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Excited states int'’Sb have been observed with the Stony Brook array of six Compton-suppressed HPGe
detectors and th&Rh(*?C,3n) reaction at 60 MeV using a thick target. New excited states which decay solely
towards ther,,=773 ns,|"=8" isomer have been identified using time-correlated spectroscopy. The previ-
ously known level scheme has also been extended and corrected. In total, five rotational bands are observed,
consisting of the two previously known strongly coupled bands based upon one-particle—origégibhe
proton excitations across tt#e=50 shell gap and three newly observed decoupled bands based upon 2p-2h
proton excitations. The 1p-1h bands are interpreted as deformed rotors, although there is a possibility that a
shears mechanism like that observed in the lead region may also play a role. Results from a thin-target
measurement using the Eurogam-Il spectrometer and¥&°P,2on) reaction at 150 MeV are also pre-
sented. These data have been used to extend the decoupled bandls-dpftpa spin regime where the bands
exhibit the features of smooth band termination. The combined results from the two experiments have enabled
two of the bands to be connected by discretmy transitions to the low-spin level scheme, thereby determin-
ing their spins and parities. This allows for a definitive comparison with the results of cranked Nilsson-
Strutinsky calculations and excellent agreement is obtained. Further confirmation of the terminating band
configuration assignments is obtained from an analysis of the relative alignment properties of pairs of bands in
the chain'%-11%5p.[S0556-28188)02007-X

PACS numbe(s): 21.10.Re, 21.10.Tg, 23.20.Lv, 27.64.

[. INTRODUCTION [1,2]. Such collectivity was observed initially in the odd-
mass antimony3] and even-mass tip4] nuclei, where pro-
Studies of the nuclei witiZ~50 have yielded important late shapes are stabilized by proton particle-fphs) exci-
and interesting physics in terms of low-lying collective struc-tations across th&=50 shell gap, from th@-upslopinggg/,
tures which coexist with the expected single-particle statesrbital into the 8-downslopingg;,,/ds;, and h,,,, orbitals.
Many cases of deformed rotational bands in this region are
now known, although it is only more recently that the added
“Present address: Department of Nuclear Physics, R.S. Phys. S.power of the new largey-ray detector arrays has been
Australian National University, Canberra ACT 0200, Australia.  brought to bear on these collective structures. Such studies
Present address: Institutrflkern- und Hadronenphysik, For- [5—11] have enabled the investigation of the demise of the

schungszentrum Rossendorf, D-01314 Dresden, Germany. collectivity of the deformed rotational bands which occurs
*Present address: Department of Physics, University of Mancheglue to the limited angular momentum available to the under-
ter, Manchester M13 9PL, United Kingdom. lying single-particle configurationd.2]. The limited valence
Spresent address: UGM Laboratory, Inc., 3611 Market St., Philaspace available to the collective structures is due to the prox-
delphia, PA 19107. imity of the doubly closed shell, so that, with one to three
IPresent address: Department of Physics, University of Yorkjproton holes in they, shell, the total angular momentum of
Heslington Y01 5DD, United Kingdom. the valence nucleons for nuclei in tihe=110 region is lim-
TPresent address: Chemistry Department, Washington Universityted to ~(30—50):. As the spin increases within a collective
St. Louis, MO 63130. band, the valence nucleons align with the rotational axis,
“Present address: Lawrence Livermore Laboratory, P.O. Boxesulting in a gradual change of the nuclear shape with in-
808, Livermore, CA 94550. creasing spin from collective near prolatg~0°) at low
"Present address: Oliver Lodge Laboratory, University of Liver-spin to noncollective oblatey= +60°) when all the nucle-
pool, Liverpool L69 7ZE, United Kingdom. ons within the configuration are fully aligng¢d3,14]. Thus,
#permanent address: Nuclear Research Center, Latvian Acadenopllective bands built upon core-excited configurations ter-
of Sciences, LV-2169, Salaspils, Mierastr. 31, Latvia. minate eventually at a spin corresponding to the sum of the
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spins of the individual valence nucleons. The best examplesranking calculation$21] are currently in progress for the
of this smooth band terminatiophenomenon occur for nu- odd-odd antimony isotopes to determine the conditions under
clei with the right balance of a sufficient numb@0—15 of ~ which shears bands can ocd@2].

nucleons outside of%Sn to develop collectivity, yet close  Excited states in**Sh have been investigated on a num-
enough t0'%°Sn to ensure that the termination of the bandsber of previous occasions using various experimental meth-
can occur both near yrast and at an experimentally attainabRds. Low-spin states have been studied using light-ion reac-
spin value. Excellent examples are found #Sb [6] and  tions [(p,n) and CHexn) [23,24] and radioactive-decay

other nuclei in its immediate vicinity, including®sn [7]  techniques25]. Two high-spin studies have also been re-
and 11%h [10]. ported recentlf26,27]. The current work expands consider-

The observed smooth terminating bands show an increa?ebIy upon these previous investigations.

of the y-ray energy spacing with increasing spin. This cor-
responds to a falloff in the dynamic moment of inerti& [l. EXPERIMENTAL DETAILS
with increasing rotational frequency such that unusually low . . .
g q y y Excited states in*'’Sb were populated in two comple-

values 9f~7(2) (%_% of the rigid-body valugare observed at mentary experiments. The first experiment used a six-
hlgh spin. In addltlon, it leads to characteristic minima in detector array and was designed to poqud-’ESb preferen-
plots of the state energies with a rigid-rotor reference subtially, especially the yrast and near-yrast states up to
tracted E—Egp) [5—11. Experimental evidence for the moderate spin. A light-ion reaction and a thick target were
gradual shape change and associated loss in collectivity withsed to achieve this goal. The second experiment used a
increasing spin has been obtained only recently in the forntarge detector array and employed a heavy beam and thin
of transition quadrupole moments for smooth terminatingtarget, populating high-spin states 1?Sb via a weakly
bands in 1%sn [15], 19%Sb [15], and, in a different mass populated 2n evaporation channel. Further details regard-
region, 82Zn [16]. The theoretical description of smooth band ing both experiments are presented below.
termination[13,14] has relied primarily upon the cranked
Nilsson-Strutinsky model and there is substantial evidence
that this model provides a good understanding of the main
experimental features; nevertheless, it is important to test the High-spin states in*'?Sb were populated using the
limits of applicability of the theory. As the nuclear Fermi Rh(*2C,3n) reaction at 60 MeV, with the*C ions pro-
level changes, smooth terminating bands with various singlevided by the Stony Brook FN tandem/superconducting
particle configurations and different theoretically predictableLINAC. An excitation function determined that a beam en-
characteristics approach the yrast line. A good theoreticaérgy of 60 MeV was appropriate, with the&ndp2n chan-
description of these changing features will give confidencenels leading to''?Sb and**?Sn, respectively, populated with
that the understanding is correct. It was demonstrated rghe strongestapproximately equalintensity. A thick target
cently that theoretical calculations have predictive powerspf natural rhodium was used, and the consequent integration
when a smooth terminating band 1h%Sb[10] was shown to  of the fusion cross section down to the Coulomb barrier
be in excellent agreement with prior calculatidrigl. An (Vc=~40 MeV), together with the light-ion nature of th&C
important feature of that work was that the yrast band wadeam, meant that substantial side feeding was obtained down
connected by discretg-ray transitions to the low-spin-level to the lowest-spin states. Although the compound nuclei
scheme, giving well-determined spins and allowing for a dewere only formed with maximum spins of (20-2Z5)the
finitive comparison with theory; in many cases spin and parside feeding and resultant population of both yrast and near-
ity measurements have not been possiblg., Refs[5,6]).  yrast states meant that a comprehensive level scheme could
A further constraint and test of the theory are obtained bybe constructed. This was helpful for the identification of the
linking multiple smooth terminating bands into the low-spin- linking transitions between two of the decoupled bands and
level scheme. As yet, there are only two cas@&Sn[7] and  the rest of the level scheme, as will be discussed in Sec. IV.
1091 [8]) for which such comparisons can be made. The They rays emitted in the reaction were detected using the
new results presented here for two linked decoupled bands iitony Brook array of six Compton-suppressed HPGe detec-
1125h, and another band which is a likely signature partner ofors, each 25—30 % efficient, arranged in a horizonal plane.
a linked band, provides a unique test of the theory. The dat& 14-element array of hexagonal bismuth germarBt8O)
are compared with the results of cranked Nilsson-Strutinskyletectors subtending 80% ofmwas also used as g-ray
calculations and excellent agreement is obtained. multiplicity filter. The LINAC was run in a swept mode
Another area of recent interest is the phenomenon oWwhereby two out of every three beam pulses were suppressed
shears bands. Observed originally in the lead redmee  with a high-voltage beam sweeper. The resulting time struc-
Refs.[17-19 and references thergirthe antimony isotopes ture for the beam consisted ef1 ns wide pulses separated
are predicted20] to be good examples of this structural by 318 ns so as to accomodate delayed coincidence measure-
feature due to the proximity to the Fermi surface of high- ments. This also enabledZal59 nsy-ray coincidence over-
dg» Proton holes and low&, h;;, neutron particles. Two lap to be employed, long enough to include the low-energy
bands with these active orbitalgonfigurations involving rays and x rays which experience a time walk in the Ge
1p-1h proton excitationshave been identified in'’Sb in the ~ detectors. The data written to magnetic tape included the
current work. The present article uses the geometric model tooincidenty-ray energies from the Ge detectdrainimum
reproduce the experimental properties of the bands, withoubld =2), the totaly-ray energy and multiplicity measured
the need to invoke the shears mechanism. Further tilted-axis the BGO filter, and the times of detection of eaghay

A. Thick-target experiment
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relative to the beam pulse. Approximately 2400° coinci-  Stony Brook array has six detectors in a planar arrangement,

dence events were collected. and so the data were sorted into the angular groupings
(26°,—25°), (80°~91°), and (144°+-142°). H and K
B. Thin-target experiment cuts were placed as i) above to suppress low-multiplicity

. . 15 , events. The intensities of thgrays in these angular spectra

oo igh-spin states in*Sb were also populated using the yere determined and then fitted with the standard expression

°Zr(*P,2an) reaction at 150 MeV, with the beam ofP  \y(g)=1+A,P,(cos6). Note that the overall intensity nor-
ions provided by the Vivitron electrostatic accelerator atmalization has been omitted and that with three effective
Strasbourg. The experiment was originally designed to ingetector angles only th&, coefficient could be determined.
vestigate high-spin states in the strongly populate@r2and  Strictly speaking, these are not true angular distributions be-
ap2n channels leading td'7 [28] and **Te [11], respec- cause the intensities are taken from the coincidence data.
tively. The 2an channel leading td'?Sb was more weakly Nevertheless, the signs of the anisotropies can still be used to
populated, comprising-3% of the total fusion cross section. help deduce the multipolarities of transitions.

The y rays emitted in the reaction were detected with the (iv) The y-y coincidence data were also sorted into an
Eurogam-Il spectrometer, consisting of 54 large volumeangular correlation matrix, where the data from the 80° and
Compton-suppressed HPGe detectors. Of this total, 30 were 91° detectors £90°) were placed on one axis, with the
large-volume(75% efficienj single-crystal detectors situated coincident y rays detected at the forward/backwafieB)
at forward/backward angles with respect to the beam axisangles sorted onto the opposite axi$.and K cuts were
while 24 were “clover” [29] detectorsfour elements, each placed on the data as describediinabove. The experimen-
21% efficieny situated near 90°. Two stacked self- tal ratio given by
supporting targets ot%Zr (>97% enricheglwere used, each
with nominal thickness of 44@g/cn?. With a trigger con- I ,(observed at FB angles, gate 6r90°)
dition of n=5 unsuppresseg rays in coincidence, approxi- DCo™
mately 850< 10° high-fold 4" coincidence events were re-

corded on magnetic tape. Despite the weak cross section fQ\Fas measured and the method of directional correlations

the population c.)fmsb’ the quality of _the high-folq data and from oriented state@DCO) [31] was used to interpret these
the use of a thin target meant that it was possible to apply .,

multiple gates on the high-fold coincidence data and observe
the collective bands if*?Sb to high spin.

| ,(observed at-90°, gate on FB anglgs

B. Thin-target experiment

Ill. ANALYSIS METHODS With the use of a thin targety rays emitted from the
nuclei recoiling out of the target experience the full Doppler
shift. During sorting of the Eurogam-II thin-target data, the
During replay, the data were sorted in a variety of ways toy-ray energies were Doppler corrected before being sorted in
createy-ray spectra and-ray coincidence matrices, which a variety of ways, including the following.
were subsequently analyzed using tR@DWARE software (i) The data were unfolded off line into approximately
packagd 30]. The following sorting methods were applied. 13x 10° triple coincidences which were incremented into a
(i) y-y coincidence matrices were sorted with suitablethree-dimensional histografeube. The LEvITS8R code[30]
gates placed on the-ray multiplicity (K) and total energy was then used to project double-gated, background-
(H) measured in the BGO filter. This was to enhance thesubtracted coincidence spectra from the cube and determine
fusion evaporation reactiorfg/hich have a high multiplicity ~ the coincidence relationships betwegmays.
and suppress the-ray coincidence events due to Coulomb (i) The data were also sorted into a gated DCO matrix. A
excitation and radioactive decéyhich generally have alow gate list consisting of transitions with energies 932, 1003,
multiplicity). Typically the conditionK=1 was used. The 1059, 1117, 1183, 1299, 1494, 1696, 1871, and 2047 keV
symmetrized matrices, including those discussed belowwas chosen so as to enhance the intensity of the most
were analyzed using the&scLsr code [30] to project  strongly populated decoupled banditfSb. The gating pro-
background-subtracted, gated coincidence spectra. cedure involved unfolding the data into dual coincidences,
(i) y-y coincidence matrices were sorted with variouseach of which was only incremented into the matrix if at
conditions placed on the-ray times. Gates were set on the least one of the rest of the rays in the coincidence event
time spectrum for each detector correspondingttd5 ns  satisfied one of the gating conditions. Theays detected in
around the beam puldpromp) and>15 ns after the beam the ten coaxial detectors at 22.4° and 157.7° were sorted
pulse(delayed. Symmetrized matrices consisting of prompt- onto one axis, whiley rays detected in the 24 clover detec-
prompt and delayed-delayed coincidences were created. Ars at 104.5° and 75.5° were sorted onto the other axis. The
unsymmetrized prompt-delayed matrix was also created, thusffect of the matrix gating procedure on the angular correla-
enabling the temporal ordering of pairs frays coincident tion ratios is minimal, since the gating transitions were al-
across an isomerH and K cuts were not used for the lowed to be observed at any angle so that the extraneous
delayed-delayed and prompt-delayed matrices, since thaprrelation effects average to zero.
could suppress low-multiplicity events caused by the decay (iii) The linear polarizations of rays were extracted for
of long-lived isomeric states. some of the transitions associated with the strongest decou-
(iii) The y-vy coincidence data were projected into threepled band in*'%Sb by using the clover detectors as Compton
different spectra according to the angles of the detectors. Thgolarimeterg29]. Two matrices were constructed from the

