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Identification of excited states in 119Ba
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Excited states have been identified in the very neutron-deficient119Ba nucleus. Two bands have been
observed, which are likely to be based onh11/2 and (g7/2d5/2) neutron orbitals. Despite this being the first
observation of excited states in119Ba, the bands extend to (75/2)\ and (79/2)\, respectively. The bands have
been assigned to119Ba using gamma-recoil and gamma–x-ray coincidences. Several quasiparticle alignments
have been identified, involving neutron (h11/2)

2 and proton (h11/2)
2 aligned configurations. Furthermore, the

bands show features which are reasonably consistent with smooth band termination at high spin. Theoretical
results for 119Ba are discussed within the framework of cranked Woods-Saxon and Nilsson-Strutinsky
calculations.

PACS number~s!: 21.10.Re, 23.20.Lv, 27.60.1j, 29.30.Kv
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I. INTRODUCTION

The Z556 barium nuclei represent one of the best e
amples of an isotopic chain in which to trace the evolution
nuclear structure with neutron number. With the exception
119Ba, excited states have been identified in every bar
isotope from A5118 @1# to A5148 @2#. The neutron-
deficient barium isotopes with 120,A,130 have well-
developed quadrupole deformations (b250.2–0.3) and are
easily produced in heavy-ion fusion evaporation reactio
these nuclei have therefore been very well studied in gam
ray spectroscopy experiments. A wealth of data exist on
lective and quasiparticle excitations in these nuclei@3–8#,
with many of these nuclei exhibiting multiple extended ro
tional bands. However, the barium isotopes withA,120 are
not as easy to populate, and can be produced only with s
cross sections in reactions involving neutron evapora
from the most-neutron-deficient compound nuclei achi
able. Despite experimental difficulties, there is considera
motivation to study the most-neutron-deficient barium is
topes, as described below.

The structure of these nuclei is strongly influenced by
occupation ofh11/2 intruder orbitals for both protons an
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neutrons. The alignments of pairs of bothh11/2 neutrons and
h11/2 protons are predicted to occur@9,10# at similar frequen-
cies (0.3–0.4 MeV/\), with the precise frequency depend
ing upon the deformation. The investigation of quasiparti
alignments is important for defining configurations via Pa
blocking arguments and for the study of nuclear shapes
odd-A nuclei. In addition, as a consequence of the sm
number of valence particles outside theN5Z550 double
shell closure, band termination effects are important. T
phenomenon of smooth band termination@11,12# has been
established for several years in the nuclei immediately ab
100Sn @13–21#. Smooth band termination describes the si
ation where all of the valence nucleons in the configurat
of a collective rotational band gradually align their angu
momenta with the axis of rotation, eventually resulting in
noncollective oblate terminating state. Once all of the nuc
ons are aligned, the available angular momentum is
hausted and the band terminates. Recently, some evid
has been presented for smooth band termination in54

117–119Xe
@22,23#. With the phenomenon firmly established in the t
(Z550) to iodine (Z553) isotopes, it is important to searc
for the effect further away from the double shell closu
where the collectivity might be generated by a differe
mechanism.

An experimental study of119Ba has been performed i
order to investigate high-spin properties, such as quasip
cle alignments, in this very-neutron-deficient region and a
to investigate smooth band-termination effects. The spect
copy of barium isotopes withA,120 has only become pos
sible with the advent of the third generation of detector
rays such asGAMMASPHERE @24#. This paper reports on the
first observation and identification of excited states in119Ba;
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FIG. 1. Representative spectra from theGAMMASPHERE experiment. The spectra are projected from a cube by gating on the spe
transitions. Panels~a! and ~b! show transitions in thea521/2 sequence of then(h11/2) band, and~c! and ~d! show transitions in thea5
21/2 sequence of then(g7/2d5/2) band. The peaks are labeled with transition energies, given to the nearest keV, and all of the labele
are transitions in119Ba. The transition at 1706 keV appears to be in coincidence with119Ba transitions, but has not been placed in the le
scheme. The coincidence with the 389-keV transition in panel~a! presumably arises via weak unobservedDI 51M1/E2 transitions.
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the 64Zn( 58Ni,2pn) and 58Ni( 64Zn,2pn) reactions have
been used, for which the predicted cross sections are se
mb. High-spin spectroscopy was performed using theGAM-

MASPHERE array, and isotopic and isobaric identificatio
were made in a separate experiment using the Argonne F
ment Mass Analyzer~FMA! @25# where gamma-recoil and
gamma–x-ray coincidences were observed, confirming
assignment of these bands to119Ba.

