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Excited states have been identified in the very neutron-defidi€Ba nucleus. Two bands have been
observed, which are likely to be based by, and @;-ds;») neutron orbitals. Despite this being the first
observation of excited states #%Ba, the bands extend to (75/2gand (79/2}, respectively. The bands have
been assigned t6*Ba using gamma-recoil and gamma—x-ray coincidences. Several quasiparticle alignments
have been identified, involving neutroh,(,;)? and proton hy,,,)? aligned configurations. Furthermore, the
bands show features which are reasonably consistent with smooth band termination at high spin. Theoretical
results for '%Ba are discussed within the framework of cranked Woods-Saxon and Nilsson-Strutinsky
calculations.

PACS numbsds): 21.10.Re, 23.20.Lv, 27.68j, 29.30.Kv

[. INTRODUCTION neutrons. The alignments of pairs of bdtf,, neutrons and
h,1/» protons are predicted to occi®,10] at similar frequen-
The Z=56 barium nuclei represent one of the best ex-cies (0.3-0.4 MeMt), with the precise frequency depend-
amples of an isotopic chain in which to trace the evolution ofing upon the deformation. The investigation of quasiparticle
nuclear structure with neutron number. With the exception oblignments is important for defining configurations via Pauli
*Ba, excited states have been identified in every bariunpiocking arguments and for the study of nuclear shapes in
isotope from A=118 [1] to A=148 [2]. The neutron- oddA nuclei. In addition, as a consequence of the small
deficient barium isotopes with 120A<130 have well- nymper of valence particles outside the=Z=50 double

developed quadrupole deformations,(=0.2-0.3) and are ghe|| closure, band termination effects are important. The

easily produced in heavy-ion fusion evaporation reaCtiO”Sbhenomenon of smooth band terminatigii, 12 has been

these nuclei have therefore been very well studied in gammasg;ished for several years in the nuclei immediately above
ray spectroscopy experiments. A wealth of data exist on CO"lOOSn [13—21]. Smooth band termination describes the situ-

lective and quasiparticle excitations in these nu¢&:g], ation where all of the valence nucleons in the configuration

with many of these nuclei exhibiting multiple extended rOta_of a collective rotational band gradually align their angular

tional bands. However, the barium isotopes WAtk 120 are ta with th is of rotati tall lting i
not as easy to populate, and can be produced only with smdjomenta wi € axis of rotation, eventually resulting in a
oncollective oblate terminating state. Once all of the nucle-

cross sections in reactions involving neutron evaporatio i : .
from the most-neutron-deficient compound nuclei achievONS are aligned, the available angular momentum is ex-
able. Despite experimental difficulties, there is considerabl@austed and the band terminates. Recently, some evidence
motivation to study the most-neutron-deficient barium iso-nas been presented for smooth band terminatioft iz, Xe
topes, as described below. [22,23. With the phenomenon firmly established in the tin
The structure of these nuclei is strongly influenced by the(Z=50) to iodine £ =53) isotopes, it is important to search
occupation ofhy;, intruder orbitals for both protons and for the effect further away from the double shell closure,
where the collectivity might be generated by a different
mechanism.
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Manchester, Manchester, M13 9PL, UK; Té#4) 161 275 4155, order to investigate high-spin properties, such as quasiparti-

Fax: (44) 161 275 5509. cle alignments, in this very-neutron-deficient region and also
Electronic address: jfs@mags.ph.man.ac.uk to investigate smooth band-termination effects. The spectros-
"Present address: Nuclear Science Division, Lawrence Berkelegopy of barium isotopes with <120 has only become pos-
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FIG. 1. Representative spectra from theMMASPHERE experiment. The spectra are projected from a cube by gating on the specified
transitions. Panel&) and (b) show transitions in thee= —1/2 sequence of the(h,4;;) band, andc) and(d) show transitions in thex=
—1/2 sequence of the(g,ds;») band. The peaks are labeled with transition energies, given to the nearest keV, and all of the labeled peaks
are transitions in'®Ba. The transition at 1706 keV appears to be in coincidence Wa transitions, but has not been placed in the level
scheme. The coincidence with the 389-keV transition in pé@ebresumably arises via weak unobserveld=1M1/E2 transitions.

