0.2! 0.91~0.08! 3.82~0.18! 72→52 E2
472.0 7.3~0.6! 3.95~0.23! 82→62 E2
521.6 1.1~0.2! 121→101 E2
524.2 100.0~3.2! 0.99~0.01! 3.99~0.03! 41→21 E2
525.4~0.4! <0.5 101→101 M1/E2
536.9 21.8~0.7! 0.97~0.06! 4.05~0.10! 92→72 E2
541.6 1.1~0.1! 41→21 E2
554.3 5.3~0.3! 0.99~0.07! 3.78~0.12! 102→82 E2
560.4 2.9~0.2! 61→41 E2
583.8 9.8~0.3! 1.01~0.08! 3.37~0.18! 112→92 E2
584.0 0.6~0.1! 61→61 M1/E2
597.2~0.4! 2.9~0.1! (162→152) M1/E2
605.0 2.7~0.3! 0.96~0.16! 4.16~0.33! 122→102 E2
615.6 93.3~2.8! 0.99~0.01! 4.10~0.02! 61→41 E2
622.8 <0.5 21→21 M1/E2
627.4 1.3~0.2! 62→52 M1/E2
634.0 1.5~0.2! 82→72 M1/E2
639.8 1.2~0.1! 41→41 M1/E2
645.9 24.0~0.8! 0.91~0.02! 3.96~0.05! 112→92 E2
651.5 2.0~0.3! 102→92 M1/E2
656.5 2.7~0.1! 81→61 E2
677.2 60.7~1.9! 0.95~0.02! 4.01~0.03! 81→61 E2
682.5 1.3~0.1! 101→81 (M1/E2)
692.2 9.5~1.0! 0.95~0.10! 3.65~0.24! 132→112 E2
696.0 5.8~0.6! 0.88~0.10! 3.48~0.20! 142→122 E2
720.0 4.7~0.2! 141→121 E2
721.2 39.0~1.2! 0.96~0.02! 3.87~0.05! 101→81 E2
735.7 20.0~0.6! 132→112 E2
751.7 31.2~1.0! 0.93~0.02! 3.80~0.09! 121→101 E2
754.2 8.0~0.8! 152→132 E2
766.6~1.3! 1.1~0.3! (182→162) (E2)
771.1 14.2~0.6! 0.52~0.05! 2.18~0.08! 92→81 E1
779.1 4.3~0.4! 162→142 E2
782.1 25.8~0.8! 3.77~0.12! 141→121 E2
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Table II. ~Continued!.

Eg ~keV! a I g ~%! b RDCO
c RDCO8 c I i

p→I f
p Multipolarity

799.6 15.8~0.5! 0.91~0.06! 3.64~0.11! 152→132 E2
808.7 7.2~0.2! 3.28~0.13! (172)→152 (E2)
826.4 1.3~0.2! 92→72 E2
835.2 21.8~0.6! 3.59~0.19! 161→141 E2
842.7 5.0~0.3! 4.13~0.56! 161→141 E2
853.1 7.3~0.3! 1.00~0.13! 3.82~0.28! 172→152 E2
868.4 10.7~0.5! 3.29~0.19! 82→81 E1
871.4~0.3! 6.0~0.1! (192→172) (E2)
894.5 16.6~0.5! (181)→161 (E2)
904.0 6.6~0.2! (192)→172 (E2)
911.6 26.7~0.9! 0.54~0.02! 2.14~0.04! 72→61 E1
926.9 4.7~0.1! (181)→161 (E2)
932.7~0.3! 2.2~0.2! (212→192) (E2)
952.6~0.3! 7.6~0.2! (201→181) (E2)
955.6~1.2! 2.0~0.1! (25→23) (E2)
977.0~1.2! 3.3~0.2! (23)→221 ~dipole!
998.3~0.4! 4.4~0.2! (201→181) (E2)
1002.7~0.3! 3.5~0.1! (221→201) (E2)
1003.0~1.2! 1.1~0.2! (212→192) (E2)
1015.3~0.3! 1.1~0.2! (232→212) (E2)
1016.6~1.4! <0.5 21→01 E2
1023.1~0.3! 3.4~0.2! (221→201) (E2)
1047.7~0.3! 2.9~0.1! (241→221) (E2)
1061.3 3.0~0.1! 92→81 E1
1061.9 5.3~0.4! 0.56~0.04! 2.09~0.06! 52→41 E1
1070.0~1.4! d 1.3~0.2! d (232→212) (E2)
1070.0~1.4! d 1.3~0.2! d (252→232) (E2)
1073.4 4.7~0.3! 3.52~0.29! 62→61 E1
1095.8~0.7! 2.5~0.1! (261→241) (E2)
1102.0~1.4! <0.5 (252→232) (E2)
1138.0~1.2! <0.5 (272→252) (E2)
1163.8~0.4! 2.1~0.2! (281→261) (E2)
1207.0~1.2! <0.5 (292→272) (E2)
1245.1~0.3! 1.4~0.2! (301→281) (E2)
1246.0~1.2! <0.5 (312→292) (E2)
1246.8 <0.5 101→81 E2
1272.0~1.2! <0.5 (332→312) (E2)
1325.1~0.4! 1.2~0.1! (321→301) (E2)
1344.5~1.4! 2.2~1.0! (91)→81 (M1/E2)
1405.2~0.8! 1.1~0.2! (341→321) (E2)
1475.3~1.4! 0.6~0.2! (361→341) (E2)
1483.5~1.7! <0.5 (381→361) (E2)
1616.6~1.5! <0.5 (401→381) (E2)
1698.0~1.7! <0.5 (421→401) (E2)
1756~2! <0.5 (401→381) (E2)
1776~2! <0.5 (441→421) (E2)
1848~2! <0.5 (421→401) (E2)

aEnergies are accurate to within60.2 keV except where noted.
bIntensities are normalized to 100% for the 524.2-keV transition.
cAngular-correlation measurements have been extracted from backed-target experiment only. Measu
are not available for transitions that are either too weak and/or contaminated.
dDoublet; energy and intensity reported for composite peak because individual peaks could not be r
unambiguously.
eDefined by systematics.
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TABLE III. g-ray energies, intensities, and angular-correlation data for transitions assigned to118Xe.

Eg ~keV! a I g ~%! b RDCO
c RDCO8 c I i

p→I f
p Multipolarity

157.5 0.7~0.1! 92→82 M1/E2
172.0~1.0! <0.5 141→ 141 M1/E2
192.0 1.8~0.1! 2.43~0.11! 102→ 92 M1/E2
211.2~0.6! <0.5 72→ 72 M1/E2
246.6 5.5~0.6! 0.83~0.03! 3.23~0.07! 102→ 92 M1/E2
255.8 1.5~0.3! 1.12~0.13! 3.86~0.22! 121→ 121 M1/E2
268.9 4.5~0.5! 0.67~0.05! 2.80~0.09! 112→ 102 M1/E2
286.8 4.5~0.4! 0.93~0.09! 4.17~0.22! 92→ 92 M1/E2
297.5 1.3~0.2! (112)→ 112 (M1/E2)
319.6 3.8~0.4! 0.77~0.05! 2.66~0.10! 122→ 112 M1/E2
337.5 100.0~4.0! 1.00d 4.00d 21→ 01 E2
341.8 <0.5 (92)→ 92 (M1/E2)
344.9 3.7~0.4! 132→ 122 M1/E2
384.5 1.6~0.2! (142)→ 132 (M1/E2)
403.9 1.7~0.2! 0.85~0.06! 3.38~0.12! 102→ 82 E2
405.4~0.4! 1.7~0.2! (152→ 142) (M1/E2)
418.5 1.0~0.2! 0.72~0.12! 3.31~0.30! 82→ 72 M1/E2
423.6 1.8~0.2! 3.77~0.46! 72→ 52 E2
438.0 0.9~0.1! 31→ 21 M1/E2
438.1 3.2~0.2! 1.00~0.12! 3.84~0.21! 101→ 101 M1/E2
440.8~0.4! 1.0~0.1! (162→ 152) (M1/E2)
456.8~0.4! 0.7~0.1! (172→ 162) (M1/E2)
457.3 2.4~0.3! 2.68~0.27! 8(2)→ 6(2) E2
472.8 92.0~4.0! 0.97~0.01! 3.88~0.02! 41→ 21 E2
488.1~0.4! 0.5~0.1! (182→ 172) (M1/E2)
488.1~0.4! 0.6~0.1! (192→ 182) (M1/E2)
500.4 10.0~0.3! 0.98~0.05! 4.07~0.09! 92→ 72 E2
504.1~0.4! <0.5 (161→ 161) (M1/E2)
512.4 5.8~0.6! 0.96~0.07! 3.10~0.13! 41→ 21 E2
515.4 4.0~0.4! 3.85~0.25! 112→ 92 E2
528.2~0.4! 1.5 ~0.2! (141)→ 141 (M1/E2)
538.3 4.0~0.4! 1.08~0.14! 4.31~0.35! 10(2)→ 8(2) E2
544.0~0.6! 0.8~0.1! 6(2)→ 52 (M1/E2)
555.8 7.7~0.8! 1.05~0.06! e 3.69~0.11! e 61→ 41 E2
555.9 1.1~0.2! 1.05~0.06! e 3.69~0.11! e 51→ 31 E2
577.6 0.9~0.1! (112)→ 92 (E2)
578.2~0.6! <0.5 8(2)→ 72 (M1/E2)
582.4~0.6! <0.5 92→ 81 E1
586.4 80.0~3.4! 0.98~0.01! 4.01~0.03! 61→ 41 E2
588.5 2.8~0.3! 122→ 102 E2
590.6 6.4~0.6! 21→ 21 M1/E2
592.8 5.8~0.6! 1.03~0.10! 3.98~0.22! 121→ 101 E2
599.8 2.4~0.3! 61→ 61 M1/E2
616.3~0.6! <0.5 10(2)→ 92 (M1/E2)
622.1 18.6~0.6! 0.96~0.03! 4.06~0.08! 112→ 92 E2
627.2 4.5~0.5! 1.10~0.12! 4.15~0.32! 81→ 61 E2
629.8 4.4~0.4! 1.15~0.35! 4.64~0.93! 101→ 81 E2
630.3 6.8~0.7! 0.98~0.16! 3.08~0.38! 41→ 41 M1/E2
632.6~0.6! <0.5 12(2)→ 112 (M1/E2)
634.8 1.1~0.2! 72→ 52 E2
637.3 8.0~0.6! 1.14~0.07! 4.24~0.16! 12(2)→ 10(2) E2
637.9 4.1~0.3! (71)→ 51 (E2)
664.2 4.2~0.4! 3.85~0.34! 132→ 112 E2
676.4 60.0~1.7! 0.97~0.02! 4.06~0.03! 81→ 61 E2
680.9 2.8~0.3! (91→ 71) (E2)
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TABLE III. ~Continued!.

