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High-spin states in’®Rb were studied using the*Fe(®Si,3pn) reaction at 120 MeV and the
%8Ni(*Na,2on) reaction at 65 and 70 MeV. Prompt and delayed coincidences were measured using the
Pitt-FSU detector array. Results from these experiments have led to new levels partly grouped into new bands,
new spin-parity assignments, and a rearrangement of the low-lying portion of the level scheme. States were
observed up t¢19") and(157) in the lowest energy positive- and negative-parity bands. Spin assignments
were based on both directional correlation of oriented nuclei ratios and angular distributions. For some low-
lying levels parity assignments were supported by a measurement of the linear polarizatjoreysf Life-
times were determined using the Doppler-shift attenuation method and direct timing. A reversal of signature
splitting was observed in the yrast band at the ifate. Large alternations were seen inB{®&11) strengths
in the yrast band, while th&(E2) values in the two most strongly populated bands show a considerable
collective enhancemenitS0556-28186)02409-F

PACS numbsgfs): 21.10.Tg, 23.20.En, 23.20.Lv, 27.56

[. INTRODUCTION of inertia to convergd16] to approximately the rigid rotor
value.

Nuclei in the mass 80 region provide a fruitful testing Characteristics such as these have not yet been reported
ground for the study of a variety of shape and structurafor odd-odd “®Rb. Some high-spin information is available,
characteristics, such as large quadrupole deformations, tHat apparent conflicts exist. The present investigation was
interaction of unpaired nucleons, and the competition beinitiated to examine’®Rb in detail to learn more about its
tween single-particle and collective excitations. These effecthigh-spin decay structure and, in the process, strengthen the
are dependent on the number of unpaired nucleons and tik@owledge of odd-odd nuclei as a whole in this mass region.
properties of the quasiparticlgp) orbitals which they oc- Previous investigationgl 7—19 of ®Rb had identified an
cupy. High-spin yrast states are expected to be based on tigmeric state with a half-lifd,,=5.74 min and the ground
occupation of the unique parityy;, subshell since it provides state withT,,=17.66 min. Definite spins of O for the 17.66
the highest angular momentum at the lowest energy for botmin ground state and#z4for the 5.74 min isomer were as-
proton and neutron gp in this mass region. signed[20,21] in atomic beam measurements. The first band

Although the low-lying level structure of odd-odd nuclei structure was identified22] up to an excitation energy of
is complex, well-developed rotational bands starting at about104.6 keV above the bandhead. Later this decay scheme
0.5 MeV excitation energy have been observed in a numberas extendedl23] to a tentative 16 state 4143 keV above
of odd-odd nuclei in theA~80 region. Recent studies on the bandhead. Tentative parity assignments of
odd-odd nuclei, including’Br [1,2], “®Br [3,4], "®Br [5], 0(*) and 4~) for the ground state and the isomeric state,
®Rb [6], ®°Rb [7,8], &Y [9], and &Y [10-14, have indi- respectively, were based on prig-decay measurements
cated a considerable similarity among their yrast-band strud-17]. Electromagnetic decays of the isomer which deter-
tures. A reversal of signature splitting, which was predictedmined its position were recently reported in a laboratory
[15] to result from the competition between single-particleprogress repoif24]. The most recent stud@5] reached ten-
and collective degrees of freedom, has been observed attative spins of 20, 21, 24, and £7n each of the four major
spin of approximately ® in each of these nuclei. Large al- cascades. However, very little detailed information is avail-
ternations in the intraband magnetic dipole transitionable about’®Rb from this study, and a fifth band given in the
strengths’8(M 1) are commonly observed in odd-odd nuclei. level scheme has been previously pla¢26] in 7Sr.
Furthermore, there is a tendency for the kinematic moments A major problem with the existing level schemes of

"®Rb is that most of the states have been tentatively assigned
negative parity, but the yrast bands in nearby odd-odd nuclei
*Present address: Lockheed Martin Information Systems, Maihave positive parity. This problem could be solved if the
Pgint 800, Orlando, FL 32825. tentative negative-parity assignment to tke4 isomer could
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nge, Notre Dame, IN 46556. ing negative-parity states. A more basic problem is that the

Present address: Oak Ridge National Laboratory, Mail Stogwo strongest decay sequences built on the isomer are so
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opposite parity, as the systematics imply. A “missing” used on the square matrix yielded DCO ratios as well as the
7—5 E2 transition in the yrast cascade is another indicatiorline-shape information necessary to deduce mean lifetimes of
of difficulties with the existing level schemes. nuclear states using the DSAM.

An important goal of the present work was to reexamine Both prompt and delayed-y coincidences were mea-
the low-lying level scheme of®Rb to resolve these issues. sured with the®®Ni(?*Na,2pn) reaction at 70 MeV. The Pitt-
Weaker y-y coincidence relations and possible doubletsFSU detector array consisting of 10 Compton-suppressed
were explored to build a more comprehensive level schemelPGe detectors and one LEPS with a low-energy threshold
complete with as many linking transitions as possible. Aof about 10 keV collected the-ray events. Approximately
search was made for missing and isomeric transitions dowf.5x 107 events were collected and sorted in a variety of
to 10 keV using a low-energy photon spectrométeEPS. ways. The triangular and square matrices explained above
Spin changes were investigated by measuring both direawvere constructed in the same manner, thus providing an in-
tional correlation of oriented nucl¢DCO) ratios and angu- dependent analysis of this nucleus. A square matrix contain-
lar distributions. Parity changes were examined throughing the coincidences of 35° and 145° detectors versus 90°
measurements of-ray linear polarizations using a three- detectors and a square matrix consisting of coincidences be-
detector Compton polarimeter. Altogether, these investigatween 145° detectors and all other detectors were also sorted
tions led to some rearrangements in the low-lying portion ofto improve the statistics of the DCO ratio and DSAM life-
the level scheme which effectively decouple the two strontime analyses, respectively. One analysis technigue available
gest cascades and show that the structuré®b is consis- in this experiment was the ability to measure lifetimes of
tent with that of its odd-odd neighbors. long-lived states using delayed coincidences. A time-to-

Although the half-lives of the isomer and the ground stateamplitude convertefTAC) was started by a LEPS event and
had been determined, mean lifetimes of states above the isstopped by a signal from any one of the other 9 HPGe de-
mer had not been extracted. Thus, another goal of the curretgctors. In this way a square matrix was built which consisted
investigation was to measure the mean lifetimes of higheref LEPS energies and time differences from the TAC. Gates
lying states using the Doppler-shift attenuation methodset on the LEPS energy spectrum resulted in prompt and/or
(DSAM). This required the use of a thick target for the delayed time events which have been analyzed to determine
fusion-evaporation reaction and was aided by the use of theanosecond lifetimes ii®Rb.