A. Thick-target experiment
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FIG. 1. Level scheme fot*?Sb deduced from the Stony Brook experiment. The widths of the transitions are proportional to their total
intensity, with the white parts showing the calculated component from internal conversion. The anomalous intensity balance through the 8
isomeric state reflects the observed loss of coincidence intensity due t& 168 ns coincidence overlap used in the Stony Brook
experiment. Note that bands 1, 2, and 3 were extended to tentative spink, &9 and 4%, respectively, in the Eurogam-Il experiment
(see Fig. 9. The dashed transitions represent unobserved decay frashsecessarily single transitionahich are inferred from the
coincidence relationships. Thé 4evels at 167 and 104 keV are connected by such a dashed trarisémtex}, although the drawing scale
makes this difficult to see. Note that the 30 keV, 54" transition is undashed, since it is believed to be a single discrete transition,
although it was not observed directly in the present experiments.

coincidence data withy rays producing single hits in any experiment. The level scheme in Fig. 1 can be roughly sepa-
detector(coaxial or clover on one axis andy rays from rated into two parts(i) the twoAl=1 bands known previ-
scattering events in the clover detect@®ver double hits ously[26,27] and their decay towards the ground state and
which were either perpendicular or parallel to the reaction(ii) the high-spin states above thé &omer which are new
plane for the two matrices, on the other axis. Both matriceso this work, including the three decoupled bands. The dif-
were single gated using the same gate list adijrabove so  ferent parts of the level scheme will be discussed separately
as to enhance the proportion of the most intense decoupldad the following sections. First, however, a brief history will
band in'*2Sh. The number of perpendiculd, , and paral- be given of prior studies of excited states’itfSh.

lel, Ny, scatters for a givety ray can be deduced by project-

ing out spectra gated by specific transitions on the single-hit A. Prior results

axes. Assuming that all 96 separate clover elements have

equal efficiencies, the linear polarization is given by There have been a number of prior studies of excited

states in*?Sh, dating back to the first low-spin investiga-
1N, —N, tions via *?Te—1'%Sh decay[25] and using the {§,n) and

“ON, N (2 (®Hexn) reactiong 23]. The latter studies identified excited
L0 states up taE,=1.17 MeV, including thel "=8" isomer.

where the polarization sensitivi® for the clover detectors Soon afterwards, an accurate half-Iffé2] as well as mag-

is taken from Ref[29]. netic [33] and quadrupol¢32] moments were measured for
thel™=8" isomer. More recently, a comprehensive study of
IV. RESULTS AND LEVEL SCHEME the low-spin states using the () reaction was performed

by Fayez-Hassast al. [24] and two high-spin studies were
The level scheme fot'?Sh obtained from the thick target reported by Singtet al.[26] and Moonet al. [27]. The cur-
experiment performed at Stony Brook is shown in Fig. 1,rent high-spin study was performed in parallel with and in-
with the properties of the transitions assigned'téSb pre-  dependently of the more recent works and substantially con-
sented in Table I. Note that, unless otherwise indicated, thérms and in places changes their reported level schemes,
following section refers to the results from the Stony Brookbased upon the new results presented here. Neither of the
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TABLE |. Properties of transitions assigned ¥Sb from the Stony Brook experiment.

E,? 1P |77 A,° Rpco’ M\
(keV) 202/381 104/237 318 1059/1060

29.6 e 54" M 1/E2
724  11.74) 8 7" 0.973) M1/E2
103.9 45.218 4% 3" —0.303 0.862) 0.61(6) M1/E2
132.5 1.3716) 5t 4% M1/E2
1335 1.687) 5t 3" 0.185) 1.4705) E2
161.8 2.9015) (127)—11" 0.67(11) (E1)
167.1  4.415 43" —0.294) 0.989) M1/E2
196.5 1.1811) —6"

199.3 2.2213) 10 —(9") 1.3324) (M1/E2)
2022 662 9" 8" -0.153) 0.962) 0.903) 0.8605) M1/E2
216.8  4.47) (87)—8~ 1.5212) (M1/E2)
236.9 48.716) 6t —5" -0.183)  0.963) 0.552) M1/E2
273.0 0.519) 19" —18" 0.5016) M1/E2
277.2 3.0416) (14")—(13") 1.029) 0.6811) M1/E2
285.2 3.9416) 147513 0.867) (M1/E2)
2949 16.15) (14")—(13%) 0.8913) 0.953)  0.51(5 M1/E2
297.0 23§13 177 —16" 0.579) M1/E2
302.0 1.2818 (167)—(15") 0.767) (M1/E2)
3121 23§15 157 —14" 0.336) M1/E2
317.8 14.25 (15")—(14") -0.103) 0.9698) 0.435) M 1/E2
3255  8%3) 100 —9- -0.053)  0.922) M 1/E2
326.8 512 (13")—(12%) 0.964) M1/E2
3350 8.13) 57 -4% 0.764) M1/E2
3539 712 117 —10" -0.063)  0.91(2) M1/E2
355.2 4.92) 1009~ —0.033)f 0.4005) M1/E2
355.8 12.74) (16")—(157) —0.033)" 0.9912) 0.903) M1/E2
356.2  4.04) —(12) —0.033)"

358.9 10.84) 12711 0.793) M 1/E2
365.0 2.0011) (19%)—(18") 1.1012 M 1/E2
368.2 0.665) (13")—(12%) 1.2625) (M1/E2)
3726  55%2) (12")—(11) 1.045) M1/E2
3735 16.45) 137 —-12° 0.893) M1/E2
3782 6.03) (11")—(10%) 1.0917) M1/E2
380.6 48815 12 —11" —0.133) 0.942) 0.9514) M1/E2
391.6 6.83) (17")—(16") 0.904)  0.547) M1/E2
3924 25.18) 137 —>12- 0.862) M1/E2
3944 753 137 —>12- 0.61(8) M 1/E2
398.2 19.27) 5t 4" 0.632) 0.709) M1/E2
402.0 2.9113 8 7" 0.875) El
4025 3.62 (157)—14" 0.287) (M1/E2)
406.2  4.02) 777" 1.144)f M1/E2
406.9 13.69) 14~ —13" 1.144)" M1/E2
4142  7.63) (18" —(17h) 0.9712) 0.91(5) M1/E2
4160 3.92)

4185 3.1719 9(+) g+ 0.91(6) (M1/E2)
4259 8.83) 14~ 13" 1.106) 0.469) M1/E2
4325 3.1513 (19")—(18") 0.91(8) M1/E2
4357 548189 117—10" —0.253) 0.9011)  0.492) El
441.9 24.914) 778" 0.943) M 1/E2
4519 6.32) 15" —14- 0.856) 0.326) M 1/E2
456.4 32.710) 8 —6" 0.283) 0.753) M2
471.0 1.4615 87+ 0.847) (M1/E2)
4717 25.08) 6+—5" -0.1713) 0.772) M1/E2
4785 13.75) 8 —7" —0.455 0.552) M1/E2
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TABLE I. (Continued).

E,? 1P |77 A,° Rpco? M\
(keV) 202/381 104/237 318  1059/1060
486.3  6.72) 15" —14~ 0.795) M 1/E2
501.6 3.1716) —14
503.0 4.7418 16" —15" 0.877) M 1/E2
511.8  9.94) 13" 12" E1l
5139  7.210) -8
5277 2.93) 10" -8~ E2
527.9 3.3719 17— 16~ 0.756) M 1/E2
537.0 2.0213 16— 15" 0.868) M 1/E2
561.0 1.0413 (13)—(11) (E2)
570.1 1.9813 14
582.3  1.049) 16" —14- E2
586.8  4.42) (16")—15" 0.168) (M1/E2)
588.5 1.8813 15" —
5975 10.26) (127)—10" 1.2414) (E2)
607.7  4.35 —10"
607.9 1.4818) 9 -
613.0 0.1811) (15")—(13") E2
6132  1.92) 14 —12- 1.51(14) E2
621.7 0.7811) (14")—(12") E2
622.6  9.94) 14 —12" 1.01(14) E2
631.6 29915 7 —(8") 0.9414) (M1/E2)
632.0 11.74) 14" —12* 1.138) E2
655.8  4.83) (15)—(13) (E2)
664.0  2.75 (11)—10" 0.615)  (M1/E2)
673.9 0.8911) (167)—(14") E2
679.1  10.04) 117 —9- 1.718) E2
699.7 1.117) (13")—(11") E2
701.3  18.46) 7 —6" 0.102)  0.943) E1l
704.0 21.913 9" 8"~ —0.585) 0.399) M1/E2
708.8  16.%6) 15" —13" 1.075) E2
7171 10.66) 12- 10" 0.926)" E2
7182 5.12) 14+ —12* 0.926)f E2
727.7 3.3716) 17" 15" 1.3518) E2
7346  9.24) 127 10" 1.51(8) E2
7426 11.65) 16+ — 14" 1.0010) E2
7437 5713) (17)—(15) 1.0010)" E2
7476 0719 (177)—(15") E2
750.6 2.3{11) (127)—(10 E2
ay " "
7543  6.13) 137 —11" 1.3910) E2
7619 2.12) 127 11" E1l
7735  6.03) 13 —11" 1.5510) E2
799.7  6.93) 14 —12° 1.439) E2
806.5 4.77) 18— 16~ 0.8598) E2
815.1  8.%4) 7(:) 67" 0.563) 0.446) (M1/E2)
818.6  9.24) 14 —12° 1.1411) E2
834.0 4220 (19)—(17) 0.9310) E2
8412 6.13) 197 —17* 0.997) E2
8429 543 —13*
848.4 22.89) 778" 0.425  1.395) M 1/E2
865.4 2.4016) 18— 16" 1.008) E2
893.2 2.1%15) 15" —13" 2.1(5) E2
896.4 3.12) —13*
900.8 3.0816) (207)—18" (E2)
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TABLE I. (Continued).

133

E,? 1,° 17— A,° Rpco? M\
(keV) 202/381 104/237 318 1059/1060

920.8  1.9713 8 -8 1.4417) M1/E2
923.9 16413 (217)—(19) (E2)
932.2  3.2618 217 —19* 0.9916) E2
940.1 12.05) 15t 13" 1.097) E2
976.0 4.42) 7t 67" 0.56(6) M1/E2
983.8  28.111) 127 —10" 0.41(5) 0.974) E2
989.8 2.%2) 16~ —14~ 1.629) E2
990.8 1.89) (227)—(200) 0.91(7) E2
1002.9 1.1113) (23")—21" (E2)
1007.4 6.W) 127 —(127) 1.0814) (E1)
1015.3 1.5813) (237)—(21) (E2)
1017.6  14.76) (117)—9" 0.283) (E2)
1030.8 <0.15 17 —15° E2
1041.3 2.6416) —(16") 0.7998)

1058.5 =100.06 10 -8~ 0.403)f 1.605)" 1.4812) 1.012)f E2
1060.0 43.114) 13" —11* 0.403)f 1.605)" 1.012)f E2
1080.6 0.209) (247)—(22) (E2)
1083.0 6.13) 12t —11* 0.543) M1/E2
1103.4  16.18) 12-—10° 1.6520) 1.027) E2
11229  19.06) 9-—8" 0.375) 1.329) 1.3410) M1/E2
1168.8  6.73) 12F —11* 0.47(5) M1/E2
1197.7 5.95) 127 —10" 1.0112)" E2
1199.4 1.8 (137)—(11) 1.0112)" (E2)
12119 4.43) 7t 57" 15519 1.9516) E2
12387 1.%2)

1249.1  4.18) (97)—8"~ 0.3210) (M1/E2)
12856 2.83) 6T 4" 1.7621) E2
13123 6.13) 8t 6" 0.7(3) 2.0512) E2
13213 2.72) 76" 0.696) M1/E2
1385.5 1.1613) 9(H) . 7(H) 0.379) 2.1941) E2
1397.3 0.8613) —7() 0.4710) 1.2513

14113  3.44) (127)—10"  0.4009) 1.002) (E2)
16132 3.%) 16" —14- 0.365) 1.01(16) E2
1653.3 1.1816) 14~ —12° 0.4(1) 0.8518) E2

3 nergies typically accurate to 0.2—0.3 keV, up to 1.0 keV for the weakest transitions.

®Coincidencey-ray intensities relative to the 1058.5 keV transition.

“Anisotropies of intense uncontaminated transitions, deduced from angular projections of the coincidence

data.

4DCO ratio gated by the marked transitions.