Eg ~keV! a I g ~%! b RDCO
c RDCO8 c I i

p→I f
p Multipolarity

692.0 4.1~0.4! 1.07~0.10! 3.67~0.25! 141→121 E2
708.0~0.4! 3.5~0.2! (132→112) (E2)
710.1 2.2~0.2! (111→91) (E2)
715.1 0.8~0.2! (151→131) (E2)
718.4 16.9~0.6! 0.98~0.07! 3.75~0.14! 132→112 E2
721.7 2.0~0.3! (131→111) (E2)
726.2~0.4! 3.5~1.0! 112→101 E1
729.0 2.5~0.3! (142)→122 (E2)
735.6~0.4! 6.8~0.7! 4.19~0.29! 14(2)→12(2) E2
742.2 33.0~1.0! 0.94~0.03! 3.80~0.05! 101→81 E2
746.0~1.0! 0.6~0.2! (171→151) (E2)
762.5~0.4! 1.4~0.1! (161→141) (E2)
774.4 18.0~0.6! 0.93~0.08! 141→121 E2
775.9 24.0~0.8! 1.05~0.05! 4.03~0.15! 121→101 E2
787.3 14.0~0.4! (161)→141 (E2)
790.5~0.4! 2.6~0.3! (152)→132 (E2)
795.9 9.8~0.3! 1.05~0.17! 3.73~0.13! 152→132 E2
807.6~0.4! 0.8~0.1! (172→152) (E2)
814.9~0.3! 3.0~0.4! 3.77~0.40! 161→141 E2
818.6~0.4! 2.8~0.2! (181→161) (E2)
825.2~0.4! 6.0~0.6! 3.24~0.52! 16(2)→14(2) E2
830.0~1.0! <0.5 (191→171) (E2)
841.4~0.6! <0.5 92→72 E2
842.8~0.4! 2.6~0.2! (202→182) (E2)
845.9 16.6~0.6! 0.50~0.04! 1.96~0.07! 92→81 E1
846.4~0.4! 1.6~0.2! (162→142) (E2)
846.5~0.3! 6.9~0.3! (181→161) (E2)
859.2~0.4! 1.6~0.2! (212)→192 (E2)
862.0~0.4! 3.4~0.4! (182)→16(2) (E2)
867.1 6.5~0.7! 3.88~0.34! 172→152 E2
883.6~0.4! 1.1~0.1! (152→132) (E2)
886.1 3.0~0.3! 3.25~0.31! 192→172 E2
897.7~0.4! 2.1~0.2! (172→152) (E2)
898.5~0.4! 2.3~0.2! (201→181) (E2)
905.0~0.4! 0.6~0.1! (192→172) (E2)
909.8~0.4! 2.0~0.1! (222→202) (E2)
924.5 4.0~0.4! 0.97~0.12! 4.05~0.29! 8(2)→ 81 (E1)
928.1 1.7~0.4! 21→ 01 E2
928.3~0.4! 2.5~0.3! (181)→ 161 (E2)
931.6~0.3! 4.8~0.2! (201→ 181) (E2)
945.4~0.4! 1.3~0.1! (182→ 162) (E2)
966.4~0.4! 1.6~0.2! →172

975.8~0.4! 1.7~0.2! (192→ 172) (E2)
986.6~0.4! 1.3~0.1! (221→201) (E2)
987.4~0.4! 0.8~0.1! (232→212) (E2)
999.0~0.4! 1.4~0.2! (242→222) (E2)
1021.8 12.2~0.5! 0.50~0.03! 2.02~0.05! 72→61 E1
1023.5~0.3! 3.0~0.3! (221→201) (E2)
1028.8 1.3~0.2! 31→21 M1/E2
1032.4~0.5! 1.8~0.4! (201→181) (E2)
1046.0~0.4! <0.5 (241→221) (E2)
1094.0~1.0! 0.8~0.1! (221→201) (E2)
1111.4~0.6! 1.5~0.3! (262→242) (E2)
1112.1 1.3~0.2! 0.89~0.19! 2.95~0.44! 51→41 M1/E2
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TABLE III. ~Continued!.

Eg ~keV! a I g ~%! b RDCO
c RDCO8 c I i

p→I f
p Multipolarity

1113.5~0.4! 2.5~0.1! (241→221) (E2)
1116.0~0.6! 0.6~0.1! (252→232) (E2)
1132.9 3.5~0.3! 0.48~0.11! 2.00~0.15! 92→81 E1
1143.6 1.7~0.2! 3.26~0.33! 6(2)→61 (E1)
1153.9~0.6! <0.5 (272→252) (E2)
1163.9 1.0~0.1! (71)→61 (M1/E2)
1167.6~0.7! <0.5 (301→281) (E2)
1168.5 0.8~0.1! (91)→81 (M1/E2)
1180.4~0.6! <0.5 101→81 E2
1184.8 2.0~0.2! 0.46~0.18! 2.17~0.14! 52→41 E1
1187.6~0.4! <0.5 92→81 E1
1191.6~0.6! 1.0~0.2! (282→262) (E2)
1194.0~0.6! <0.5 (292→272) (E2)
1197.9~0.4! 2.4~0.1! (261→241) (E2)
1233.3 1.0~0.2! 2.67~0.48! 72→61 E1
1236.0~0.8! 0.7~0.1! (302→282) (E2)
1260.3~0.5! 1.3~0.1! (281→261) (E2)
1269.6~0.5! 0.9~0.1! (341→321) (E2)
1280.5~0.5! 1.2~0.1! (301→281) (E2)
1281.6~0.6! <0.5 (312→292) (E2)
1286.6~0.5! 1.2~0.1! (321→301) (E2)
1291.0~0.6! 0.8~0.1! (161)→141 (E2)
1303.2~0.6! 1.2~0.1! (141)→121 (E2)
1308.6~0.6! <0.5 (301→281) (E2)
1310.0~0.5! <0.5 →361

1313.9~0.5! <0.5 (361→341) (E2)
1322.4~0.6! <0.5 (181→161) (E2)
1331.6~1.0! <0.5 (332→312) (E2)
1373.0~0.5! <0.5 (281→261) (E2)
1380.1~0.5! <0.5 (321→301) (E2)
1421.6~0.5! <0.5 (301→281) (E2)
1426.3~1.0! <0.5 (352→332) (E2)
1436.0~0.5! <0.5 (341→321) (E2)
1476.7~0.5! <0.5 →341

1521.6~0.6! <0.5 (321→301) (E2)
1614.7~0.7! <0.5
1672.9~0.6! <0.5 (341→321) (E2)
1971.9~0.7! <0.5

aEnergies are accurate to within60.2 keV except where noted.
bIntensities are normalized to 100% for the 337.5-keV transition.
cAngular-correlation measurements have been extracted from backed-target experiment only. Measu
are not available for transitions that are either too weak and/or contaminated.
dDefined by systematics.
eAngular-correlation measurement reported for composite peak because individual peaks could no
solved unambiguously.
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frequency in excess of 0.90 MeV/\. A spectrum generated in
the thin-target cube from the sum of all combinations
double-coincidence gates among the members of this ba
shown in Fig. 4. This spectrum illustrates that the ene
separation of adjacentg-ray transitions in the band increas
with increasing transition energy. Band 5 appears to deca
the yrastI p5161 state, but could not be connected conc
sively. Transitions which may be involved in the decay pa
are labeled with a question mark in Fig. 4. While the inte
sity observed in the band was not sufficient to extract relia
f
is
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to
-
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angular-correlation measurements for any band mem
the regular level spacings of the band, the relatively h
energies of the intraband transitions, and the absenc
any crossover transitions suggest that band 5 is a rotati
cascade of stretchedDI 52 electric quadrupoles. Kinemati
J (1)'(2I 11)\2/Eg and dynamic J (2)'4\2/DEg
moments of inertia extracted for the band are plotted
Fig. 5.

Populated at approximately 22% intensity, the band
beled 8 in Fig. 1 has been extended@25# to I p5(332). Band
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8 decays to band 4 by strong transitions at 771 and 912
and also by a weaker transition at 1062 keV. The ratiosRDCO

and RDCO8 extracted for these three linking transitions~see
Table II! are consistent with stretched dipole assignme
indicating odd spins for the band. Negative parity has b
assigned to this band on the basis of the systematic beha
observed in nearby even Xe isotopes@23#. Angular-
correlation analysis supports stretched quadrupole ass
ments for transitions observed in the band at energies u
853 keV. Two sequences, each consisting of three lev
decay to the 152 and (192) states in band 8 by weak tran
sitions at 230 and 933 keV, respectively. Tentative spins
parities for these two structures have been assigned on
basis of yrast arguments and decay considerations as rel
angular-correlation measurements could not be extracted
any of the linking transitions.

Band 6, which has been observed for the first time in t
work, consists of two cascades ofDI 52 transitions con-
nected by a series ofDI 51 transitions. As in band 3, th
possible spin and parity assignments for the lowest stat
the odd-spin sequence are limited by the several obse
decay paths. Angular-intensity ratios measured for the 2
keV link to the 92 state in band 8 have the valuesRDCO

50.9660.12 andRDCO8 53.7160.22. In order to ensure a
experimentally reasonable multipolarity for the competiti

TABLE IV. g-ray energies and intensities~in parentheses! for
transitions assigned to unconnected bands in116Xe. Intensities are
normalized to 100% for the 524.2-keV transition.