the 84Zn(®Ni,2pn) and %®Ni( %%zn,2pn) reactions have fore data were recorded, a total 0ka0® gamma-ray coin-
been used, for which the predicted cross sections are seveiflence events were written to magnetic tape. In the off-line
mb. High-spin spectroscopy was performed using dhs- analysis eacin-fold event 1=3) was decomposed intdC,
MASPHERE array, and isotopic and isobaric identifications threefold gamma-ray coincidences, yielding a total of 6
were made in a separate experiment using the Argonne Frage10° unfolded triples which were subsequently used to in-
ment Mass AnalyzetFMA) [25] where gamma-recoil and crement a three-dimensional histograeube. The RAD-
gamma-—x-ray coincidences were observed, confirming thgare software packagf27] was used to analyze the data.
assignment of these bands t6Ba. By gating on known transitions, approximately 15 nuclei
were observed. The most intensely populated nuclei were
119%Cs (3p evaporation 8e (4p), and '%e (a2p)
which were produced with approximately 33%, 30%, and
A. GAMMASPHERE experiment: High-spin spectroscopy 19% of the evaporation-residue cross section, respectively.
rfrom the GAMMASPHERE data, two bands were tentatively
assigned to'!®Ba purely on the basis of excitation-energy
systematics and the lack of coincidences with gamma rays in
any known nuclei. These bands were populated with about
2% of the total evaporation-residue cross section, corre-
sponding to about 5 mb. Figure 1 shows representative spec-
tra projected from the cube by applying gates to two of the
three axes.

Il. EXPERIMENTAL DETAILS

Details of the experiments have already been given i
Refs.[1,23,24. In the first experiment, high-spin states were
populated using thé®Ni( %4zZn,2pn) 11%Ba reaction and deex-
citation gamma rays were detected using tA®MASPHERE
array. The 265-MeV®%Zn beam was accelerated by the 88-
Inch Cyclotron at the Lawrence Berkeley National Labora-
tory. The beam was incident upon two stacked 5@fient,
self-supporting, 99%-puré®Ni foils. At the time of the ex-
periment, GAMMASPHERE had 56, 75%-efficient escape-
suppressed germanium detectors in place. The detectors were
arranged in 14 rings with constant polar angletwo detec-
tors at§=17.3°, five at 31.7°, five at 37.4°, five at 50.1°, In order to confirm that the two bands observed with
one at 58.3°, one at 80.7°, six at 90.0°, one at 99.3°, one aAMMASPHERE belonged to''*Ba, a second experiment was
100.8°, five at 121.7°, ten at 129.9°, five at 142.6°, four atperformed in which gamma rays were detected in coinci-
148.3°, and five at 162.7°. With the requirement that at leastlence with recoiling evaporation residues and with x rays. In
three germanium detectors fired in prompt coincidence bethis experiment thé*Zn(®Ni,2pn) *%Ba reaction was used.

B. ATLAS/FMA experiment: Assignment
of excited states to'*Ba
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Position in PGAC (proportional to M/q) The 58Ni beam, at energies of 230 and 240 MeV, was pro-
150 200 250 300 vided by the Argonne Tandem Linac Accelerator System
i ) ' ) i (ATLAS). The target was a self-supportifiizn foil of thick-
N 16 [ (@) 8 ness 500ug/cn?. Gamma rays and x rays were detected at
s 12} - & the reaction site in an array of ten Compton-suppressed 25%-
£ 8 [ - ] efficient germanium detectors; the thresholds on two of the
é I —25 1 detectors were reduced in order to dete@5-keV bariumK
4} ¢=26 ¢ 24 1 T . f _
[ q ] X rays. The recoiling reaction products were dispersed ac
0 cording to their mass-to-charge state ratio and detected in a
I (b') ga1'e onM=119 | parallel-grid avalanche countd?GAQ) at the focal plane of
the FMA. With the trigger condition of two or more Ge
10000 detector signals in coincidence with each other, or one or
more Ge signals in coincidence with a PGAC signal, ap-
5000 p proximately 9< 10’ events were recorded.
83\?\ The spectrum recorded by the PGAC is shown in Fig.
0 —— 2(a). Mass-119 recoils with two different charge states were
[ (c) gate on M=119 and 113keV 1 detected by the PGAC, but the majority of these wEfE€s
n 100f 1 residues. The data were sorted into gamma-gamma correla-
g tion matrices gated on recoils with masses 115-120 and an
8 50 | ungated(no recoil condition matrix. The method used to
assign excited states t#%Ba is the same as that described
0 for 1%a and '®Cs in Refs.[1,26]. Figure 2b) shows the
total projection of theM =119 gated matrix. Some of the
40 f transitions belonging td'*Ba are labeled with their transi-
tion energies. Figure(2) shows gamma rays in coincidence
20 | with anM =119 recoil and a 113-keVV gamma ray. Similarly,
Fig. 2(d) shows gamma rays in coincidence with &h
0 =119 recoil and an 85-keV gamma ray. Figures)2and
v srakrs. o 4 2(d) show the same coincident transitions as would be ex-
0 (;a?gma rgogner 3(?(‘;\/) 400 pected from theGAMMASPHERE data and confirm that the
iad d bands belong to a nucleus with mass 119. Figue $hows
50 | (@) *OKe=228  yokpsns the K x ray region of several spectra projected from the un-
o 0 -"n"‘-'""‘*.ﬁ_.._—.—-...._. gated matrix. The lower-middle and lower spectra of Fig.
E 30| CeKeto M ECSKB%'O 2(e) are gated on the 113-keV and 161-keV transitions, re-
3 128 o Koca 2 spectively. The upper and upper-middle spectra are gated on
o A Bake-ses H18xe (472-keV) and °Cs (269-keV) transitions, respec-
20 Ba Ko=32.2 Ba Kp=36.4 tively. TheK x rays in coincidence with the suspect&dBa
0 _._.__...,Jima......n_él,__. bands are clearly bariuk x rays, confirming the assignment
20 30 40 50 of the bands to''*Ba.