II. EXPERIMENTAL DETAILS

A. GAMMASPHERE experiment: High-spin spectroscopy

Details of the experiments have already been given
Refs.@1,23,26#. In the first experiment, high-spin states we
populated using the58Ni( 64Zn,2pn) 119Ba reaction and deex
citation gamma rays were detected using theGAMMASPHERE

array. The 265-MeV64Zn beam was accelerated by the 8
Inch Cyclotron at the Lawrence Berkeley National Labo
tory. The beam was incident upon two stacked 500-mg/cm2,
self-supporting, 99%-pure58Ni foils. At the time of the ex-
periment, GAMMASPHERE had 56, 75%-efficient escape
suppressed germanium detectors in place. The detectors
arranged in 14 rings with constant polar angleu: two detec-
tors atu517.3°, five at 31.7°, five at 37.4°, five at 50.1
one at 58.3°, one at 80.7°, six at 90.0°, one at 99.3°, on
100.8°, five at 121.7°, ten at 129.9°, five at 142.6°, four
148.3°, and five at 162.7°. With the requirement that at le
three germanium detectors fired in prompt coincidence
04432
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fore data were recorded, a total of 93108 gamma-ray coin-
cidence events were written to magnetic tape. In the off-l
analysis eachn-fold event (n>3) was decomposed intonC3

threefold gamma-ray coincidences, yielding a total of
3109 unfolded triples which were subsequently used to
crement a three-dimensional histogram~cube!. The RAD-

WARE software package@27# was used to analyze the dat
By gating on known transitions, approximately 15 nuc
were observed. The most intensely populated nuclei w
119Cs (3p evaporation!, 118Xe (4p), and 116Xe (a2p)
which were produced with approximately 33%, 30%, a
19% of the evaporation-residue cross section, respectiv
From theGAMMASPHERE data, two bands were tentativel
assigned to119Ba purely on the basis of excitation-energ
systematics and the lack of coincidences with gamma ray
any known nuclei. These bands were populated with ab
2% of the total evaporation-residue cross section, co
sponding to about 5 mb. Figure 1 shows representative s
tra projected from the cube by applying gates to two of
three axes.

B. ATLAS ÕFMA experiment: Assignment
of excited states to119Ba

In order to confirm that the two bands observed w
GAMMASPHERE belonged to119Ba, a second experiment wa
performed in which gamma rays were detected in coin
dence with recoiling evaporation residues and with x rays
this experiment the64Zn( 58Ni,2pn) 119Ba reaction was used
9-2
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IDENTIFICATION OF EXCITED STATES IN 119Ba PHYSICAL REVIEW C 61 044329
FIG. 2. Results from theATLAS/FMA experiment. Panel~a!
shows the spectrum of recoils recorded at the focal plane of
FMA. The peaks corresponding toA5119 recoils are labeled with
M /q. Panel~b! shows the total projection of agg matrix gated on
M5119 recoils; the most intense peaks in the spectrum belon
119Cs. Several of the119Ba peaks are labeled with transition ene
gies. Panel~c! shows a spectrum projected from theM5119 gated
matrix, gated on the 113-keV transition. Panel~d! shows a spectrum
which is also projected from theM5119 gated matrix, gated on th
85-keV transition. Panel~e! shows theK x-ray regions of spectra
projected from a matrix which was not gated by mass. The low
middle and lower spectra are gated on the 113- and 161-keV t
sitions, respectively. The upper and upper-middle spectra showK x
rays in coincidence with uncontaminated gamma-ray gates on118Xe
and 119Cs, respectively. In panel~c!, the 113-keV gate will overlap
with the 114-keV transition, which explains the coincidence w
the 364-keV transition.
04432
The 58Ni beam, at energies of 230 and 240 MeV, was p
vided by the Argonne Tandem Linac Accelerator Syst
~ATLAS!. The target was a self-supporting64Zn foil of thick-
ness 500mg/cm2. Gamma rays and x rays were detected
the reaction site in an array of ten Compton-suppressed 2
efficient germanium detectors; the thresholds on two of
detectors were reduced in order to detect;35-keV bariumK
x rays. The recoiling reaction products were dispersed
cording to their mass-to-charge state ratio and detected
parallel-grid avalanche counter~PGAC! at the focal plane of
the FMA. With the trigger condition of two or more G
detector signals in coincidence with each other, or one
more Ge signals in coincidence with a PGAC signal, a
proximately 93107 events were recorded.

The spectrum recorded by the PGAC is shown in F
2~a!. Mass-119 recoils with two different charge states we
detected by the PGAC, but the majority of these were119Cs
residues. The data were sorted into gamma-gamma cor
tion matrices gated on recoils with masses 115–120 and
ungated~no recoil condition! matrix. The method used to
assign excited states to119Ba is the same as that describe
for 118Ba and 118Cs in Refs.@1,26#. Figure 2~b! shows the
total projection of theM5119 gated matrix. Some of th
transitions belonging to119Ba are labeled with their transi
tion energies. Figure 2~c! shows gamma rays in coincidenc
with anM5119 recoil and a 113-keV gamma ray. Similarl
Fig. 2~d! shows gamma rays in coincidence with anM
5119 recoil and an 85-keV gamma ray. Figures 2~c! and
2~d! show the same coincident transitions as would be
pected from theGAMMASPHERE data and confirm that the
bands belong to a nucleus with mass 119. Figure 2~e! shows
the K x ray region of several spectra projected from the u
gated matrix. The lower-middle and lower spectra of F
2~e! are gated on the 113-keV and 161-keV transitions,
spectively. The upper and upper-middle spectra are gate
118Xe ~472-keV! and 119Cs ~269-keV! transitions, respec-
tively. TheK x rays in coincidence with the suspected119Ba
bands are clearly bariumK x rays, confirming the assignmen
of the bands to119Ba.