Band 1 Band 5 Band 7

742 ~1.8! 762 ~4.5! 679 ~1.4!
752 ~1.6! 864 ~4.5! 748 ~4.0!
762 ~1.0! 891 ~4.2! 807 ~3.5!
839 ~0.9! 899 ~4.2! 832 ~5.0! a

1091 ~3.0! 867 ~2.5!
1286 ~1.7! 960 ~1.0!
1463 ~0.7! 1115 ~0.7!

1853 ~<0.5!

aDoublet; energy and intensity reported for composite peak bec
individual peaks could not be resolved unambiguously.
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826-keV link to the 72 state in band 8, the multipolarity o
the 290-keV transition has been concluded to have domin
I→I M 1 character, with small possibleE2 admixtures; this
results in a spin and parity assignment of 92 to the lowest
state in the odd-spin sequence. This sequence is connect
its even-spin analog by five low-energy transitions. Angul
intensity ratios could be extracted for all of these connect
transitions except the 411-keV crossover; these ratios
suggestive ofDI 51 mixed M1/E2 multipolarity assign-
ments. Spin and parity assignments for the even-spin
quence have been determined on this basis. In addition to
strong 290-keV link, band 6 decays to band 8 via seve
other relatively weaker links; the ratiosRDCO8 extracted for
the 228- and 185-keV links are consistent withI→I M 1
multipolarity assignments~with small possibleE2 admix-
tures! within statistical errors. Band 6 also decays by thr
separate transitions to band 4; the ratiosRDCO8 measured for
the the strongest of these at 868 and 1073 keV are consi
with I→I E1 multipolarity assignments. Angular-correlatio
analysis of the intraband transitions, where possible, supp
stretchedE2 assignments. Notably, the 122 state in band 6
has several competitive decay paths through an intermed
level labeled X for clarity in Fig. 1; this level decays to th
102 state in band 6 by a 327-keV transition.

Eight weakly observed transitions are included in band
Although the specific transitions involved in the decay of th
new band could not be determined, two decay paths h
been established. Approximately two-thirds of the band’s
tensity feeds out from the next-to-lowest state in the band
the I p5112 state in band 8, and the remaining one-th

se

TABLE V. g-ray energies and intensities~in parentheses! for
transitions assigned to band 5 in118Xe. Intensities are normalized to
100% for the 337.5-keV transition.

615 ~2.7!
907 ~1.9!
965 ~1.8!
989 ~1.3!
1085 ~0.8!

1193 ~<0.5!
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FIG. 3. Coincidence spectrum for band 4
116Xe obtained from the sum of two gates on th
1475- and 1484-keV band members in a doub
gated matrix sorted to select116Xe preferentially;
see text for discussion. Band members are in
cated by their energies, and contaminants are
beled with the letter C. Inset: spectrum at tran
tion energies greater than 1550 keV.
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FIG. 4. Coincidence spectrum for band 5
116Xe obtained from the sum of all intraban
double gates in the thin-target cube. Band me
bers are indicated by an asterisk, and transitio
identified in band 4~the yrast band! are indicated
by the letter Y. Possible linking transitions be
tween bands 4 and 5 are indicated with a quest
mark.
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feeds out from the lowest state in the band to the 102 state in
band 6, as noted in Fig. 1. Experimental observations
those noted above in band 5 suggest that band 7 is al
rotational cascade of stretchedDI 52 electric quadrupoles.

Band 9 consists of three weak low-energy transitio
which decay via a 1345-keV transition to the yrast 81 level.
Tentative spin and parity assignments have been determ
for this new band on the basis of yrast arguments and de
considerations.

In addition to the structures shown in Fig. 1, another
quence of mutually coincidentg rays was observed at ap
proximately 5% of the intensity of band 4. This sequen
which could not be placed definitively in the level schem
includes transitions at 737, 913, and 1150 keV.

B. Level scheme for118Xe

The positive-parity yrast cascade in118Xe, labeled 6 in
Fig. 2, has been established to theI p5(361) level. A spec-
trum generated for this band by a gate on the 1198-keV b
member in a double-gated matrix sorted to select118Xe pref-
erentially is shown in Fig. 6. This matrix was constructed
a manner similar to that discussed above for the double-g
matrix in 116Xe; in this case, the sorting gate list included t
energies of all members of the yrast band up to spin (281),
except for those of the 774- and 776-keV transitions, wh
had close-lying contaminants. The relative intensities
these two transitions appear incorrect in the spectrum
played in Fig. 6 due to the absence of their energies from
sorting gate list. Spin and parity assignments in this band
supported up to the 141 state by angular-correlation analysi

Evidence was presented in the most recent publication
118Xe @14# to support the continuation of the yrast cascade
I p5(461). Further analysis of this evidence in the prese
work using the double-gated matrix just described conc
sively establishes that theg-ray transitions proposed as th
continuation actually form a parallel band which decays
various levels of band 6. Displayed in Fig. 2~b! of Ref. @14#
is a spectrum of the yrast band generated by directly unf
ing the original EUROGAM II data under a gating conditio
of any four of the strongest yrast transitions. Transitions
served in this spectrum at energies greater than 1350
were suggested as the continuation of the yrast band be
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the (361) state. As seen here in the inset of Fig. 6, each
these transitions appears clearly in the 1198-keV gate in
double-gated matrix. While all of the labeled high-ener
transitions have been attributed to118Xe, the extra gating
condition available in the double-gated matrix permitted
conclusive determination of their placement in the lev
scheme. Four coincidence spectra gated on the 1373-, 14
1522-, and 1673-keV transitions in the double-gated ma
are displayed in Figs. 7~a!–7~d!, respectively. The appear
ance in these spectra of the 1260-, 1280-, and 1287-
transitions in band 6 and the 1309-, 1380-, and 1436-k
transitions in band 8 documents the level ordering adopte
Fig. 2.

As noted above, band 8 decays by several high-ene
transitions to band 6. Angular-correlation analysis of the

FIG. 5. KinematicJ (1) and dynamicJ (2) moments of inertia
extracted for band 5 in116Xe. A dashed line indicates the rigid
body moment of inertia calculated for a quadrupole deformat
b250.2.
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FIG. 6. Coincidence spectrum
for band 6 in118Xe obtained from
a gate on the 1198-keV ban
member in a double-gated matri
sorted to select118Xe preferen-
tially; see text for discussion
Band members are indicated b
their energies, and contaminan
are labeled with the letter C. Inse
spectrum at transition energie
greater than 1350 keV.
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decay links was precluded by their weak observed inte
ties; however, identification of an 1168-keV transition co
necting theI p5(301) state in band 6 to band 8 does fix th
relative spin and parity assignments of these two bands.
justment of either the relative spins or parities would requ
the observation of transitions described by experiment
unreasonable multipolarities.

The band labeled 7 in Fig. 2, populated at approximat
2.5% of the intensity of band 6, includes six levels and h
been observed for the first time in this work. Two separ
decay paths to the yrast cascade are observed for the lo
two states in this band: the experimental bandhead decay
528- and 1303-keV transitions to the yrastI p5141 and 121

states, respectively, and the next higher state decays by
and 1291-keV transitions to the yrast (161) and 141 states,
respectively. Though each of these linking transitions w
i-
-

d-
e
ly

y
s
e
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by

4-

s

too weak to extract reliable angular-correlation measu
ments, the observed decay pattern of this band limits
possible spin and parity assignments to the experime
bandhead. On the basis of systematics, this bandhead
been assigned to be (141); this represents the maximum sp
allowed within the restriction imposed by the decay patte
Intraband transitions also were too weak for angul
correlation analysis; they have been assumed to be stret
electric quadrupoles.

Band 5, also new, includes six transitions and appear
decay to the yrastI p5141 state. The specificg-ray transi-
tions involved in the decay path of this band could not
identified conclusively. Although the intraband transitio
were observed too weakly to measure angular-intensity
tios, experimental observations like those noted earlier
bands 5 and 7 in116Xe suggest that this band is also a rot
st
-

FIG. 7. Coincidence spectra
generated in the118Xe double-
gated matrix by gating on the
1373- ~a!, 1422- ~b!, 1522- ~c!,
and 1673-keV~d! transitions link-
ing band 8 to band 6. Note the
staggered appearance of the yra
1260-, 1280-, and 1287-keV tran
sitions. Broken vertical lines have
been drawn to guide the eye.
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tional cascade of stretchedDI 52 electric quadrupoles. Ki-
nematicJ (1) and dynamicJ (2) moments of inertia extracte
for band 5 are plotted in Fig. 8.

Apart from band 2, all of the remaining features of118Xe
shown in Fig. 2 have been investigated by To¨rmänenet al. in
Ref. @23#. While many new transitions and decay paths ha
been found in the present work, our level scheme is con
tent with that proposed earlier. As a result, we focus be
on additions to the remaining features in the level sche
deduced from the present study.

Both of the negative-parity bands labeled 3 and 4 in F
2 have been followed to higher spins. Populated at appr
mately 18% intensity, band 3 has been extended by th
transitions to a level spin ofI p5(352). Though consider-
ably less intense than band 3, band 4 has been extende
four transitions to (302). Several new weak decay path
which connect band 4 to band 3 have been identified at 5
578, 616, and 633 keV. Band 4 also has two separate d
paths to band 6: a 924-keV transition to the yrast 81 state,
and an 1144-keV transition to the yrast 61 state. These links
whose angular-intensity ratios are reported in Table III, ha
been assigned to beI→I transitions in order to ensure ex
perimentally reasonable multipolarities for the transitio
connecting bands 3 and 4. Even spins are established
band 4 as a result of these assignments, and systemati
havior suggests that the band most likely has negative pa

Both bands 9 and 11 decay to band 10 at low spins.
new links between band 10 and the yrast positive-parity c
cade have been found, but several new decay paths w
separately connect bands 9 and 11 to yrast states in ba
have been observed. Spin and parity assignments to ban
are based upon angular-intensity ratios extracted for
1112-keV link to the yrastI p541 state; these ratios ar
suggestive of aDI 51 mixedM1/E2 multipolarity, implying
odd spins and even parity for the band. Five new transiti

FIG. 8. KinematicJ (1) and dynamicJ (2) moments of inertia
extracted for band 5 in118Xe. A dashed line indicates the rigid
body moment of inertia calculated for a quadrupole deformat
b250.2.
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have been added to band 11, and a single new transition
been added to band 9.