x-ray energy (keV)
IIl. RESULTS: LEVEL SCHEME OF '%Ba

_ Coincidence relationships, together with energy- and
FIG. 2. Results from thextLAs/FMA experiment. Panela)  intensity-balance arguments, have been used to deduce the
shows the spectrum of recoils recorded at the focal plane of theaye| structures presented in Fig. 3. Two independent rota-
FMA. The peaks corresponding fo=119 recoils are labeled with  tjona| pands, labeled Band 1 and Band 2, have been ob-
M/q. Panel(b) shows the total projection of ay matrix gated on  saryed. No transitions have been observed linking the two
lelg recoils; the most intense peaks in the spectrum belong tf5,4s 5o their relative spins and excitation energies have not
%Cs. Several of thé'*Ba peaks are labeled with transition ener- |, oo cctanlished Excitation-energy systematics in thefodd-
gies. Panelc) shows a spectrum projected from this=119 gated i\, isotopes and aligned angular momentum arguments
matrix, gated on the 113-keV transition. Pat®lshows a spectrum (which are discussed in Sec.'suggest that Band 1 is based
hich is al jected fi the =119 gated matrix, gated on th _ ” .
WRICT IS 2SO projectec from gated matrix, galed on e thev(hy1,9)[532]5/2" orbital and Band 2 is based on the

85-keV transition. Panele) shows theK x-ray regions of spectra i ) . . .
projected from a matrix which was not gated by mass. The Iower-”(g7/2d5/2)[413]5/2 orbital. The spin and parity assign-

middle and lower spectra are gated on the 113- and 161-keV trafn€Nts of the bandheads are taken from systematics and are
sitions, respectively. The upper and upper-middle spectra shew therefore tentative. The energies and relative intensities of all

rays in coincidence with uncontaminated gamma-ray gatéddge  Of the transitions assigned f6°Ba are given in Table .

and %Cs, respectively. In panét), the 113-keV gate will overlap In order to help assign relative spin and parity values to
with the 114-keV transition, which explains the coincidence withthe excited states, a type of gamma-ray angular distribution
the 364-keV transition. measurement was used. Two gamma-gamma correlation ma-
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trices were constructed, which were incremented with
gamma-ray energies from any germanium detector, indepen-
dent of angle, on one axis, and with gamma-ray energies
from detectors at a particular value éfand 180- 6) on the
other axis. By gating on the any-germanium-detector axis,
the intensities of gamma rays detecteddatould be mea-
sured in the resulting spectrum. Using this method, the in-
tensities of the gamma rays in the detectors vith90° (6
detectory and 6=(50 or 130)°(34 detectorswere mea-
sured, and the ratioRj,g) of these intensities was taken.
After normalization, the ratio was found to be near 0.7 for a
stretched-dipole transition and near 1.3 for a stretched-
quadrupole transition. The values were calibrated using
known transitions in the well-studiet*°Cs [28] and ''8Xe
[23,29 nuclei. Using this method, the relative spin assign-
ments up to (47/2) in Band 1 and (29/2) in Band 2 were
made. The values of the measured angular intensity ratios
(Rang) are given in Table I, together with the probable mul-
tipolarities of the gamma rays.

Assuming that the spin assignments are correct, Band 1
and Band 2 extend to (75/2)[tentatively (79/2%] and
(79/2)h [tentatively (83/2}], respectively. These spins are
approximately & above any known spins in other odd-
barium isotopes. Both bands consist of tWb=2 signature-
partner sequences connected Ay=1 transitions below
(31/2). Henceforth, the standard convention shall be
adopted(see Sec. IV and, for example, R¢80]), and the
signature partner sequences will be referenced by the letters
A, B, E, and F, as indicated in Fig. 3. Band 1F is observed up
to (57/2): [tentatively (61/2} ] while Band 1E is observed
up to (75/2) [tentatively (79/2%]. Transitions withAl
=1, presumed to be d1/E2 character, are observed in
Band 1 below (33/2). The signature splitting is about 180

