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Particle-hole induced intruder bands in *’Sbh and °Sb
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Collective structures have been investigated yisay studies in''"'15b. Previously observed strongly
coupled ¢rgy) ~! bands in both nuclei involving 1p-1h proton excitations acrossZtké0 gap have been
extended, and an alignment lof;, neutrons identified. New negative-parity strongly coupled bands based on
this proton configuration have also been observed in both nuclei. Decoupled bands involving 2p-2h excitations
across the gap have been observedi#sb, similar to those presented earlier f9Sb. These bands are
interpreted as due to the coupling of a Iétwalence proton to thergy,ds,,)?® (7ge,) ~2 deformed state of
the respectiveySn core nuclei. Anomalies in the expected,, neutron crossing of these bands are discussed.
[S0556-281®7)06308-5

PACS numbeps): 21.10.Re, 27.76:q, 23.20.Lv.

[. INTRODUCTION gap were observed to extremely high frequency approaching
hw=1.5 MeV with gradually decreasing dynamic moments
The structure of high-spin states in neutron deficient nuof inertia (7?)) to values well below the rigid body moment
clei near thez=50 major shell closure has recently provided of inertia. The unique features of these intruder bands have
a wealth of interesting physics. Nuclei near this closed probeen interpreted as “soft band termination” in terms of the
ton shell exhibit a variety of collective structures that coexistconfiguration dependent cranked shell madet, 15,
with the expected single-particle structure. Collectivity in the Since the high-spin terminating bands in the Sb isotopes
Z=50 region was initially observed in thig="51 oddA Sb all have configurations involving the 2p-2h proton excitation
isotopes[1,2], which involved 1p-1h excitations across the aCross theZ=50 gap, a study of the formation of these Sb
shell gap making deformed 2p1h proton configurations, witHands beyond the neutron midshell, where the 2p-2h Sn-core

the B-upbslonin orbital intrudina from below the States have the Iowc_est energy relative tq the spherical ground
225% pprort)ong Wgﬁ’é" These high- 0/2t states States, should provide further information about the lower

_ . . ~__spin properties of these interesting collective structures. For
(97952 4(ge) ~* of modest prolate deformation give rise S ProP g

. this reason, thé'*’Sb and!'°Sb isotopes aN=66 and 68,
to strongly coupled 41=1) rotational bands. Subsequently, respectively, have been studied and are the focus of this

related deformed 2p-2h _excitations:(_g7,2d5,2)2(99,2)_*2, work. Along with new results for thé'>Sb nucleug 16,17

were discovered via rotational bands in the e#eSn iso- 4 N=g4, these Sb intruder bands will have been followed

topes{3], which achieved the lowest energy #fSn near the  from N=58 to 68 for the systematic investigation of the

neutron midshell. An investigation it’Sb[4], representing 751 collective properties. These heavier Sb nuclei cannot

the initial phase of the current WOI’k, revealed CO”eCtiVebe popu|ated to Spins approaching termination' due to the

structure in oddA Z=51 Sb nuclei, that involved the cou- restrictive target-beam combinations available; thus, the con-

pling of these 2p-2h Sn-core deformed states to theKow- figuration dependent cranked shell model is not applicable,

valenceds),, g7, andhy,, proton orbitals above the gap. In as this model does not include pairing correlations present at

135p [5] the yrast band based on theh,,, orbital and the  moderate spins.

2p-2h deformed core was observed to 75ARith an en-

hanced quadrupole deformatigB;= 0.3. Il. EXPERIMENTAL DETAILS

New physics in thisZ=50 region regarding these collec-

tive structures has been recently demonstrated in several High spin states in'*"1'Sb were studied via heavy ion

Z=51[6-9,5,10 andZ=50[11-13 nuclei. Intruder bands fusion-evaporation reactions with beams provided by the

in these nuclei based on 2p-2h excitations across the shéftony Brook superconducting LINAC facility. Thé%d
(*'B,4n) reaction with a 45-MeV beam was employed to
populate '*'Sb. The target consisted of 2.9 mg/&m

*Current address: Chemistry Department, Washington University;"Pd, backed with?®®Pb sufficient to stop the recoiling

St. Louis, MO 63130. residual nuclei. The nucleud'®Sb was studied via the
'Current address: Lawrence Livermore Laboratory, P.O. Box 808*%Cd("Li,4n) reaction with a 35-MeV beam. The target for

Livermore, CA 94550. this experiment was 3.2 mg/chthick and also backed with
*Current address: I.U.P.U. I., Indianapolis, IN 46202. 208, They rays emitted by the excited residual nuclei were
SCurrent address: Research Center Rossendorf, PF 51011detected with six Compton-suppressed high-purity Ge detec-

D-01314 Dresden, Germany. tors, each possessing a relative efficiency of approximately

ICurrent address: University of Tennessee, Knoxville TN 37796;25%. A cluster of seven hexagonal close-packed BGO detec-
permanent address: Institute of Modern Physics, Lanzhou, P.ROrs was placed above the target chamber and a second simi-
China. lar cluster below; these detectors covered 80% ®ufahd
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were used as a multiplicity filter. The event trigger requiredparities of the upper members are unknown. It was possible
that two or more Ge detectors and two or more BGO eleto obtain a DCO ratio for the 423-keV transition connecting
ments detect a signal within ar2100 ns coincidence time the 25/2" state of band b to the 23/2" state of band &;
window. Events meeting this criterion were then recordedhe DCO ratio was found to be 0.7Z8.18, consistent with a
onto magnetic tape for subsequent off-line analysis. In thisnixed M 1/E2 character. This fixes both the spin and parity
manner, over 6.210" events were collected during the of the 25/2" state of band B. The energies of the higher
117Sp experiment, and over 5&.07 events for the!'%Sb  transitions of band B suggest that these transitions are also
experiment. of mixed M1/E2 dipole character. With these assignments,