The band labeled 1 in Fig. 2 consists of two cascades
DI 52 transitions connected by a series ofDI 51 transitions.
Though this band could not be extended in the present w
additional decay paths have been identified which firmly
tablish the spins and parities of the low-lyingI p572 and 82

states. The level populated by the 419-keV transition in t
band decays by a 1233-keV transition to the yrast 61 state
and also by a very weak 635-keV transition to the 52 state in
band 3. Angular-correlation analysis suggests that the for
link has anE1 multipolarity. Given this information and the
observed decay pattern, the spin and parity of this level h
been assigned to be 72. Establishing the spin and parity o
the 82 state follows from a complete consideration of a
available information. To begin, an 1133-keV transition co
nects the state populated by the 515-keV transition to
yrast 81 level; angular-intensity ratios measured for this lin
are consistent with a pure, stretched-dipole character,
yielding an I p592 assignment, in agreement with earli
findings. Angular-correlation analysis also indicates that
247-keV transition interlinking the twoDI 52 cascades ha
DI 51 mixedM1/E2 multipolarity. This determines the spi
and parity assignment to the 102 state. Finally, the ratios
RDCO extracted for the 404- and 419-keV transitions with
band 1 support assigning the former transition as a stretc
electric quadrupole and the latter as aDI 51 mixedM1/E2
dipole, thus generating the spin and parity assignment to
82 state.

As indicated in Fig. 2, theI p5102 state in band 1 has
several alternate decay paths through an intermediate l
labeled X for clarity. The 102 state decays to this level by
192-keV transition whose measured angular-intensity ra
RDCO8 supports aDI 51 mixedM1/E2 multipolarity assign-
ment. Taken together, this ratio and the decay pattern of
intermediate level suggest a spin and parity assignmen
92.

The new band labeled 2 in Fig. 2 consists of five leve
this band feeds the state labeled X by a 578-keV transit
Although this band also decays to band 3 by a 298-k
transition, neither linking transition was sufficiently inten
to permit angular-correlation analysis. Tentative spin a
parity assignments have been determined for this band on
basis of yrast arguments and decay considerations.

IV. DISCUSSION

As suggested above, the level schemes extracted
116Xe and 118Xe are quite complex. While these nuclei d
indeed manifest a number of different structures, they a
share several related features since, as isotopes, they
similar proton Fermi surfaces. Interpretations of several
these features in118Xe were given in Ref.@23#. Accordingly,
this discussion will focus on116Xe and those bands identifie
for the first time in 118Xe. The discussion itself has bee
organized into two parts which separately address posit
and negative-parity bands. Within each part, related band
both isotopes are discussed together so as to exploit sys
atic behaviors. A brief listing of the configuration assig
ments proposed in this discussion for the bands observe
116Xe and 118Xe can be found in Table VI.

n
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TABLE VI. Configuration assignments proposed for bands observed in116Xe and 118Xe. Bands are
referred to by their numbered labels shown in Figs. 1 and 2, respectively. See Sec. IV for discussion

Bands in Bands in Configuration
116Xe 118Xe assignment

2 10 even-spin quasirotationalg band
11 odd-spin quasirotationalg band

11 a odd-spin quasirotationalg band^ aligned
(nh11/2)

2 configuration
7 even-spin quasirotationalg band^ aligned

(nh11/2)
2 configuration

4 6 ground-state band
4 a 6 a ground-state band̂ aligned (ph11/2)

2

configuration
3 9 ground-state band̂ aligned (nh11/2)

2

configuration
4 b aligned (ph11/2)

2 band^ aligned (nh11/2)
2

configuration
8 3 favored signaturep@h11/2g7/2#

7 c 4 unfavored signaturep@h11/2g7/2#

7 c favored signaturep@h11/2d5/2#

6 n@h11/2(g7/2,d5/2)
1#

1 p@(g9/2)
21h11/2#

5 p@h11/2(g7/2,d5/2)
3# ^ n@(h11/2)

3(g7/2,d5/2)
9#

aCrossing occurs at frequenciesv'v1.
bCrossing occurs at frequenciesv'v2.
cTwo alternate interpretations are proposed.
t

n
s

t,

-
at

e

s

s
s

ef

s

in-

-

g

-
pa-
A. Positive-parity bands

1. 116Xe, band 4, and118Xe, bands 6 and 8

Experimental alignmentsi x extracted for the yras
positive-parity bands in116Xe and 118Xe are displayed in
Fig. 9 as a function of rotational frequency. As can be see
the figure, the yrast band in116Xe shows two gradual gain
in alignment atv150.39 MeV/\ andv250.51 MeV/\, and
also a small increase atv4'0.74 MeV/\. In contrast, the
yrast band in118Xe shows only two sharp gains in alignmen
the first occurring at the same frequency as that in116Xe and
the second atv3'0.64 MeV/\. A discussion of these align
ments is presented below within the context of system
behaviors identified in heavier even xenon isotopes.

The yrast positive-parity bands in the heavier ev
1202126Xe isotopes all show an alignment atv1'0.39
MeV/\, proceeding from an upbend in120Xe to a backbend
in 126Xe ~see, for example, Ref.@23#!. In the A>122 Xe
isotopes, these alignments have been attributed to pair
h11/2 neutrons. However, as pointed out in Ref.@23#, addi-
tional aligned angular momentum is gained in the case
118Xe and 120Xe, which suggests different aligning particle
for the lighter and heavier Xe isotopes.

Two different interpretations have been proposed in R
@14# and @23# for the alignment observed atv1 in 118Xe. In
Ref. @23#, the alignment behaviors of118Xe and 120Xe were
compared to those of theZ556 isotones120Ba and 122Ba,
respectively. As shown in Fig. 10~a! of that reference, similar
upbends were observed to occur in the alignment pattern
these four nuclides at frequencies nearv1. In the 120,122Ba
isotopes, these upbends were attributed@31,32# to the near
superposition of closely spacedh11/2 proton andh11/2 neutron
in

ic

n

of

of

s.

of

alignments. Given this understanding, an interpretation
volving nearly simultaneoush11/2 proton andh11/2 neutron
alignments was proposed in Ref.@23# for the upbends ob-
served in the118,120Xe isotopes. In the interpretation pro
posed in Ref.@14#, however, the upbend in118Xe was attrib-
uted solely to h11/2 protons on the basis of blockin

FIG. 9. Experimental alignmentsi x for the yrast positive-parity
bands in 116Xe and 118Xe calculated relative to a frequency
dependent moment of inertia reference described by the Harris
rameters used in Ref.@23#, J0515 \2/MeV andJ1525 \4/MeV3.
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arguments with thenh11/2 and ph11/2 yrast bands in the
nearby odd-neutron117Xe and odd-proton117I nuclides, re-
spectively.

A conclusive distinction can be made between these a
nate interpretations by referring to recent experimental d
for 120Ba, in which the yrast positive-parity band has be
extended to 36\ @33#. The experimental alignment extracte
for this band is shown here in Fig. 10~a!. As seen in this
figure, two distinct upbends are now observed in120Ba, the
first at v1'0.36 MeV/\ and the second atv2'0.52
MeV/\. These upbends have been interpreted by compa
the alignment behavior in120Ba to that extracted for the
ng7/2 andnh11/2 bands in the odd-mass119Ba isotope; these
latter two bands have been extended also in recent ex
mental data@33#. On the basis of this comparison, the fir
~second! alignment in 120Ba has been attributed solely t
h11/2 protons (h11/2 neutrons! @33#. The alignments for116Xe
and 118Xe are compared to120Ba in Figs. 10~b! and 10~c!,
respectively; in these figures, 1.5\ (1.0\) has been added t
the alignment values for116Xe (118Xe) for purposes of com-
parison.~While the level scheme for118Ba, theZ556 iso-
tone of 116Xe, has been established recently@34#, the yrast
band has not been followed through the first alignment, t
precluding a meaningful comparison with116Xe.! Similar to
Fig. 10~a! in Ref. @23#, Figs. 10~b! and 10~c! demonstrate
that the alignment behaviors of the yrast bands in116Xe,
118Xe, and 120Ba are all quite similar in the vicinity of the
upbends atv1. Given the current interpretation of120Ba, the
alignments atv1 in 116Xe and 118Xe are assigned here to b
due solely toh11/2 protons; equivalently stated, the groun
state bands in these isotopes are understood to be cross
v1 by aligned two-quasiparticle (ph11/2)

2 configurations,
thereby generating yrast-aligned (ph11/2)

2 bands. This ex-

FIG. 10. Experimental alignmenti x extracted for the yras
positive-parity band in120Ba ~a! compared to the alignment for th
yrast positive-parity band in116Xe (11.5\) ~b! and 118Xe
(11.0\) ~c!. Alignments have been calculated using the Har
parameters indicated in the caption to Fig. 9.
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planation is consistent with Ref.@14# and the blocking argu-
ments presented therein.

Further comparison of the alignment behaviors obser
in 116Xe and 120Ba proves helpful to understanding the n
ture of the second alignment in116Xe even though these
nuclides are not isotones. As shown in Fig. 10~b!, the yrast
bands in 116Xe and 120Ba both experience upbends atv2

'0.52 MeV/\. In addition, the total amounts of aligned a
gular momenta generated just after these upbends are v
ally identical. Such close agreement suggests that the se
alignments in116Xe and 120Ba have similar origins. Accord-
ingly, the alignment observed atv2 in 116Xe is assigned here
to be due toh11/2 neutrons; equivalently stated, the aligne
(ph11/2)

2 band in 116Xe is understood to be crossed atv2 by
the aligned two-quasiparticle (nh11/2)

2 configuration, thereby
generating an yrast-aligned (ph11/2)

2
^ (nh11/2)

2 band. This
explanation is also consistent with Ref.@14# and the blocking
arguments in117Xe and 117I discussed therein.