III. RESULTS: LEVEL SCHEME OF 119Ba

Coincidence relationships, together with energy- a
intensity-balance arguments, have been used to deduce
level structures presented in Fig. 3. Two independent ro
tional bands, labeled Band 1 and Band 2, have been
served. No transitions have been observed linking the
bands, so their relative spins and excitation energies have
been established. Excitation-energy systematics in the odA
barium isotopes and aligned angular momentum argum
~which are discussed in Sec. IV! suggest that Band 1 is base
on then(h11/2)@532#5/22 orbital and Band 2 is based on th
n(g7/2d5/2)@413#5/21 orbital. The spin and parity assign
ments of the bandheads are taken from systematics and
therefore tentative. The energies and relative intensities o
of the transitions assigned to119Ba are given in Table I.

In order to help assign relative spin and parity values
the excited states, a type of gamma-ray angular distribu
measurement was used. Two gamma-gamma correlation

e

to

r-
n-
9-3



ith
en-
ies

xis,

in-

.
r a
ed-
ing

n-

tios
l-

d 1

e

be

tters
up

n
0

-

y,
the
in-
wer

nels
e

r
heir
he
t
ata

heve

J. F. SMITHet al. PHYSICAL REVIEW C 61 044329
FIG. 3. The level structure of119Ba deduced in this work. The
uncertainties in the intensities range from;5 to 20% and those in
the energies are all less than 0.3 keV. The spins of all of the le
are taken from systematics and are therefore tentative.
04432
trices were constructed, which were incremented w
gamma-ray energies from any germanium detector, indep
dent of angle, on one axis, and with gamma-ray energ
from detectors at a particular value ofu ~and 1802u) on the
other axis. By gating on the any-germanium-detector a
the intensities of gamma rays detected atu could be mea-
sured in the resulting spectrum. Using this method, the
tensities of the gamma rays in the detectors withu.90° ~6
detectors!, and u.(50 or 130)° ~34 detectors! were mea-
sured, and the ratio (Rang) of these intensities was taken
After normalization, the ratio was found to be near 0.7 fo
stretched-dipole transition and near 1.3 for a stretch
quadrupole transition. The values were calibrated us
known transitions in the well-studied119Cs @28# and 118Xe
@23,29# nuclei. Using this method, the relative spin assig
ments up to (47/2)\ in Band 1 and (29/2)\ in Band 2 were
made. The values of the measured angular intensity ra
(Rang) are given in Table I, together with the probable mu
tipolarities of the gamma rays.

Assuming that the spin assignments are correct, Ban
and Band 2 extend to (75/2)\ @tentatively (79/2)\# and
(79/2)\ @tentatively (83/2)\#, respectively. These spins ar
approximately 6\ above any known spins in other odd-A
barium isotopes. Both bands consist of twoDI 52 signature-
partner sequences connected byDI 51 transitions below
(31/2)\. Henceforth, the standard convention shall
adopted~see Sec. IV and, for example, Ref.@30#!, and the
signature partner sequences will be referenced by the le
A, B, E, and F, as indicated in Fig. 3. Band 1F is observed
to (57/2)\ @tentatively (61/2)\# while Band 1E is observed
up to (75/2)\ @tentatively (79/2)\#. Transitions withDI
51, presumed to be ofM1/E2 character, are observed i
Band 1 below (33/2)\. The signature splitting is about 18
keV at a rotational frequency of about 0.3 MeV/\, as would
be expected for a band built on the@532#5/22 orbital. Simi-
larly, Band 2A is observed up to spin (41/2)\ @tentatively
(45/2)\# while Band 2B is observed up to (79/2)\ @tenta-
tively (83/2)\#. In Band 2,DI 51M1/E2 transitions are ob-
served connecting the signature partners below (29/2)\. The
signature splitting is almost zero~before the first quasiparti
cle alignment! consistent with then(g7/2d5/2)@413#5/21 as-
signment.

In addition to the in-band transitions, four low-energ
low-intensity transitions are observed below Band 2;
transitions have energies of 54, 85, 93, and 178 keV. Co
cidence relationships between these transitions and the lo
members of Band 2 are shown in the spectra of Fig. 4, pa
~a!, ~b!, and~c!, while an expanded part of the level schem
is shown in Fig. 4, panel~d!. It is presumed that the fou
transitions are not a continuation of Band 2 because of t
very low intensity relative to the lowest members of t
band. It is possible that the 7/21 state is isomeric, although i
is not possible to investigate this further with the present d
set.