Bl e B o keV at a rotational frequency of about 0.3 Mé¥/as would
T e i be expected for a band built on th832]5/2" orbital. Simi-
R o » T larly, Band 2A is observed up to spin (41#2)tentatively
g *+ T (45/2)h] while Band 2B is observed up to (79/2)tenta-
sz 97 = TV tively (83/2)%]. In Band 2,A1 =1M1/E2 transitions are ob-
) R - % 885 served connecting the signature partners below (29/2he
N N B | | o signat_ure splitting i_s almos_t zelbefore the first quasiparti-
L. 3+ A c!e alignmenk consistent with thev(g;,,ds;)[413]5/2" as-
o | signment.
1 T.. B acs In addition to the in-band transitions, four low-energy,
T £ 3"’”*'*“ | 22 low-intensity transitions are observed below Band 2; the
i i 1 554 transitions have energies of 54, 85, 93, and 178 keV. Coin-
N - Llf = cidence relationships between these transitions and the lower
i e = sasfm members of Band 2 are shown in the spectra of Fig. 4, panels
o b | N “”%’ | oo (@), (b), and(c), while an expanded part of the level scheme
5:2‘%6285 7 = ok L is shown in Fig. 4, pane(d). It is presumed that the four

N 130+
467 7% 2
B _ %7

transitions are not a continuation of Band 2 because of their
very low intensity relative to the lowest members of the

95;/%*:;??‘;@2 2N E™ “F band. It is possible that the 7/Ztate is isomeric, although it
g i is not possible to investigate this further with the present data
Band 2 V(g7/2d5/2) Band 1 V(h11/2) set.

IV. DISCUSSION

FIG. 3. The level structure of*®Ba deduced in this work. The

uncertainties in the intensities range fronb to 20% and those in

the energies are all less than 0.3 keV. The spins of all of the levels In the oddA, A=120 barium isotopes, the energies of the
are taken from systematics and are therefore tentative. lowest-lying states, relative to the bandhead, in ke,

A. Excitation-energy systematics
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TABLE I. Properties of the transitions assigned'{@Ba, from theGaMMASPHERE data.

E,? I° Rang I T o\ E,? I° Rang || T oA
54.3 0.95) 3t (39 729.8 357) g2 E2
60.1 ~2¢ 0.6910) L. M1/E2 731.6 5310 2+, E2
85.1 0.64) 0.2911) S+ _,(3+)9 744.4 17.20.9 1.3714) 2-_,2- E2
926 0.4  0.7524) I+ 5+ 7685  33.90.7) S E2
928 3.7 0.688) 4-_,9- MLUE2 7791 114) 1.0712) -3 E2
112.6 2060  0727)¢ -5 M1/E2 787.2 70914 11511 z -5 E2
113.6 2009  0.727)¢ -1 M1/E2 794.8 5010) Fr-2 E2
1235 092 05815 I+ 5+ M1E2 7962 26813 Zr-3t E2
161.9  48.%5.0  0.7211) R M1/E2 817.9 58.29  1.3612 -3 E2
1749  3010"  1.2321) 8-_,5- E2 852.7  39.02.0  1.4716) L3 E2
177.6 0.41) 0.8322) 1+ _,(3+)9 E2 858.4 246) D+ B+ E2
1840  13.92.0)  0.8510) L+ 9+ Mugz 8855 9805  1.5618) 2 -7 E2
2070  11815"  1.051) U-_,7- E2 8968 5110 2.2 E2
2275 29865  0538) L+ U+ ey 9138 280149 Z 7z E2
2390 975 05910 L+ L3+ yyEp 9178 44022 12414 z 7z E2
2509 7.4 0.7210) L-_u-  pqpez 9426 13407 2 -7 E2
285 10(5) %+_>175+ M1/E2 988.6 16.%0.8 %+—>%+ E2
286 73(10) h 0.5914) d %4—_}%4— E2 994.3 9.50.5) 1.37198) Zi_)gi E2
286.2 41) %9+_>%+ M1/E2 996.6 287) Z+—>Z+ E2
332.8 ~5¢ 0.81(15) %+_}%+ M1/E2 1002.1 32.61.6) 1.5021) 5 — 5 E2
344.7 255) La-_,9- E2 1059.3 114) (2H—-%" E2
346.3 556) 1.3815) L 7+ E2 10595  19.8L.0) Zr-Ft E2
3611  ~5° B+_,23+ ez 10923 30.7L5 g =% E2
363.7  11015"  1.1512) L5-_,1- E2 1096.1  6.91.4) L -8 E2
3638  ~2° 2+ 21+ qyE2 11399 1226 Ea E2
389.1  350.2  0.555) - 15— vuE2 11763 2589 i E2
4119  6510" 11713 L3+ 9+ E2 1187.3 6.53) S E2
467.1  49.2.5  0.9518) L+ U+ E2 1207 10(4) g% E2
5024 305" -, 13- E2 1208.2 103) g -3 E2
505.3  1.50.4) 0.485) 2-_, 18- M1E2 12285 7.81.6 Frogr E2
5125  10810)"  1.2010) lo-_,15- E2 12375  8.1L7) ¥ =% E2
524.6 6@6) " 1.2214) i+ 13+ E2 1238 ~1°¢ (8-)-52- E2
541.3 ~1°¢ 0.4609) 33-_,3- M1E2  1259.7 7.61.5 2I-_,%3- E2
571.7  45.82.3  1.0616) D+ 15+ E2 1266.3 ~10° (52-)_. 55~ E2
585.2 ~1°¢ 0.6113) 2% M1E2 13162 9.61.9 &7+, 83+ E2
601.3 ~1° 0.5010) 25 M1E2 13375  9.6L.9 - _er- E2
618.3 5710) ¢ 1.1915) d+_ U+ E2 1370.1 1.90.4) (8- 57~ E2
627.9 215"  1.0810) i:ﬁﬁ: E2 13976 8.0L.7) L+ 61+ E2
635.4  100.66.00  1.2511) 23-_ .19 E2 14757 4.50.9 5+ T E2
659.6  38.0L9 27 B2 15202 6819 -, 1- E2
716.4 25913  1.4316) 25-_,2 E2 16668  1.20.3) 834,194 Eo
727.9 144) ¢ 0.9420) 8-,2- E2 1776.8 1.90.5 19~ 75- E2
7287  9010"  1.3312 2, 23— E2 2o