Just as for the upbend atv1, two different explanations
have been proposed for the sharp alignment gain observe
v3 in 118Xe. This feature was understood initially in Re
@23# to be evidence for the interruption of the band by
aligned single-particle state, and interpreted later in Ref.@14#
to be the result of a normal pair alignment. As discussed
Sec. III above, the yrast band for118Xe presented in Ref.
@14# has been revised substantially in the present work.
cause of this revision, we find better agreement with
interpretation proposed in Ref.@23#. The sharp alignment a
v3 arises directly from the bunching together of fourg-ray
transitions in the yrast band at energiesEg;1270 keV. Re-
sults of calculations based on the total Routhian surf
~TRS! formalism @35–37# reported in Ref.@23# for 118Xe
predict that a state based on thep@(h11/2)

2(g7/2,d5/2)
2#161

^ n@(h11/2)
4(g7/2,d5/2)

10#201 single-particle configuration
will interrupt the collective rotational states atI p5361.
~This is not a predicted smooth-termination state; see belo!
Although a 361 state was not observed in Ref.@23#, the
present spectrum of the yrast band does support the as
ment of the yrast (361) state to this single-particle configu
ration. Near this state, the yrast band fragments into sev
g-ray transitions, resulting in a sharp decline in intraba
intensity. Both of these features are associated with the
terruption of a collective rotational band by an align
single-particle state. This interpretation suggests that a
ond alignment arising from a pair ofh11/2 neutrons has no
been observed in the yrast band in118Xe. Considering the
understanding of the second alignments in the yrast band
both 116Xe and 120Ba, this is an unexpected result, and m
be caused by the apparent interruption of the band occur
at the (361) state.

As alluded to above, the aligned single-particle st
which appears to be interrupting the yrast band in118Xe is
not a predicted smooth-termination state. Assuming
alignment of all valence nucleons consistent w
the Pauli principle, the p@(h11/2)

2(g7/2,d5/2)
2#

^ n@(h11/2)
4(g7/2,d5/2)

10# configuration has a maximum spi
of 42\. If the yrast band were built on this configuration, th
band would be expected to terminate at spin 42, in disag
ment with experimental observations. Theoretical calcu
tions as discussed below for band 5 in116Xe suggest that the
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3006 57J. M. SEARSet al.
yrast band in118Xe, as well as the yrast band in116Xe, can
be attributed to a configuration of the form@02,4# in the
notation of Sec. IV A 4. In118Xe, this configuration includes
ten valence neutrons which are distributed over the posit
parity g7/2, d5/2, d3/2, ands1/2 orbitals. Calculations indicate
that the most energetically favored configuration of this fo
includes eight neutrons in theg7/2,d5/2 orbitals and two neu-
trons in thed3/2,s1/2 orbitals. Since such a@02,4# configura-
tion has a maximum spin of 48\, the yrast band in118Xe
does not appear to have been observed to the pred
smooth-termination state.~Theoretical calculations shown i
Fig. 13 suggest that the yrast band in116Xe has been ob-
served to within two transitions of the smooth-terminati
state predicted at 46\ for the corresponding@02,4# configu-
ration.!

Band 8 in 118Xe has been observed to decay into ban
near theI p5(261) state. As described earlier, many of th
g-ray transitions identified in this band had been assig
most recently to band 6, thereby generating a maximum
served spin in the yrast band of (461) @14#. Prior to the
present work, Ragnarsson and Afanasjev reported the re
of calculations for118Xe which were performed in order t
examine configurations which terminate in the available
lence space@24#. These calculations were not able to repr
duce the very low cost in energy of spin units aboveI
'40\ in the experimental spectrum of the yrast band
ported in Ref.@14#. This disagreement has been resolv
now by the experimental observation of the parallel band
which implies a yrast band much less extended in spin t
previously thought@38#. At present, the interpretation of thi
sideband remains unclear. In116Xe, a two-level sequence
with a similar decay pattern has been identified at mu
higher spins. Judging by the crossing frequency with
yrast band, this sequence may be related to the nearby a
ment gain observed atv4. @Note that 120Ba also appears to
experience a third alignment gain at high frequency; see
10~a!.# Currently, these unusual features in116Xe and 118Xe
are the subject of theoretical investigations@38#.

2. 116Xe, bands 2 and 3, and118Xe, bands 9 and 10

Considered as pairs, band 2~3! in 116Xe and band 10~9!
in 118Xe share many features. Bands 2 and 10 originate
low excitation energies, have similar decay patterns,
have been interpreted in both Xe isotopes as even-spin
sirotational g bands @39,40#. These bands are crossed
bands 3 and 9 at frequencies near 0.31 MeV/\. Bands 3 and
9 themselves also have similar decay patterns, and cros
extrapolated yrast bands at frequencies near 0.41 MeV\.
Experimental alignmentsi x extracted for bands 3 and 9 a
shown in Figs. 11~a! and 11~b!, respectively, where the
alignments of the yrast bands at low frequencies are
sented for comparison. These figures demonstrate tha
amounts of aligned angular momenta in bands 3 and 9
near 7\ initially, and then gradually increase with increasin
rotational frequency.

As discussed in the previous section, the ground-s
bands in 116Xe and 118Xe have been understood to b
crossed atv1 by aligned two-quasiparticle (ph11/2)

2 con-
figurations, thereby generating yrast-aligned (ph11/2)

2

bands. Since systematic behavior@41# suggests that the
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ground-state bands also will be crossed at frequencies
v1 by aligned two-quasiparticle (nh11/2)

2 configurations,
aligned (nh11/2)

2 bands are expected to coexist with the o
served (ph11/2)

2 bands at low excitation energies.
In Ref. @23#, band 9 in 118Xe was assigned to be a

aligned two-quasiparticle (nh11/2)
2 band on the basis of the

observed alignment pattern and extracted crossing freq
cies. The close similarities between this band 9 and band
116Xe, as described above, suggest that band 3 also ma
so identified. Like band 9, the initial amount of aligned a
gular momenta in band 3 resembles that in the align
(nh11/2)

2 bands in the heavierA>122 Xe isotopes. More-
over, the extrapolated crossing frequency with the yr
band, slightly greater thanv150.39 MeV/\, is consistent
with the systematics presented in Ref.@41# for the crossing
frequencies of aligned two-quasiparticle (nh11/2)

2 configura-
tions. Given these considerations, band 3 in116Xe can be
assigned reasonably as an aligned (nh11/2)

2 band. The
aligned (nh11/2)

2 configuration has a preferred negativeg
deformation. As mentioned in Ref.@23# for bands 9 and 10 in
118Xe, such a deformation might lead to a large overlap w
the quasirotationalg band, and could account for the low
crossing frequency of bands 3 and 2 in116Xe.

3. 118Xe, bands 7 and 11

Band 11 in 118Xe includes nine levels and has been fo
lowed up to a level spin ofI p5(191). At low spin, this band
has been interpreted to be the odd-spin analog of band 1
118Xe @40#. A similarly understood odd-spin band was r
ported in 116Xe in Ref. @39#, but could not be confirmed in
the present work.

The experimental alignmenti x extracted for band 11 in
118Xe is shown in Fig. 12, where the alignment of the yra
band at low frequencies is presented for comparison.
demonstrated in the figure, both the yrast band and band

FIG. 11. Experimental alignmentsi x for band 3 in116Xe ~a! and
band 9 in118Xe ~b! calculated using the Harris parameters indica
in the caption to Fig. 9. Alignments of the yrast bands in116Xe ~a!
and 118Xe ~b! at low frequencies are shown for comparison.
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in 118Xe experience similar alignment gains atv1'0.39
MeV/\. Despite this close resemblence, the upbend oc
ring nearv1 in band 11 does not appear to be due toh11/2
protons, as in the yrast band, but toh11/2 neutrons. As dis-
cussed above, aligned two-quasiparticle (ph11/2)

2 and
(nh11/2)

2 configurations both cross the ground-state band
118Xe at similar frequencies. If band 11 were like th
ground-state band, these configurations could be expecte
cross band 11 at similar frequencies also. Band 11, howe
is a quasirotationalg band at low spin, and, unlike th
ground-state band, has varyingg deformations; such defor
mations would enhance the likelihood of the rotational alig
ment of a pair ofh11/2 neutrons overh11/2 protons. Given this
consideration, the upbend observed atv1 in band 11 is at-
tributed here toh11/2 neutrons. This interpretation appears
be consistent with the crossing frequency and alignment g
shown in Fig. 12.

Band 7 in 118Xe consists of six levels and has been fo
lowed up to a level spin ofI p5(241). Relevant features
concerning the origin of this band can be deduced by co
paring the behavior of band 7 to that of band 9. As me
tioned earlier, band 9 decays to the yrast band primarily
low-energy transitions having dominantI→I M 1 character.
The only pure stretched-quadrupole transition observed
the decay path to the yrast band originates from the 11

bandhead and does not compete with the much more int
I→I M 1 transition. In contrast, the decay path of band
includes several pure stretched quadrupoles which are c
petitive with the I→I M 1 transitions. The experimenta
alignment extracted for band 7 is shown in Fig. 12, where
alignments of the yrast band and band 11 also are prese
As displayed in the figure, the alignment in band 7 follow
the patterns in these two bands closely, beginning at 8\ and
upbending at a frequency near 0.40 MeV/\. This behavior
differs markedly with that of the alignment in band 9, whic

FIG. 12. Experimental alignmentsi x for bands 7 and 11 in118Xe
calculated using the Harris parameters indicated in the captio
Fig. 9. The alignment of the yrast band in118Xe at low frequencies
has been shown for comparison.
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neither upbends nor follows the pattern of the yrast band@see
Fig. 11~b!#.