IV. DISCUSSION

A. Excitation-energy systematics

In the odd-A, A.120 barium isotopes, the energies of t
lowest-lying states, relative to the bandhead, in then(h11/2)
ls
9-4
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TABLE I. Properties of the transitions assigned to119Ba, from theGAMMASPHERE data.

Eg
a I b Rang I i

p i→I f
p f sl Eg

a I b Rang I i
p i→I f

p f sl

54.3 0.9~5! 5
2

1→( 3
2

1) g

60.1 ;2 c 0.69~10! 7
2

2→ 5
2

2 M1/E2
85.1 0.6~4! 0.29~11! 5

2
1→( 3

2
1) g

92.6 0.7~4! 0.75~24! 7
2

1→ 5
2

1

92.8 3.0~7! 0.68~8! 11
2

2→ 9
2

2 M1/E2
112.6 2.0~6! d 0.72~7! d 15

2
2→ 13

2
2 M1/E2

113.6 2.0~6! d 0.72~7! d 9
2

2→ 7
2

2 M1/E2
123.5 0.9~2! 0.58~15! 7

2
1→ 5

2
1 M1/E2

161.9 48.5~5.0! 0.72~11! 9
2

1→ 7
2

1 M1/E2
174.9 30~10! h 1.23~21! 9

2
2→ 5

2
2 E2

177.6 0.4~1! 0.83~22! 7
2

1→( 3
2

1) g E2

184.0 13.9~2.0! 0.85~10! 11
2

1→ 9
2

1 M1/E2
207.0 115~15! h 1.05~1! 11

2
2→ 7

2
2 E2

227.5 29.5~1.5! 0.53~8! 13
2

1→ 11
2

1 M1/E2
239.0 9.7~5! 0.59~10! 15

2
1→ 13

2
1 M1/E2

250.9 7.7~4! 0.72~10! 13
2

2→ 11
2

2 M1/E2
285e 10~5! 17

2
1→ 15

2
1 M1/E2

286e 73~10! h 0.59~14! d 9
2

1→ 5
2

1 E2
286.2 4~1! 19

2
1→ 17

2
1 M1/E2

332.8 ;5 c 0.81~15! 21
2

1→ 19
2

1 M1/E2
344.7 25~5! 13

2
2→ 9

2
2 E2

346.3 55~6! 1.38~15! 11
2

1→ 7
2

1 E2
361.1 ;5 c 25

2
1→ 23

2
1 M1/E2

363.7 110~15! h 1.15~12! 15
2

2→ 11
2

2 E2
363.8 ;2 c 29

2
1→ 27

2
1 M1/E2

389.1 3.5~0.2! 0.55~5! 17
2

2→ 15
2

2 M1/E2
411.9 65~10! h 1.17~13! 13

2
1→ 9

2
1 E2

467.1 49.2~2.5! 0.95~18! 15
2

1→ 11
2

1 E2
502.4 30~5! h 17

2
2→ 13

2
2 E2

505.3 1.5~0.4! 0.48~5! 21
2

2→ 19
2

2 M1/E2
512.5 105~10! h 1.20~10! 19

2
2→ 15

2
2 E2

524.6 60~6! h 1.22~14! 17
2

1→ 13
2

1 E2
541.3 ;1 c 0.46~9! 33

2
2→ 31

2
2 M1/E2

571.7 45.3~2.3! 1.06~16! 19
2

1→ 15
2

1 E2
585.2 ;1 c 0.67~13! 25

2
2→ 23

2
2 M1/E2

601.3 ;1 c 0.50~10! 29
2

2→ 27
2

2 M1/E2
618.3 57~10! d 1.19~15! 21

2
1→ 17

2
1 E2

627.9 27~5! h 1.08~10! 21
2

2→ 17
2

2 E2
635.4 100.0~5.0! 1.25~11! 23

2
2→ 19

2
2 E2

659.6 38.0~1.9! 23
2

1→ 19
2

1 E2
689.5 55~10! d 1.01~14! 25

2
1→ 21

2
1 E2

716.4 25.9~1.3! 1.43~16! 25
2

2→ 21
2

2 E2
727.9 14~4! d 0.94~20! 33

2
2→ 29

2
2 E2

728.7 90~10! h 1.33~12! 27
2

2→ 23
2

2 E2

729.8 35~7! 27
2

1→ 23
2

1 E2
731.6 53~10! 29

2
1→ 25

2
1 E2

744.4 17.2~0.9! 1.37~14! 29
2

2→ 25
2

2 E2
768.5 33.9~0.7! 31

2
1→ 27

2
1 E2

779.1 11~4! 1.07~12! 37
2

2→ 33
2

2 E2
787.2 70.9~1.4! 1.15~11! 31

2
2→ 27

2
2 E2

794.8 50~10! 33
2

1→ 29
2

1 E2
796.2 26.8~1.3! 35

2
1→ 31

2
1 E2

817.9 58.1~2.9! 1.36~12! 35
2

2→ 31
2

2 E2
852.7 39.0~2.0! 1.47~16! 39

2
2→ 35

2
2 E2

858.4 24~6! 39
2

1→ 35
2

1 E2
885.5 9.8~0.5! 1.56~18! 41

2
2→ 37

2
2 E2

896.8 51~10! 37
2

1→ 33