Pitt-FSU Compton-suppressed detector afizi§]. The life- Spins were assigned based on both DCO ratios and angu-
time of one long-lived state was also determined using direcfar distribution measurements. The DCO ratios were deter-
timing. The determination of lifetimes then allowed for the mined whenever possible according to

calculation of transition strengths, transition quadrupole mo-

ments, quadrupole deformations, and a better picture of the R _I,(at 35°, 145°; gated byys at 90°) ®
degree of collectivity in"®Rb. DCO™T (at 90°; gated byyg at 35°, 145%"
Il. EXPERIMENTAL PROCEDURE If the gateyg represents one or more stretched electric quad-

rupole (E2) transitions, then the DCO ratios for stretched

High-spin states in ®Rb were studied via the E2 transitions as well as for putd1 Al=0 transitions are
Fe(®si,3pn) and °®Ni(?*Na,2pn) fusion-evaporation re- expected to be approximately unity, whidd =1 transitions
actions at the Florida State University Tandem-LINAC facil- yield ratios of about 0.5 if the multipole mixing ratio is small
ity. The %¥Fe target was 14 mg/ctthick and enriched to [29]. It was not possible to measure DCO ratios reliably for
95.6%, while the®®Ni target was 19.44 mg/chthick and  some weak transitions usir§2 gates. In these cases, gates
enriched to 99.89%. Both reactions were used to measum@n nearbyAl=1 or Al =0 transitions were used. Gates on
-y coincidences, while angular distributions and linear po-pureAl =1 transitions result in DCO ratios of approximately
larizations ofy rays were measured using the latter reactionl.0 and 2.0 forAl=1 and stretchedt2 transitions, respec-
only. tively. All obtainable DCO ratios, along with level energies

Two separatey-y coincidence measurements were per-and spins, and relative intensities are given in Table I.
formed. One experiment measured prompt coincidences us- The linear polarizations of some strong low-lying decays
ing the 5*Fe(?®Si,3pn) reaction at 120 MeV. This measure- were measured using the®Ni(>*Na,2pn) reaction at 65
ment utilized the Pitt-FSU detector arrd®7] consisting of MeV. A three HPGe detector geometry was used to detect
nine Compton-suppressed high-purity G€PGe detectors, they rays. One unshielded detector was oriented perpendicu-
four of which were placed at 145° with respect to the beamlar to the beam direction and acted as the scattering detector.
axis, three at 90°, and two at 35°. Aboux 208 coinci-  The other two detectors, which operated in coincidence with
dences were collected on 8 mm magnetic tape. The data wetke scattering detector, were Compton suppressed with BGO
sorted[28] into a triangular matrix with a dispersion of 0.5 shields and were oriented to detect radiation scattered paral-
keV/channel and consisting of all possible detector pairs, anlel and perpendicular to the reaction plane. The coincidence
other triangular matrix with a dispersion of 0.8 keV/channeldata were saved to 8 mm tape and the two energies of each
and containing coincidences between only the 90° detectorsyvent were summed off line if they met the Compton-
and a square matrix with a dispersion of 0.8 keV/channekcattering condition. In this way, two spectra were produced
with coincidence information between the 145° and 90° deshowing vy rays scattered either parallel or perpendicular to
tectors. Background-subtracted gated spectra projected frothe reaction plane. The linear polarization can then be calcu-
the triangular matrices yielded theray energies and inten- lated from the parallel intensitiN; and the perpendicular
sities quoted in this paper. A similar energy gating techniquentensityN, according to
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TABLE |. Energies, initial and final spin states, relative intensities, and DCO ratios for observed transit/éR®.in

Epey (keV)? E, (keV)” 7 I7 ,° ¢ Roco™® Roco*®

Band 1

270.1 155.21) 5% 4" 100f 100f 0.44(5) 0.402)

422.8 152.71) 6" 5* 792) 792) 0.435) 0.393)
307.91) 6" 4+ 22(1) 26(1) 1.068) 0.976)

667.3 244.61) 7* 6" 45(1) 42(1) 0.47(6) 0.405)
397.43) 7" 5* 6(1) 6(1) 1.2050) 0.8426)

852.9 185.62) 8+ 7t 29(1) 28(1) 0.456) 0.498)
430.12) 8+ 6" 51(2) 53(2) 1.047) 0.958)

1219.7 366.61) 9+ 8" 30(1) 331 0.458) 0.425)
552.42) 9+ 7t 7(2) 7(2) 0.90119) 0.9511)

1625.5 405.8) 10* 9t 6(1) 7(2) 0.4009) 0.4911)
772.62) 10* 8" 32(3) 37(3) 0.9913 0.99116)

2023.6 398.02) 11" 10" 13(2) 21(2) 0.3010) 0.41(10)
803.93) 11+ 9t 15(2) 21(2) 0.8416) 0.8512)

2651.1 627.6) 12+ 11+ 1.6(6) 1.7(5) 0.41(28) 0.495)
1025.66) 12+ 10" 9(3) 11(3) 0.7322) 1.11(12)

3042.0 390.68) 13* 12+ 1.7(4) 4(1) 0.1735) 0.26(7)
1018.45) 13* 11+ 11(3) 13(3) 1.2021) 0.9316)

3897 12462) (14%) 12+ 2(1) 4(2)

4253.7 1211.8) (15%) 13* 4(2) 9(3)

5639 138%1) a7t (15%) 1.2(5) 5(2)

7192 15582) (19%) @z 0.8(4) 2(1)

Band 2

398.9 128.8) 4 5* 2.83) 2.02) 1.168)9 1.267) 9
284.02) 4) 4% 4.6(6) 3.6(5) 0.799)

688.9 266.14) 5(1) 6" 0.82) 0.92) 1.2814) ¢
290.043) 5(1) 4 3.24) 2.84) 1.0715) ¢ 0.7922) 9

736.8 47.93) 6(+) 5(+)
313.93) 6(+) 6" 2.4(5) 1.7(3) 0.8439) 0.8027)
337.93) 6(+) 4(+) 2.3(6) 1.6(3) 1.7625) 9 1.9244) 9
466.13) 6(*) 5* 6(1) 4.907) 0.875) 9 0.81(6) 9

1114.6 261.B) 7(H) 8" 1.1(3) 0.7(2) 1.1516) ¢ 1.1411) ¢
377.82) 7(H) 6(+) 4.1(6) 3.003) 1.029) 9 1.2612) ¢
447.33) 7(9) 7t 0.93) 0.62) 0.7235) ¢ 1.3338)¢

1350.7 236.012) 8(+) 7(+) 1.94) 1.1(2) 1.1212) ¢ 0.978) 9
613.93) g 6(*) 1.4(4) 1.003)
683.43) g 7t 5.2(8) 3.4(5) 0.667) 9 0.648) 9