The differences just described between bands 7 an
strongly suggest that these bands do not both result f
crossings of the ground-state band by aligned tw
quasiparticle configurations. A band with a behavior simi
to that of band 7 has been observed in120Xe, however,
where extracted ratios of reduced transition probabilit
B(E2; I→I 22; interband!/B(E2; I→I 22; intraband! '0.1
were understood as evidence for a quasirotationalg band
coupled to an aligned two-quasiparticle configuration@23#.
Given the description above, band 7 appears to be consis
with this explanation, though theB(E2; out!/B(E2; in! ra-
tios extracted for decays from theI p5(161) and (181)
states are smaller~about 0.04 and 0.02, respectively!. The
close correspondence between the alignments of bands 7
11 suggests that these bands are related. As discussed e
band 11 can be understood at high frequencies to be an
spin quasirotationalg band coupled to the aligned (nh11/2)

2

configuration. Since the initial alignment of 8\ in band 7
suggests that the crossing of the two-quasiparticle config
tion likely has already occurred, band 7 can be assigned
sonably as the even-spin analog~i.e., ‘‘signature partner’’! to
band 11.

4. 116Xe, band 5, and118Xe, band 5

As noted earlier, neither band 5 in116Xe nor band 5 in
118Xe could be linked conclusively to known low-lying
states. Tentative spin and parity assignments have been
termined for these bands on the basis of yrast arguments
decay considerations. The discussion below proceeds as
ing this tentative character.

Band 5 in 116Xe includes nine levels and has been fo
lowed up to a rotational frequency in excess of 0.90 MeV\.
As shown in the spectrum of Fig. 4, this band manifests
increase in the energy spacings between adjacentg-ray tran-
sitions with increasing transition energy. This observat
suggests that band 5 may be described within the framew
of smooth band termination@12,13#.

Smooth band termination is a form of collective rotation
behavior in which the nuclear shape gradually evolves o
many g-ray transitions from collective near-prolate (g
;0°) to noncollective oblate (g5160°) as the Coriolis in-
teraction aligns the valence particles and holes with
nuclear rotational axis. After the available valence partic
and holes have aligned, the rotational band terminates a
angular momentum that exhausts the sum of the alig
single-particle spins.

Rotational bands in the Sb region@1–4,7,8,10# which
have been understood within the framework of smooth b
termination share several experimental features. One cha
teristic feature is a decreasing dynamic moment of ine
J (2) with increasing rotational frequency, to values that ar
fraction of the rigid-body estimates close to termination. T
decrease appears to be associated with the increasing co
energy to build higher units of angular momentum as
nucleus approaches the noncollective oblate shape@13#. An-
other related feature is a substantial difference between
dynamicJ (2) and kinematicJ (1) moments of inertia at fre-
quencies near termination, such thatJ (2),J (1). As shown
in Fig. 5, band 5 in116Xe also shares these two feature

to
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these experimental observations are interpreted as evid
for smooth band termination.

Theoretical calculations also have been undertaken@38#
within the configuration-dependent shell-correction appro
@42# to explore the termination properties of band 5 in116Xe
and identify its microscopic configuration. The energy
these calculations is minimized with respect to the deform
tion parameters («2, «4, g) by using a cranked Nilsson po
tential to describe the rotating mean field and perform
shell corrections according to the Strutinsky prescripti
Pairing correlations have been neglected, and specific t
niques explained in Ref.@13# for orbital tracing have been
employed. Individual configurations can be followed in c
culations over a large spin range, up to the maximum sp
for band termination. In this section, configurations relat
to the doubly magic100Sn core will be labeled using th
shorthand notation@p1p2 ,n#, in which p1, p2, andn are the
numbers of proton holes in theg9/2 orbital, of protons in the
h11/2 orbital, and of neutrons in theh11/2 orbital, respectively
@13#.

These calculations have identified the configuration
sponsible for band 5 in116Xe to be @01,3#, which can be
written asp@h11/2(g7/2,d5/2)

3# ^ n@(h11/2)
3(g7/2,d5/2)

9# rela-
tive to theZ5N550 doubly closed shell. A comparison b
tween the energies of band 5 and the@01,3# configuration
calculated relative to a rigid-rotor reference is presented
function of spin in Fig. 13. For purposes of comparison,
experimental curve in this figure has been offset by an a
trary amount from the calculated curves since the abso
energy of band 5 is unknown. Figure 13 shows that calcu
tions for the@01,3# configuration reproduce the general sha
and minimum of the experimental curve rather well. Assu

FIG. 13. Rigid-rotor plot of band 5 in116Xe and calculated yras
configurations having parity and signature~1,0!. Experimental val-
ues are indicated by solid symbols and theoretical results by lab
curves. A dotted line represents the calculated yrast line for
stated parity and signature combination, and an open diamond
notes the predicted smooth termination state of the@01,3# configu-
ration.
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ing an alignment of all particles consistent with the Pa
principle, the p@h11/2(g7/2,d5/2)

3# ^ n@(h11/2)
3(g7/2,d5/2)

9#
configuration has a maximum spin of 38\, hinting that band
5 may have been observed to the penultimate state (62\
experimental uncertainty! before predicted smooth termina
tion. Given the available experimental evidence, the ass
ment of band 5 in116Xe to the @01,3# configuration repre-
sents a probable interpretation.

Band 5 in 118Xe includes seven levels and has been f
lowed up to a rotational frequency near 0.60 MeV/\. Unlike
band 5 in 116Xe, this band has not been observed sign
cantly beyond the frequency regime where pairing corre
tions are known to be important (I<20\); consequently,
theoretical calculations as discussed above will not be c
clusive here. A comparison of the dynamic moments of
ertia J (2) extracted for these two bands does nonethe
provide information relevant to understanding the struct
of band 5 in118Xe. These moments of inertia, shown in Fig
5 and 8, manifest pronounced peaks at frequencies near
MeV/\, suggesting related quasiparticle alignments. In
proposed explanation for band 5 in116Xe, this alignment
would be consistent with the second crossing of a pair
h11/2 neutrons, since the first crossing would be blocked
occupation of thenh11/2 orbital. If this alignment does arise
from the secondnh11/2 crossing, then the configuration re
sponsible for band 5 in118Xe has an odd (.1) number of
h11/2 neutrons. With this consideration, two conclusions co
cerning the proton contribution to the responsible configu
tion are evident. If band 5 has positive parity, as sugges
experimentally, then the proton contribution would inclu
an odd number ofh11/2 orbitals; if band 5 has negative parity
contrary to experimental expectations, then the proton c
tribution would have positive parity. A further understandin
of the configuration responsible for band 5 is not possi
without rigorous spin and parity assignments.

As indicated in Sec. I above, the present work has b
motivated by our observation of well-developed intruder
tational bands in the114Te @7# and 116Te @8# isotopes, which
are the correspondingZ552 isotones of116Xe and 118Xe.
The yrast intruder bands in these two Te isotopes were in
preted within the framework of smooth band termination. O
the basis of theoretical calculations like those described h
these bands were attributed to deformed 4p2h proton con-
figurations involving 2p-2h proton excitations across theZ
550 shell gap. Intruder bands similarly attributed to d
formed 5p2h proton configurations have been observed
both the113I @10# and 115I @11# isotopes, the latter of which is
the Z553 isotone of116Xe. These observations suggest th
intruder rotational bands built upon related deformed 6p2h
proton configurations can be expected in116Xe and 118Xe.
Contrary to expectations, however, band 5 in116Xe, the only
candidate for smooth band termination in these two Xe i
topes, appears to be built upon the@01,3# configuration,
which does not involve anyp-h proton excitations.

This unexpected result may be explained by the theor
cal calculations shown in Fig. 13. As indicated in this figu
configurations in116Xe which are built upon deformedp-h
proton excitations, such as the@12,4# and @22,4# configura-
tions, are not predicted to approach the yrast line until v
high spinsI;45\; these spins are beyond the limit of e
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perimental sensitivity in the present work. Such a situat
contrasts markedly with the light Te isotopes, where confi
rations involving deformedp-h proton excitations approac
the yrast line in theoretical calculations at relatively lo
spins I;30\ ~see Figs. 7 and 11 in Ref.@8#!. These calcu-
lations imply that the available valence nucleons in the li
54Xe isotopes, unlike those in the light52Te isotopes, are
able to generate large amounts of collective angular m
menta near the yrast line.

B. Negative-parity bands

1. 116Xe, bands 7 and 8 and118Xe, bands 3 and 4

Bands 3 and 4 in118Xe have been extended@23# in this
work by three and four transitions to level spins ofI p

5(352) and (302), respectively. The alignment patterns e
tracted for these low-lying, decoupled (DI 52), negative-
parity bands are shown in Fig. 14. As noted in Ref.@23#,
these bands have very similar alignment behaviors. B
bands experience gradual increases in alignment up to
quencies near 0.40 MeV/\ and then sharp alignment gains
4\ at approximately 0.44 MeV/\. Additional sharp align-
ment gains also appear to occur in both bands at frequen
between 0.55 and 0.60 MeV/\. While bands 3 and 4 eac
decay to band 6, the yrast positive-parity band, by elec
dipole transitions, band 4 also connects to band 3 by sev
mixedDI 51 M1/E2 transitions. These weak linking trans
tions and the similar alignment behaviors shown in Fig.
suggest that bands 3 and 4 are signature partners.