2

1 E2
913.8 28.0~1.4! 43

2
1→ 39

2
1 E2

917.8 44.1~2.2! 1.28~14! 43
2

2→ 39
2

2 E2
942.6 13.4~0.7! 47

2
1→ 43

2
1 E2

988.6 16.5~0.8! 51
2

1→ 47
2

1 E2
994.3 9.5~0.5! 1.37~18! 45

2
2→ 41

2
2 E2

996.6 28~7! 41
2

1→ 37
2

1 E2
1002.1 32.5~1.6! 1.50~21! 47

2
2→ 43

2
2 E2

1059.3 11~4! ( 45
2

1)→ 41
2

1 E2

1059.5 19.3~1.0! 55
2

1→ 51
2

1 E2
1092.3 30.7~1.5! 51

2
2→ 47

2
2 E2

1096.1 6.9~1.4! 49
2

2→ 45
2

2 E2
1139.9 12.9~2.6! 59

2
1→ 55

2
1 E2

1176.3 25.4~3.8! 55
2

2→ 51
2

2 E2
1187.3 6.5~3! 53

2
2→ 49

2
2 E2

1207e 10~4! 59
2

2→ 55
2

2 E2
1208.2 10~3! 63

2
2→ 59

2
2 E2

1228.5 7.8~1.6! 63
2

1→ 59
2

1 E2
1237.5 8.7~1.7! 67

2
2→ 63

2
2 E2

1238e ;1 c
( 63

2
2)→ 59

2
2 E2

1259.7 7.6~1.5! 57
2

2→ 53
2

2 E2
1266.3 ;10 c

( 59
2

2)→ 55
2

2 E2

1316.2 9.5~1.9! 67
2

1→ 63
2

1 E2
1337.5 9.6~1.9! 71

2
2→ 67

2
2 E2

1370.1 1.9~0.4! ( 61
2

2)→ 57
2

2 E2

1397.6 8.7~1.7! 71
2

1→ 67
2

1 E2
1475.7 4.5~0.9! 75

2
1→ 71

2
1 E2

1529.2 6.3~1.3! 75
2

2→ 71
2

2 E2
1578.0 2.1~0.5! 79

2
1→ 75

2
1 E2

1666.8 1.2~0.3! 83
2

1→ 79
2

1 E2
1776.8 1.9~0.5! 79

2
2→ 75

2
2 E2

aEnergies typically accurate to 0.2 or 0.3 keV.
bIntensities relative to the 627.9-keV transition. Uncertainties in the intensities include a 5% contribution from the efficiency calib
cIntensity estimated, not measured.
dResult for composite peak.
eEnergy estimated, not measured.
gMost likely spins of states~in parentheses!.
hUncertainty in intensity includes contribution from normalization of gating transitions.
044329-5



on

o
e
d

ity

s

rg

-
h
th

-
d

t

te

be

ear
ests
rity
-

te of

in-
In
ned
the

a
s,

the

-
ing
ng
ro-
face
a-

ions
ked

lcu-
ose

te

ked
of

o
-

s.

ra-
re
t

s
dif-

nd
o
ral

e
tio

2

J. F. SMITHet al. PHYSICAL REVIEW C 61 044329
andn(g7/2d5/2) bands vary smoothly as a function of neutr
number. The systematics are shown in Fig. 5; part~a! shows
the negative-parity bands in the odd-A, A,130 barium iso-
topes, for spins up to (27/2)\, and part ~b! shows the
positive-parity bands, for spins up to (23/2)\. Taking the
spin assignments of Fig. 3, the bands observed in this w
fit these trends well. The signature splitting is clearly larg
in the negative-parity bands than in the positive-parity ban
as would be expected for then(h11/2)@532#5/22 and
n(g7/2d5/2)@413#5/21 assignments. For the negative-par
bands, the energy difference between the 11/22 state and the
15/22 state decreases continuously fromA5129 down to
A5119, which suggests an increase in deformation. Thi
consistent with theory@31#; the theory of Ref.@31# predicts
that the deformation should peak betweenA5117 andA
5121, which agrees with the smaller change in this ene
difference for the lowest masses.