%Energies 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 calibration.
‘Intensity estimated, not measured.

9Result for composite peak.

°Energy estimated, not measured.

9Most likely spins of state¢in parentheses

"Uncertainty in intensity includes contribution from normalization of gating transitions.
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1200

that the ground state h&8=5/2". In the present work, four
transitions are observed below Band 2, which do not appear
to be a continuation of the band. This observation suggests
that either there are structural changes in the positive-parity
rotational spectrum of!®Ba, which mean that the excitation-
energy systematics are not reliable or that the ground state of
11%a does not have™=5/2".

(a) 346 keV and 467 keV
800 | <

178

Counts

400

0
20

B. Quasiparticle alignments

The configurations underlying rotational bands can be in-
vestigated by studying their aligned angular momenta. In
high-spin bands such as those presented in Fig. 3, the aligned

o . : angular momenta can easily be extracted according to the
50 100 150 200 standard prescription described in Rgf4]. The aligned an-
Gamma-ray energy (keV) gular momentai() for the bands int'*Ba are presented as a
function of rotational frequency in Fig. 6; for all data points,
a reference angular momentum has been subtracted, with the
Harris parameters[35] J,=17.0 MeV 42 and 7,
=25.8 MeV 4% By comparing the experimental align-
ments with those predicted theoretically, and by applying
Pauli blocking arguments, information about the underlying
configurations can be obtained. In this work, a standard pro-

FIG. 4. (a), (b), and (c) are coincidence spectra showing the cedure has been adopted, whereby total Routhian surface
transitions below Band 2. The spectra are gated on the transitiong'RS) [36,37] calculations are used to estimate the deforma-
given on the figuretop left of each pangl Panel(d) is an enlarged  tions of the suspected configurations, and these deformations
portion of the level scheme, showing the low-spin levels in Band 2 5¢e subsequently used as input into Woods-Saxon cranked

shell model(CSM) calculations[38,39 in order to extract
andv(g,ds;p) bands vary smoothly as a function of neutron theoretical quasiparticle alignment frequencies. These calcu-
number. The systematics are shown in Fig. 5; @rshows lated alignment frequencies can then be compared to those
the negative-parity bands in the 0éd-A<130 barium iso- observed experimentally.
topes, for spins up to (27/2) and part(b) shows the The TRS calculations predict axially symmetric prolate
positive-parity bands, for spins up to (23#2)Taking the shapes for both bands iA'*Ba, at low and intermediate
spin assignments of Fig. 3, the bands observed in this workpins. At a representative rotational frequency oé
fit these trends well. The signature splitting is clearly larger=0.183 MeV, the v(hyy,») configuration is predicted to
in the negative-parity bands than in the positive-parity bandshave deformation parameters @,=0.27, 8,~0.03, and
as would be expected for the/(hqy)[532]5/2~ and y=-—4°. At the same frequency, thgg,,ds) configura-
v(97052)[413]5/2° assignments. For the negative-parity tion is predicted to haves,=0.28, 8,~0.04, andy=0°.
bands, the energy difference between the 1¥tte and the Using these deformation parameters, Woods-Saxon cranked
15/2° state decreases continuously froh=129 down to  shell model calculations predict the alignment of the pairs of
A=119, which suggests an increase in deformation. This imeutrons and protons from tling,,, subshell in the observed
consistent with theory31]; the theory of Ref[31] predicts rotational frequency rang@Alignments of pairs of neutrons
that the deformation should peak betwegr117 andA  and protons from thed;,ds;,) subshell are not expected to
=121, which agrees with the smaller change in this energpccur below 0.7 MeVi.] The predicted alignment frequen-
difference for the lowest masses. cies are given in Table II.