1454.2 339.8) (8M) 7(H) 1.3(3) 0.7(2) 0.6316) ¢ 0.9320) 9
717.44) 8M) 6(+) 0.82) 0.833)

1744.8 394.(2) 9(+) 8(f) 2.8(5) 3.6(5) 1.1917) ¢ 1.2612) ¢
891.94) 9(+) 8" 2.2(8) 2.27) 0.4923) 0.6518)
1077.53) 9(+) 7 3(1) 1.63) 2.1539) ¢ 2.2539) 9

Band 3

263.8 148.93) 5” 4+ ~2 ~2
152.61) 5” 4- ~65 ~64 0.4@4) 0.41(3)

488.8 218.74) 6~ 5* 1.23) 1.003) 1.2618) 9 1.3018) 9
225.01) 6~ 5” 27(2) 28(1) 0.376) 0.44(6)
377.41) 6” 4- 19(1) 19(1) 1.0812) 1.003)

767.1 278.8) 7" 6~ 14(1) 14(1) 0.374) 0.4311)
344.34) 7 6" 0.7(3) 0.4(2) 0.9031) 9 1.3028) 9
503.33) 7 5- 25(1) 23(1) 1.1017) 1.0712)

1114.4 347.®) 8~ 7 7.209) 7.98) 0.399) 0.433)

625.63) 8~ 6~ 19(1) 22(1) 1.07115 0.983)
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TABLE | (Continued)

Epey (keV)? E, (keV)” K I 1, ° ¢ Roco™® Roco™®

1474.3 359.@8) 9- 8~ 3.86) 6.6(9) 0.4711) 0.444)
707.242) 9- 7" 18(2) 21(2) 0.957) 1.0717)

1941.6 467.®) 10~ 9- 2.87) 4.7(1.2) 0.4611) 0.4005)
827.242) 10~ 8- 13(2) 14(2) 0.898) 1.0315)

2369.2 427.6) 11- 10~ 0.7(2) 2.3(6) 0.507)
894.94) 11- 9- 7(2) 9(2) 1.0018) 0.91(13)

2955.4 1013.65) 12- 10~ 6(2) 8(2) 1.06(23) 0.9719)

3452.8 1083.67) (137) 11° 5(2) 6(2)

4151 11961) (147) 12~ 1.57) 1.6(6)

4731 12782) (157) (13) 1.7(8) 3(1)

Band 4

395.6 68.13) 40) 3(h) 0.42) 0.42)
131.82) 40) 5” 2.2(3) 1.8(5) 1.2516)¢ 0.7313)¢
284.42) 40) 4- 8(1) 7(2) 1.76(24) 1.61(14)¢

595.3 155.2) 5(7) 4- 2.6(3) 4.4(4) 1.0412)¢ 0.728)¢
199.12) 5(7) 40) 4.1(3) 3.1(2) 0.9627)¢ 0.9414)¢
331.52) 5(7) 5~ 4.84) 4.94) 1.9334)¢ 1.9428)9
484.13) 5(-) 4- 0.93) 0.93)

872.2 276.91) 6(7) 5(-) 4.64) 4.1(2) 0.5910) 0.5419)
383.42) 6(7) 6- 3.03) 2.22) 0.8414) 1.0212)
476.64) 6(™) 40) 0.92) 0.61)

1165.8 293.6) 7¢) 6(7) 2.64) 2.94) 0.51(12) 0.597)
398.14) 7¢) 7" 0.42) 0.21)
570.53) 70) 5(7) 1.44) 1.8(4) 2.0336) 9 2.0842)9

1603.6 437.8) 8() 7() 0.82) 1.12) 1.0622) 9 1.0812) 9
731.46) 8(7) 6(7) 0.7(3) 0.93)

1984.5 380.¢4) 97) 8(™) 0.31) 0.4(2)
818.714) (97) 7() 1.2(4) 1.7(5)

Band 5

46.8 46.82) 1- ot

134.1 87.82) 2 1 16(1) ~16 1.0510)¢ 0.877)¢

274.4 140.®) 3 2 11(1) 12(1) 0.948)9 1.2910)¢
227.63) 3 1 1.8(5) 1.6(5)

440.1 112.63) 4~ 3(1) 4.2(5) 3.54) 0.9212)¢ 0.9520)¢
165.12) 4~ 3” 3.94) 5.04) 1.0810)¢ 1.1712)¢
306.03) 4~ 2 0.5(3) 0.53)

663.5 223.03) 5- 4- 3.2(7) 3.1(7) 0.9512)9 1.3516)¢
389.14) 5~ 3 0.5(3) 0.6(3)
399.713) 5~ 5~ 4(1) 4(1) 2.00(65)9 1.8333)¢

949.3 285.84) 6~ 5~ 1.1(3) 2.1(5) 1.01(29)° 0.8213)¢
509.45) 6” 4- 0.42)

1239.8 290.8) 7 6~ 0.7(2) 1.1(3) 1.01(29)9 1.3435)
576.35) 7" 5~ 0.41) 0.7(2)

1678.0 438.%%) (87) 7" 0.42)
728.716) 87) 6~ 1.3(5) 0.84)

2043.6 365.60) 97) (87) <04 <04
803.95) 97) 7" 0.5(2) 0.93)

Band 6

475.9 148.43) 4~ 3(+) 1.003) 1.02) 1.0032)¢
201.53) 4- 3 2.44) 2.54) 1.16(12)9 0.9916)¢
341.84) 4- 2 1.6(4) 1.94) 1.8733)¢

699.5 223.63) 5- 4- 1.7(4) 0.62) 1.06(14)¢ 1.1224)9

425.13) 57 3” 1.8(4) 0.6(3) 2.0268)9
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TABLE I. (Continued).