®Transition unobserved, but inferred from coincidence relationships.
‘Result for composite peak.

two concurrent high-spin studies identified the states new tthe existence of the 134 and 30 keV transitions deduced by
this work, which feed solely towards the long-lived isomer. Moon et al. [27] and observes a new 1212 keV transition
The differences between the published level schemes are dighich feeds the state at 133.5 keV, thereby conclusively
cussed in the following sections when appropriate. demonstrating the placement of both the unobserved transi-
tion (energy of 133.5 103.9=29.6 ke\j and the 133.5 keV
transition. It is interesting that the state at 133.5 Ka¥d its
associatedy-ray decay was not observed in the sensitive
(p,n) experiment by Fayez-Hassast al. [24]. They did,
however, observe & ray with an energy of 132.6 keV which

The decay cascade from thE=8" isomer to the ground they placed directly feeding the stateEgt=104 keV. This is
state has had various interpretatid28,26,27,32,3B with  confirmed by the current results sincesaay with an energy
the transitions in common to all interpretations having enerof 132.5 keV is found to be in coincidence with the 104 keV
gies of 104, 237, and 456 keV. The current work confirmstransition.

B. Al =1 bands and their decay

1. States below the®=8" isomer
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eneray (et band 4 andb) the 318 keV transition from band 5. Known con-
FIG. 2. Low- and high-energy regions of the coincidence spectaminanty rays are marked by the letter C.

trum for the 237 keV transition if'?Sb. Contaminany rays from 5> Band 4

11251 are marked by the letter C. The inset in the upper panel is the '

low-energy region of the 335 keV coincidence spectrum to be com- The band labeled 4 in Fig. 1 carries approximately 30% of

pared with the same region of the 237 keV spectrum as described the 112Sh channel intensity and was observed by both Singh

the text. et al. [26] and Moonet al. [27]. Other than the different

placements for the unobserved 30 keV transition, the decay

The other major difference with Rd24] is related to this schemes of both these previous works for band 4 and its

problem and concerns the placement of the 236.9 keV trar‘?ecay towards the ground state are similar. Figashows

- ) he coincidence spectrum from the current work for the 202
s!t!on (sge F'.g' 2 The author; of Rei[:24] observe a tran- keV transition in band 4. The previous placements of the
sition with this energy to be in coincidence with the 103'gdecay—out transitions are confirmed, while a number of new
keV transition, but tentatively place it as feeding a level aty - nsitions with energies of 608 51’4 402. 976. 1212. 632
129.6 keV, which then decays to the 103.9 keV level. Fromyy7 199" 1249, and 196 keV are observed. At highe,r spiﬁ

the current wprk, the presence of the 976/237_ keV casc_aqﬁithin band 4 the 373, 360, 402 keV cascade placed by
and its associated 1212 keV crossover transition unambigyyoon et al.is not observed. However, their placement of the
ously places the 236.9 keV transition as instead feeding thgjge transitions feeding into and out of the band between the
state at 133.5 keV. 16~ and 11 levels is confirmed. In addition, the current
Reference[24] suggests that the 4 state at 167.1 keV  |evel scheme contains the newly observed 394 and 359 keV
decays both to the ground state and also via a two-step cagansitions(with the corroborating 1103 keV transition to-
cade of low-energy transition87.5 and 25.8 ke)/ passing wards the 8 isome) as well as the 285 and 613 keV tran-
through their proposed state at 129.6 keV and then to theitions feeding into the band.
103.9 keV state. The current work confirms the existence of The spins and parities of the levels discussed so far have
a decay path similar to that postulated above, via the obsebeen assigned using the following methodology. The com-
vation of coincidences between the 335.0 keV transition angirehensive study by Fayez-Hassetrel. [24] using Hauser-
both the 167.1 and 103.9 keV transitiofsee the inset in Feshbach analysis as well as angular distribution measure-
Fig. 2. It is possible, however, that the 37.5/25.8 keV cas-ments has already established the spins and parities of the
cade proposed in Rdf24] should be replaced by a 33.6/29.6 low-spin states. These results constitute the base upon which
keV cascade via the 133.5 keV level which was observed ithe current level scheme is built. The results of the current
the current work. Unfortunately, the current data are not senangular distribution analysis for the intense, uncontaminated
sitive to transitions of this low energy. However, the inset intransitions in**2Sb are presented in Table |. Where there is
Fig. 2 shows the 100-130 keV energy region from the coinan overlap with Ref[24], the positive/negative values for
cidence spectrum for the 335.0 keV transition. The relative?,, indicating stretched quadrupole/dipole transitions, are in
peak heights of the 103.9 ar{gossibly 133.5 keVy rays  agreement with the previous multipolarity assignments. DCO
should reproduce those observed in the 237 keV spectruniatios were also employed to ascertain the multipolarities of
were the 33.6/29.6 keV cascade to occur. The statistics is ntiie weaker transitions for which an angular distribution
sufficient to be able to distinguish this, which leaves theanalysis was impossible. To do this, the assumption was
guestion of which cascade is correct unanswered. The cumade that band 4 consists b1 transitions withE2 cross-
rent level scheme in Fig. 1 shows only an unobserved decagvers. This is supported by the fact that the in-band cascade
path leading from the level at 167.1 keV to that at 103.9 keVtransitions from band 4202, 326, 354, and 381 ke\all
and does not pass judgement on whether it might be a twdiave negativé\, coefficients, indicating stretched dipole as-
step cascade via the level at 133.5 keV, with this level effecsignments which are almost certaifMy1/E2 due to the pres-
tively replacing that proposed at 129.6 keV by REl4]. ence of competing crossoveE?) transitions. These as-
Note that the alternative proposed states have the same amtmptions allowed the DCO ratios of the 202 and 381 keV
signed spin and parity and differ by only 4 keV in excitation transitions to be determined by gating on t&2 crossover
energy. transitions, giving averaged results of 0.6B5 and
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TABLE Il. Calculated DCO ratiogfor the Stony Brook detector assignment. The current spins are in agreement with the sys-
geometry for different types of transitions using a stretched quad-tematics and are also supported by the DCO ratios gated by
rupole as the gating transition. the 202 and 381 keV transitions in the following way.

The DCO ratios for the 402, 976, 1212 keV setyofays

Multipolarity =l Roco suggests that they are pure dipol&1(), mixed dipole/
Quadrupole |—1-2 1.00 quadrupole M1/E2) and stretched quadrupol&Z) transi-
Quadrupole l—1—1 0.66 tions, respectively, leading to the spin and parity assignments
Quadrupole [—I 0.50 shown. The 921 keV transition has a DCO ratio in agreement
Dipole |—1-1 0.54 with a Al=0, M1/E2 transition. The 632, 217 keV cascade
Dipole [—1 1.05 is in agreement with expectations for &n>1+1, M1/E2
Dipole [—1+1 0.58 andAl=0, M1/E2 cascade. The 478, 442 keV path is in
Dipole/quadrupole §<0) l—1-1 <0.54 agreement with a cascade of two stretctd/E2 transi-
Dipole/quadrupole §>0) l—1-1 >0.54 tions (the 406 keV transition lies close in energy to the more

intense 407 keV in-band transition, and so its DCO ratio
could not be determinedThe 199, 1249 keV cascade is
0.66829), respectively. These values can be compared witltonsistent with both transitions being stretchéd/E2 tran-

the expected DCO ratios for the Stony Brook array which aresitions, although the DCO ratio for the 199 keMray has a
presented in Table Il and were calculated using the methodgrge error. All the above assignments are consistent with the
of Ref. [31] assuming am-substate distribution withr/I 202 keV transition having a 98~ assignment. The 608,
=0.3. Results are presented for a vari.e_ty of transitions gateg14 keV cascade was too weak and/or contaminated to mea-
by a pure, stretched quadrupole transition. From the table & ,re the DCO ratios. Three of the other transitions decaying

can be seen that the 202 and 381 keV transitions have posiy, of hand 4 have ambiguities with respect to the assigned

tive mixing ratios; a complete calculatiofnot presented Spi . . :

. B o pins and/or parities, as discussed in the next two paragraphs.
herg gives 5= (.)2094(14) andz_S— 0.120(25) for the 202 and Results from the current work agree with the prior assign-
381 keV transitions, respectively. Table Ill presents furthermem[24 26,27 0f I"=5" to the level from which the 398
calculations showing the expected DCO ratios for the Ston)émd 335'ke\,/ transitions decay. The DCO ratio and angular
Brook array using a mixedM1/E2 transition with & :

—0.094 as the gating transitidof, 202 keV transitioh The distribution for the 472 keV transition suggests it is a

; : . tretched dipole transition with a negative mixing ratio
DCO_(_:aIcuIatlons can be conﬂ_rmed by using the 202 ke_\/SM 1/E2) so that it decays from a'6level. Since the 72 keV
transition as a gate to determine experimental DCO ratio

(and hence multipolarities and the signs of the mixing ratios ansition appears to have the same character as the 202 keV
ultipotartt '9 MIXING TAlOS 1y hand transition and fits well into the energy systematics
for the low-spin transitions. These results are in good agre

ment with the assignments of Fayez-Hasstal.[24]. Thus, 91—10’26’27'34_3]9 It has been assigned as the-87 " tran-

the calculations in Tables Il and IIl can be used to under-Sition' This implies that the 701 keV transition must be a

stretchedE1l, 7~ —6" transition; however, its DCO ratio
stand the complex decay from the bottom of band 4 towardsated by the 202 keWy ray suggests that it is a stretched
the 8 isomer and the ground state. g y y sugg

. ; . - dipole transition with a small positive mixing ratio, implying
There are systematic observations of rotational bands wit o . :
9-—8 transitions having energies around 200 keV in al 1/E2 character. This discrepancy is probably due to slight

the odd-odd antimony isotopes from=108 to A= 120 contamination from a transition in the other strongly popu-

. lated channel!'?Sn. Note that changing the character of the
[10,26,27,34—3P Moon et al.[27] assign the 202 keV tran- " X
sition in 22Sp to be 10—9- on the basis of aE2 char- 701 keV transition tovl 1/E2 would not affect the 9-8 spin

acter for the 1123 keV transition, while commenting on theasilgvr:)mgt?]te];o;rg]nesi%igﬁsk%\(/) t;%r:sglg\z(')usly agree with the
d|sagreement_ of this assignment with systematics. SlngBresent spin assignments. The 1123 keV transition should be
et al. [26] assign the transition in agreement with systemat-a stretchedM 1/E2 transition Roco~0.86):; however, its
ics, but then leave a 30 keV energy gap in the decay of th‘Ini)CO ratio is 1.329). And the 848 keV tranéition shou1ld be
band towards the isomer so as to obtain the correct spigln 141 M.1/E2. transition Rpco~0.90): however its

’ DCO™~ V- ’
DCO ratio is 1.3%5). A possible explanation is that both of
these transitions havE2 admixtures withé~ +1, giving
rise to the large DCO values. This is perhaps expected since
both transitions decay directly from levels in band 4 to the

8~ isomer, with these levels corresponding tegy,

TABLE lIl. Calculated DCO ratiogfor the Stony Brook detec-
tor geometry for different types of transitions using a stretched
dipole/quadrupole §=0.094) as the gating transition.

Multdpolarity il Roco ® vhyyy, and ds,® vhyy, single-particle structures, respec-
Quadrupole |—1-2 1.52 tively (see Sec. Y. Thus the decay can proceed viargg»
Quadrupole l—I1—-1 0.91 —adg, transition. Were this to be the case, it might be
Quadrupole [—1 0.89 expected to also see a 16:8~ transition, but this is not
Dipole [—I1-1 0.86 observed. This is consistent with previous observations of
Dipole [ —1 1.60 the decay of the equivalent of band 4 to the Bomer in
Dipole/quadrupole §<0) |—1—1 <0.86 many of the odd-odd antimony isotopes. While transitions
Dipole/quadrupole §>0) l—1—1 >0.86 fromthe 97, 87, and 7 in-band levels to the 8 isomer are

observed in nearly all cas¢40,26,27,34—3p there are no
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A coincidence spectrum for the 318 keV transition from
band 5 is shown in Fig.(®). This structure carries approxi- "o w0 10 w0 w0 o a0 100
mately 6% of the'’Sb channel intensity and was known ey (e
from both of the recent high-spin studies, albeit with very FIG. 5. Prompty-ray spectrum in coincidence with the time-
different placements of the band in the level sch¢2&27.  delayed 456 keV transition which depopulates thei€mer. Tran-
Observing the transitions linking band 5 to the rest of thesitions from the decay of bands 4 and 5 are marked with the letter P.
level scheme was complicated by the unfortunate fact thathe 295 and 356 keV transitions are partly due to bands 4 and 5,
the strongest transitions resulting from Coulomb excitatiorbut are also marked with the letter C to indicate they have a con-
of the %R target(294.9 and 357.3 keMcoincided closely — taminant componertin this case from Coulomb excitation of the
in energy with transitions in band 5. Also, bands 4 and 5targel. The other labeled rays are newly assigned as transitions
have a number of common transitions with very close enerwhich feed towards the 8 isomer. Note that the top two panels
gies. These problems meant that the current work did nothow only a 450 keV energy region as compared to the bottom
have sufficient sensitivity to succeed in connecting band $anel which shows an 850 keV energy region.
into the rest of the level scheme. The dotted arrows in Fig. 1
indicate the unobserved decay paths suggested by the coidecay cascade shows clearly that band 5 must lie higher in
cidence relationships. Part of the decay of the band proceedsxcitation energy than Mooet al. suggest.
towards the group of high-energy transitions in the lower There is a loss of transition intensity at low spin in band 5
right of the level scheme. That these high-energy transitiong/hich indicates that the decay out of the band occurs over a
feed the very lowest positive-parity states is certain from thenumber of transitions in a fragmented fashion, possibly an-
coincidence relationships with the 104 and 237 keV transiother reason why discrete links were not observed. Various
tions (see Figs. 2 and)4 The assigned spins and parities of coincidence spectrgsee Fig. &), for examplé show that
the levels follow from DCO ratios obtained by gating upon the 318 keV transition in band 5 is in coincidence with tran-
the 104 and 237 keV transitions. Since both of these transisitions in band 4 up to at least the 407 keV, 1413~
tions have almost pure dipole characfad], the expected transition. Estimates from various coincidence spectra imply
DCO ratio (using the 104 and 237 keV transitions as gatesthat approximately 20%, 40%, and 40% of the intensity in
for a stretched quadrupole transition can be obtained fronband 5 feeds towards the 8somer, band 4, and the low-
Table Il as 1/0.54 1.85, while by definition it will be 1.00 spin positive-parity states, respectively. This evidence, plus
for a pure stretched dipole transition. Figure 4 shows théhe observed feeding into levels with spins up t, $ug-
coincidence spectrum for the 1321 keV transition and congests that the spin of the bottommost level must be at least
firms the existence of a decay path from band 5 towards th8%, and is most likely=10#. Positive parity is assumed for
471, 1321, 237, 30, 104 keV cascade. Note that the coincthe band consistent with the expected configuration dis-
dence spectrum for the 237 keV transition in Fig. 2 showsussed in Sec. V.
transitions from band 5 as intensely as those from band 4.
This is because band 5 feeds the I@vel at 370 keV mostly
by decay paths around the isomer as shown on the right of
Fig. 1, whereas band 4 feeds thé Bvel mostly through the Figure 5 shows a spectrum af rays observed prompt
8~ isomer. (The y-ray coincidence overlap being shorter with respect to the beam pulse and in coincidence with the
than the lifetime of the isomer attenuates the coincidencetime-delayed 456 key ray which depopulates the 8iso-
across the isomeric stateThis intensity relationship sug- mer. The transitions marked with the letter P correspong to
gests that the placement by Singhal.[26] of band 5 solely rays which were either known previously or have been asso-
feeding band 4 must be incorrect. The alternative placementiated with the decay out of bands 4 and 5 from the current
by Moon et al. [27] of band 5 feeding both the 8isomer  work. All the other labeledy rays are observed for the first
and the 6 state at 370 keV can be ruled out, for example, bytime and feed eventually towards theé &omer as shown in
the 1321 keV coincidence spectrum in Fig. 4; the inferredthe left-hand part of Fig. 1. Since the strongest transitions