As pointed out in Ref[3], a comparison of the positive- If Band 1 has av(h41,) configuration, then the firgt; ),
parity level energies should be treated cautiously, since it haseutron(EF) alignment will be blocked, for both signatures.
been shown by measurement of the magnetic moments thatowever, the first alignment df; 4/, protons(ef) and of sub-
the 5/2 states in'?'Ba and*?®Ba, for example, have differ- sequent pairs ofi;;,, neutrons(the FG alignment in the fa-
ent origins. In *?!Ba, the spin and parity of the ground vored E configuration and EH in the unfavored F configura-
state have been measured to be*5[32], and a positive tion) are possible sources of additional alignment. Figure
magnetic moment suggests that the ground state is th&a) reveals a gain in, for both signatures of Band 1 at
v(ds;)[413]5/2" orbital. However, in'*Ba, a measured about 0.36 MeV#, which is attributed to the ef proton
negative magnetic moment suggests that the ground state aignment. (The slight difference in alignment frequencies
the v(g7,)[402]5/2" orbital. In *?*Ba the band shown in for each of the two signatures can be ascribed to subtle dif-
Fig. 5(b) is built directly on the 5/2 ground state. Int'®Ba,  ferences in deformationThe subsequertt,;, neutron align-
no measurement of the ground-state spin and parity has beements, FG and EH, are predicted to occur at 0.53 and
made. However, a comparison 8fdelayed proton-emission 0.58 MeV#, respectively, in this band, but there are no
spectra with a statistical model in RB3] has suggested obvious gains in, at these frequencies. There are several
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FIG. 5. Excitation-energy systematics for bands in @d@lA<130) barium isotopega) shows negative-parity bands; the energies are
shown relative to the position of the 11/2tate in each bandb) shows positive-parity bands; the energies are shown relative to the position
of the 7/2" states. The data fof?'~12Ba are taken from Ref$3—8].

possible explanations for this nonobservation. First of all it isessentially flat, especially in Band 1F. A second possibility is
possible that the alignment does indeed take place at thiat both the FG and EH alignments are delayed signifi-
predicted frequency, but that the interaction strength is vergantly, and the upbend i, at 0.60 MeV# in Band 1E is
large, so that no upbend is apparent. However, this is undue to the FG alignment, with the expected EH alignment in
likely because, above the fir@f) alignment, the, curve is Band 1F being delayed to a higher frequency than that ex-
perimentally observed. However, it is also likely that the
20 upbend at 0.60 MeV/ in Band 1E is caused by the pertur-

h

£ EE bation of the in-band level energies by the two sidefeeding
515 izl states shown in Fig. 3. A third possibility is that the nucleons
g @Band1 o : in %Ba are aligning in a more continuous manner, as will be
g 10 SRS A WO discussed in Sec. IV D.
E} E O-0Band 1E Band 2 is presumed to havevég,,ds;) configuration. If
§ 5 g MHEendTt this is correct, then neither the firt;;,, proton (ef) nor
E | e neutron(EF) alignments are blocked and both should be ex-
§—:” 0 ———————————— perimentally observed. Initially both signatures of Band 2
. > (b)Band2 behave in a similar manner, and both exhibit an alignment at
15 2 § 0.35 MeVH. Like in Band 1, this first alignment is attrib-
8 3 uted to the first pair ofh,4, protons(ef). Following this

10 alignment, the signature splitting between the two bands in-
creases. In Band 2B, a second alignment is observed at about
5 -0 Band 2B 0.44 MeVH which is probably due to the first pair of/,
W8 Band 2A neutrongEF). In Band 2A, no second alignment is observed
051 02 03 04 05 05 07 o8 at least until 0.54 MeMi.