Epeyv (keV)? E, (keV)” I I ,° ¢ Roco™® Roco*®
1017.4 317.6) 67) 5” 0.6(2) 0.5(1)
528.45) 67) 6 1.2(4) 1.95)
541.55) 67) 4- 1.1(4) 0.7(2)
1357.7 340.8) (77) 67) <04
658.46) (77) 5~ 1.45) 1.0(4)
Bands 7, 8, 9
103.2 103.2) 1+t o+ 21(5) 17(4) 0.936)9 0.89(11)¢
160.7 57.%2) 2 1+t 5.4(8) 3.203) 0.907)9
160.73) 2 o* 2.7(3) 3.02) 1.9448)9
232.4 98.82) 2(+) 2 1.003) 0.4(1)
112.72) 2(+) 3%) 1.23) 0.41)
129.43) 2(+) 1t 10(1) 10(1) 1.068)9 1.01(10)9
289.9 186.13) 2.1(6)
243.13) 4(1)
289.93) 1.305)
315.4 181.84) 2" 2" 0.8(2) 1.43)
212.43) 2" 1+t 6(1) 5(1)
3275 95.13) 3(+) 2(+) 4.84) 4.4(4) 0.9910)¢
193.43) 3(+) 2 0.4(2) 0.21)
207.43) 3(+) 3™ 1.8(5)
216.33) 3(+) 4- 1.54)
334.2 173.) 3(+) 2" 2.6(3) 1.802) 1.2622)9
214.53) 3+ 3" 2.94) 2.1(6) 1.9534)¢ 2.01(33)9
223.04) 3(+) 4- 0.823) 0.52) 1.1934)9 1.3935)9
351.0 190.8) 3+ 2 5.5(6) 4.2(3) 1.11(8)9 0.9914)9
247.83) 3+ 1+t <04
504.0 214.14) 2(1)
528.8 177.8) 4+ 3+ 1.8(3) 1.1(2) 1.2334)9
194.63) 4+ 3() 0.72) 0.41) 0.51(12)" 0.51(12)"
368.14) 4+ 2 1.54) 1.94) 1.9523)¢ 2.1350)9
538.3 187.8) 4(H) 3" 2.84) 1.302) 1.029)9
204.13) 4+ 3(H) 2.2(4) 1.92) 0.51(9)" 0.5510)"
785.9 247.65) 5(+) 4 1.8(4) 1.12) 0.4016)"
257.13) 5(+) 4+ 1.313) 0.7(2)
824.9 286.63) (5™ 4) < 0.6
296.1(4) (57) 4+ <04
473.94) (5% 3+ 0.4(2) 0.7(3)
1080.9 295.(%) 6"%) (5% 2.1(4) 1.43)
552.15) 6"%) 4+ 0.6(3) 0.6(2)

®Energy of the initial state.

by-ray energies determined from an average of both reactions.

®Determined from the®Ni(?*Na,2pn) reaction.

YDetermined from the**Fe(®*Si,3pn) reaction.

eDCO ratios were determined using one or more stret@2dransitions unless otherwise noted.
*Normalization.

9DCO ratio determined using a gate set on one or nidre 1 transitions.

ADCO ratio determined using a gate set on Me=0, 214 keV transition.

1 a(E)N, —N t.he apon% equation and utilizing knO\@O] polarizations of
Pexpt™ Q(E) a(E)N, + Ny’ 2 lines in “°Kr. The results_of the pplar_lzanon measu_rement
(Pexpd» @long with theoretical polarization®(, ), are given
wherea(E) is a relative normalization an@(E) is the po- in Table II.
larimeter sensitivity. The normalization was obtained by as- Angular distributions ofy rays were measured with a
suming a vanishing polarization for the isotropic lines of asingle Compton-suppressed HPGe detector positioned at
152Eu source. The sensitivity was determined by invertingangles of 0°, 15°, 30°, 45°, 60°, 75°, and 90° relative to the
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TABLE II. Angular distribution coefficients, mixing ratios, and experimental) and theoretical Ry,,) linear polarizations deter-
mined for transitions in"®Rb using the®®Ni(?*Na,2pn) reaction.

E«/ (ke\/) Ii1T I ;T a ay ) Pexpt I:)thy
87.3 2 1- —0.065) —0.095)

155.2 5 4+ —0.31(4) —0.044) 0.11(5)

185.6 8" 7t —0.31(4) —0.084) 0.073)

190.3 3 2* —0.306) —0.017) 0.30(20)

199.7 5(7) 40) —0.275) 0.065) 0.035)

214.5 3(H) 3%) 0.228) —0.0210)

225.0 6 5” —0.414) —0.095) 0.3911) —0.2911) —0.075)
2445 7 6" —0.294) —0.095) 0.075) —0.069) —0.299)
278.3 7 6~ —0.175) 0.01(5)

284.4 40) 4~ 0.234) —0.096)

293.6 7() 6(7) —0.146) 0.037)

307.9 6" 4+ 0.41(5) —0.117) E2 1.1012 0.7213
3315 5(7) 5- 0.268) —0.068)

347.3 8 7 —0.44(6) 0.01(6) 0.167)

359.9 g 8~ —0.499) —0.079) 0.237)

366.8 9 8+ —0.406) —0.096) 0.125) —0.1198) —0.2598)
377.6 6 4- 0.256) —-0.1098) E2 0.448) 0.3713
383.4 6(7) 6~ 0.469) —0.3510)

405.8 10 9+ —0.395) 0.066) 0.075) —0.3515) —0.2411)
430.1 8 6" 0.484) —-0.21(7) E2

503.3 7 5- 0.41(4) —0.156) E2

552.4 9 7* 0.346) —0.098) E2

570.5 7¢) 5(-) 0.407) —0.01(9) E2

625.6 8 6” 0.36(5) —0.04(7) E2

683.4 8(+) 7* —-0.399) 0.0310) 0.0711)

707.2 9 7 0.50(6) —0.029) E2

772.6 10 8" 0.376) —-0.027) E2

803.9 11 9+ 0.176) 0.027) E2

827.2 10 8~ 0.2747) 0.049) E2

894.9 1r 9- 0.4809) 0.0412) E2

beam axis. The peak areas were fitted and normalized to t§@4], although not observed in this study, is included in Fig.
intensities of the 6 —4" 858 keVE2 line in "®Kr [30]. A 2 for completeness.

least-squares fit of the normalized intensities was then per-

formed to a series of Legendre polynomials. All obtainable

angular distribution coefficients and mixing ratios measured  A. The 4~ isomer and its decay to the ground state

for "®Rb are given in Table IIl. The signs of tke coeffi- : ; ;

X ; . . 2 . It was first suggestefl22] that the high-spin sequences
cients agree with those given in R¢23]. A_c_onflrma_mon decay to the isomer, which is knoWh7-19 to have a half-
could not be made for the 1018 keV transition, which wasy¢e o T1,="5.74 min. This hypothesis was further justified

too weak to permit a reliable measurement. by an analysi§23] which demonstrated that the two stron-

¢ Th'(iorechl angular d|?tr|but|c§)ns \(]v_e[]e calfculate(t:ihfor eac%est transitions in®Kr following the 8* decay of ®Rb pro-
ransition using a computer code which periorms In€ Necesy, \qoq iy 4 heavy-ion reaction are consistent with the ex-

sary angular momentum algebra for particular initial and fi- ected decay of a single activity with a half-life of 5.74 min.

nal spins of the decay and assuming a Gaussian distributi he current study has directly confirmed these findings with

O.f magqet|c substates. The width of the_magnetlc SUbStatﬁ’le discovery of linking transitions between the existing de-
distribution o was taken to be 2, although it has been shownCay structure and the ground stésee Sec. Il D