As pointed out in Ref.@3#, a comparison of the positive
parity level energies should be treated cautiously, since it
been shown by measurement of the magnetic moments
the 5/21 states in121Ba and123Ba, for example, have differ
ent origins. In 121Ba, the spin and parity of the groun
state have been measured to be 5/21 @32#, and a positive
magnetic moment suggests that the ground state is
n(d5/2)@413#5/21 orbital. However, in 123Ba, a measured
negative magnetic moment suggests that the ground sta
the n(g7/2)@402#5/21 orbital. In 121Ba the band shown in
Fig. 5~b! is built directly on the 5/21 ground state. In119Ba,
no measurement of the ground-state spin and parity has
made. However, a comparison ofb-delayed proton-emission
spectra with a statistical model in Ref.@33# has suggested

FIG. 4. ~a!, ~b!, and ~c! are coincidence spectra showing th
transitions below Band 2. The spectra are gated on the transi
given on the figure~top left of each panel!. Panel~d! is an enlarged
portion of the level scheme, showing the low-spin levels in Band
04432
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that the ground state hasI p55/21. In the present work, four
transitions are observed below Band 2, which do not app
to be a continuation of the band. This observation sugg
that either there are structural changes in the positive-pa
rotational spectrum of119Ba, which mean that the excitation
energy systematics are not reliable or that the ground sta
119Ba does not haveI p55/21.

B. Quasiparticle alignments

The configurations underlying rotational bands can be
vestigated by studying their aligned angular momenta.
high-spin bands such as those presented in Fig. 3, the alig
angular momenta can easily be extracted according to
standard prescription described in Ref.@34#. The aligned an-
gular momenta (i x) for the bands in119Ba are presented as
function of rotational frequency in Fig. 6; for all data point
a reference angular momentum has been subtracted, with
Harris parameters @35# J0517.0 MeV21 \2 and J1
525.8 MeV23 \4. By comparing the experimental align
ments with those predicted theoretically, and by apply
Pauli blocking arguments, information about the underlyi
configurations can be obtained. In this work, a standard p
cedure has been adopted, whereby total Routhian sur
~TRS! @36,37# calculations are used to estimate the deform
tions of the suspected configurations, and these deformat
are subsequently used as input into Woods-Saxon cran
shell model~CSM! calculations@38,39# in order to extract
theoretical quasiparticle alignment frequencies. These ca
lated alignment frequencies can then be compared to th
observed experimentally.

The TRS calculations predict axially symmetric prola
shapes for both bands in119Ba, at low and intermediate
spins. At a representative rotational frequency of\v
50.183 MeV, the n(h11/2) configuration is predicted to
have deformation parameters ofb2.0.27, b4.0.03, and
g.24°. At the same frequency, then(g7/2d5/2) configura-
tion is predicted to haveb2.0.28, b4.0.04, andg.0°.
Using these deformation parameters, Woods-Saxon cran
shell model calculations predict the alignment of the pairs
neutrons and protons from theh11/2 subshell in the observed
rotational frequency range.@Alignments of pairs of neutrons
and protons from the (g7/2d5/2) subshell are not expected t
occur below 0.7 MeV/\.# The predicted alignment frequen
cies are given in Table II.

If Band 1 has an(h11/2) configuration, then the firsth11/2
neutron~EF! alignment will be blocked, for both signature
However, the first alignment ofh11/2 protons~ef! and of sub-
sequent pairs ofh11/2 neutrons~the FG alignment in the fa-
vored E configuration and EH in the unfavored F configu
tion! are possible sources of additional alignment. Figu
6~a! reveals a gain ini x for both signatures of Band 1 a
about 0.36 MeV/\, which is attributed to the ef proton
alignment. ~The slight difference in alignment frequencie
for each of the two signatures can be ascribed to subtle
ferences in deformation.! The subsequenth11/2 neutron align-
ments, FG and EH, are predicted to occur at 0.53 a
0.58 MeV/\, respectively, in this band, but there are n
obvious gains ini x at these frequencies. There are seve

ns

.
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FIG. 5. Excitation-energy systematics for bands in odd-A (A,130) barium isotopes.~a! shows negative-parity bands; the energies
shown relative to the position of the 11/22 state in each band.~b! shows positive-parity bands; the energies are shown relative to the pos
of the 7/21 states. The data for121 – 129Ba are taken from Refs.@3–8#.
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possible explanations for this nonobservation. First of all i
possible that the alignment does indeed take place at
predicted frequency, but that the interaction strength is v
large, so that no upbend is apparent. However, this is
likely because, above the first~ef! alignment, thei x curve is

FIG. 6. Experimentally extracted aligned angular momenta
119Ba, plotted as a function of rotational frequency. A referen
configuration has been subtracted with the Harris parameters@35#
J0517.0 MeV21 \2 and J1525.8 MeV23 \4. Panel ~a! shows
the data for Band 1 and panel~b! shows the data for Band 2. Th
numbers in bold, near the vertical arrows, give the alignment ga
in units of \.
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essentially flat, especially in Band 1F. A second possibility
that both the FG and EH alignments are delayed sign
cantly, and the upbend ini x at 0.60 MeV/\ in Band 1E is
due to the FG alignment, with the expected EH alignmen
Band 1F being delayed to a higher frequency than that
perimentally observed. However, it is also likely that t
upbend at 0.60 MeV/\ in Band 1E is caused by the pertu
bation of the in-band level energies by the two sidefeed
states shown in Fig. 3. A third possibility is that the nucleo
in 119Ba are aligning in a more continuous manner, as will
discussed in Sec. IV D.