In order to facilitate the extraction of coincidence rela- this sequence extends up 38=(33/2%).
tionships betweeny rays, the coincidence data were then Band 4 is a second strongly coupled structure, populated
sorted off line into X by 2k E,—E, matrices. The multipo- with ~9% of the reaction channel intensity. It had not been
larities of the transitions were determined via the directionakeported prior to this study. This strongly coupled band was
correlation(DCO) method[18]. In this type of analysis, an found to be built on al™=23/2~ state, which is a known
asymmetricE,,—E, matrix is created by sorting detectors t;,,=290 ns isomef20] (labeled in Fig. 1L The lifetime of
placed at angles near 90° against the remaining forwardhis state is long enough to significantly reduce the coinci-
backward detectors. With gates on kno®8 transitions on  dence intensity between transitions above and below the iso-
both axes of this matrix, the measured intensity ratios yieldner. This, however, does not undermine the assignment of
information on the multipolarity of the transitions. The DCO this band to!'’Sh, as the band was observed to be in weak
ratios were calibrated using transitions with known multipo-coincidence with transitions below the isomer, and was de-
larity in nuclei populated in the two experiments. Thus it wastermined not to be in coincidence with strong transitions in
determined that with ak2 gating transition, a DCO ratio of other nuclei populated in this experiment. Interestingly, the
~1.0 indicated a stretched quadrupole transition, while auadrupole moment of this isomer has been determined to be
DCO ratio of ~0.5 indicated a dipole transition. The Rad- Q=2.46+25 e b? [21]. This is a significant deformation,
ware software packadd9] was used for all the data analy- and the discovery of a rotational band built on this state is
sis. thus reasonable.

Bands 1 and 2 are sequences of stretdB2dransitions,
which had also not been observed before this study. The
bands were observed to have only 1% and 2.5%, respec-

The level schemes fot!’Sb and'%Sb were constructed tively, of the total intensity of the'*’Sb channel in this ex-
from the coincidence data. The placement of transitions wageriment. The spins and parities of these bands were deter-
determined through a combination gfray coincidence re- mined through the DCO ratios of the transitions which
lationships, intensity balances, and energy sums. The levélepopulate the bottom levels of the bands. Thus, band 1
schemes fort}’Sb and*1%Sh are shown in Fig. 1. Tables | was found to initiate fromJ7=15/2" and extends ta)”
and Il report the energies, initial and final spin states, DCO=(35/2"); band 2 begins at 13/2and extends t¢41/2").
ratios, and multipolarities of all the transitions identified in Band 1 is observed to decay predominantly into two 11/2
117sh and''%sb, respectively. The two level schemes will be states, and then to the 7/2state. Band 2 decays to at least
discussed further in the following subsections. two states having”=9/2" (a third state populated by this
band has unknown spirand then the most intense decay
path flows directly to the 5/2 ground state.

Band 3 was the most strongly populated of the decoupled

Low-spin levels in''’Sb had previously been identified in bands, having been observed with 7% of the reaction channel
several studie$l,2,20. These studies uncovered a numberintensity. The band originates frod7=19/2" and extends
of spherical levels of multiquasiparticle nature, and a singléo J7"=(43/27). This band is observed to decay into two
strongly coupled rotational band. The current work has un15/2~ states, the majority of the decay feeding into the
covered many new spherical levels, as well as four additiondhighest-lying of these states at 2413 keV; both then decay
rotational structures. The new rotational structures have beesxclusively into the 11/2 state at 1323 keV. A spectrum
previously reported in Ref4]. representing this band can be seen in Fig. 3.

Band 5 is a strongly coupled structure, composed of two A final interesting sequence is the 705-776-842 series of
bands of opposite signature connected by stidrigE?2 tran-  transitions, labeled bandalin Fig. 1. Only one transition
sitions, as determined through DCO measurements. A spewas observed to depopulate this sequence; it was found to
trum obtained from a gate on the 465-keV transition of thishave a DCO ratio of 0.980.20. This value is suggestive of
band can be seen in Fig. 2. This structure was populated with stretchedE2 transition, however a dipole or nonstretched
~22% of the reaction channel cross section. The band haB2 transition cannot be ruled out due to the large uncertainty.
been previously observed from ti€=9/2" bandhead to Unfortunately the low intensities of the transitions in this
the J™=17/2* state [2], but has been extended up to sequence prevented the extraction of DCO ratios and thus
J7=(27/2") in this study. their multipolarities are unknown.

A short sequence of transitions was observed to feed into Finally, two of the transitions shown in Fig. 1 were not
band S at the 23/2 and 21/2° band members. This se- observed in this experiment. They are the I1/29/2"
guence is labeled bancb5n Fig. 1. Due to the low intensi- 12-keV transition and the 237/2-19/2~ 16-keV transition.
ties with which several of these transitions were observedThe first was reported in Ref2], but could be inferred in
DCO analysis was not always possible; thus the spins anthis study from coincidence relationships. The second of

Ill. EXPERIMENTAL RESULTS

A. The level scheme of*’Sh
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FIG. 1. The level schemes &f%Sb (top) and *Sb (bottom) extracted for this investigation. Gamma-ray energies are given in keV, and
the widths of the arrows represents relative intensities. Previously known isomers are labeled in the figure with their half-lives.

these transitions depopulates th&=23/2" isomer as re- tioned strongly coupled rotational band was extended™o
ported in Ref[20]. =(27/2%). This structure is labeled bandaGn Fig. 1, and
can be seen in Fig. 2. The band was populated with approxi-
B. 11%p mately 45% of the @ reaction channel intensity in this ex-

The low-spin levels oft1%Sb had also been studied prior periment. A short sequence of low energy transitions, labeled

to this work [1,2]. These investigations uncovered several®@nd 3, was observed to feed into this band at the

spherical levels, a strongly coupled band extending to)”=23/2" level. Similar to band B in *17Sb, the DCO ratio
J7=17/2* and at;,=128 ns isomef22]. This isomeric Of the 427-keV transition linking bandsasand % strongly

state is labeled in Fig. 1. implies a spin and parity of 25/2for the bottom member of
As was the case fof'’Sh, the present work greatly ex- band . The remaining higher-lying transitions are pre-

pands on the previous studies. In addition to the discovery ofumed to be of mixedM1/E2 character; however, the low

many new presumably spherical states, the aforemerintensity of these transitions did not permit the extraction of
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TABLE |. Table giving information on transitions assignedfdsb.