Rotational frequency (MeV/h)

C. Moments of inertia
FIG. 6. Experimentally extracted aligned angular momenta for L . o
11984, plotted as a function of rotational frequency. A reference |t can be seen in Fig. 3 that at the highest spins in Band 1,

configuration has been subtracted with the Harris paramg3sls  the gamma rays have rather large energy and the spacing
Jo=17.0 MeV %2 and 7;=25.8 MeV 3#%. Panel(a) shows between levels appears to be greater than what might be
the data for Band 1 and pangd) shows the data for Band 2. The expected for a rotational band. The dynami€?) moments
numbers in bold, near the vertical arrows, give the alignment gainspf inertia are calculated ag@=4/A E,, and hence reveal

in units of#. this large level spacing. The dynamic moments of inertia for
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TABLE II. Predicted alignment frequencies at the deformations 200 T " T
calculated for the bands if*%Ba. The labels efEP), fg (FG), eh ®-®Band 1E (a)
(EH), and ab(AB) refer to the specific pairs df,,, protons(neu- 150 } ©-©Band1F
trons and the {j;,,ds5,,) protons(neutrong, respectively. This no-
menclature is detailed in, for example, RgS0]. The deformations — 100}
used in the calculations are given in the text. Colurt@sand (b) [N
give the predicted alignment frequencies in bands 1 and 2, respec- < 50
tively, although for the given configurations of the bands, several of =
the alignments will be Pauli blocked. -‘é’ 0
o ; ' ' :
£
Alignment frequency (MeV4) 5 3000 | — pand1E k (b)

1=

Aligning nucleons (a) Band 1[v(h11,5)] (b) Band 2[ v(g7,20ss) ] % 0F
g (c) =-mBand 2A

m(ef) 0.36 0.38 o 150t &0 Band 28

7(fg) 0.54 0.54 E

m(eh) 0.56 0.57 g 100

m(ab) >0.7 >0.7 a

»(EF) 0.36 0.40 T 5

v(FG) 0.53 0.52

v(EH) 0.58 0.56 0

v(AB) >0.7 >0.7 00 02 04 06 08

Rotational frequency (MeV/h)

Bands 1 and 2 are plotted in Fig. 7. Above about FIG. 7. Experimentally extracted dynamic7(*)) moments of
0.6 MeV/#, the observedq7? for Band 1 clearly shows a inertia for **Ba. Panelga) and (b) show data for band 1: pand)
decreasing trend with increasing frequency. This feature i§hows the low7®) section in detail, while pandb) shows all the
characteristic of smooth terminating bands in lighter nuclefdata points. Pangt) shows the data for band 2.

in the region just abov&Z =50, which are based on two-
particle—two-hole excitations across the-50 gap. In Band
2, however, the spacings between the transition energies
not change as rapidly as Band 1, as a function of rotation
frequency, leading to a constafit?) moment of inertia.

and Band 2B, respectively. Specifically the slopes of the ex-
erimental data points are reproduced well by the calcula-
ﬁ%ns. Since the calculations do not include pairing, the exci-
ation energies are only relatij¢éhe excitation energies of
both bandheads have been set to zero in Fig).]3
o For the[2,3] configuration, the calculations predict sev-
D. Smooth band termination eral aligned states, of which three are shown on Fig).8
In order to achieve a microscopic understanding of thelhe first of these is found &t =83/2" and is based upon the
high-spin bands inBa, calculations have been carried out Y[ (972052 *(N11/2 *1aziz- ® 7[ (9725120 *(h11/9* 120+ cON-
within the framework of the configuration-dependentfiguration. In this specific state the teg.ds;) neutrons
cranked Nilsson-Strutinsky approafh2,4Q with the same couple tol =8#% rather than the maximal value o 10%.
parameters as in these references. A plot of the energies dhe maximum spin state which can be formed with all ten
states in the bands df®Ba, minus a rigid-rotor reference, is N=4 low-j neutrons in §;.ds,) orbitals is 87/2 but this
shown in Fig. 8 in comparison with the theoretical configu-state is not calculated to be yrast. Instead, the yrast states for
rations. The curves are only shown abové 2&cause pair- this configuration are formed with one or two neutrons ex-
ing is not included in the calculations; comparisons are theresited to the {l5,,S,/,) orbitals, resulting in the aligned state at
fore not meaningful at low spins. The calculated|”™=91/2" and the final terminating state Bt=95/2". The
configurations are labeled using the shorthand notatiohigh energy cost of generating spin above the first aligned
[p,n], wherep represents the number bf,,, protons anch  state is clearly seen in Fig(&, where, relative to the refer-
represents the number bf,,, neutrons involved in the con- ence, the final terminating state at (93/2)es more than 2
figuration (though it should be pointed out that this labeling MeV above the state at (83/2) For the[2,4]” configura-
scheme is only relevant at high spirin the figure, the su- tion, the calculations predict two aligned states, |4t
perscripts attached to the configuration labels give the sign of 91/2° and 99/2. Like in the [2,3]” configuration, the
the total signature quantum number These bands are in- lowest-lying aligned state is formed by coupling the
terpreted as being built in the valence space involving orbit{gds») neutrons to less than their maximal value; in this
als from the subshells above tie-50 andN =50 gaps. The case the nine neutrons couplelte (19/2)% rather than their
earlier discussion of excitation-energy systematics and quanaximum of (23/2j. The higher spin of the final terminat-
siparticle alignments suggests that Bands 1E and 2B wiling state at "=99/2" is generated by exciting one neutron
have the[2,3]” and[2,4]" configurations, respectively, at into a (ds;,S1,) orbital, and coupling the remaining eight
high spin. With the spin assignments taken from systematicgg-,.0s,,) neutrons to their maximum spin.
the calculations for thg2,3]~ and[2,4]” configurations are In the calculations, thg2,4]™ configuration lies lower in
in good agreement with the experimental data for Band 1Eenergy than thg2,4]~ configuration, but experimentally,
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In a similar way, the pronounced upslofféig. 8 caused
by the tentatively observed 79/2state in Band 1E is diffi-
cult to understand from the calculations. On the other hand,
it should be noted that this is a region where neutron
(972052 and (ds.84,,) oOrbitals are expected to compete in
energy as discussed above and in more detail in Rédi.
Depending on the exact relative positions of these orbitals,
different discontinuities might be expected.