Band 2 is presumed to have an(g7/2d5/2) configuration. If
this is correct, then neither the firsth11/2 proton ~ef! nor
neutron~EF! alignments are blocked and both should be e
perimentally observed. Initially both signatures of Band
behave in a similar manner, and both exhibit an alignmen
0.35 MeV/\. Like in Band 1, this first alignment is attrib
uted to the first pair ofh11/2 protons ~ef!. Following this
alignment, the signature splitting between the two bands
creases. In Band 2B, a second alignment is observed at a
0.44 MeV/\ which is probably due to the first pair ofh11/2
neutrons~EF!. In Band 2A, no second alignment is observ
at least until 0.54 MeV/\.

C. Moments of inertia

It can be seen in Fig. 3 that at the highest spins in Ban
the gamma rays have rather large energy and the spa
between levels appears to be greater than what migh
expected for a rotational band. The dynamic (J (2)) moments
of inertia are calculated asJ (2)54/DEg , and hence revea
this large level spacing. The dynamic moments of inertia
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9-7



u

e
le
-

s
n

th
u
n

s
s
u

r
d

tio

-
g

n
-
bi

u
w
t
tic

1

ex-
la-
ci-

f

v-

e

en

s for
x-

at

ed
-

e
is

-
n
t

,

n

pe
l o

J. F. SMITHet al. PHYSICAL REVIEW C 61 044329
Bands 1 and 2 are plotted in Fig. 7. Above abo
0.6 MeV/\, the observedJ (2) for Band 1 clearly shows a
decreasing trend with increasing frequency. This featur
characteristic of smooth terminating bands in lighter nuc
in the region just aboveZ550, which are based on two
particle–two-hole excitations across theZ550 gap. In Band
2, however, the spacings between the transition energie
not change as rapidly as Band 1, as a function of rotatio
frequency, leading to a constantJ (2) moment of inertia.

D. Smooth band termination

In order to achieve a microscopic understanding of
high-spin bands in119Ba, calculations have been carried o
within the framework of the configuration-depende
cranked Nilsson-Strutinsky approach@12,40# with the same
parameters as in these references. A plot of the energie
states in the bands of119Ba, minus a rigid-rotor reference, i
shown in Fig. 8 in comparison with the theoretical config
rations. The curves are only shown above 20\ because pair-
ing is not included in the calculations; comparisons are the
fore not meaningful at low spins. The calculate
configurations are labeled using the shorthand nota
@p,n#, wherep represents the number ofh11/2 protons andn
represents the number ofh11/2 neutrons involved in the con
figuration ~though it should be pointed out that this labelin
scheme is only relevant at high spin!. In the figure, the su-
perscripts attached to the configuration labels give the sig
the total signature quantum numbera. These bands are in
terpreted as being built in the valence space involving or
als from the subshells above theZ550 andN550 gaps. The
earlier discussion of excitation-energy systematics and q
siparticle alignments suggests that Bands 1E and 2B
have the@2,3#2 and @2,4#2 configurations, respectively, a
high spin. With the spin assignments taken from systema
the calculations for the@2,3#2 and@2,4#2 configurations are
in good agreement with the experimental data for Band

TABLE II. Predicted alignment frequencies at the deformatio
calculated for the bands in119Ba. The labels ef~EF!, fg ~FG!, eh
~EH!, and ab~AB! refer to the specific pairs ofh11/2 protons~neu-
trons! and the (g7/2d5/2) protons~neutrons!, respectively. This no-
menclature is detailed in, for example, Ref.@30#. The deformations
used in the calculations are given in the text. Columns~a! and ~b!
give the predicted alignment frequencies in bands 1 and 2, res
tively, although for the given configurations of the bands, severa
the alignments will be Pauli blocked.

Alignment frequency (MeV/\)

Aligning nucleons ~a! Band 1@n(h11/2)# ~b! Band 2@n(g7/2d5/2)#

p(ef) 0.36 0.38
p(fg) 0.54 0.54
p(eh) 0.56 0.57
p(ab) .0.7 .0.7
n(EF) 0.36 0.40
n(FG) 0.53 0.52
n(EH) 0.58 0.56
n(AB) .0.7 .0.7
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and Band 2B, respectively. Specifically the slopes of the
perimental data points are reproduced well by the calcu
tions. Since the calculations do not include pairing, the ex
tation energies are only relative@the excitation energies o
both bandheads have been set to zero in Fig. 8~b!#.