Energy, ke\® =17 Intensity® DCO ratio Multipolarity
12.3 11/2 —9/2* ¢ ¢ E1f
16.4 2312 —19/2- d d E29
154.8 19/2 —17/2* <2 e E1l
162.3 11/2 —9/2* 6(1) e E1lf
196.9 21/2 —19/2” 23(1) 0.50+0.05 M1/E2
201.7 17/2 —15/2~ 23(1) e M1/E2'
207.6 25/2 —23/2” 25(1) 0.58+0.04 M1/E2
239.9 —(31/27) <2 e

250.1 19/2 —17/2* 9(1) e E1f
254.4 19/2 —17/2- 12(1) 0.67+0.06 M1/E2
292.3 21/2 —19/2~ 10(1) 0.71+0.07 M1/E2
302.8 (27/27)—25/2" 8(1) e (M1/E2)
334.2 (27/2+)—25/2* 3(1) e (M1/E2)
336.7 13/2 —11/2* 41(2) 1.04+0.05 M1/E2'
349.7 19/2 —17/2- 10(1) e M1/E2'
365.7 15/2 —13/2* 332 0.99+0.05 M1/E2'
366.6 (29/27)— (27/27) 7(2) e (M1/E2)
367.3 19/2 —15/2~ 2(1) e E2
372.6 19/2 —17/2- 6(1) e M1/E2
374.3 11/2 —9/2* 57(3) 1.05+0.05 M1/E2"
387.0 17/2 —15/2* 29(2) 0.95+0.06 M1/E2'
399.7 (31/2%) — (29/2) <2 e (M1/E2)
4025 (31/27)—(29/27) 3(1) e (M1/E2)
413.4 (29/2%) — (27/2) <2 e (M1/E2)
423.2 25/2 —23/2* 3(1) 0.72+0.18 M1/E2
425.6 13/2" —9/2* 2(1) 1.26+0.14 E2
427.6 (33/27)—(31/27) 2(1) e (M1/E2)
429.3 —21/2" 2(1) e

430.5 17/2 —15/2- <2 e M1/E2
432.7 19/2 —15/2- 23(1) 1.18+0.06 E2
432.8 19/2 —17/2* 10(1) 0.90+0.24 M1/E2
4335 19/2 —19/2- <2 e M1/E2
437.1 (33/2%)— (31/2) <2 e (M1/E2)
456.8 19/2 —15/2~ 10(1) e E2f
456.9 (35/27)—(33/27) <2 e (M1/E2)
462.4 19/2 —15/2~ 2(1) e E2
464.9 21/2 —19/2* 6(1) 0.77+0.21 M1/E2
472.2 (27/2%)— (25/2) <2 e (M1/E2)
476.8 13/2 —11/2* <2 0.46+0.10 M1/E2
478.6 23/2 —21/2* 4(1) 0.65+0.18 M1/E2
486.8 15/2 —11/2* <2 0.98:0.17 E2
488.3 (37/27)—(35/27) <2 e (M1/E2)
511.0 (27/27)—23/2" <2 e (E2)
518.5 17/2 —15/2~ <2 e M1/E29
520.3 (39/27)—(37/27) <2 e (M1/E2)
522.3 19/2 —15/2- 2(1) 1.04+0.14 E2
527.1 712" —5/2* 87(5) 0.64+0.04 M1/E2
546.9 (41/127)—(39/27) <2 e (M1/E2)
547.3 212 —17/2” <2 e E2
551.4 11/2 - <2 e

552.0 19/2 —15/2- 13(1) 1.13+0.11 E2
553.5 (25/2+)—23/2* <2 e (M1/E2)
570.5 23/2 —19/2" 19(1) 1.03£0.09 E2
574.7 <2 e

589.3 19/ —17/2* 4(1) € E19
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TABLE I. (Continued).

Energy, ke\? =17 Intensity® DCO ratio Multipolarity
591.2 17/2 —13/2F 7(2) 1.04+0.10 E2
604.0 17/ —15/2F 2(1) € E19
632.6 9/2"—7/2* 2(1) € M1/E2
669.9 (29/27)—25/2 <2 € (E2)
671.6 9/ }7/2+ <2 0.57£0.17 M1/E2
699.4 13/2° - <2 €
700.2 27/27 —23/2 13(1) 0.97+0.12 E2
702.9 15/2 — 11/21 9(2) 1.01+0.15 E2
;823 19/21§/12§/2 3(12) 1.081; 0.13 E2

. - <
707.2 21/Z —17/2F 5(1) 1.02+0.19 E2

_ +

7532 71 1ar 1o 093-012 2
769.7 (31/27)—(27/127) 2(1) € (E2)
776.3 <2 €
783.3 912 —7/2* 3(2) € M1/E2
795.6 112 —7/2* 34(2) 1.20+0.15 M2
502.6 Toz 37 . 0.93-017 2