[31] that the theoretical angular distributions are rather in- The excitation energy of the isomer was previously

sensitive to values o between 0.5 and 2. Byovarymgothe [22,23 given as ‘X,” a number slightly larger than 103 keV,
mixing rat|20 4 over the range arctaﬁ][z—_go to 90°, a known[17-19 transition associated with the isomer. A
curves ofx were ggnerated ffom a comparison of the theo+ore recent study24] has determined the isomeric decay
retical angular distributions with the experimental data. scheme and assigned an excitation energy of 111.2 keV for
the isomer, consistent with the new linking transitions men-
tioned above. They observed a highly converted 8.6 keV
The level scheme as deduced by coincidence measur€E3) transition above the known 103.0 keV transition to the
ments is shown in Figs. 1 and 2. The decay of theigomer  ground state. The 103 keV line has been assigned a multipo-

Ill. THE LEVEL SCHEME



1044 R. A. KAYE et al. 54

(19" 7192

=
\'
=

y 5639

g 78 (3)

15% -
(14" 3897(_)_"_4@ 37 41 (14) a5t @
of o 3 -
LS & T (8D 3453
13 ¥ 3042 127§ 2056 %
+ g 391 2651 3
= gw g 1 -g F,,2369 FIG. 1. Partial level scheme dfRb showing
11+ e | F, | 2024 _“J;mr‘— bands 1-3 which decay into the 4somer. The
X (2) 197 Tioe energy scale has been compressed by a factor of
3 above 2000 keV. The 4 keV transition has been
1626 exaggerated for clarity.

83y ). [

¥ 667 v.v. [

423
b 270
115

ISOMER Ty, = 5.74 min

larity of M1 based on the measured internal conversion coseen[17]. Although logt values are not available for the
efficient of 0.10-0.02, in good agreement with R¢L7]. A 8" decay of the’®Sr 0" ground statg 33,34, a previous
second decay branch was also found, consisting of a 64.4tudy[33] indicates a 103.5 keV line as the strongestay
keV (M3) transition from the isomer to a spimistate, following "8Sr 8" decay. This is consistent with the picture
followed by a known[17] 46.8 keV E1) transition to the of positive parity for the ground state and the 103 keV state.
ground state. Their work suggests that the parity of therinally, the assignments of'0and 4~ agree with the assign-
ground state is opposite to that of the isomeric state. ment mentioned above of opposite parity for the two states

~ Definite spins of 0 for the ground state and #or the  pased on the electromagnetic decays of the isomer.
isomer have been assigng2D,21] in atomic beam experi-

ments. Parities of 07 and 47 have been suggested based

on theB* decay patterngl7]. Relatively strong3 branches B. The yrast positive-parity band: Band 1
were seen from thé=4 isomer to the lowest 3 (logft =
6.9, 4 (6.1), and 5 (6.5 states in’®Kr. In particular the In all previous level schemes, the most strongly populated

strength of the3 branch to the 4 state is almost within the bands(1 and 3 in Fig. 1 shared a common 153 keV transi-
limits (logft=<5.9[32]) which would exclude forbidden de- tion leading to the 4 isomer. This connection and the mea-
cay and provide a firm assignment of negative parity. Fursured angular distributions implied that the two bands must
thermore, the measured magnetic moment of theésbmer,  have the same parity, in contradiction to the established sys-
w1 =2.56uy [20,21], agrees well with that calculated for the tematics. This fact and the curious lack of a® transition
4~ configuration using the Nilsson orbitais? *[422]® v3 in the yrast band1 in Fig. 1) of previous level schemes
~[301] proposed by Ekstro et al. [21]. prompted a reexamination of intensity balances and coinci-
An assignment of 0 is favored for the ground state of dence relationships associated with the band. One clue was
®Rb since a 0 assignment would permit a first-forbidden revealed by a gate on the 186 keV transition, shown in Fig.
unique 8+ decay to the £ level of "®r, which was not  3(a), in which the 155 keV line is approximately 15% more
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FIG. 2. Partial level scheme dfRb showing bands 4—9. The isomeric decays are from [R4}. Above an excitation energy of 111
keV, the scale has been compressed by a factor of 3. For clarity, transitions with endi@keV have been exaggerated and the position
of the 1" 103 keV state has been shifted closer to the ground state.

10000 —

intense than the 153 keV decay, and internal conversion de-
(a) Gate 186 keV

cay cannot account for the discrepari®p]. A reversal of
the ordering of these two lines would have other implications 8000 |
including a second 153 keV line in band 3, so a further
search was made for more evidence to distinguish between
the two possible orderings of the 153 and 155 keV lines.

The most obvious test for a 153 keV doublet would be to r ]
look for differences in the two energies, but even with the 4000 |-
LEPS detector, gates in bands 1 and 3 show peaks differing
by at most 0.1 keV, which is within the measurement uncer-
tainty. Clear evidence comes from decays from the newly
discovered band 2 to band 1. Two of these deddg® and
467 keV) would not fit the previous level scheme. For ex-
ample, the 155 keV peak is much stronger than the 153 keV
line in the 467 keV gate, as shown in FighR This would
not be possible if the 153 keV decay were below the 155
keV transition.[The weaker 153 and 225 keV lines in Fig. 800
3(b) come from coincidences with another 467 keV transi-
tion in band 3]

The new ordering of the 155 keV line below the 153 keV
line in band 1 of Fig. 1 makes the energy of the missing
7+t 5" decay 397.2 keV, which is very close to that of the a00 | .
previously known 11 —10" transition. The present data
show clear evidence for such a doublet. A peak at 397.2 keV
was observed in the spectrum gated on the 804 keV transi-
tion where the 11— 10" line should not be visible, while a L 1
398.1 keV peak was seen in the 244 keV gate where a pos- 0 e L .
sible 7" —5% decay should not be visible. A spectrum gated 100 125 150 175 200 225 250
on the 398 keV doublet, shown in Fig. 4, shows both the 804 Energy (keV)
keV line and a 398 keV peak in coincidence with itself. The
measured DCO ratios listed in Table | are also quite different FiG. 3. (a) A portion of the gated spectrum of the 186 keV
for the two members of the doublet. The lowef #5"  transition as observed in tHéFe®Si,3pn) reaction.(b) A portion
transition was observed but not placed in the level scheme ibf the spectrum projected from a gate on 467 keV, as observed in
an earlier worl{22] which only reached states up té @nd  the %Ni(**Na,2on) reaction.