C. Decoupled bands and states above the 8isomer
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FIG. 7. (a) Coincidence spectrum for the 728 keV transition
linking band 1 to the low-spin levels. The spectrum has been de-
FIG. 6. Coincidence spectrum for the complex 1059/1060 keVconvolved from nearby contaminant peaks dué'f$n. Some con-

doublet in 1*2Sh. Known contaminany rays are marked with the taminants remain and are marked with the lettett€ Similar to(a)

letter C. except for the 1613 keV transition linking band 2 to the low-spin
levels.

present in the isomer-feeding spectrifig. 5 are the 1059/

1060 keV doublet and the 436 keV transition, they have beegne another is if the 1007 keV transition is in fact a |

assigned as a cascade feeding directly into the isomer. Theansition. Furthermore, the 162 keV transition must hage
placement of the 1059 keV transition as lowest is confirmegharacter or else the 598 keV transition wouldMé. This

both by intensity measurements and the existence of thg in agreement with the DCO ratio of the 162 keV transition,
1103 keV transition which feeds across from band 4. Theconsidering the reasonably large error bar.

coincidence spectrum for the 1059/1060 keV doublet shown pgand 1 could be extended to high spin using the results
in Fig. 6 illustrates most of the newly assignedays. An-  from the thin-target Eurogam-Il experiment. Figuréa)8
gular distributions for the 1059/1060 keV doublet and thegpows a sum of coincidence spectra from thgy coinci-

436 keV transition suggest that they are stretched quadryence cube, double gated on combinations of the 1059 keV
poles (assumedE2) and a stretched dipole, respectively. yransition with the in-band transitions from 932 to 1871 keV.
Since virtually all of the newly observed transitions aboveTne extension of band 1 to higher spins is obvious. Note that
the 8" isomer are in coincidence with at least one of thethere is a 1059 keV transition within the band which has
members of the 1059/1060 keV doublet, it is possible to Us@early the same energy as the lower-spin 1059 and 1060 keV

DCO ratios gated by these stretched transitions to assign transitions. This was evident from the coincidence relation-
transition multipolarities. Where available, the DCO results

are in agreement with the angular distribution data.

To determine the spins and parities fully it is necessary to
ascertain the electric or magnetic character of the 436 keV
transition. It has a DCO ratio close to that expected for a
pure stretched dipole transition and has been assi@iied
character. This agrees with both the systematics of the neigh-
boring odd-odd antimony isotopg¢40,36,37 and with the
polarization measurements to be discussed below. Following
these basic assignments, the irregularly spaced spherical
states which decay into the 1060-436-10992¢(E1-E2)
cascade can have their spins and parities assigned from the
DCO ratios.

At the highest limits of the spin input into the reaction, the
beginnings of rotational, stretch&® cascades are observed.
The lowest transitions of band (populated with approxi-
mately 2.0% of the total channel intensignd its associated
decay can be seen in the coincidence spectrum for the 728 | l L O
keV transition in Fig. 7a). The rather complicated decay W00 100 1000 10 00 20w
path below the band is clearly defined by both coincidence enezqy (kev)
relationships and the energy sums of crossover transitions. gig. g Coincidence spectra for bands 1, 2, and 3 from the
The spins and parities of the states follow from the DCO,,,,._coincidence cube created from the Eurogam-Ii data. The spec-
ratios assuming stretched transitions for all but the 1007 keVra are sums of double gates on in-band transition members. The
transition. This is because both the 1007 and 598 keV tramnpands are only very weakly populated, and so to obtain adequate
sitions have DCO ratios indicative of stretched character, statistics to illustrate the bands, some gates are chosen that intro-
while the 162 keV transition looks like a stretched dipole.duce a number of unavoidabl@nmarked contaminants. Transi-
The only way in which these results can be reconciled withtions linking towards the 8 isomer are marked with the letter L.
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TABLE V. Properties of transitions associated with bands 1, 2, and 3%8b as deduced from the Eurogam-Il experiment.

Band 1 Band 2 Band 3
E, Iya IF—I17 Rpco E, Iya IF—I17 E, I,/a IT—I1f
(keV) (keV) (keV)
841.31) =100 19" —17" 0.975) 806.033) 66(5) 18 —16~ 655.14) 68(10) (157)—(13")
932.42) 96(6) 21" —19" 1.21(11) 901.33) 76(5) (207)—18" 743.82) 97(6) (177)—(15)
1002.83) 89(8) 23t - 21" 0.997) 991.33) 81(5) (227)—(207) 833.42) 91(6) (197)—(17")
1059.@5) 87(9) 25t 23" 0.995) 1081.53) 82(5) (247)—(227) 923.62) 91(6) (217)—(19)

1116.82)  81(4) 27" 25" 1.2720) 1168.33) 786) (267)—(247) 1016.12) 8605  (237)—(21)
1183.22)  58(4) 29" 27" 1.2332) 1257.G4) 64(5) (28)—(267) 1108.92) 806) (25 )—(23)
1298.82) 4903 31" 29" 1.0622) 1352.44) 354) (30)—(287) 1203.93) 72050 (27)—(25)
1493.63) 3202 33" 31" 0.8327) 144585 293) (32)—(307) 1299.83) 67(5) (297 )—(27")

1695.53) 262  (357)—33 1548.26) 25(3) (347)—(327) 1387.G3) 614  (31)—(29)
1871.35)  16(2)  (37")—(35") 1666.07) 21(2) (367)—(347) 1468.63) 37(3) (33 )—(31)
(2047 6(1)  (397)—(37") (1810 1420 (38)—(367) 1570.684) 333  (35)—(33)

1708.G45) 16(2)  (377)—(35)
1880.87) 11(2)  (397)—(37")
(2078 52)  (417)—(39")

8Normalized tol ,=100 for the 841.3 keV transition in band 1.

ships and intensities obtained from the individual double-the total channel intensity, respectively. Only band 2 could
gated spectra. The presence of the 1059 keV transition in thige linked into the low-spin-level scheme. Its decay is some-
band and the fact that in the data set this transition wasvhat simpler than that of band 1 as illustrated in the level
predominantly due to the 1059/1059/1060 keV transitions irscheme shown in Fig. 1 and demonstrated experimentally in
125K meant that it was possible to create gated coincidendeig. 7(b), where the coincidence spectrum for the 1613 keV
matrices with an enhanced proportion of events correspondinking transition is shown. The spin and parity of band 2
ing to the decay of band 1. This is because the inclusion ofollow from the stretched2 character of the linking transi-
the 1059 keV transition in the gate list strongly enhanced th¢ions as determined from the Stony Brook DCO measure-
band since the 1059 keV transition was in dual coincidencenents. These linking transitions can also be seen in K. 8
with every other transition in the band. Using the gated DCOwhich shows the extension of band 2 to high spin using the
matrix described in Sec. lll it was possible to measure thdahin-target data. Although band 3 was not linked to the low-
DCO ratios of the in-band transitions up to the 1494 keVspin-level scheme, it too was extended to high spin using the
transition, verifying that they have stretched quadrupole

character. The properties of the extra transitions assigned to TABLE V. Linear polarizations of transitions associated with
band 1 from the Eurogam-II experiment are summarized irband 1 in1%Sh and its decay.

Table IV. Although they are not presented in Table 1V, the
DCO ratios which were obtained from the gated matrix forg, P M\
the low-spin transitions beneath band 1 were in agreemerkeV)

with the results from the Stony Brook experiment. Note that

the intensities of the transitions for the decoupled bands weré/3 —0.33 M1/E2
extremely difficult to measure due to their weak population297 —0.1520) M1/E2
in the Eurogam-Il experiment; thus, the ordering of the tran-312 —-0.52) M1/E2
sitions relies, at least in part, on the expectation of increasing36 0.197) El
transition energy with spin. 718 0.1219 E2
Matrices gated by transitions from band 1 were also cre728 0.5%10) E2
ated from events which had double hits occurring in the clo-743 0.2118 E2
ver detectors. These matrices were used to extract polariz&41 0.418) E2
tion information as described in Sec. lll. The results areges 0.23) E2
presented in Table V and are in agreement with the multipog31 0.6711) E2
larity assignments from the DCO ratios. Measurements fon o3 0.5211) E2
low-energy transitions are difficult due to the small probabil-1g5g 0.4611) E2
ity for Compton scattering of a low-energy ray from one  10g3 ~0.33) M1/E2
element of a clover Ge crystal to another. Thus, no measure 17 0.7618) E2
ment could be made to confirm whether the 162 keYay  11g3 0.63) E2
was ankl transition. Nevertheless, the results confirm that; 59 0.33) E2
the 436 keV transition has electric character and therefore
firmly establish the parity of band 1. M\ deduced from results in Tables | and IV as well as the polar-

Bands 2 and 3 were populated with slightly less intensityization results in this table.
than band 1, comprising approximately 1.6% and 1.9% ofComposite peak1059, 1060, and 1059 kgV
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wdgp Shell and gives rise to strongly coupled structures like
N bands 4 and 5. A 2p-2h proton excitation results in two high-

(20178) K mgq, holes, leading to decoupled structures like bands 1,

, and 3. The following section discusses these three differ-
2, and 3. The foll tion d th three diff
2 Ny (39*Lr ent types of structure separately. First, however, some brief
G5 | points are made concerning the meas y coincidence
t d th d
T e intensities.

(18;0) (3779 e B
e 08 iN A. Intensities and side feeding

e (35 e The intensities listed in Table | and shown graphically in
ey 1 ‘]128b Fig. 1 representy-ray coincidence intensities obtained by

he (331 ke 51 61 fitting the coincidence matrix gated by the multiplicity con-
@) & =1 dition K=1. Because of the implicit- 159 ns+vy-ray coinci-

B Jp 1494 partial high—spin dence overlap, this implies that a proportion of the coinci-
.y T tovel scheme dences between transitions above and below the long-lived

Y 12[ 8~ isomer is not measured. This results in the anomalous
1352 (297) . . . .
5. [ 29t ¥ intensity balance at the 8level with apparently more inten-
N 183 sity feeding in than decaying out. The ratio of the measured
1257 (277)3 o7 L. . . . . _ .
(5 [ r coincidence intensity feeding out of and into the Rvel is
:LE ¥ ¥ ~0.14, which, when combined with the: 159 ns coinci-
@+ 3 5 X dence overlap, implies a mean lifetime for the=8" iso-

0@ <zs->+ zy{ mer of ~1 us. Considering the crudeness of this measure-
@ ¥ R ment, this is surprisingly good agreement with the known
0 z lifetime of 73332) ns[32]. It is also worth explicitly point-

plicitly p
%3 ¥ ¥ ing out that the individualy-ray intensities are given relative

;!; (17-)j'i3_ % to that for the 1059 keV, 10—8" transition and are not

e (15_)31 =516 MeV percentages of the total channel intensity. Summing the vari-
-3 ous decay paths to the ground state and allowing for the
~EBeV losses across the isomer, the total intensity of't#8b chan-

FIG. 9. Simplified high-spin level scheme f&1%Sb showing the ~ N€l is approximately 300 in the units of Table I. .
extensions of the decoupled bands 1, 2, and 3 as deduced from the A .careful exgmmatlon'\{wll reveal that there are a}mb|gu-
thin-target, Eurogam-II experiment. ities in the feeding intensities for some of the state$'#sh.