. - - < . .
810.7 25/2 —21/2F 3(2) 1.04+0.30 E2
813.0 31/% —27/2; 8(1) 1.04+0.14 E2
5202 192 152" 1) 125027 2
830.5 (33/27)—(29/27) <2 € (E2)
842.3 <2 €
872.2 2712 —23/2* <2 0.99+0.14 E2
876.3 13/2 —9/2* 4(1) 1.03£0.11 E2
885.0 (35/27)—(31/27) <2 € (E2)
886.2 29/2" —25/2* <2 0.81+0.18 E2
891.4 19/2 —15/2~ 2(2) € E29
898.0 21/2 —17/2F 4(1) € E2
902.3 25/2 —21/2F 2(1) € E2
908.0 (35/27)—31/2" 3(1) € (E2)
921.9 (3L/27)—27/2" <2 € (E2)
938.6 (35/27)—(31/2%) <2 € (E2)
938.7 (33/27)—29/2* <2 € (E2)
944.0 23/2" —19/2* 3(1) 0.86+0.17 E2
945.7 (37/27)— (%3/2‘) <2 € (E2)
960.3 =712 3(2) €
992.1 (39/27)—(35/27) <2 € (E2)
995.4 (37/2%)—(33/2%) <2 € (E2)
1000.2 15/2 —11/27 70(4) 1.06+0.13 E2
1009.5 (39/27)—(35/27) <2 € (E2)
1026.8 (27/27)—23/2* <2 € (E2)
1032.6 (25/27)—21/2" <2 € (E2)
1045.0 13/2 —9/2* 2(1) 0.93£0.20 E2
1067.8 (41/2%)—(37/12%) <2 € (E2)
1068.5 (41/27)—(37/27) <2 € (E2)
1076.5 (43/27)—(39/27) <2 € (E2)
1089.3 712 —5/2* 14(2) 0.31+0.05 M1/E2
1089.8 15/2 —11/27 26(1) 0.93+0.06 E2
1093.5 <2 €
1160.2 9/2 —5/2* 10Q(7) 1.02+0.04 E2
1182.7 112 -712% 7(2) 0.98+0.14 E2
1234.0 912 —7/2* <2 0.36+0.06 M1/E2
1310.8 912 75/21 22(2) 1.23+0.20 E2
1323.1 11/2 —5/2 63(3) 1.44+0.15 E3
1512.2 11/2 —7/2* <2 € E2

&Transition energies accurate to within0.2 keV.

bIntensities are normalized to 100 for the 1160.2-keV transition.

“Transition not observed in this experiment, but is reported in Raf.

Transition not observed in this experiment, but is reported in Rk

®Transition too weak to yield DCO ratio, or the presence of a nearby transition prevents extraction of a DCO
ratio.

fAngular distributions have been measured for these transitions i &Kef.

9Angular distributions have been measured for these transitions inf Z8f.
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TABLE II. Table giving information on transitions assigned tt9Sb.

Energy, ke\® I7=17 Intensity® DCO ratio Multipolarity
40.8 11/2"—11/2" <2¢ c.d E1l
134.2 19/2 —17/2F 56(2) 0.47+0.04 E1l
146.6 29/2 —27/2” <2 0.40+0.13 M1/E2
153.3 11/2 —9/2* 43(1) 0.63+0.03 E1l
157.4 11/2 - <2 d

164.0 9/2" —7/2* <2 d

196.5 15/2 —13/2- <2 d M 1/E2
227.1 19/2 —17/2° 7(2) 0.51+0.10 M1/E2
230.9 19/2 —17/2° 2(1) 0.74+0.15 M1/E2
232.3 17/2 —15/2- 2(1) 0.40+0.10 M1/E2
239.7 19/2 —15/2~ 11(2) d E2
270.4 712 —5/2* 105(1) 0.63+0.02 M 1/E2
273.1 15/2 —13/2* <2 d E1l
286.1 21/2 —19/2” 7(2) 0.74+0.14 M1/E2
288.1 21/2 —19/2” 11(2) 0.65+0.17 M1/E2
331.1 (27/27)—25/2* <2 d (M1/E2)
334.9 13/2 —11/2* 83(1) 0.85+0.03 M1/E2¢
3575 23/2 —21/2~ 5(1) 0.85+0.16 M1/E2
361.8 15/2 —13/2* 69(1) 0.85+0.03 M1/E2¢
369.8 11/2 —9/2* 100(1) 0.84+0.03 M1/E2¢
381.7 17/2 —15/2F 66(1) 0.92+0.04 ML1/E2¢
397.7 (29/2)— (27/2%) <2 d (M1/E2)
407.0 25/2 —23/2” 3(1) 0.91+0.17 M 1/E2
413.7 (31/27) - (29/2") <2 d (M1/E2)
426.9 25/2 —23/2* 2(1) 0.72+0.21 M1/E2
429.6 19/2 —17/2* 10(1) 0.62+0.08 M1/E2
429.9 2712 —25/2~ 2(1) 0.71+0.46 M1/E2
455.8 (29/27)—27/2~ <2 d (M1/E2)
461.3 21/2 —19/2* 7(2) 0.61+0.10 M1/E2
4742 23/2 —21/2* 4(1) 0.61+0.13 M 1/E2
479.9 (31/27)—(29/27) <2 d (M1/E2)
489.8 25/2 —23/2* 2(1) 0.95+0.28 M1/E2
497.3 19/2 —15/2- 9(1) 0.96+0.09 E2
510.9 (27/27)—25/2* 2(1) d (M1/E2)
605.9 23/2 —19/2” 8(1) 0.98+0.12 E2
630.7 (17/27)—13/2* 3(1) d (E2)
643.7 23/2 —19/2” <2 d E2
653.3 (15/27) —(11/2%) <2 d E2
689.7 2712 —23/2” 3(1) 0.90+0.19 E2
696.9 15/2 —11/2* 15(1) 0.97+0.10 E2
700.3 912" —7/2* 82(1) 0.57+0.03 M 1/E2
704.9 13/2 —9/2* 15(1) 0.94+0.10 E2
730.3 (11/2*)—11/2- <2 d E1l
731.0 13/2 —11/2* <2 0.53+0.25 M1/E2
736.4 (21/27)—(17/2%) 2(1) d (E2)
743.7 17/2 —13/2* 19(1) 1.08£0.21 E2
744.2 2712 —23/2” 3(1) 0.90+0.17 E2
750.8 17/2 —15/2- 2(2) 0.31+0.10 M 1/E2
754.7 17/2 —15/2- 2(2) 0.26+0.11 M 1/E2
764.8 25/2 —21/2- <2 d E2
794.8 13/2 —11/2* <2 d M1/E2
811.4 19/2 —15/2* 4(1) d E2
836.2 2712 —23/2” <2 d E2
836.5 (25/27) - (21/2") <2 d (E2)
837.8 (31/27)—27/2- 2(2) d (E2)