For deformed prolate shapes in the116Xe and 118Xe iso-
topes, the proton Fermi surface lies just below the lowV
h11/2 orbitals, and the neutron Fermi surface lies in t
middle of theh11/2 subshell. As a consequence, negativ
parity bands built on two-quasiproton and two-quasineut
h11/2g7/2 and h11/2d5/2 configurations can be expected to

FIG. 14. Experimental alignmentsi x for bands 3 and 4 in118Xe
calculated using the Harris parameters indicated in the captio
Fig. 9.
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low lying. In Ref. @23#, bands 3 and 4 in118Xe were noted to
resemble the yrast negative-parity bands in neighboring
isotopes@31,32,43# at low spin. Given that these Ba band
were interpreted as having proton character, bands 3 and
118Xe were understood in Ref.@23# as having proton charac
ter also, and were assigned to be signature partners base
the two-quasiprotonp@h11/2g7/2# configuration. This expla-
nation agrees with the present data. The lowK value of the
p@h11/2g7/2# configuration is consistent with the large sign
ture splitting observed between bands 3 and 4 and also
fairly weak DI 51 M1/E2 crossovers, and thea511 fa-
vored signature of the configuration is consistent with
odd-spin band 3 occurring at lower excitation energies th
the even-spin band 4. As in Ref.@23#, the sharp alignmen
gains identified at 0.44 MeV/\ in these bands are attribute
here to rotational alignments of pairs ofh11/2 neutrons. Two
alternate explanations were proposed in Ref.@23# for the
second sharp alignment gain in band 3, specifically, interr
tion of the band by an aligned single-particle state and
first nonblocked rotational alignment of a pair ofh11/2 pro-
tons. A second sharp alignment now also appears to occu
band 4~see Fig. 14!. The present development of bands
and 4 suggests that the gains in aligned angular mom
taking place near 0.60 MeV/\ are the results of normal ro
tational alignments in a prolate nucleus; these upbends
attributed here to pairs ofh11/2 protons.

Band 8 in 116Xe includes 15 levels and has been follow
up to a level spin ofI p5(332). The alignment pattern ex
tracted for this low-lying, decoupled (DI 52), negative-
parity band is displayed in Fig. 15. As shown in this figur
the aligment behavior of band 8 resembles that observe
band 3 in 118Xe; band 8 shows a gradual increase in alig
ment up to 0.40 MeV/\. While band 8 does not experience
sharp alignment gain near 0.44 MeV/\, the band does gain
approximately 4\ in aligned angular momenta over the fr
quency range 0.45–0.55 MeV/\. Moreover, band 8 appear

to

FIG. 15. Experimental alignmentsi x for bands 7 and 8 in116Xe
calculated using the Harris parameters indicated in the captio
Fig. 9.
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FIG. 16. Excitation energies and decay patterns of the first few states in band 8 in116Xe and the lowest odd-spin states in thep@h11/2g7/2#
bands in the even-mass1182122Xe isotopes.
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to undergo a second alignment gain near 0.60 MeV/\. These
similarities suggest that band 8 in116Xe and band 3 in118Xe
are built on related configurations.

As already discussed, band 3 in118Xe has been attributed
to the two-quasiprotonp@h11/2g7/2# configuration. In addi-
tion to 118Xe, low-lying negative-parity bands generated
this same configuration have been observed in120Xe @23#
and 122Xe @44#. A comparison between the decay patter
and excitation energies of the lowest odd-spin states in th
bands and the first few states in band 8 in116Xe is presented
in Fig. 16. As shown in this figure~and also Fig. 1!, band 8
decays to the yrast positive-parity band in116Xe by several
intense electric dipole transitions. Figure 16 demonstra
that this decay pattern closely resembles that of the odd-
p@h11/2g7/2# bands in the heavier even-mass Xe isotop
This figure also demonstrates that the excitation energie
the lowest negative-parity states in the even1162122Xe nu-
clides follow a smooth systematic behavior. Given this tre
the similar decay patterns, and the alignment features
scribed above, the assignment of band 8 in116Xe as the
favored signature of the two-quasiprotonp@h11/2g7/2# con-
figuration appears to be a plausible explanation. As in ban
in 118Xe, the first and second alignments in band 8 can
associated with pairs ofh11/2 neutrons andh11/2 protons, re-
spectively.

Band 7 in 116Xe includes nine levels and has been fo
lowed up to a rotational frequency near 0.55 MeV/\. While
this band could not be linked definitively to known states
the 116Xe level scheme, approximately 2/3~1/3! of the
band’s intensity does appear to feed low-lying states in b
8 ~6!. An experimental alignmenti x has been extracted fo
band 7 assuming the tentative spin and parity assignm
indicated in Fig. 1; this alignment is compared to that
band 8 in Fig. 15. As seen in this figure, band 7 undergoe
alignment gain of approximately 5\ at the frequency 0.42
MeV/\.

While an exact understanding of band 7 cannot be de
mined without rigorous spin and parity assignments, fo
two-quasiparticle configurations are expected to gene
low-lying negative-parity excitations in116Xe. As alluded to
above, these are the two-quasiproton and two-quasineu
s
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h11/2g7/2 andh11/2d5/2 configurations. Two alternate explana
tions appear likely for band 7 given this consideration.
one possibility, band 7 could be the signature partner of b
8 in 116Xe. Admittedly, the alignment patterns of these tw
bands are unusual for signature partners~see Fig. 15!, but
bands 7 and 8 do experience similar alignment gains
nearby frequencies. Since thep@h11/2g7/2# configuration has
a low K value, this explanation would be consistent with t
failure to observe anyDI 51 M1/E2 crossovers between th
bands. As an alternative, band 7 could be the favored sig
ture of thep@h11/2d5/2# configuration. This configuration als
has a lowK value and, as such, would be consistent with
absence of an observed signature partner for band 7.

In both of the above explanations, the upbend identified
0.42 MeV/\ in the alignment curve for band 7 would aris
from the rotational alignment of a pair ofh11/2 neutrons. The
discussion of the yrast positive-parity band in116Xe ~see
earlier! indicates that pairs ofh11/2 protons are also expecte
to align at such low frequencies. Although both of the lo
lying two-quasineutronn@h11/2g7/2# andn@h11/2d5/2# configu-
rations could generate this proton alignment, neither of th
configurations appears to be consistent with the present
for band 7. Unlike the two-quasiproton configurations, the
two-quasineutron configurations have fairly highK values,
and would thus be expected to produce strongly coup
bands with small signature splitting, in contrast with expe
mental observations. Accordingly, band 7 appears to
based on either thep@h11/2g7/2# or p@h11/2d5/2# two-
quasiproton configuration.

As noted above, band 8 in116Xe and bands 3 and 4 in
118Xe decay to the corresponding yrast positive-parity ba
by electric dipole transitions. Reduced transition probab
ties of B(E1)'22431024 e2 fm2 have been calculated
for these transitions usingB(E1)/B(E2) ratios extracted
from the experimental data and quadrupole momentsQ0 es-
timated with techniques described in the next section. S
cific B(E1) values for individual linking transitions ar
listed in Table VII. These transition rates are comparable
those which have been extracted in110Te @45#, 114Xe @46#,
and 118Ba @34# and understood as evidence for octupole c
relations related to thenh11/2 and nd5/2 orbitals havingD j
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5Dl53. Like the negative-parity bands in these particu
nuclides, band 8 in116Xe and bands 3 and 4 in118Xe appear
at fairly low excitation energies and have initial amounts
aligned angular momenta near 3\ ~see Figs. 14, 15, and 16!.
These observations and the enhanced transition rates su
that octupole correlations also may be involved at low s
in the decoupled negative-parity bands in116Xe and 118Xe
@23#.

2. 116Xe, band 6 and118Xe, band 1

Band 1 in 118Xe, a strongly coupled (DI 51) negative-
parity band, has been followed to theI p5(192) state. No
new transitions have been observed@23# in this band. Experi-
mental Routhianse8 extracted for the two opposite signa
tures of band 1 are displayed in Fig. 17~a!. As shown in this
figure, the Routhians of thea50 and 11 signatures are
nearly degenerate over the entire range of observed freq
cies.

Band 6 in 116Xe, also a strongly coupled (DI 51)
negative-parity band, has been observed for the first tim
the present work. This band consists of two cascades oDI

TABLE VII. Reduced transition probabilitiesB(E1) calculated
for transitions in the decay paths of bands 6 and 8 in116Xe and
bands 3 and 4 in118Xe.

Nucleus Band Q0 (e b) I i
p→I f

p B(E1) (1024 e2 fm2)

116Xe 6 3.50 82→81 1.0760.10
8 3.48 72→61 4.6660.21

92→81 2.4260.13
118Xe 3 3.55 72→61 3.5060.14

92→81 3.4260.16
112→101 1.7960.51

4 82→81 1.6960.27

FIG. 17. Experimental Routhianse8 for band 1 in118Xe ~a! and
band 6 in116Xe ~b! calculated using the Harris parameters indica
in the caption to Fig. 9.
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52 transitions extending to level spins ofI p5162 and
(192). Five DI 51 mixed M1/E2 transitions having stag
gered energies connect these cascades; this staggering
gests a small amount of signature splitting. The experime
Routhians extracted for the two opposite signatures of ban
are shown in Fig. 17~b!. As seen in this figure, the signatur
splitting is initially about 75 keV in favor of thea511
signature, and then decreases with increasing frequency.
tably, thea50 signature in band 6 has been observed fr
significantly lower excitation energies than thea511 sig-
nature.

In 116Xe and 118Xe, there are only three negative-pari
two-quasiparticle configurations which are capable of gen
ating bands with the small signature splitting observed
Figs. 17~a! and 17~b!. These are the two-quasineutro
n@h11/2g7/2# andn@h11/2d5/2# configurations referred to earlie
and the two-quasiprotonp@(g9/2)

21h11/2# configuration. So
as to help identify which of these configurations are resp
sible for band 6 in116Xe and band 1 in118Xe, experimental
ratios of reduced transition probabilitiesB(M1;I→I
21)/B(E2;I→I 22) have been extracted for these ban
and compared to theoretical predictions generated with
semiclassical model of Do¨nau and Frauendorf@47#. A de-
scription of the methods involved in this comparison h
been provided in paragrapha below; a brief discussion of the
interpretations which are supported by this comparison
lows in Sec. IV B 2 b.

a. Analysis of experimental B(M1;I→I 21)/B(E2;I→I
22) ratios. Experimental values for the ratios of reduc
magnetic dipole and stretched electric quadrupole transi
probabilities B(M1;I→I 21)/B(E2;I→I 22) have been
extracted from the measured branching rat
I g(M1)/I g(E2) using the standard expression. The mu
pole mixing ratiosd of the DI 51 transitions have been as
sumed to be small, i.e.,d2!1.

Theoretical predictions for theB(M1)/B(E2) ratios have
been obtained from the semiclassical model of Do¨nau and
Frauendorf@47# using the equation

B~M1;I→I 21!