For example, of the five 12 states placed in the level
thin-target data as shown in F|q(ﬁ. Without the equivalent SchemE, some of the more yrast_lgtates appear to be
of the fortuitous 1059/1059/1060 keV coincidences found for Opu|ated less Strong|y than the more nonyrast states. The
band 1, it was difficult to enhance the population of bands Zxplanation for this may lie in the fact that the excited states
and 3 in gated matrices from the thin-target data. Thus, thg, 1125 represent a range of different shapes and structures
high-spin transitions in bands 2 and 3 have assuf&2d ranging from pr0|ate deformed lp-lh and 2p-2h proton ex-
character, with the-ray energies and level placements sum-citations to near-spherical, shell-model excitations. Some se-
marized in Table 1V. The spins, parity, and approximate ex4ective feeding may be involved depending upon what path
citation energy of band 3 were determined by constraining ithe system follows during deexcitation from the compound
to be the signature partner of band 2 at low splheoretical  nycleus. Furthermore, in an odd-odd nucleus with high level

reasons for this are outlined in Sec.)VThe coincidence density there is a potential for missed transitions and un-
relationships between the transitions in band 3 and the 105§|aced intensity.

keV, 100 —8" transition result in the suggested decay paths

indicated by the dgshed arrows. These are in good agreement B. Shell-model excitations

with expectations if band 3 is indeed the signature partner of ] )

band 2. Note, finally, that the extensions of bands 1, 2, and 3 The low-energy, low-spin spherical states have been stud-

to high spin are summarized in the simplified high-spin levelied previously using i§,n) and CHexn) reactions[23,24.

scheme for''2Sb in Fig. 9. For a complete summary of these lowest states, including

those not observed in the current heavy-ion experiments, the

reader is referred to the work of R¢R4], which classifies

the states using the Paar parabolic rule to describe the cou-
The excited states ih'?Sb can be characterized in terms plings of the unpaired proton to the unpaired neutron.

of the number of protons excited across the 50 closed Thel™=8" isomeric state is believed to have the single-

shell. Shell-model excitations predominate at low spin andparticle structurewds,»® vhyy,,. These conclusions come

excitation energy, while, at slightly higher excitation energy,from the measured values for the magn¢88] and quadru-

the mg,-7dg, level crossing atB,~0.2 governs the pole[32] moments and the reader is referred to these works

nuclear shape, since proton particle-hole excitations betwedor a full discussion.

these two levels can drive the nucleus to prolate deformation. The majority of the newly observed spherical states are

A 1p-1h proton excitation leaves one high-hole in the those placed above the isomer. Of these, the intensely popu-

V. DISCUSSION
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/27§ 13 ho MeV]
4* 13/2t - FIG. 11. Aligned angular momenta for bands 4 and 5, using the
1050 I w2t 1082 reference parameteff;=17 MeV ! %42 and 3,=12 MeV 3 44,
205 (/728 S n® 033 chosen previously to describe theyys bands in nearby odd-mass
ol I ] 1083 48‘2 - antimony isotope$42]. Also shown are the alignment curves for
\26917zz+ . the mggs band in 1'°Sb [43] and the mgg;® vds, (77) and
1206 o o35 g ® vd7 (8") bands in*1%sh[38].
616
ol sy J gl §
10830 1%8b 0sb of the odd-odd antimony isotopes frof= 108 to A=120
mth d v — i -
Sh core My, s, TG 111/2 +s/z 97/2 [10,26,27,34—3P These bands have been interpreted as be

ing due to theqrgg,21® vhq4, configuration, where therggy,
hole is generated by a proton 1p-1h excitation which drives

FIG. 10. Systematics of low-spin spherical states Sn  the nucleus to a prolate deformation. The higmature of
[40,41) and '*'Sb[5] compared to the spherical states immediatelythe 7rgg,, hole results in a strongly coupled band with intense
at and above the Bisomer in**’Sh. A similar comparison with the M1 transitions, and since the high-hole contributes little
appropriate core nuclei6,7] is made for *'%Sb [10]. The states galignment, the aligned angular momentum for the band
shown in1°*Sb correspond to the weak coupling of the markedshould show only the effects of the odd neutron. Figure 11
proton orbitals to the'%**'%n core nuclei. Weak coupling of the ghows the aligned angular momenta for band 4 using the
hyy/, neutron to the states it?*+Sh results in the states shown in oo ance parameters Jo=17 MeV'1 42 and 3,

HOSD. =12 MeV 3 %% which have been used previously to de-
lated states immediately above the isomer are reproduced Eefibe themgg; bands in the nearby'”'Sb isotope$42).

Fig. 10, where they are compared to the neighboring oddBand 4 shows a large initial alignment of5#%, consistent
mass antimony and even-mass tin nuclei. It is apparent thatnly with the h,1,, neutron. Furthermore, the first particle
there is a remarkable similarity between the states, allowinglignment predicted by cranked shell-model calculations is
one to draw various conclusions assuming weak coupling ofhat due toh,;, neutrons, occurring @ w=0.37 MeV (see,
the odd proton and odd neutron to tH&Sn [40,41 and  for example, Ref[26]). The alignment curve for thergg:
115 [5] core nuclei, respectively. Referenf®] interprets  pang from 15Sb [43] is shown in Fig. 11 and exhibits this
the various states "J'ljﬁb in terms of the COUPJ'”QS of the glignment. However, this first crossing is blocked for band 4
odd proton to the 0, 27, and 4" states in the''%Sn COre.  having thewgg;® vh, ), configuration and is not observed.
The indicated states ih*?Sb are those same statestHSb The geometric model can be used to interpret the

weakly coupled to thé,,; neutron. Such an interpretation is ¢rossover/cascade branching ratios measured foAtkel
not new, the dominant two-quasiparticle components having, 1/£2 andAl =2, E2 transitions in band 4. In particular,

been discussed previously for the adjaceftSb nucleiin e dipole mixing ratios can be determined from the well-
which similar systematic structures have been observegnown relation

[36,37]. Spherical states above an &omer have also been

observed recently it'°Sh[10], and the comparison in Fig. 1 1

10 of '1%Sb with its core nuclei'®Sb [6] and 1%sn [7] =%

reveals similar systematic features. g
There are other irregularly spacégrobably spherical

states observed in'?Sb. A proper explanation of these re- whereE,, is in units of MeV anch =1 (Al =2)/1 (Al =1).

g?'{ﬁs erxetggrﬂv\?vosrrllel'llzrrﬂaocrjeeétcg‘lCtlrj1li2“02Se?ecyoonncde;?thzgogglth0ugh the sign of the mixing ratio for the 1/E2 cascade

the proFI)ate coIIectivi;ty induced by prot[())npparticle-hole exci_{}ansnmr}s cannot be'c'jetermmed from E&) the measured

tations across th&=50 shell gap DCO ratios for transitions in band 4 |nd|cate_they must be

' positive. Table VI shows the results of applying Eg) to

the measured branching ratios using the vue5, appro-

priate for thewgg‘,21® vhyq5» configuration. The magnitudes
A strongly coupled rotational band containing & 9 of the mixing ratios obtained from the DCO ratips.g., 8

— 8~ transition with energy around 200 keV is known in all =0.120(25) for the 381 keV transitiprare in reasonable

+
Vhym  Vhys  vhys,

L, ©®

E (1= —2)r<IK20|I—2K>2_
E,(I=1-1)] (1K20/I —1K)?

C. Band 4: wgg,21® vh 4, configuration
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TABLE VI. Properties deduced from crossover/cascade branching ratit€3b.

Band | E, _ I,(Al=2) ) B(M1)/B(E2)
B I,(Al=1) 2, 210
(%) (keV) (ui/e? b?)
4 10 325.5 0.038) 0.0693) 24(2)
11 353.9 0.14@) 0.08Q2) 16.08)
12 380.6 0.18®) 0.0812) 14.27)
13 392.4 0.23a43) 0.0782) 13.37)
14 406.9 0.5() 0.1033) 6.84)
15 486.3 0.3B) 0.0913) 10.68)
16 503.0 0.55) 0.0904) 9.99)
5 (12 372.6 0.4%3) 0.1093) 7.5(5)
(13 326.8 0.21817) 0.06Q2) 15.312)
149 294.9 0.04%7) 0.0262) 56(7)
(15 317.8 0.008) 0.0134) 200180
(16) 355.8 0.07() 0.0362) 30(3)
17 391.6 0.10614) 0.0402) 26(3)
agreement with these results. Also shown in Table VI are the 3 K2
B(M1)/B(E2) ratios deduced using the standard expression B(M1)= e 1— I_ZE [(gk);—9rIK;
j
B(M1;l—1-1) EYE2) 1 K ’
B(E2;l—1-2) JE?(MI) )\(1+52)\eb ' _T; [(gK)j_gR]lj] ' 5)
4
15 (1-1-K)(I=1+K)(I-K)(I+K) ,
where they-ray energies are in units of MeV and the values B(E2)= 75— (I-DI2-1)2+1) e°Qo,

of 62 are obtained from the solution to E).
Figure 12a) compares the experimentB(M1)/B(E2)

ratios for band 4 with calculations according to the geometriwhere the sums are made over theuasiparticles in the

cal model of Dmau[44]. Since both the strongly coupled configuration anddy);, K;, andi; are theg factor,K pro-

bands observed if'?Sh have no signature splitting, the fol- jection, and aligned angular momentum, respectively, of

lowing simple theoretical expressions have been applied: each individual quasiparticle. Certain approximations and as-

50 F

a0 F

9 10 11 12 13 14 15 16 17 18
I [h]

(6)

sumptions enter into these calculations, in particular relative
to theK projections and alignments which are used for each
quasiparticle. The parameters which result in each calculated
curve in Fig. 12 are summarized in Table VII. Values in the
table for the empiricafj factors were taken from Ref45],
while Z/A was used for the rotationglfactor. The value for
the quadrupole moment was taken from R4], where
Qo=2.7 e b was deduced for thergy;® rhyy, band in
1085h from total Routhian surface calculations. This value
was chosen for the purpose of comparison with the calcula-
tions of Refs.[26,34], both of which use this value. The
value deduced for thergg; configurations in*'?Sh from
total Routhian surface calculationsQg=2.9¢e b. Using this
value would decrease the calculated curves in Fig. 12 by
~15%. It will be obvious in the comparisons given below
that such a change does not affect the major conclusions
drawn from Fig. 12.

The current calculations confirm that theg&%@ vhygp
configuration(label 1) is in better agreement with experi-
ment than the two alternative possibilities coupling either

FIG. 12. B(M1)/B(E2) ratios for bands 4 and 5 compared to Js2 (Iabel 3 orgz;z (Ie}bel 4 neutrons to th@g,, proton hole.
Dénau calculations. The labels on the curves refer to the configuThe calculations for*2Sb by Singhet al.[26] appear to use
rations given in Table VII. Also shown in the lower panel are ex- the same parameters as the current calculation; however,

perimental B(M1)/B(E2) ratios deduced for thergys ®vdg, there are significant differences between the two calculated
band in'%Sb from they-ray intensities in Ref[38].

curves. Furthermore, the experimer§M 1)/B(E2) values



142 G. J. LANEet al. PRC 58

TABLE VII. Quasiparticle(qp) parameters used for ti&M 1)/B(E2) calculations.

Config- Quasiparticles

uratior® gp i K 9k ap i K gk ap i K gk agp i K gk
1 mggp, 0.0 45 +1.27 vhy, 55 05 —-0.21

2 mggp 0.0 45 —1.27 vhy,, 5.5 0.5 —0.21

3 mggp 0.0 45 +1.27 wvdsp, 2.5 0.5 —0.33

4 mQgp 0.0 45 +1.27 wvgs,p 35 05 +0.21

S Qg 0.0 45 +1.27 wvds, 2.5 0.5 —0.33 vhyy, 55 0.5 —0.21 vhyyp 45 1.5 —0.21

6 Tgop 0.0 45 +1.27 wgz, 3.5 0.5 +0.21 vhyy, 55 05 —0.21 vhyy, 45 1.5 —0.21

&Configuration labels are the same as those in Fig. 12.
®Theg factor of thergg, orbital is positive. A negative value is assumed for configuration 2 for comparative
purposes onlysee text

in Ref.[26] are somewhat different from the current results,figuration would have positive parity and approximately
in particular, having a smaller magnitude at the lower-spin(10—12): of aligned angular momentum, consistent with the
values. Also, according to the information presented byimits on the experimental spins. If a perpendicular coupling
Cederkd et al.[34], the currenB(M1)/B(E2) calculations  between the(rotation-alignedl neutrons anddeformation-
should be very similar to the results of their calculation fOFaIigned proton hole is assumed, a bandhead spinl of
1%%b, since the current work uses the same set of param- 134 can be deduced. This corresponds to the point where
eters. However, the ordering in magnitude of the curves fogne alignment curve shows a kink, which could be inter-
the 79, ® Y11, TGg/;® vds2, ANATPe2® ¥G7, CONFIGU-  preted as theh,y, neutron alignment. Hence, below the

rations shown in Fig. 12) is the opposite of that given in  gianment. band 5 would have theg=t® v(de./ COn-
Ref. [34]. To reproduce the ordering of the curves in Ref. .. g ' €12 ® 1(ds2/G7,2)

34l it o b i the | ¢ si hguration. The fact that the continuation of the band below
[34], it appears to be necessary to use the incorrec S9N Qhe backbend is not observed is probably because the band is
the g factor for thegg,, proton hole. The current calculation

labeled 2 uses the wrong sign of thjsfactor for thergg/ only near yrast above the backbend.