765
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TABLE II. (Continued.

Energy, ke\? =17 Intensity® DCO ratio Multipolarity
876.5 19/2 —17/2* 2(1) 0.65+0.20 E1l
881.6 (11/27)—9/2* <2 d

885.7 (29/27)—25/2~ <2 d (E2)
888.6 13/2" - <2 d

891.0 212 —17/2" 2(1) d E2
901.5 (29/2) — (25/2") <2 d (E2)
912.5 13/2 —11/2- 4(1) 0.45+0.19 M1/E2
923.4 (35/27)—(31/27) <2 d (E2)
925.7 13/2 —9/2* 2(1) 0.89+0.25 E2
935.7 23/2 —19/2* 2(1) d E2
935.8 (31/27)—27/2" <2 d (E2)
942.2 912t —7/2* 3(1) 0.43+0.13 M1/E2
947.8 15/2 —11/2- 22(1) 1.01+0.08 E2
963.8 25/2 —21/2F <2 d E2
970.8 9/2" —5/2* 36(1) 0.99+0.08 E2
979.2 —7/2* 5(1) d

989.8 13/2 —9/2* 2(1) 0.95+0.18 E2
1031.0 17/Z —15/2* 4(1) 0.49+0.14 E1l
1046.0 (11/27) = (7/2*) <2 d E2
1048.3 (7/2+)—5/2* 2(2) d E2
1095.6 11/2 - 7/2* <2 d M2
1109.1 15/2 —11/2" 5(1) 0.90+0.16 E2
1136.7 11/2 —7/2* 11(1) 0.97+0.10 E2
1138.9 15/ —11/2" 9(1) 1.05+0.19 E2
1212.6 9/2 —5/2* 33(1) 1.02+0.08 E2

#Transition energies accurate to within0.2 keV.

bIntensities are normalized to 100 for the 369.8-keV transition.

“Transition not observed, but inferred fromcoincidence relations.

HTransition too weak to yield DCO ratio, or the presence of a nearby transition prevents extraction of a DCO
ratio.

€Angular distributions have been measured for these transitions i Ref.

DCO ratios. Thus, under this presumption this sequence ex- 5000 e o ™Sb Band 5 |
tends toJ"=(31/2"). 4000 B (gate at 474 keV) |

A second strongly coupled band has also been observed in = 5 i
this experiment. This structure was found to be populated to  3000f ~ 1
4%. This band, which is labeled band 4 in Fig. 1 begins at N g 1
J7=19/2 and extends taJ"=(31/27). The spins of this 2000 S 1
band are rather well established from the DCO ratios of the i g'\g . = >
transitions depopulating the band to the lower spin levels. 1000 - ©\ AN o 5
The state at 2314 keV, depopulated by the 948-keYay, O; . ]

has a spin of 15/2; this has been established in RE2]

through angular distribution measurements. The DCO ratios

for the 231-, 227-, 751-, 755-, 877-, and 1031-keV transi- 4500

tions which depopulate this band then strongly imply the

spin of the bottom member of band 4 to be 19/2. The DCO

ratios are not able to rule out a positive parity for this band. ;54|

It has been assigned negative parity in this work based on a

comparison with*!’Sp. .
Two, and possibly three, decoupled bands were also ob-

served in this study. Band 2 is a sequence of transitions 500

extending fromJ™=13/2" to J7"=(29/2"). This band was 300 500 700 900

populated with only 1% of thé!°Sb channel strength; as a E. (keV)

result of the low intensity it was only possible to obtain a 4

DCO ratio for the first transition in the sequence. However, FIG. 2. Two background subtracted coincidence spectra show-

the energies of these transitions and a comparison with thiag the 7(dZ,,7,® (7gg) ~* bands in**"115b,

Counts

Sh Band 5 |
(gate at 465 keV) -

334,337
366
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2500+
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(690)
744
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o
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S
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—923
Proton single-particle levels (MeV)
&

1600 - "Sb, Band 3 5

o (gate at 908 keV) |
1200F < = > i 9 T T T T

L 10 "g" 0.00 0.05 0.10 0.15 0.20 0.25 0.30
800} ;é B,

i @ ~ E FIG. 4. Woods-Saxon energy levels as a function of the defor-
400~ ‘ g N\ mation parameteB,. The Z=50 energy gap and some orbitals are

B \ labeled.