For the@2,3#2 configuration, the calculations predict se
eral aligned states, of which three are shown on Fig. 8~a!.
The first of these is found atI p583/22 and is based upon th
n@(g7/2d5/2)

10(h11/2)
3#43/22 ^ p@(g7/2d5/2)

4(h11/2)
2#201 con-

figuration. In this specific state the ten (g7/2d5/2) neutrons
couple toI 58\ rather than the maximal value ofI 510\.
The maximum spin state which can be formed with all t
N54 low-j neutrons in (g7/2d5/2) orbitals is 87/22 but this
state is not calculated to be yrast. Instead, the yrast state
this configuration are formed with one or two neutrons e
cited to the (d3/2s1/2) orbitals, resulting in the aligned state
I p591/22 and the final terminating state atI p595/22. The
high energy cost of generating spin above the first align
state is clearly seen in Fig. 8~a!, where, relative to the refer
ence, the final terminating state at (95/2)\ lies more than 2
MeV above the state at (83/2)\. For the@2,4#2 configura-
tion, the calculations predict two aligned states, atI p

591/21 and 99/21. Like in the @2,3#2 configuration, the
lowest-lying aligned state is formed by coupling th
(g7/2d5/2) neutrons to less than their maximal value; in th
case the nine neutrons couple toI 5(19/2)\ rather than their
maximum of (23/2)\. The higher spin of the final terminat
ing state atI p599/21 is generated by exciting one neutro
into a (d3/2s1/2) orbital, and coupling the remaining eigh
(g7/2d5/2) neutrons to their maximum spin.

In the calculations, the@2,4#1 configuration lies lower in
energy than the@2,4#2 configuration, but experimentally

s

c-
f

FIG. 7. Experimentally extracted dynamic (J (2)) moments of
inertia for 119Ba. Panels~a! and~b! show data for band 1: panel~a!
shows the lowJ (2) section in detail, while panel~b! shows all the
data points. Panel~c! shows the data for band 2.
9-8
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IDENTIFICATION OF EXCITED STATES IN 119Ba PHYSICAL REVIEW C 61 044329
this band~Band 2A! is not observed above (45/2)\, suggest-
ing that it will be higher in energy at high spin. Furthermo
while the calculated data points for the@2,4#2 configuration
in Fig. 8~a! show a curvature developing into a minimum
the observed Band 2B@Fig. 8~b!# is closer to a constan
downward slope. In particular, the tentative 83/21 state ap-
pears difficult to understand theoretically because the ca
lations predict that the experimental data points should s
to curve upwards at these spin values, corresponding
higher energy cost per spin unit. Band 1E shows an ind
tion of curvature, developing at 79/21, which is about 2\
earlier than predicted by the calculations.

FIG. 8. The energies~a! calculated for specific configuration
and ~b! observed in the experimental bands, as a function of s
shown relative to a rigid-rotor reference. The configurations
labeled by@p,n# wherep is the number ofh11/2 protons andn is the
number ofh11/2 neutrons; the superscripts attached to the confi
ration labels give the sign of the total signature quantum numbea.
The solid lines and dashed lines represent positive- and nega
parity configurations, respectively; similarly open and solid sy
bols represent positive- and negative-signature configurations.
encircled symbols in~a! represent aligned states. The three low
configurations shown define the calculated yrast line in the s
rangeI 5(300–45)\. It should be pointed out that the highest da
points of both bands on panel~b! are tentative.
c
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In a similar way, the pronounced upslope~Fig. 8! caused
by the tentatively observed 79/22 state in Band 1E is diffi-
cult to understand from the calculations. On the other ha
it should be noted that this is a region where neutr
(g7/2d5/2) and (d3/2s1/2) orbitals are expected to compete
energy as discussed above and in more detail in Ref.@41#.
Depending on the exact relative positions of these orbit
different discontinuities might be expected.

V. SUMMARY

In summary, excited states have been identified in119Ba
and observed to high spins despite the small production c
sections involved. Two rotational bands have been identifi
which are most likely based on then(h11/2)@532#5/22 and
n(g7/2d5/2)@413#5/21 orbitals, and which extend to spins o
(75/2)\ and (79/2)\, respectively. The low-spin quasipart
cle alignments can be explained well, and the two bands
in excellent agreement with the excitation-energy system
ics. This is the most-neutron-deficient odd-A barium isotope
in which excited states have been identified, yet states h
been observed to about 6\ higher in spin than any other odd
A barium isotope. The aligned angular momenta of the ba
are partially explained using standard cranked Woods-Sa
calculations. The alignment of the first pair ofh11/2 protons is
observed in both bands, and there is some evidence forh11/2
neutron alignments. At higher spins, the expected quasi
ticle alignments are not observed, which may be beca
nucleons are aligning continuously as described in
mechanism of smooth band termination. Configuratio
dependent cranked Nilsson-Strutinsky calculations reprod
the experimental data reasonably well, suggesting
smooth band termination effects are important at the high
spins. The bands are observed to within a few spin units
the predicted terminating spins. In a future experiment
will be interesting to study these bands to higher spins
order to test whether they do indeed terminate. The obse
tion of smooth band termination atZ556 would demonstrate
a widespread applicability of the phenomenon.
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