. . o9 .. In fact, recent investigations 0f*®1%p [38] have iden-
® vhyy, configuration and is in reasonable agreement Wlﬂ‘hﬁ d the rotational bands built N thea- Lo vd nd
the calculation of Ref[34]. ed the rotational bands built upon thegy,® vds, &

wg§,§® vg-j, configurations. These studies utilizetHe xn)
reactions to populate the bands, which are nonyrast near the
bandheads and are thus not populated with heavy-ion reac-
Band 5 is not connected to the rest of the level schemgons [38]. This is consistent with the nonobservation of the
and has unknown spins and parity. The aligned angular mqpw-spin states from band 5 in the current work. The aligned
mentum curve for band 5 shown in Fig. 11 results from usingangular momenta of therggi® vdg, and mggi® vy,
the spins marked on the level scheme in Fig. 1. Since experBands in116Sh are shown in Fig. 11, labeled by their band-
mental results indicate these tentative spins are most ”kelxead spins 7 and 8, respectively.' Both of these curves

lower limits, the alignment curve as shown in Fig. 11 COUIdIook like they could possibly be extensions of band 5 below

increase in magnitude, but the slope would not change ma”iﬁe backbend, supporting the current assignment. Further-

edly, were the spins to Increase. .A 1p-1h proton exmtaﬂonmore, the resultariextended alignment curves look remark-
across the shell gap, leaving a highargg, hole, must be

. 71 . 11 . . .
part of the band configuration, since the band is strongl bly like themrg,;; band in**Sb, displaced slightly lower in

: d with~(1—-2)% of alignment added. This is
coupled and the alignment above 0.3 MeV shares approx Tequency and w . .
mately the same slope as that for band 4, indicating a Sim”aﬁ:ompletely consistent with band 5 fASb resulting from the

deformation. Recall that for band 4 it is the coupling of a 7992 proton hole couple_d to either tray, or gy, heutron.
rotation-alignech; ;, neutron to themrgg, hole which gives | € slight displacement in the frequency of t‘m%l/Z align-
an aligned anguiar momentum of5%. Alternative cou- ment could_ be due toa number of fact_ors;_allkely possibility
plings of either a-,, or ds/, neutron to therggy, hole would 1S @ reduction of pairing due to blocking in the doubly odd
result in a smaller aligned angular momentum than for bandUcleus. o .
4, which is clearly not the case experimentally for band 5. Further evidence that band 5 is built upon thgg,
Thus, to explain the large aligned angular momentum re® ¥ds;2/d72 configuration can be obtained from a compari-
quires band 5 to be built upon a four-quasiparticle excitationSon of the measureB(M1)/B(E2) ratios (see Table V)
The obvious possibility to consider is thege, proton with calculations from the gepmetrlcal modéskee Fig.
hole coupled to a three-quasineutron configuration, since th&2(b)]. Abovel =13, corresponding to the region above the
presence of th&=50 shell gap makes a three-quasiprotonduasiparticle alignment, the measuf@(M1)/B(E2) ratios
configuration unlikely. Furthermore, the large alignmentare reasonably close to those predicted for thgy;
points towards ah,;,, component, and since the first pair of ® ¥(ds2/g7)h3;, configurations(labels 5 and § Below |
particles to align is thdn;;,, neutron pair, energy consider- =13, the ratios are close to those calculated for ﬂ@g?,%
ations suggest that the most likely possibility for the neutron® v(ds;»/g5) configurations(labels 3 and % as would be
configuration is @s,/g72)h%,,,. A band built on this con- expected below thesh?,,, alignment. The intensities from

D. Band 5: 7rgg>® v(ds),/g7) h,, configuration
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Ref. [38] have been used to deduce the experimental S I TT
B(M1)/B(E2) ratios for themwgg,® vds, band in 115Sb.
These points are also plotted in Fig.(hRand show reason- "
able agreement with both the calculated val(label 3 and
an extrapolation of the measur&{M1)/B(E2) ratios for
band 5 to lower spin(The agreement of the extrapolation
rests upon the likely assumption that the band$'#sb and o
1165h have similar deformations. " '_Ji) J;)band .
The 7gg;® v(ds,/g7)hdy, configuration possesses L w0 bend2
characteristics that could explain the fragmented decay of [ 4 o bemdd
band 5. It would have positive parity, and so the partial de- 0 L
cay to positive-parity levels at the bottom right of the level he (V)
scheme in Fig. 1 may be expected. The decay towards
negative-parity states in band 4 can also be explained be- FIG. 13. Static and dyngmic moments of inertia for the three
cause the configuration for band 5 differs from that for bandfecoupled bands observed it?Sb.
4 by av[(dsp/g70) —hiyo] excitation. The interaction be-
tween theds, and hyy), orbitals is related to the onset of a ) o
octupole deformation and the occurrence of parity-changind®W values of 7"’ correspond to the fact that the building of
transitions[46]. Also, two bands with similar behavior to e last spin units before termination has a large energy cost,
bands 4 and 5 it*%Sh have been observed recently'iisb dgtermmed mainly from(l)__the difficulty of aligning the
[10,47. In the 19Sb nucleus, théassumelE1 transitions NMINK, 7ge2 holes and (i) the fact that the neutron
linking the two bands have been observed. The barid¥®b  (Js2/972) subshells are essentially half-fill¢dl4]. This un-
which would be equivalent to band 5 #2Sb also shows a favored band termma’qon manlfes_;ts as a charactens'tlc'mml-
partial (unobserveidecay towards positive-parity states near™UM when the excitation energy is plotted versus spin in the

the ground state and a decay component feeding ths@  [©'M E—Erip, WhereEgyp is a rigid-rotor reference. The
mer. position and shape of the minima, together with the termi-

nating spin of a band, are configuration dependent and pro-
vide easy points of identification when making comparisons
with theoretical calculations. Such plots fot’Sb are dis-
Recent studies of rotational bands built upon 2p-2h protoreussed further below.
excitations in theA~110 region have revealed that at the There is a well-developed theoretical understanding
very highest spins the bands gradually lose their collectivity13,14,5Q of smooth band termination in terms of calcula-
and eventually terminate at a spin corresponding to the sunions using the configuration-dependent cranked Nilsson-
of the spins of the individual valence nucleons. This is be-Strutinsky model, with techniques that allow the identifica-
cause, with the small number of valence particles outside thtton of specific single-particle configurations to high spin.
Z andN=50 closed shells, the total angular momentum forSuch calculations have been performed f3fSb for the
configurations with one to three holes in thgg, subshellis  present work and the results are presented in Fig. 14 in the
limited to ~(30-50):. As the nucleus rotates, the valence form of excitation energies with a rigid-rotor reference sub-
particles gradually align their spins to the rotation axis andracted, for the four combinations of parity and signature.
the nuclear shape is predictgt3,14 to change over many Pairing correlations have been neglected in the calculations
transitions from collective near prolate40°) at low spin  and the parameter set from Rgb1] has been used for the
to noncollective oblate ¥= +60°) at the band termination. Nilsson potential. Three particular rotational bands are pre-
The changing shape and consequent reduction in collectivitgicted to lie lowest in energy over the spin range (25-440)
was confirmed by lifetime measurements for the first timeThese are the favored signature of {{#4,3] and the two
recently[15], for two bands in'°Sn and one band if°®Sb,  signatures of thd21,4] configuration.(The notation used
providing important proof that a smooth termination processhere to describe the configurations is the same as in Ref.
is taking place. Smooth terminating bands are now known t¢14], namely,[p,p,,n] wherep, is the number ofyg, pro-
near termination spins in a number of nuclei in the-110  ton holes,p, the number ot;,,, protons,n the number of
region, including 106108108 [7_g] 109110111118,  h . neutrons, and with the remaining valence particles out-
[5,6,10,48, and 11*11eTe [11,49. The reason for the profu- side of 1°%Sn distributed across the positive-parity,/g/,
sion of terminating bands in this region is becauséipthe  subshellg. The presence of these configurations near the
limited valence space outside of the double-shell closure agrast line is not surprising considering that in the neighbor-
10%n and(ii) specific configurations found to be yrast over aing isotope *'Sb the three bands which are known are the
large spin range and thus observed from low spin up to tertwo signatures of thg21,3] and the favored signature of the
mination. [21,4] configuration[5,14], while in 133b, the favored sig-
The main experimental characteristic of the terminatingnature of theg21,4] configuration is knowr52]. The inter-
bands in theA~110 region is a decrease of the dynamicvening **?Sb nucleus might be expected to exhibit these
moment of inertia .(7(2)%4/AEV) with spin to unusually same two configurations.
low values, a fraction of the rigid-body value. The increase The experimental energies of the three decoupled bands in
in the y-ray energy spacings which is apparent in Fig. 8 for1'%Sb are plotted in Fig. 15 with a rigid-rotor reference sub-
bands 2 and 3, and especially band 111fSb, implies such tracted. For the unlinked band 3, the approximate excitation

40

, 3@ h2mevly

g0

decreasing dynamic moment of inerti®e Fig. 1R These

E. Decoupled bands and smooth band termination
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28 T T e T T lowest in 1'%Sh; the curves for the lowest three theoretical

: . ; bands have been extracted from Fig. 14 and are reproduced
in Fig. 15. When comparing theory and experiment, it must
be remembered that pairing correlations are neglected in the
calculations. As a result, the comparison should not be car-
ried out with respect to the low-spin states, but with respect
to one of the high-spin states. Experience with these theoret-
ical comparisons suggests that with decreasing spin below
254, larger discrepancies can be expected due to the increas-
ing role of pairing correlations.

In making the comparison between theory and experiment
in Fig. 15, a natural interpretation presents itself; that is,
band 1 is the favored signature of th#l,3] configuration,
while bands 2 and 3 are the two signatures of Bg,4]

configuration. There is excellent agreement for all aspects of
o 20 o a a5 the calculations, including thai) the predicted configura-
Angular momentum (h) Angular momentum (h) tions agree with the experimental signatures and parifigs,

the details of theE—E curves with respect to the spin
FIG. 14. Calculated yrast configurations 8fSb, shown with a RLD P P

. o __positions of the energy minima are reproduced, @ingthe
rigid roto_r reference subtracted, for the fpur cqmblnatlo_ns qf pamyordering of the different bands in excitation energy is con-
7 and signaturea. The shorthand configuration labeling is ex-

plained in the text. The subscripts used with this notation are for th(.§IStent with experllment. With respect to poiit), it is no_te-
cases where the sani@2,4] configuration with[ +,1] parity and worthy that there is also rather good agreement obtained for

signature is obtained as a consequence of the different distributiorjfg]e differences_in exc?tation energies bet_ween the bands. Al-
of proton holes in thege, and neutrons in the,ds, orbitals. though band 3 is not linked to the low-spin-level scheme, the

Large open circles are used to indicate terminating states. Larg@dreement with theory gives some confidence that the correct
open diamonds are used in the cases where the terminating staf@RiNs and approximate excitation energy have been deduced

involve contributions from thevds,s,, orbitals. Solid lines are for the band. _ o
used for configurations assigned to observed basde Fig. 15 None of the bands are observed up to their terminations,

while other(unobserveflconfigurations are shown by dashed lines. with typically four more transitions expected to reach the

A shaded background indicates the spin range where pairing corréerminating states. Note that this means for all the bands,

lations could be of some importance. termination would require eight more units of spin at a point
on theE—Eg p curve where the extra units of spin are en-

energy has been deduced using the assumption that band $getically expensive to generate. Note also that the maxi-
the signature partner to band 2 and is thus energy degenerdf®/m Spins to which the bands are observed are approxi-
with band 2 at the lowest observed spins. These experimentglately those where the bands are predicted to be crossed by

curves can be compared to the three bands calculated to RS built upon 3p-3h proton excitatiofsee Fig. 14 The
nonobservation of the bands to higher spins could be because

the channel intensity instead feeds into the bands built upon
3p-3h configurations. On the other hand, it could simply be

due to limitations in the resolving power of the current ex-

periment. In any case, the observation of the terminating
states of smooth terminating bands in nuclei with masses
aroundA~112 and above is difficult because the terminating

states have spins approaching/n50An experiment per-
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Fooo mnd . . formed on a large detector array with an optimal reaction to
05 F ae b3 N ageH populate'?Sb could possibly observe the terminating states.
o Free et ‘\q\& “”:}“" ] However, perhaps even more important than the observation

p -ooe- theory (31.3] ] of the terminating states of the 2p-2h configurations would
L e e be the observation of the bands built upon 3p-3h proton con-

i) figurations. This also could possibly be addressed by a more

owerful experiment.
FIG. 15. Experimental energies of states in the decoupled ban(fg . . 1
in 1*2Sb with a rigid-rotor reference subtracted. The results of the- The isotopes lighter thart'“Sb generally show a very

. . . .eqood detailed agreement between the theoretical and experi-
oretical calculations for the three rotational bands calculated to li tal sh fthe— E th - d
lowest in energy are plotted in the same way for comparison. peln€ntal Shapes o RLD CUIVE Néarthe minima and up

termination (see, for example, Fig. 4 of Ref10] for

cause of the neglect of pairing in the calculations, only the shape%iosb Thi h the h S f hich
of the curves and the relative energies of the experimental bands P). This contrasts with the heavier isotopes for whic

should be compared with the predictions of theory. The theoreticain€re is an experimental trend towards a flafier Egp
curves are labeled by their configurations, with the predicted termiCUrve which is not as well reproduced by thedsee, for
nating states marked by large open circles. Note that band 3 doé&xample, Fig. 5 of Ref52] for *'3Sb and Fig. 3 of Ref.11]

not have well-defined spin, parity, or excitation enetgge Figs. 1 for 1*4Te). The results for*?Sb agree with this trend, lying

and 9 and the text somewhere between these two extremes. A possible explana-
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FIG. 16. Effective alignments.; (in units of ) associated with the occupation of different neutron orbitals, extracted from the
experimental band&inconnected large symbal§ he results are compared with those extracted from the calculated configurations assigned
to the bandgconnected small symbglsThe experimental effective alignment between bahdsdB is indicated as ‘A/B.” Band A in the
lighter nucleus is taken as a reference; hence, the effective alignment measures the effect of the additional particle. The compared configu-
rations differ by the occupation of the orbitals indicated on the panels. These orbitals are labélethéydominant components of their
wave functions at zero rotational frequen(y) the sign of their signature given as a superscript, afid ) the position of the orbitals within
the specific signature group given as a subsdspe, for example, Fig. 3 of Reff50]). Note also that the.s values are shown at the
transition energies of the shorter band marked with an astér)sklhe points corresponding to transitions depopulating terminating states
are encircled. When,,,, has not been reached, the points corresponding to transitions depopulating the states with,spiR)(are
indicated by large open squares. These symbols are not used when the configurations of the bands, marked by an asterisk, involve the
(dss5Sq/0) orbital close to termination. The experimental points which appear to be affected either by pairing interactions or by unpaired band
crossinggas follows, for example, from the analysis of té? of the bandsare shown on a shaded background.