O 1 Il 1 Il 1 1 1 1 1 1 1 1 Il
#0550 650 E 7883\/) 850 950 1050 like spherical shell-model nuclei with the valence proton oc-
¥

cupying theds,, g7, andhyy orbitals. A Woods-Saxon
FIG. 3. Two background subtracted coincidence spectra shovJ—evel diagram fo_r the p“’tor_‘ orbitals is shown in Fig. 4 Wlth
ing the 7h, 1A ds/3712) 2® (7ggrs) 2 bands in11711%h. B>,=0 representing a spherical nucleus. The neutrons outside
of N=50 occupy a similar shell-model space with the Fermi
level depending on the neutron numiberAlthough the low-
; . spin levels are numerous, they can often be described in
upper band mgmbers. The spin and parle of the I%mtg_ terms of a simple coupling of the valence proton orbitals to
are well established through the DCO ratios of the transitions - ious spherical states of thgSn core, as is the case for
depopulating the band. The positive-parity assignment is glsc:)u,nssb The ground states of theée two nuclei have
supported by the fact that this band decays only weakly Ntz _g/5+ \which results from the occupation of theds,
known negative-parity states. The link to the negative-parity '

. . ; " ; rbital coupled to the ground state of the correspondin
states is accomplished via a 41-keV transition which was no ,Sn core gucleus Theglevel schemes of these tw% nuclgi
directly observed in this experiment. Its presence was in> )

ferred from coincidence relationships between band 2 angISO show low-lying 7/2 and 11/ states from the occu-
the 153-keV transition. ation of themrg,, and mh,q,, orbitals, respectively.

. . _ The even-mass Sn nuclei all possess®'-4* ground-
Band 3 is a decoupled band extending frafi=15/2" to o . ; o
37=(35/2), populated with approximately 4% of the reac- state sequences of similar high energies, and negative-parity

tion channel cross section. DCO ratios imply that all but thespherlcal levels which result from the breaking of a neutron

final two transitions in this cascade ha&@ character; it was pair to include an odd number b, orbitals. The coupling

not possible to extract a DCO ratio for the uppermost tran-Of the valence proton to these states can be seen in both
sitioﬁs The 1139-keVw-ray transition de opSIatin this 117Sh and*°sh. For example, these nuclei exhibit prominent
band Was tound to ha\ye ayDCO A0 of fﬂg 19 W?‘liCh 9/2*%, 11/2*, and 15/2 spherical levels, which can be at-

. . + - .
thus determines the spins and parities of the band as sho ffiuted to (®2°), namely the coupling of the spherical

I . ) state of the core to theds,, 797, andarhyq, orbitals,
in Fig. 1. The band decays exclusively into the 11/&ate. ) 52 .
A spectrum representing this band can be seen in Fig. 3. respectively. A good example of the valence proton coupling

. ) . 11
Finally, another structure observed has been labeled ba t8 a negative parity core state is the 19/Bomer in*"*Sb. It

1 in Fig. 1. This structure consists of only one in-band tranr—has been shown in previous studies that this state is com-

sition, with four transitions depopulating it. The intensity pgsed of theeﬂggz orbital ‘coupled 0 the two-neutron
flows mainly through a strong™=7/2*—5/2" transition. ! state of th n corg22]. The negative parity 202-254-

417
DCO ratios were unavailable for all of the five transitions 292 sequence it"Sb and 273-232 séquence #°Sb can

involved in this structure. It has been singled out for atten-also be explained via a similar coupling pict§@s,24.

tion here due to the similarity between it and band 1 in N )
117g). B. Positive parity strongly coupled bands

level scheme oft'’Sb suggesE2 assignments for these two

A single strongly coupled band having positive parity was
IV. DISCUSSION observed in both’Sh and °Sb. The experimental
, , Routhians[25] for these two bands are shown in Fig. 5,
A. Spherical levels in*'Sb and *Sb when a Harris parametrizatiafi,=17 and.7;=12 has been
At lower spins, the shapes of thgSbh nuclei are domi- employed[5]; as can be seen, the bands have zero signature
nated by the major shell gap A= 50. With only one proton splitting. These strongly coupled bands in the odd-Sb iso-
outside the closed shell, the Sb nuclei are expected to behatepes have been systematically studied in previous investiga-
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FIG. 5. Experimental Routhians extracted from the strongly FIG. 6. Experimental relative alignments extracted from the
coupled bands uncovered in this study. The top frame shows thstrongly coupled bands uncovered in this study. The top frame
Routhians from*'%Sb, the bottom those frortt’Sh. In both frames,  shows the alignments frort°Sb, the bottom those fromit’Sb. In
filled data points indicate the favored signature, and open points theoth frames, filled data points indicate the favored signature, and
unfavored signature. The Harris paramet&fs=17 and 7;=12 open points the unfavored signature. The Harris parameters
were used in the calculations. To=17 and7;=12 were used in the calculations.

tions[1,2]. Modest deformations arise via 1p-1h proton ex-
citations across th&=50 gap because of a hole in the
upslopinggg, orbital and two protons in the downsloping
g7, Orbital (see Fig. 4 These bands are thus based
on a 2p-lh proton configuration, given as
(797252 °® (7Qei) *. The highK of the (wgg,) ~* or-
bital is responsible for the lack of signature splitting.
Although these bands if'"''%b have each been ex-

previously inZ=53 and 55 isotopes, and should be expected
to occur in 1*711%p. Cranked shell modéCSM) calcula-
tions[26] performed for''’Sb are shown in Fig. 7. An axial
deformationB,=0.22 has been usd@]. These calculations
predict this crossing to occur at a rotational frequency
hw=~0.35 MeV, slightly lower than the experimental value,
but in reasonable agreement with experiment. Theg,,,