V. SUMMARY

In summary, excited states have been identified*iBa
and observed to high spins despite the small production cross
sections involved. Two rotational bands have been identified,
which are most likely based on thgh,4,5)[532]5/2" and
v(g97,.ds/2)[413]5/2* orbitals, and which extend to spins of
(75/2)h and (79/2}, respectively. The low-spin quasiparti-
cle alignments can be explained well, and the two bands are
in excellent agreement with the excitation-energy systemat-
ics. This is the most-neutron-deficient o8dbarium isotope
in which excited states have been identified, yet states have
been observed to about igher in spin than any other odd-
A barium isotope. The aligned angular momenta of the bands

are partially explained using standard cranked Woods-Saxon
. - ] . calculations. The alignment of the first pairtof;,, protons is

FIG. 8. The epergle(;a) cal_culated for specific conflguratlons_ observed in both bands, and there is some evidence,fer
and (b) observed in the experimental bands, as a function of spinpeytron alignments. At higher spins, the expected quasipar-
shown relative to a rigid-rotor reference. The configurations arg;g|e alignments are not observed, which may be because
labeled by p,n] wherep is the number oh,,, protons andvis the  nycleons are aligning continuously as described in the
number ofhll,_z neutror]s; the superscr_lpts attached to the configuechanism of smooth band termination. Configuration-
ration labels give the sign of the total signature quantum number, gependent cranked Nilsson-Strutinsky calculations reproduce
The solid lines and dashed lines represent positive- and negativepe experimental data reasonably well, suggesting that
parity configurations, respectively; similarly open and solid sym-smqgoth band termination effects are important at the highest
bols represent positive- and negative-signature configurations. Tr@pins_ The bands are observed to within a few spin units of
encircled symbols ifa) represent aligned states. The three lowestipe predicted terminating spins. In a future experiment, it
configurations shown define the calculated yrast line in the spiRyi|| pe interesting to study these bands to higher spins, in
rangel = (300-45f:. It should be pointed out that the highest data order to test whether they do indeed terminate. The observa-
points of both bands on pang) are tentative. tion of smooth band termination Zt=56 would demonstrate
a widespread applicability of the phenomenon.

Angular momentum (h)

this band(Band 2A) is not observed above (45/2)suggest-
ing that it will be higher in energy at high spin. Furthermore,
while the calculated data points for th2,4|~ configuration The authors would like to thank A. Lipski for target
in Fig. 8@ show a curvature developing into a minimum, preparation and E.S. Paul for useful discussions. The CSM
the observed Band 2BFig. 8b)] is closer to a constant and TRS codes were provided by R. Wyss and W. Nazare-
downward slope. In particular, the tentative 83/&ate ap- wicz. This work was supported in part by the NSF, by the
pears difficult to understand theoretically because the calclEPSRC(U.K.), by the Department of Energy, Nuclear Phys-
lations predict that the experimental data points should staits Division, under Contract Nos. W-31-109-ENG-@S\L)

to curve upwards at these spin values, corresponding to and DE-AC03-76SF00098LBNL), and by the Swedish
higher energy cost per spin unit. Band 1E shows an indicaNatural Science Research Council. A.V.A. would like to ac-
tion of curvature, developing at 7972 which is about 2 knowledge support from the Alexander von Humboldt Foun-
earlier than predicted by the calculations. dation.
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