tion is that for the heavier isotopes with more available va-Experimentallyj . measures the contributis) from the or-
lence nucleons the level density is higher and the absence bital(s) which are occupied in ban@l and empty in band.
pairing becomes a more extreme approximation, especiallfhese contributions include both the alignnientof the
for the more nonyrast states away from e Egr.p mini-  single-particle orbitds) and the effects associated with
mum. changes in deformation, pairing, etc., between the two bands.
This approach exploits the fact that spin is quantized, integer
F. Relative properties of smooth terminating bands observed  for even nuclei and half-integer for odd nuclei, and, further-
in the chain *%*+?sb more, constrained by signature. With the configurations and

As discussed in Ref50] in detail, the relative properties specifically the signatures fixed, the relative spins of the ob-

of the observed bands can be studied by means of an effegerved bands can only change in stepstd%n (n is an

tive alignment approach. This approach provides an addinteger number

tional and very sensitive tool for the interpretation of ob- The effective alignment approach has been used with rea-

served bands, especially in the cases when they are nebnable success in R¢E0] for the study of relative proper-

linked to the low-spin-level scheme. The effective alignmentties of smooth terminating bands observed ¥#°%5n[7,8]

of two bandsA andB is simply the difference between their and 1°%11&p[6,10]. A similar investigation is presented here

spins at constany-transition energyE, (or, equivalently, for the smooth terminating bands observed in the chain

rotational frequency: ) [53]: 110-11%h [5,10), the results of which are shown in Fig. 16.
BA 5 A All smooth terminating bands observed in these nuclei have
ief (E))=17(E,)=1"(E,). () been used in the analysis. Among these bands, only band 1 in
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10gp, g tr2gp, 115h(1)A?Sh(3) pairdsee Figs. 1@) and 16k)] are very
1 2 3 1 2 3 1 2 3 similar atE,,=>1500 keV, where the pairing correlations are
Vigrdss} ——O0—O—8—+ 00 o o O of small importance, but the difference in absolute value be-
Vigradselr O8O0 o0 o oo tween theory and experiment is approximately. Z'his is

[
[
[ accompanied by a similar difference with opposite sign when
[

Vel the 11Sb(1) band is compared with tHé°Sb(1) bandsee
hieli ——@—O—O—10—0—0—10—0—8—
Vel Fig. 16a)]. Consequently, if thé'%Sb(2,3) bands were com-
pared with the'%Sp(1) band, a reasonably good agreement
TUSb(1) [21,3] e SH(1) 21417\ ¢ "Sb(1) [21.3] would be obtained. This shows that it is really band 1 in

o N\ ) 11Sp which causes the problems. Note that the lowering of
Sb(2) [21,2] 7—~— ""'Sb(2) [21,3]*«_
: .

. SP@ 1A the assigned spin values by Zor band 1 in''Sb will bring

1195(3) [21,2]+_._\1 1118p(3) [21,3] '..-"'\”25b(3) [21,4]” the experimental alignments closer to those calculated at the
highest observed frequencies. In addition, such a change will
Vigradsali — V[Nl result in better agreement between the calculated and experi-

e Vgl eeeeeees Vibeusls mentalE— Egp plots at spind =30%. Because of these un-

certainties, the pairs involving this band will not be dis-

FIG. 17. Smooth terminating bands observed 13111115 cussed below. _
[5,10) (middle panel. The assigned configurations are indicated At low rotational frequencies of w<0.6—0.7 MeV, the
after the band labels. The total signature of a configuratigq, is observed bands can be affected by pairing correlations as
shown as a superscript as described in the text. The differences f@llows from the features of their dynamic moments of iner-
the configurations of the observed bands are indicated by arrows éfa. Cranked Woods-Saxon calculations performed*fdgb
different types which relate to specific orbitals. The correspondencén Ref. [5] predict anh;;,, neutron crossing to occur &tw
between the type of arrow and the orbital is given in the bottom=0.35 MeV and &, proton crossing ak w=0.6 MeV. No
panel. Note that only the pairs of bands which differ by occupationother paired band crossings are expected theoretically in the
of one orbital are compared. The occupation of different neutrorfrequency rangefw<<0.6 MeV. The hy;,, neutron band
orbitals in the configurations assigned to bands observed igrossing is not seen in the effective alignments of Fig. 16
119115 (top pane). Note that the g7,ds,]: 2,3 Orbitals as well as  since the overlap of the compared bands does not go to such
the [hyyp]; orbitals are occupied in all bands and thus are notjoyy frequencies. The proton configuration of all compared
shown. Proton configurations of a]l the bands are the same Wlt.h tWBands is the same, and so only minor effects are expected in
proton holes ingy/, two protons in gy;ds;), and one proton in e effective alignments due to small changes in the proton
hiy/z With signaturea=—1/2. pairing field, the equilibrium deformations, etc.

The experimental effective alignments of fHe,/,], or-

1105h, band 1 intt!Sh, and bands 1 and 2 %Sb are linked  bitals are reproduced in the calculations reasonably \seé
to the low-spin-level scheme. The configurations and spinFigs. 16b), 16(c), 16(d), and 1&e)]. It is interesting to note
parity assignments given in the original articles have beethat the[hy;,]; orbital, especially, is antialigned at low ro-
used, including those suggested for the unlinked bandtational frequencies. This feature is most clearly seen in the
[10,14. All pairs of bands, which, according to the present *'Sb(3)#*%Sb(2) and '*'Sb(2)#'?Sh(3) pairs[see Figs.
assignments, differ by a particle in one orbital, have beerd6(b) and 16c)], and, in general, it is reproduced in calcu-
included in the comparison. Details of the bands which ardations. However, the change in slopeigf takes place at a
discussed, their configuration assignments and the singléower frequency in the calculations as compared with experi-
particle differences between them, are summarized in Fignent. In the bands with three or four occupled,, neutrons,
17. Note that in Fig. 17 the total signature of the configura-the increase in7® observed at low frequencigsee, for
tion is denoted by a superscript(or —). Since the signa- example, Fig. 1Bmay originate not only from paired band
ture depends on the type of nucle@ven or odd the fol-  crossings, but also from the alignment features of the third
lowing simplified notation is used:a,= +)=[a;,;=+1/2 and fourthh;,, orbitals, which are antialigned at low fre-
(odd)]=[ a;;:=0 (even), (aw=—)=[aw=—1/2(0odd) quenciegsee also Fig. 3 in Ref50]). The antialignment of
=[ 4= +1(even). low-lying high orbitals has been previously found and ob-

The comparisons of the relative properties of the bandsserved over a considerable spin range in superdeformed
which are presented in Fig. 16, are generally successful ihands(see, for example, Ref§55,56); however, to our
interpreting the band structures; however, there is disagre&nowledge, the data in Figs. @ and 1@c) are the first
ment for a specific band, which could be an experimentatlear evidence for similar features at normal deformation.
problem. This specific disagreement between experiment and The alignments of thev[g0s5],; orbitals in the
theory occurs for the pairs involving band 1 #!Sb; see  '1%Sb(1)ASb(3) and'%Sb(1)A'Sb(2) pairs are repro-
Figs. 16a), 16(g), and 1€k). In addition, the calculate& duced reasonably well at transition energies larger than
—Eg.p plot for this band deviates significantly from that for ~1300 keV where the role of pairing correlations is of minor
the assignefl21,4]~ configuration(see Ref[14]). Also, the importance[see Figs. 16) and 16i)]. In contrast, for the
properties of this band deviate significantly from the experi-1Sb(2)A*2Sb(1) and!'!Sb(3)A?Sb(1) pairgFigs. 16h)
mental systematics of the 2p-2h bands observed in thand 16m)], although the general trends of the alignment of
109-11%1, chair[54]. The slopes of the calculated and experi- these orbitals are reproduced in the calculations, the discrep-
mental alignments in the '*Sb(1)A%Sb(2) and ancies are larger. One possible explanation may be that for
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heavier nuclei the level density is higher and the absence ofgy;® v(ds;,/g7,) configuration, but is only observed
pairing in the calculations becomes a more severe approxighove thevh?,,, alignment] The configuration assignments
mation. 1 for the 1p-1h bands are confirmed by comparison with geo-
Agrlmng the bands under study, tHeSh(2), 1Sb(2)’ metric model calculations of tH8(M 1)/B(E2) ratios. Good
and *?Sb(1) bands all show an increaseii) at the high- — agreement is obtained with the geometric model calculations
est ?Pserved rotational frequencisse, for example, Fig. 13 ithout the need to invoke a shears-type excitation; however,
for *%Sb(1)]. This increase correlates with disturbances Ntilted-axis cranking calculations and the measurement of the

the behavior of the experimental eff(_active alignm.ent.s at t.h%bsolutelvl 1 transition strengths would be useful in confirm-
highest observed rotational frequencies for the pairs in which

one of these bands is involvésgee Figs. 1)), 16(7), 16h) ing whether or not the shears mechanism is important in
and 16m)]. As follows from Ref[50] and the present study, these bands. . I

such an increase if® appears only in the bands in which Three bands built upon 2p-2h proton excitations ha'lvg also
esio st orbil s occupied. Ony “Sn(a) bane, DEE1 SbEEned. and ) vee show e characersice o
in which, according to the present interpretation, this orbital’ . . " 9 . i
is occupied, does not show such an increasg(® at the Nilsson-Strutinsky calculations has been obtained for this

highest observed rotational frequenci@éote, however, that Waetlilr']deg;rrrggehda\?gsézrgn'gg?'ﬁgmoef?;i ttges Siws(;trr\] dter:::ilt-ies
this band is observed to the lowest rotational frequency o 9 9 P P

the three bands id2Sb) As discussed in Ref50], the most rom the experimental results, while the spin and parity of
o 2) ' ; the third can also be reasonably deduced with some confi-
probable reason for this increase jfi? is connected with

th ired “band ina” bet ¢ - dence. Because it is a well-understood system experimen-
e unpaired “band crossing” between thgy sy, or- tally, the new results fot'?Sb provide important confirma-

bital and the[ dz;S,,]; orbital. It should be noted that the {5 of the smooth band termination interpretation.
[21,3]" and[21,4~ configurations assigned to bands 1 and A detailed experimental and theoretical study of the rela-

3, respectively, terminate in the calculations at a spin 2 ye properties of the smooth terminating bands in the chain
higher than the “maximum” spin defined from the distribu- 110-11%)) 155 also been performed. This confirms the con-

tion of the valence particles and holes overehells atlow  figyration assignments for all of the known bands in these
spin. At “maximum” spin (4% for [21,3]" and 4% for  pyclej, except for band 1 ift'Sh, which appears to cause

[21,47), the potential energy surfaces are flat in theli-  some problems. The analysis also shows what is, to our
rection with a minimum at a modest collectivity lying lower ynowledge, the first clear evidence for the antialignment of

by 20-40 keV than the lowest energy at the noncollective,igh.j orbitals at normal deformation, in this casg , neu-
axis. As discussed in Ref50], this indicates the involve- {ons.

ment of the[ds;S,/5]; orbital close to termination. In the
calculations, however, the crossing between these orbitals
takes place at higher spin than is suggested from experiment.
With no specific fit of the relative energies of thg;(ds)
and (d3,S1,2) subshells in the Nilsson potential, it can hardly
be expected that such fine features can be reproduced in the The authors would like to thank A. Lipski for fabrication
calculations. of the targets and the personnel at Strasbourg and Stony
Brook for their support of the experimental measurements.
VI. CONCLUSIONS The first author is grateful to the staff at the Department of

] Nuclear Physics at the Australian National University for
New results have been presented on excited states ¥yoyiding the facilities to complete both the final analysis

'1Sb, including the observation of many new excited stateging the writing of this paper, and for numerous helpful com-
which feed solely towards tHé' =8 isomer. Five rotational ments. This project has been funded in part by the U.S. Na-
bands involving particle-hole excitations across #%50  tional Research Council under the Collaboration in Basic
shell gap have been observed to coexist with the expectegcience and Engineering Program. Additional support was
single-particle structures. Two of these are built upon 1p-1tyrovided by the U.S. National Science Foundation, U.K. En-
proton excitations, one being the low-lying two quasiparticlegineering and Physical Sciences Research Council, and the
7gg;3® vhyy, excitation common to all the odd-odd anti- Swedish Natural Science Research Council. A.V.A. and I.R.
mony isotopes and the other being an unlinked band whiclare grateful for financial support from the Crafoord Founda-
has the four-quasiparticle configuration wgg,zl tion (Lund, Swedep and the Royal Swedish Academy of
®v(d5,2/g7,2)h§1,2. [The latter band is actually due to the Sciences.

ACKNOWLEDGMENTS

[1] K. Heyde, P. Van Isacker, M. Waroquier, J. L. Wood, and R. Phys. Rev. Lett35, 555(1979; R. E. Shroy, A. K. Gaigalas,

A. Meyer, Phys. Repl02, 291 (1983. G. Schatz, and D. B. Fossan, Phys. Rev1921324(1979.
[2] J. L. Wood, K. Heyde, W. Nazarewicz, M. Huyse, and P. Van [4] J. Bron, W. H. A. Hesselink, A. Van Poelgeest, J. J. A. Zalm-
Duppen, Phys. Re215 101 (1992. stra, M. J. Uitzinger, H. Verheul, K. Heyde, M. Waroquier, H.

[3] A. K. Gaigalas, R. E. Shroy, G. Schatz, and D. B. Fossan, Vincx, and P. Van Isacker, Nucl. PhyA318, 335(1979.



G. J. LANEet al.

Schnare, P. Vaska, M. P. Waring, J.-Y. Zhang, R. M. Clark, R.
Wadsworth, S. A. Forbes, E. S. Paul, V. P. Janzen, A. Galindo-
Uribarri, D. C. Radford, D. Ward, S. M. Mullins, D. Prest,
and G. Zwartz, Phys. Rev. B0, 1819(1994).

[6] V. P. Janzen, D. R. LaFosse, H. Schnare, D. B. Fossan, A.

Galindo-Uribarri, J. R. Hughes, S. M. Mullins, E. S. Paul, L.