155.2
1

1527
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160 180 200
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FIG. 4. A portion of the spectrum resulting froa 2 keV wide FIG. 6. A portion of the gated spectrum of the 155 keV transi-

gate centered on 398 keV, as observed in¥e(8Si,3pn) reac-  tion as observed in the®Ni(?Na,2pn) reaction.
tion.

tributions and aB(E1) strength of 10° Weisskopf units
reported a 397.5 keV line with an anisotropy characteristic of W.u.). Direct decays to states below the isomer are pre-
Al=2 decay. dicted to have partial lifetimes of 11 or more orders of mag-

Even after this rearrangement of the level scheme, differnitude longer due to the large spin changes.

ent parities would not be likely for bands 1 and 3 if the 308 Band 1 has been observed to spingbf% and(19)% at
and 378 keV transitions both end on the same isomeric sta@897 and 7192 keV, respectively. The measured DCO ratios
(as has previously been assumesince both have DCO ra- establish the relative spins in the band up to the Jhd
tios characteristic oAl =2 decay and almost certaink?2 13" states. Figure 7 shows a sum of coincidence spectra and
character. The possibility of separate, but very closecontains most of the transitions in this decay chain.
4~ and 4" bandheads is suggested by the behavior of simi- The spins in band 1 are based on the spins in band 3,
lar states in"®Rb and 8Rb, as shown in Fig. 5. Since their which are well determined since they are based on the estab-
ordering reverses frorh=76 to 80, an interpolation sug- lishedl=4 isomer. The DCO ratios of the 219 and 344 keV
gests the two states might be very close togethef®Rb.  decays from band 3 to band 1 imply a spin changefigfaind
This observation motivated a search for a low-energyyrast arguments rule out the possibility that the lower states
4% -4~ decay line in the LEPS+ coincidences. No candi- would have the higher spins. This fixes the spins in band 1 to
date was found down to the threshold of about 10 keV. Howthe values shown in Fig. 1. The parity of band 1 could not be
ever, a careful examination of thgy coincidences did re- determined directly because it was not possible to measure
veal three previously unknown weak linking transitions ofthe polarizations of the weak linking transitions. However,
energy 148.9, 218.7, and 344.3 keV from band 3 to 1. Figuréll the systematics clearly point to positive parity. The yrast
6 shows the 218.7 and 344.3 keV lines in a gate on the 158ands of other neighboring odd-odd nuclei have positive par-
keV transition. The three linking transitions fix the head ofity and appear to be based on thege,® rge/,) configura-
band 1 3.7 keV above that of band 3 and thus prove th&on. The yrast band if®Rb is quite similar in many respects
existence of two separate bandheads. A highly converted déo those of its neighborésee Sec. Y and therefore is also
cay of 3.7 keV, which would be very difficult to observe expected to have positive parity.
directly, is expected between the two bandheads and is
shown with a dashed arrow in Fig. 1. A mean lifetime of C. The yrast negative-parity band: Band 3
about 7us is estimated for the 4 state assuming an internal

. . s A second band with complementary signature
conversion coefficient of 11@rising fromL+ M shell con- P y S19 partners

had been previously suggestg2R,23 to decay directly to
the 4~ isomer. Connecting transitions found in the current
. investigation now firmly base this bar{8 in Fig. 1) on the
isomer. A second 153 keV transition, separate from the
6" —5" band 1 transition, remains as a direct decay to the
40 . isomer based on its strong coincidence with other members
400+ A —_ of the band. This band has been observed up to the 4151 keV
(147) and 4731 keV(15™) states. Figure 8 shows a sum
a4 coincidence spectra consisting of gates set on some of the
300~ stronger transitions in the cascade.
v 76Rb 80Rb Spins and parities have been firmly assigned to this band
based on DCO ratios, angular distributions, and linear polar-
FIG. 5. A comparison of the lowest™4and 4~ states in"®Rb  izations. The DCO ratio of the 153 keV decay of the 264
(6] and 8°Rb [7]. keV level (as measured in several intrabaR@ gate$ is

500

Excitation Energy (keV)
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FIG. 7. The sum of 90° spectra gated on the 244, 308, 367, 398, FIG. 8. The sum of 90° spectra gated on the 225, 378, 503, 626,
430, and 804 keV transitions in band 1 observed from the/07, and 827 keV transitions in band 3 showing coincidences with

58Ni(23Na,2pn) reaction showing coincidences with transitions in transitions in bands 3 and 4, as observed in tdi(**Na,2pn)
bands 1 and 2. The number of counts have been multiplied by geaction. Note the magnification of the intensity scale near 200 keV.
factor of 5 for transitions with 200 ke¥s E, < 600 keV.

tion energy and labeled 4 in Fig. 2. Its position in the level
- - scheme is fixed by a number of connecting transitions to
1 transition. Both the DCO ratio andvband 3. Within the band, the angular distributions of the
199.7 and 570.5 keV lines and the DCO ratios of the 199.7,
276.9, 293.6, 437.8, 570.5, and 818.7 keV decays establish
\};he relative spins shown in the level scheme. The angular
istributions and DCO ratios of the 284.4, 331.5, and 383.4
eV decays to band 3 are all characteristic of eithe+0 or
I‘N =2 transitions, while the DCO ratio of the 131.8 keV line
implies aAl=1 decay. These are consistent with bandhead
spins of either 4 or 6. for the 395.6 keV level. The latter
possibility would make this very weakly populated band
rast and hence conflict with the spin structure of band 3.
Thusl =4 is assigned to the bandhead at 395.6 keV. Nega-
tive parity is very likely because all the decays out of this
Qand go to negative-parity states.

Another new band5 in Fig. 2 is built on the previously
known 46.8 keV 17) level [24], whose mean life of 610 ns
was measured in the present wddee Sec. IV A The co-
incidence relations between tr%%\l462.38 keV line and others in
. . the band were established in tR®Ni(““Na,2pn) experiment

D. Negative-parity bands 4, 5, and 6 which included a LEPS detector and an expande8@0 n3

Three new bands which show mixing between themselvesoincidence time window. Many of the lines in band 5 can
and band 3 have been discovered from the coincidence dathe seen in Fig. 10 which is gated on the 46.8 kgVay in
The first is a band built on a‘4) state at 395.6 keV excita- the LEPS projection of the delayed LEPS-HPGe matrix. The

consistent with aAl =
the angular distribution of the 378 keV decay of the 489 ke
level are consistent with Al=0 or Al=2 decay, but not
with aAl =1 decay(unless the mixing ratid<—0.2). Fur-
thermore, the measured linear polarization of the 378 ke
v ray supports a transition that does not change parit
(M1, E2) and excludes a parity-changing transitidal(
M2). Figure 9 shows these conclusions graphically throug
a x? fit of experimental versus theoretical angular distribu-
tions [Fig. 9a)] and by theoretical polarizations compared
with the accepted range of measured polarizatififig).
9(b)]. The theoretical values are determined as a function
the mixing ratio and depend on the angular distribution co
efficientsa, anda, as well as the initial and final spins of
the 378 keV decay, as indicated in the figure. Thus band 3 i
a negative-parity band built on the disomer and the two
most strongly populated bands AiRb have opposite parity,
as in many otheA~80 nuclei.
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155.2 and 484.1 keV decays from the 595.3 keV state to the
440.1 keV 4 state in this band and to the 4somer fix the
position of the isomer at 111.2 keV, in agreement with Ref.
[24]. The energy of the 440.1 keV state is determined both
by its decay down this band to the 46.8 keV level and by its
decay via a 112.6 keV transition to a 327.5 keV level of band
7 built on the 103.2 keV 1 level. The spins in band 5 up
through the 7 level are determined by DCO ratios. Nega-
tive parity has been assigned for this band based on the dis-
covery of a 227.6 keV transition between the 274.4 keV
state and the 1 46.8 keV state.