B~E2;I→I 22!
5

12

5Q0
2 cos2~g130!I 2F12

K2

~ I 21/2!2G22

3$~ I 22K2!1/2@K1~g12gR!

3~16De8/\v!1K2~g22gR!#

2K@~g12gR!i 11~g22gR!i 2#%2. ~3!

In this equation,K j , g j , and i j denote theK value, orbital
gyromagnetic factor, and initial aligned angular momentu
of the quasiparticles involved in the studied configuratio
and gR and K5K11K2 denote the rotational gyromagnet
factor and the totalK value of the configuration, respec
tively. The subscript 1 refers to the quasiparticle which
responsible for the signature splitting, and the subscrip
refers to the additional quasiparticle. A value ofgR5Z/A has
been used for the rotational gyromagnetic factor. Orbital
romagnetic factorsgj have been taken from the compilatio
of Ref. @48#. A summary of the quasiparticle paramete
which have been used in calculating the theoreti
B(M1)/B(E2) ratios can be found in Table VIII.
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A simple procedure has been used to estimate the ele
quadrupole momentsQ0 and g deformations appearing in
this theoretical equation. Calculations based on the TRS
malism @35–37# were performed for each studied configur
tion in 116Xe and 118Xe in order to determine the deforma
tion parameters of the nuclear shapes. Values of theg
deformations predicted at frequencies just below the fi
quasiparticle alignments were placed directly into the th
retical equation, and values of theb2 deformations predicted
at the same frequencies were used to estimate the quadr
momentsQ0 following an approximate scaling procedur
Using the quadrupole moment and quadrupole deforma
of the 21 level in the ground-state band of116Xe as a refer-
ence, the quadrupole moment of each configuration in116Xe
and 118Xe was approximated by assuming a direct prop
tionality to the predicted deformations. While the quadrup
deformation of the 21 level in 116Xe was predicted by TRS
calculations, the quadrupole moment was determined by
ferring to the standard expression for the reduced transi
probability B(E2;I→I 22) and the measurement of th
B(E2;21→01) transition rate by DeGraafet al. @49#. Elec-
tric quadrupole momentsQ0 and g deformations used in
calculating the theoreticalB(M1)/B(E2) ratios are summa
rized in Table IX.

ExperimentalB(M1)/B(E2) ratios extracted for band
in 118Xe and band 6 in116Xe are displayed together wit
their theoretical predictions in Figs. 18~a! and 18~b!, respec-
tively. Theoretical values have been calculated for the tw
quasiparticlen@h11/2g7/2#, n@h11/2d5/2#, andp@(g9/2)

21h11/2#
configurations in116Xe and 118Xe using experimental signa
ture splittings.

b. Interpretation. As shown in Fig. 18~a!, the experimen-
tal B(M1)/B(E2) ratios extracted for band 1 in118Xe are

TABLE VIII. Quasiparticle parameters used in calculating th
oreticalB(M1)/B(E2) ratios in 116Xe and 118Xe.

Quasiparticle g factor K i x (\)

nd5/2 20.33 2.5 0.5
ng7/2 0.21 2.5 1.5

nh11/2
a 20.21 1.5 4.0

nh11/2
b 20.21 2.5 3.5

(pg9/2)
21 1.27 4.5 0.0

ph11/2 1.17 0.5 5.0

aIn 116Xe only.
bIn 118Xe only.

TABLE IX. Electric quadrupole momentsQ0 and g deforma-
tions used in calculating theoreticalB(M1)/B(E2) ratios in 116Xe
and 118Xe.

Nucleus Configuration Q0 (e b) g

116Xe n@h11/2d5/2# 3.5 28.4°
n@h11/2g7/2# 3.4 210.6°

p@(g9/2)
21h11/2# 3.7 3.3°

118Xe n@h11/2d5/2# 3.6 212.2°
n@h11/2g7/2# 3.6 26.1°

p@(g9/2)
21h11/2# 3.8 5.4°
ric
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large, having approximate values between 1.0 and
(mN /e b)2, and appear to be equally well reproduced
theoretical predictions for both the two-quasiprot
p@(g9/2)

21h11/2# and two-quasineutronn@h11/2d5/2# configu-
rations. An analysis of these experimental ratios using
semiclassical model of Do¨nau and Frauendorf was unde
taken also in Ref.@23# with results similar to those presente
here. In that reference, band 1 in118Xe was assigned to the
p@(g9/2)

21h11/2# configuration on the basis of the extracte
B(M1)/B(E2) ratios and the observed alignment behavi

The experimental alignmenti x calculated for band 1 in
118Xe is shown in Fig. 13~a! of Ref. @23#. This figure illus-
trates that the alignment curve of band 1 is quite smooth o
the range of observed frequencies. As noted in Ref.@23#, the
alignment behavior of band 1 resembles that of the yr
ph11/2 band in theZ553 isotone117I; the alignments of both
bands have large initial values, are nearly parallel with
creasing frequency, and upbend near 0.40 MeV/\. These
similarities were interpreted in Ref.@23# to be indications
that band 1 in118Xe has ph11/2 character. As mentioned
above, no new transitions have been found in band 1 in
present work. Given the alignment behaviors discussed
Ref. @23# and the comparison between theory and experim
shown here in Fig. 18~a!, assignment of band 1 in118Xe to
thep@(g9/2)

21h11/2# configuration appears to be a reasona
interpretation.

Unlike band 1 in 118Xe, experimental observations sug
gest that band 6 in116Xe does not arise from the two
quasiprotonp@(g9/2)

21h11/2# configuration. The experimen
tal B(M1)/B(E2) ratios extracted for band 6 hav
approximate values near 1.0 (mN /e b)2, which are substan-
tially smaller than those predicted for thep@(g9/2)

21h11/2#
configuration. ~Significant deviations in the experiment

FIG. 18. Experimental ratios of reduced transition probabilit
B(M1;I→I 21)/B(E2;I→I 22) in band 1 in118Xe ~a! and band 6
in 116Xe ~b! compared to theoretical predictions. Experimental
sults are denoted by solid squares, and theoretical predictions
the n@h11/2g7/2#, n@h11/2d5/2#, and p@(g9/2)

21h11/2# configurations
are indicated by a dotted, dash-dotted, and solid line, respectiv
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values at spins 12\ and 13\ may be related to the deca
pattern of the band. As shown in Fig. 1, these two spin sta
have additional interband decay paths which are compet
with the intrabandDI 51 andDI 52 transitions.! Moreover,
strongly coupled (DI 51) rotational bands built on configu
rations with a singleg9/2 proton hole tend to be characterize
by very small amounts of signature splitting. As noted abo
there is substantial signature splitting in band 6. Taken
gether, these two observations suggest that band 6 cann
attributed to thep@(g9/2)

21h11/2# configuration.
A two-quasineutron configuration involving the negativ

parity nh11/2 orbital appears to be responsible for band 6
116Xe. As shown in Fig. 18~b!, calculations for the
n@h11/2d5/2# configuration reproduce the magnitude of the e
perimentalB(M1)/B(E2) ratios in the band rather well, un
like calculations for the then@h11/2g7/2# configuration; this
suggests the identification of the band with then@h11/2d5/2#
configuration. In contrast, the signature splitting observed
band 6 favors then@h11/2g7/2# configuration. As illustrated in
Fig. 17~b!, thea511 signature of the band is favored ov
the a50 signature at low frequencies, even though thea
50 signature has been observed to originate at significa
lower excitation energies. Since the odd positive-parity n
tron in the negative-parity two-quasineutron configurat
responsible for band 6 involves either of the nearly degen
ateg7/2 or d5/2 orbitals, which have opposite favored sign
tures, admixtures are likely. Admixtures which are known
occur between these orbitals at low spin and the competi
between the orbitals’ opposite favored signatures might
responsible for distorting the behavior of the observed sig
ture splitting. Comparison between the experimental and
oreticalB(M1)/B(E2) ratios implies that the primary cha
acter of the positive-parity orbital in the configuration f
band 6 isd5/2. With this understanding, the band is assign
to the n@h11/2(g7/2,d5/2)

1# configuration, which involves an
admixedg7/2,d5/2 orbital having primaryd5/2 character.

Octupole correlations may be involved at low spin
band 6 in116Xe. The reduced transition probabilityB(E1) of
the 868-keV transition linking theI p582 state in band 6 to
the 81 state in the yrast band has been calculated using t
niques described previously. As reported in Table VII, t
B(E1) rate for this transition is comparable to the rates c
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culated forE1 transitions in the decay paths of bands 3 a
4 in 118Xe and band 8 in116Xe; these rates were suggest
above to be indicative of octupole correlations. Since
nh11/2 andnd5/2 orbitals havingD j 5D l 53 are involved in
the configuration proposed for band 6, the appearance
octupole correlations can be expected in the band. Th
correlations may contribute to the pattern of the obser
signature splitting.

V. CONCLUSION

We have performed a thorough investigation of t
nuclear structure of the even116Xe and 118Xe isotopes. As a
result of this work, the level schemes for these nuclei ha
been extended to high spins and excitation energies
116Xe, a well-developed rotational band which manifests
gradually decreasing dynamic moment of inertiaJ (2) with
increasing rotational frequency has been understood wi
the framework of smooth band termination. Theoretical c
culations suggest that this band is based upon
p@h11/2(g7/2,d5/2)

3# ^ n@(h11/2)
3(g7/2,d5/2)

9# configuration,
consistent with experimental observations. A strong
coupled (DI 51) rotational band attributed to the two
quasineutronn@h11/2(g7/2,d5/2)

1# configuration and a decou
pled (DI 52) rotational band identified with the two
quasiprotonp@h11/2g7/2# configuration also have been foun
In 118Xe, previously observed bands have been extend
and several new rotational bands have been identified.
yrast band also has been revised substantially at spins gr
than 26\, thereby resolving an earlier disagreement with th
oretical calculations of the energy cost of high angular m
menta. This work extends the knowledge about low-lyi
collectivity near theZ550 shell gap, and advances a syste
atic exploration of collectivity among the even Xe isotope
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