tended several transitions, it is the sequences labeled baﬁl&gnment also explains the large gain In _the.relatlve align-
5b in Fig. 1 which represent an added interest to these struc?—qent of the bands. Another crossing which is gxpected to
tures. These are short sequences of presumably dipole chgceyr ata nearby frequenc_y, namely gy, Crossing, can-
acter, which feed into bandsa5of 17-11Sb at the 21/2 and "t explain such a large alignment increase.
23/2* states. The Routhians for these short sequences are _ _
shown along with the Routhians for the C. Negative-parity strongly coupled bands
(7972)%® (g "t bands. It can be seen that bant 5 In each of the two nuclei under study, a single negative-
crosses band & at a rotational frequencyiw~0.4 MeV. parity strongly coupled band was observed. These are shown
Since this feature is reminiscent of a quasiparticle alignmentas bands 4 in Fig. 1. The two bands are similar in that both
the relative alignmentf25] of bands & and 9 have been have zero signature splitting, as can be seen in Fig. 5, where
calculated, using the same Harris parameters as employedtine experimental Routhians of the bands are plotted. The
the calculation of the Routhians. The relative alignments areelative alignments of these bands are shown in Fig. 6. In
shown in Fig. 6. The bandsb5in both 11’Sb and!!°Sb gain  calculating the experimental Routhians and alignments, a
approximately # in alignment as a result of this crossing. Harris parametrization/,=17 and 7;,=12 was employed
This crossing can be explained astan,, neutron cross- [5]. Neither band shows evidence of a quasiparticle align-
ing. Such crossings inmge;;) ~! bands have been observed ment, even though the bands were observed to rotational
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LS fe~ =t —— — which again explains the nonobservation of iHg 4, align-
N T ment. The second option, as t’Sb, simply involves a cou-
> 10 Sel TNl T T L pling of the proton configuration to the7 ~ 1'8Sn core state;
b 1 oL T~ P S S however, in this case the coupling would not be fully
g 05 AN RSP aligned.
= i NN s _ T
5 4 N P ~ -
& 00 T e D. Decoupled bands
=] S~ — . -
% o 1 L RN - 1. Configurations
£ ] PN A total of five decoupled rotational bands were observed
g 10 1 Lo -7 SRR in these experiments. The three found {Sb have been
154 1 +7 T e N . discussed in Refl4], where they were explained as a cou-
15 4 /./ ‘/' —— el : e \_I\, § pling of a lowK valence proton to the 2p-2h deformed struc-
00 o1 02 03 04 05 06 ture known in the*Sn core. Thus, the configurations of
i (MeV) these bands were determined to beg;,®2p2h,

7wds,®2p2h, wh 2p2h, where 2p2h represents the pro-
FIG. 7. Cranked shell-model calculations performed for neu- 5/2 2P - 19 2P b p2 _Zp
L . . ) ton two-particle-two-hole structuren@,,ds) “® (7o)
trons in **'Sh. An axial deformation of3,=0.22 was used in the . .
responsible for the band iH®Sn. Because of the near degen-

calculations. Solid lines indicate orbitals having both positive parity . -,
and signature; dotted lines, positive parity and negative signaturee,raCy of themgy, and themds, orbitals, the two positive-

. 2 . . .
dashed lines, negative parity and signature; and dash-dotted lingdarty protons, 978512, In the 2p-2h configuration may
negative parity and positive signature. change somewhat depending on the valence proton. These

assignments are supported by the observed spins of the
] ) bands, and by the observed decay patterns to the lower-lying
frequencies near or above the frequency at whichilig,  spherical single-particle states. On the basis of the spins, the
alignment was observed in them§7ds2)°®(7992) ' three decoupled bands in th&Sb begin to branch out at the
bands. These two bands differ in one important aspect; thgyels corresponding to th&'%sn 4° 2p-2h band member,
bandhead of band 4 in'®Sb was observed/2lower than  decaying respectively to both the spherical and the deformed
that of band 4 in**'sb. (j®2") states, which are admixed. Thus, the 19f8ember
Previous studies O'F'17Sb prOVide the quaSipartide coNn- of the Whll/Z band 3 decays into two 1572 states, the
figurations for these two structures. Band 4'iSb is built  13/2" member of therds;, band 2 decays into two 9/2
upon a 23/2 isomer, which has been extensively studied instates, and the 15/2member of therg,,, band 1 decays into
Refs.[21,20. In these prior studies it was shown that thetywgo 11/2" states.
23/2" isomer possesses a significant deformafi], and a Using this information, it is possible to assign configura-
g factor consistent with &(7gy:052)°® (79e) 1® 7"  tions to the decoupled bands #°Sb. Band 3, having nega-
quasiparticle configuratiof20]. Here thev7™ refers to a tive parity and decaying exclusively into the spherical
spherical state of thé'°Sn core, having ahyy/4ds), configu-  11/2- state, can be assigned thé,® 2p2h configuration.
ration. This configuration, which is assigned to band 4 inalthough the relationship between the decay pattern and the
t’sb in the present study, is consistent with the lack oforbital occupied by the valence proton is not as clear as in
signature splitting in this band, due to the highof the  117sh  the spins of band 2 are indicative of the
(mge) ~* orbital. The lack of theAB vhyy, alignment is  7d.,®2p2h configuration. Finally, band 1 is possibly re-
then also understood, since this two-neutron configurationgted to thewrg,,,® 2p2h configuration; this must be consid-
blocks this crossing. One can also see in Fig. 6 thaBe  ered tentative, however, as the spins and parity of this struc-
vhy,, alignment is not present in this band, although thetyre are unknown.
CSM calculations of Fig. 7 predict this crossing to occur at  Band 1a in **’Sh remains to be explained. This sequence
fiw~0.50 MeV. Since theAB vhy,, crossing is delayed in was only weakly populated, thus only the lowest state of the
the positive-parity coupled bands, it may not be unreasonablgequence is known with any certainty. However, this se-
to expect a similar delay in this case. It is worth noting, quence does exhibit bandlike energy spacings. Presuming the
however, that the experimentally deduced deformation fokhree transitions of this structure are of stretcE&tcharac-
band 4 in '¥Sb is 8,=0.24 [21], while the calculation ter, this sequence may be the signature partner to band 1 with
shown in Fig. 7 was performed fg@#,=0.22. If the calcula-  the expected large signature splitting.

tion is performed instead wit}3,=0.24, theBC crossing is The observation of decoupled bands involving 2p-2h ex-
predicted to increase thw~0.52 MeV, close to the highest citations across th& =50 gap ins,Sn ands;Sb nuclei has
observed frequency of the band. also been extended tgTe[27,28 and 53l [29-37.