The formation of a band based on the 475.9 keV state has
also been observed. The relative placement of this sequence
(6 in Fig. 2 was determined by the 148.4, 201.5, and 341.8
keV decays from the 475.9 keV level to other established
structures, the 528.6 keV transition from the 1017.4 keV
state to the 488.8 keV state in band 3, and the 425.1 keV
transition from the 699.5 keV state to the 274.4 keV state in
band 5. The 425.1 and 341.8 keV decays assign negative
parity to this band since they atd =2 transitions terminat-
ing on states with known negative parity. Spin assignments
were derived from the DCO ratios of the linking transitions
to other bands and from the systematics implied by the DCO
ratios of the intraband decays.

E. Additional low-spin states

Several new low-spin states have been assignedRob.
Most of these states eventually decay to the ground state. A
few states decay by rays which were seen previously from

final spin states of the 378 keV transition. The horizontal dashy dies of theg™ decay of 78Sr [33,34. Several of these

dotted line represents the 0.1% confidence lirtt). Theoretical

polarizations, as a function of the mixing ratio, for the given initial
and final spin states of the 378 keV transition. The two horizontal
dash-dotted lines represent the experimental polarization with it

uncertainty.
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transitions have now been placed as the decays of the 289.9,
I315.4, and 504.0 keV levels. There are several more states
which form 3 decay sequences or bands labeled 7, 8, and 9 in
Fig. 2. The relative placements of these structures were fixed
by several linking transitions found from the coincidence
relationships, thus providing more links between the high-
spin cascades and the ground state. DCO ratios from several
transitions determined the spin assignments for these states,
although some remain tentative due to unattainable DCO ra-
tios for some transitions. Positive parity has been assigned to
band 9 based on tHe2 nature of the 160.7 keV decay to the
0* ground state. Several decays are observed between bands
8 and 9, strongly suggesting positive parity for band 8 as
well.

A new level at 119.7 keV has been introduced based on
the 214.5 keV decay of the 334.2 keV state in band 8 and the
112.7 and 207.8 keV decays of the 232.4 and 327.5 keV
states, respectively, in band 7. A spinlef 3 has been sug-
gested based on the DCO ratio of the 214.5 keYay and
the lack of an observed transition from this level to the
ground state. Since the transitions which feed into this state
originate from probable positive-parity levels and since no
decay was seen to the 46.8 keV ktate, positive parity is
likely for this level. The deexcitation of this state would be

FIG. 10. A portion of a spectrum obtained by gating on the 47Very difficult to observe since a decay to any of the known
keV transition in the LEPS projection of a LEPS-HPGe delayedlower-lying levels would be highly converted. However, a
coincidence matrix from th&®Ni(?*Na,2pn) reaction. An expanded Calculation of the partial lifetimes indicate that a 4.8 keV
coincidence time window~800 n3 was used to observe decays transition to the 114.9 keV 4 state is the most likely pos-
from longer-lived states.

sibility, assuming positive parity for the 119.7 keV state.
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N — shape is generated for each of a range of lifetimes and com-
pared with the measured backward coincidence spectrum to
find the best fit. The nuclear and electronic stopping powers
i used were those suggested by Ziegleal. [37].
The 145° line shapes were obtained from coincidence
N spectra gated on transitions below the transition of interest.
Initially, an upper-limit effective lifetime was determined for
the highest state in each cascade for which statistics provided
1 an adequate line shape. The determination of all other life-
_ times used these effective lifetimes in addition to direct feed-
2 T =610(100) ns = . . . . X
ing from in-cascade transitions and side feeding from un-
- . known states as corrections for the fitting process. Side-
. . ‘ . feeding times were determined from the convention adopted
ss0 600 650 700 750 800 850 900 by Mooreet al.[29] where the highest measurable state for
which a mean lifetime can be determined is given a short
side-feeding time with an increase of about 0.04 ps per MeV

f xcitation ther r. In this vein, the presen h
FIG. 11. A portion of the TAC spectrum generated by a gate seto deexcitation thereafte this vein, the present study has

o : . +
on the 47 keV transition in the LEPS projection of a matrix con- Incorporated a side-feeding time of 0.05 ps for M&™)

sisting of LEPS energy vs LEPS-HPGe time differences. The soIioSta_tl_eH with alltqtfler Sf'?ﬁ'fle.f?.mg tlmles baseddor}[ thls. Vacljus'
line shows the least-squares fit of the data for the indicated range qf . € uncertainty of Ihé lireime values was de err_mne y
channels. The indicated error in the lifetime reflects statistical error inding the values ofr above and below the best fit value

and systematic errors due to background subtraction and fittin hziCh increased the goodness oft per degree of freedom
range selection. X3) by one unit. Examples of three line-shape fits from the
8Ni(%*Na,2pn) data are presented in Fig. 12, showing the
IV. LIFETIME MEASUREMENTS best fits and the(ﬁvmm+ 1 fits. Table Il gives the extracted
AND TRANSITION STRENGTHS lifetimes, showing the values obtained for each of the two
A. Lifetimes from direct timing reactions. The accepted lifetimg.. of each state was deter-
i . 78 mined by using a weighted average of the two measurements
i el of e 1 46 ey stale i1 b vias ele  uich favored he NN 2n) results s Table I,
) . X . ue to the higher degree of accuaracy expected from the
%8Ni(%*Na,2pn) reaction. The time spectrum was projected g g y exp

. cleaner experimental line shapes observed in this reaction.
from the LEPS-TAC matrix for a 46.8 keV gate on the LEPS Unfortunately, a lifetime could not be determined for the

spectrum. Th's. decay curve is shown in Fig. 11, where 92+ state, due to interference from the nearby 1018 and
logarithmic ordinate scale has been used to convert the %020 keV (% contaminant channdB8]) lines. Moreover

st?ggmallmieicsagl ;r;t(; r?ow;\eﬁ]r tw:?;é%r;eof,\}g“f‘:egi?% ?:i?:ef(':t_the 628 keV line depopulating the same state could not be
. L e fitted because its Doppler shift was too small to observe.
tion was made because the 87.3 keV feeding transition ap-
pears prompt on the nanosecond time scale of the LEPS-
TAC matrix and feeding from the 4 isomer is infinitely
long on this time scale. The slope of the best fit line gives a The electric quadrupole transition strengBEE2) were
mean lifetime of 61QL00) ns for the 46.8 keV level. As a determined from the lifetimes given in Table Il and were
check for any possible systematic errors, the lifetime of thaused to calculate transition quadrupole momé@tg from
66.5 keV 3/2 state in’’Kr, populated via the Bn channel, the rotational model according to

was remeasured to be 1BDns, in excellent agreement with

Ref. [36].