PRC 58

[5] D. R. LaFosse, D. B. Fossan, J. R. Hughes, Y. Liang, H.[17] R. M. Clark, R. Wadsworth, H. R. Andrews, C. W. Beausang,

M. Bergstrom, S. Clarke, E. Dragulescu, T. Drake, P. J. Dag-
nall, A. Galindo-Uribarri, G. Hackman, K. Hauschild, I. M.
Hibbert, V. P. Janzen, P. M. Jones, R. W. MacLeod, S. M.
Mullins, E. S. Paul, D. C. Radford, A. Semple, J.F. Sharpey-
Schafer, J. Simpson, D. Ward, and G. Zwartz, Phys. Rev. C
50, 84 (1994).

Persson, S. Pilotte, D. C. Radford, I. Ragnarsson, P. Vaska, J18] G. Baldsiefen, M. A. Stoyer, J. A. Cizewski, D. P. McNabb,

C. Waddington, R. Wadsworth, D. Ward, J. Wilson, and R.
Wyss, Phys. Rev. Letfr2, 1160 (1994; H. Schnare, D. R.
LaFosse, D. B. Fossan, J. R. Hughes, P. Vaska, K. Hauschild,
I. M. Hibbert, R. Wadsworth, V. P. Janzen, D. C. Radford, S.
M. Mullins, C. W. Beausang, E. S. Paul, J. DeGraaf, I.-Y. Lee,
A. O. Macchiavelli, A. V. Afanasjev, and I. Ragnarsson, Phys.
Rev. C54, 1598(1996.

Drake, D. B. Fossan, S. Flibotte, A. Galindo-Uribarri, K.
Hauschild, I. M. Hibbert, G. Hackman, J. R. Hughes, V. P.
Janzen, D. R. LaFosse, S. M. Mullins, E. S. Paul, D. C. Rad-
ford, H. Schnare, P. Vaska, D. Ward, J. N. Wilson, and I.
Ragnarsson, Phys. Rev.83, 2763(1996.

[8] L. Kaubler, H. Schnare, D. B. Fossan, A. V. Afanasjev, W.

Andrejtscheff, R. G. Allat, J. DeGraaf, H. Grawe, |. M. Hib-
bert, I.-Y. Lee, A. O. Macchiavelli, N. O'Brien, K.-H. Maier,

W. Younes, J. A. Becker, L. A. Bernstein, M. J. Brinkman, L.
P. Farris, E. A. Henry, J. R. Hughes, A. Kuhnert, T. F. Wang,
B. Cederwall, R. M. Clark, M. A. Deleplanque, R. M. Dia-
mond, P. Fallon, I.-Y. Lee, A. O. Macchiavelli, J. Oliveira, F.
S. Stephens, J. Burde, D. T. Vo, and S. Frauendorf, Phys. Rev.
C 54, 1106(1996.

[19] R. M. Clark, S. J. Asztalos, G. Baldsiefen, J. A. Becker, L.
[7] R. Wadsworth, C. W. Beausang, M. Cromaz, J. DeGraaf, T. E.

Bernstein, M. A. Deleplanque, R. M. Diamond, P. Fallon, I.
M. Hibbert, H. Hibel, R. Kricken, I.-Y. Lee, A. O. Macchia-
velli, R. W. MacLeod, G. Schmid, F. S. Stephens, K. Vetter,
R. Wadsworth, and S. Frauendorf, Phys. Rev. L&#. 1868
(1997.

[20] S. Frauendorf, inProceedings of the Workshop on Gamma-

sphere PhysicBerkeley, 1995, edited by M. A. Deleplanque,
I. Y. Lee, and A. O. Macchiavelli(World Scientific,
Singapore, 1996 p. 272.

E. S. Paul, H. Prade, I. Ragnarsson, J. Reif, R. Schubart, R21] S. Frauendorf, Nucl. Phy#557, 159¢(1993.
Schwengner, |I. Thorslund, P. Vaska, R. Wadsworth, and G[22] G. J. Laneet al. (unpublished

Winter, Z. Phys. A356, 235(1996.

[9] R. Wadsworth, H. R. Andrews, C. W. Beausang, R. M. Clark,

[23] R. Kamermans, H. W. Jongsma, T. J. Ketel, R. Van Der Wey,

and H. Verheul, Nucl. PhysA\266, 346 (1976.

J. DeGraaf, D. B. Fossan, A. Galindo-Uribarri, 1. M. Hibbert, [24] M. Fayez-Hassan, J. GulyaZs. Dombrdi, I. Dankg and Z.

K. Hauschild, J. R. Hughes, V. P. Janzen, D. R. LaFosse, S. M.

Gacsi, Phys. Rev. (G5, 2244(1997).

Mullins, E. S. Paul, L. Persson, S. Pilotte, D. C. Radford, H.[25] M. E. J. Wigmans, R. J. Heynis, P. M. A. van der Kam, and H.

Schnare, P. Vaska, D. Ward, J. N. Wilson, and I. Ragnarsson,
Phys. Rev. G50, 483(1994).

[10] G. J. Lane, D. B. Fossan, I. Thorslund, P. Vaska, R. G. Allat,

E. S. Paul, L. Kabler, H. Schnare, I. M. Hibbert, N. O’Brien,
R. Wadsworth, W. Andrejtscheff, J. de Graaf, J. Simpson, I. Y.

Verheual, Phys. Rev. @4, 243(1976.

[26] A. K. Singh, G. Gangopadhyay, D. Banerjee, R. Bhattacharya,

R. K. Bhowmik, S. Murilithar, G. Rodrigues, R. P. Singh, A.
Goswami, S. Chattopadhyay, S. Bhattacharya, B. Dasmahap-
atra, and S. Sen, Nucl. Phy&607, 350(1996.

Lee, A. O. Macchiavelli, D. J. Blumenthal, C. N. Davids, C. J. [27] C.-B. Moon, J. U. Kwon, T. Komatsubara, T. Saitoh, N. Hash-

Lister, D. Seweryniak, A. V. Afanasjev, and |. Ragnarsson,
Phys. Rev. (55, R2127(19979.

Hauschild, I. M. Hibbert, S. M. Mullins, E. S. Paul, |. Rag-

narsson, J. M. Sears, P. Vaska, and R. Wadsworth, Phys. Rev.
[29] P. M. Jones, L. Wei, F. A. Beck, P. A. Butler, T. Byrski, G.

C 52, R2839(1995.

[12] T. Bengtsson and I. Ragnarsson, Phys. $6r.165(1983.
[13] I. Ragnarsson, V. P. Janzen, D. B. Fossan, N. C. Schmeing,
[30] D. C. Radford, Nucl. Instrum. Methods Phys. Res3@4, 297

and R. Wadsworth, Phys. Rev. Lef4, 3935(1995.

[14] A. V. Afanasjev and |. Ragnarsson, Nucl. Phys91, 387

(1995.

[15] R. Wadsworth, R. M. Clark, J. Cameron, D. B. Fossan, |. M.

Hibbert, V. P. Janzen, R. Koken, G. J. Lane, |.-Y. Lee, A. O.
Macchiavelli, C. M. Parry, J. M. Sears, J. F. Smith, A. V.
Afanasjev, and |. Ragnarsson, Phys. Rev. L&®, 1174
(1998.

Devlin, J. Eberth, S. Flibotte, A. Galindo-Uribarri, D. S.
Haslip, V. P. Janzen, D. R. LaFosse, I. Y. Lee, A. O. Macchia-
velli, R. W. MacLeod, J. M. Nieminen, S. D. Paul, D. C.
Radford, L. L. Riedinger, D. Rudolph, D. G. Sarantites, H. G.
Thomas, J. C. Waddington, D. Ward, W. Weintraub, J. N.

imoto, J. Lu, H. Kimura, T. Haykawa, and K. Furuno, Z. Phys.
A 357, 5(1997.

[11] I. Thorslund, D. B. Fossan, D. R. LaFosse, H. Schnare, K[28] E. S. Paul, D. B. Fossan, K. Hauschild, I. M. Hibbert, H.

Schnare, J. M. Sears, |. Thorslund, R. Wadsworth, A. N. Wil-
son, and J. N. Wilson, Phys. Rev.81, R2857(1995.

Duchne, G. de France, F. Hannachi, G. D. Jones, and B. Khar-
raja, Nucl. Instrum. Methods Phys. Res.382 556 (1995.

(1995.

[31] K. S. Krane, R. M. Steffen, and R. M. Wheeler, At. Data Nucl.

Data Tablesl1, 351(1973.

[32] H.-E. Mahnke, E. Dafni, M. H. Rafailovich, G. D. Sprouse,

and E. Vapirev, Phys. Rev. 26, 493(1982.

[33] T. J. Ketel, R. Kamermans, E. A. Z. M. Vervaet, and H. Ver-

heul, Hyperfine Interac®, 336 (1976.

[16] C. E. Svensson, C. Baktash, G. C. Ball, J. A. Cameron, M.[34] J. Cederkl, B. Cederwall, A. Johnson, D. Seweryniak, J. Ny-

berg, L.-O. Norlin, J. Blomgvist, C. Fahlander, R. Wyss, A.
Kerek, J. Kownacki, A. Atac, E. Adamides, E. ldeguchi, R.
Julin, S. Juutinen, W. Karczmarczyk, S. Mitarai, M. Pii-
parinen, R. Schubart, G. Sletten, S.rif@nen, and A. Vir-
tanen, Nucl. PhysA581, 189(1995.

Wilson, A. V. Afansjev, and |. Ragnarsson, Phys. Rev. Lett.[35] E. S. Paul, V. P. Janzen, D. C. Radford, D. Ward, S. M. Mul-

80, 2558(1998.

lins, D. B. Fossan, D. R. LaFosse, H. Schnare, H. Timmers, P.



PRC 58 HIGH-SPIN STATES, PARTICLE-HOLE STRUCTURE, ... 149

Vaska, R. M. Clark, and R. Wadsworth, Phys. Re\6@;2297 Ward, A. Omar, D. Preost, M. Sawicki, P. Unrau, J. C. Wad-

(1994). dington, T. E. Drake, A. Galindo-Uribarri, and R. Wyss, Phys.
[36] P. Van Nes, W. H. A. Hesselink, W. H. Dickhoff, J. J. Van Rev. Lett.70, 1065(1993; D. R. LaFosset al. (unpublishedl

Ruyven, M. J. A. de Voigt, and H. Verheul, Nucl. Phys379,  [49] J. M. Sears, D. B. Fossan, |. Thorslund, P. Vaska, E. S. Paul,

35 (1982?- K. Hauschild, I. M. Hibbert, R. Wadsworth, S. M. Mullins, A.
[37] R. Duﬁalt, J. van Maldeghem, A. Char\!et, J. Sau, K. Heyde, V. Afanasjevy and . Raguarsson, Phys ReV.Sa 2290
A. Emsallem, M. Meyer, R. Baud, J. Treerne, and J. Gen- (1997).

evey, Z. Phys. A307, 259 (1982.

[38] M. Fayez-Hassan, Zs. DomlatiaZ. Gacsi, J. Gulya, S. Brant,
V. Paar, W. B. Walters, and R. A. Meyer, Nucl. Phy&24,
401 (19979).

[39] S. Vajda, W. F. Piel, Jr., M. A. Quader, W. A. Watson IIl, F. . . )
C. Yang, and D. B. Fossan, Phys. Rev2T, 2995(1983. [52] D. B. Fossan, inProceedings of the Workshop on Gamma:

[40] D. A. Viggars, H. W. Taylor, B. Singh, and J. C. Waddington, sphere Physicg20], p. 186.
Phys. Rev. C36, 1006(1987). [53] I. Ragnarsson, Phys. Lett. 364, 5 (1991).

[41] H. Harada, T. Murakami, K. Yoshida, J. Kasagi, T. Inamura, [54] G. J. Lane, D. B. Fossan, I. Thorslund, P. Vaska, R. G. Allatt,

[50] A. V. Afanasjev and |. Ragnarsson, Nucl. Phys628, 580
(1998.

[51] J.-Y. Zhang, N. Xu, D. B. Fossan, Y. Liang, R. Ma, and E. S.
Paul, Phys. Rev. B9, 714(1989.

and T. Kubo, Phys. Lett. 207, 17 (1988. E. S. Paul, L. Kabler, H. Schnare, I. M. Hibbert, N. O’Brien,
[42] D. R. La Fosse, D. B. Fossan, J. R. Hughes, Y. Liang, P. R. Wadsworth, W. Andrejtscheff, J. de Graaf, J. Simpson, I. Y.

Vaska, M. P. Waring, and J.-Y. Zhang, Phys. Re\5& 760 Lee, A. O. Macchiavelli, D. J. Blumenthal, C. N. Davids, C. J.

(1997. Lister, D. Seweryniak, A. V. Afanasjev, and I. Ragnarsson, in
[43] R. S. Chakrawarthy and R. G. Pillay, Phys. Rev54& 2319 “Proceedings of the Conference on Nuclear Structure at the

(1996; D. R. Lafosseet al. (unpublishedl Limits,” Argonne, 1996, Report No. ANL/PHY-97/tunpub-
[44] F. Donau, Nucl. PhysA471, 469 (1987). lished, p. 178.
[45] T. Lonnrah, S. Vadja, O. C. Kistner, and M. H. Rafailovich, [55] I. Ragnarsson, Nucl. Phy#557, 167¢(1993.

Z. Phys. A317, 215(1984). [56] A. V. Afanasjev, G. A. Lalazissis, and P. Ring,Rnoceedings
[46] P. A. Butler and W. Nazarewicz, Rev. Mod. Phy8, 349 of the International Symposium on Exotic Nuclear Shapes

(1996. brecen, Hungary, 1997, Heavy lon Physi@s press$ (also
[47] G. J. Laneet al. (unpublished available on http://xxx.lanl.gov/abs/nucl-th/971002&inpub-

[48] V. P. Janzen, H. R. Andrews, B. Haas, D. C. Radford, D. lished (available on http://xxx.lanl.gov/abs/nucl-th/9801038