Band 4 in 11°Sb results from a similar configuration. In
order to explain the lower spin of this band compared to
band 4 in1’Sb, there are two options both involving the
(797052 %® (7ggr) ~ 1 proton configuration, which is re- The vhy,, pair alignment which was observed in the
quired to account for the lack of signature splitting in this (7g7ds)°® (7gg;) ~* strongly coupled bands should be
structure. The first involves a coupling of this proton con-seen in the decoupled bands as well. Such alignments can be
figuration to the known two-neutron Sstate of the'*Sn  seen in the dynamic moments of ineri&) of the positive
core. Thisy5~ spherical state involves a sindig;, neutron,  parity bands, which are shown in Fig. 8. Bands 1 and 2 in

2. Quasiparticle alignments in the decoupled bands
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' ' strengths between the positive- and negative-parity bands.
10 - 19 7 This is evidenced from the sharpness of the peak in the
i Sb - J?) of the positive-parity bands, and the comparatively
90 oBand 2 7 gradual increase in therh;;,, band. The gradual increase
oBand 3 . associated with the alignment implies a stronger interaction
70+ . strength. The fact that the interaction strength is different for
- . bands in the same nucleus cannot be explained by standard
50 . CSM calculations such as that shown in Fig. 7; however, this
n i effect has been observed previously, and attributed to a re-
3L | sidual proton-neutron interaction which is not included in the
<> L i standard cranked shell modé,9,33. The strongeip-n in-
o teraction arises since the aligning neutrons and the valence
> 10+ - - -
~ | | . | | | proton occupy similah,4/, orbitals, and thus the overlap of
‘}‘C ! ! ! ! ! ! their wave functions is maximized.
~—90r SN
< - eBand 1
&70 L oBard 2 | V. CONCLUSIONS
L 0Band 3 J High-spin states have been identified {Sb and*!°sh.
The previously known £g7:ds;)?® (70q) ~* bands in-
S0 I volving 1p-1h proton excitations across tAe- 50 gap have
- . been extended to higher spin, and an alignment ohg;,
30 B/E/E/Z/Eh_‘E | neutron pair identified. A negative-parity strongly coupled
band was found in each nucleus as well, resulting from a
B I coupling of the ¢rg,,)2® (mgg,) ~* structure to the 5 and
10 F - 7~ spherical two-neutron states of th&1%n core nuclei,
! ! ! ! respectively.
250 350 450 550 A number of decoupled bands, which involve 2p-2h pro-
A (ke\/) ton excitations across the gap, were discoveretigb and

in 11%Sh. These bands represent a coupling of the valence
FIG. 8. Plot of the dynamic moment of inertig) extracted  proton to deformed £g,ds,)2® (7gg;,) 2 states of the
from the decoupled bands observed in these experiments®b  116.11&np cores. The''’Sb nucleus proved to be the best il-
(top) and *’Sb (bottom. lustration of these structures, as three decoupled bands were
observed, and each conclusively linked to the occupation of

117 H ~
Sb clearly show an alignment dw~0.45 MeV, and ho three available valence proton orbitadsy,, gy, and

- ll -
band 2 in*'%b at least shows a strong increase/iR. The hyu, aboveZ=50. The expecteah, ,,, pair alignment was

negative-parity bands also show evidence of this crossing. Igpserved in these bands, although at a higher frequency than

both nuclei, the dynamic moment of inertia of bands 3 Showexpected by the cranked shell model, suggesting a larger

: 417 2
a gradual increase, and itt'Sb the 7®) appears to have geformation. The alignment of thl;y,, neutrons in the

begun to decrease at the last point. mhy1, band was found to differ from that of theg,,, and
Although the expectedh,,, alignments are observed, the . "hands, in a manner consistent with a residual proton-
frequencies at which they occur are not well reproduced by, o jtron interaction, as has been previously repdfica!33.

the CSM calculations. The calculations shown in Fig. 7 for 8ot coyrse there may be other considerations, notably quad-
deformation of 8,=0.22 predict this crossing to occur at rupole pairing as discussed in REB4].

hw~0.35 MeV, considerably lower than the observed val- "ringlly, a large number of new single-particle states was
ues; a higher deformation value $5=0.30 is required t0  foynd. These states show the irregular energies typical of
achieve t_he obse_rved crossing frequency of 0.45 MeV. Alxnell-model nuclei. Many can be explained by simple cou-
though this value is considerably larger than f3e=0.22 for  yjing of the valence proton orbitals to known spherical states
the (mg7ds2)°® (7gg) bands, it may not be unreason- i the 116118 core nuclei. Thus thé'71!Sh nuclei have
able. The decoupled bands involve a 2p-2h excitation acrosseen observed to possess a wide range of both spherical and
the gap while the strongly coupled bands involve only ageformed states, all of which relate to a coupling of the va-
1p-1h excitation. Thus there is an additional hole in the upignce proton to the different structures in th&11&n core
sloping 7gg, orbital and an additional proton in a lo€-  clei.
downsloping orbital, both of which achieve further
B-driving forces. Furthermore, the deformation of the
why1,®22p2h band known in'¥®Sh has been measured
through the extraction of the average transition quadrupole
moment of the band, yielding a value g&=0.3[5]. This work was supported in part by the National Science

Finally, there is the matter or the interaction strengths ofFoundation. We wish to thank the staff of the Stony Brook
the vh,,, pair alignments. The/(?) for the three decoupled facility for the beams and targets. One of (Jsy.Z) would
bands in!'’Sb clearly show a difference in the interaction like to acknowledge NSF Grant No. INT-9001476.
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