In(Counts)

Channels

C. Transition strengths

s 167 _
Qf="5-(IK20|I-2K) ?B(E2,1=1-2). (3

B. Lifetimes from the Doppler-shift attenuation method

A value of K=4 was used for both band% and 3 from
which lifetimes could be measured. From tkk values,
h%uadrupole d_eformationsz were inferred, assuming axial
Symmetry, using

Lifetimes of 12 higher-lying states were determined by
applying the Doppler-shift attenuation meth@@dSAM) to
the experimental 145° line shapes generated from both t
%8Ni(#Na,2pn) and the **Fe(®®Si,3pn) data sets. The
DSAM involves a comparison of the decay time of the re- \/

,=

coiling nuclei with their slowing-down time in the target.
This comparison was carried out using a computer simula-
tion code[29] which integrates over the thickness of the
target and determines the distribution of recoil velocities awherer,=1.2 fm. Most magnetic dipole transition strengths
the time of decay as well as the deceleration of the beam a@(M1) were calculated using a quadrupole-dipole mixing
it travels through the target. It corrects for feeding fromratio of §=0 sinceB(M1) values are rather insensitive to
known higher-lying states and the continuum, as well as foid as long as it is small. However, a mixing ratio for the 406
finite detector solid angle and resolution and the energy dekeV line was determined from the angular distribution ex-
pendence of the reaction cross sections. A theoretical linperiment and was used to calculatB@M 1) as well as a

497 77Q, \/4977
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1212 keV
7,=0.24% ps

in neighboring nuclei, it is important to study the character-

istics of these bands so that a better understanding of their
intrinsic structures can be achieved. The lifetime measure-
ments provide a good determination of the degree of collec-

tivity and deformation in the lowest positive- and negative-
parity bands(1 and 3 in “®Rb and permit a direct
comparison with theoretical predictions.
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A. Signature splitting and inversion

One striking feature of almost all odd-odd nuclei in this
region is the large signature splitting in the yrast band and a
reversal of the splitting pattern near spifi.9This effect is
clearly seen by plotting the normalized energy differences of
N adjacent stategwhich corresponds to a moment-of-inertia
1 parameter versus the spin of the initial state. Figure 13
- displays this information for the yrast band 6Rb (1 in Fig.
| 1) along with those of thé&=41 isotonest®Y [9] and "®Br
[3,4], and theZ =37 isotopes’®Rb [7,8] and "°Rb [6].

The pattern for each graph in Fig. 13 is essentially the
same. At high spins, the odd-spin statepen circleg are
relatively lower in energy and the alternations are large, in-
dicating a relatively high degree of signature splitting. At
] low spins, the even-spin stat¢filled circles are lower in
i energy and the degree of signature splitting is reduced. Near
] the region of 4, there is a reversal in the phase of the pat-
i tern. Kreiner and Mariscotti predictdd 5] this reversal to
_ occur at %, the maximum spin that can be obtained from the
(7g9® vggpp) intrinsic configuration. In their calculation
using a two-gp-plus-rotor model applied t8Br, the total
angular momentum below#9is achieved from both collec-
tive rotation and realignment of the gp spins, while above

FIG. 12. Examples of the best fitolid curve andxjmin+1 fits 9 additional angular momentum is generated from rotation
(broken curves to the 145° experimental line shapes using theonly. In ®Rb, the reversal occurs at spinflGsimilar to the
Doppler-shift attenuation method. other nuclei shown in Fig. 13. The small shift of the inver-

. . . sion point is most likely due to a residual proton-neutron
B(E2) for this transition. All measurable transition interaction, which was shown to be important in odd-odd

strengths,Q;, and B, values are given in Table Ill. The 12 . . . .
branching ratios used in the calculation of these quantities *Cs [39]. Since the total spin of two fully aligned unlike

were the result of an average of two measurements in whicfor2 4P has odd spif9%), the high-spin states with odd spin

those from the®*Fe(®®Si,3pn) reaction were weighted twice & © favored and lie relatively lower in energy. -
as much as those derived from tA&i(23Na,2pn) experi- Although a predictable pattern is observed in the energy

ment since the statistics of the gates on higher-lying transiSPacings of the lowest positive-parity bands of odd-odd nu-

tions were generally better from the former reaction. clei, the same is not true of the lowest negative-parity bands,
as seen in a recent survg40]. This is probably due to the

higher density of negative-parity orbitals in this region,
yielding many different combinations of negative-parity con-
In general, many similarities can be found between rotafigurations which themselves can mix with one another. Fig-
tional bands in different nuclei if they are built on the sameure 14a) displays the energy spacings between adjacent lev-
intrinsic gp structure. Such is the case with the positive-ls as a function of spin for the lowest negative-parity band
parity yrast bands of odd-odd nuclei in the mass 80 regionin "®Rb (3 in Fig. 1. The pattern is significantly different
which are well described theoretically by the occupation offrom that seen in band (Fig. 13. Although the odd-spin
two unlike gg/» Nucleons, as discussed in Sec. I. To see howstatesopen circleg are still favored at high spins, the signa-
well the positive-parity band if®Rb (1 in Fig. 1) fits the  ture splitting is less pronounced and there is no indication of
pattern exhibited by its odd-odd neighbors, several systema phase reversal. However, it must be stressed that odd-spin
atic tests have been performed. Unfortunately, the behavigtates are not always favored at high spins in the lowest
of the negative-parity bands in odd-odd nuclei is not as welhegative-parity bands of other neighboring odd-odd nuclei,
understood theoretically because of the complexity offurther confirming the added complexity associated with
negative-parity single-particle energy levels. Although thisthese bands. ThB(M1) strengths for band 3 are shown in
complicates any comparisons between negative-parity bandsg. 14b) for comparison and will be discussed in Sec. V B.

300 | 895 keV \ i
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TABLE lll. Mean lifetimes of states in"®Rb measured by the Doppler-shift attenuation method and by direct timing, along with
transition strength8(M 1) or B(E2), transition quadrupole momer|®;|, and quadrupole deformations.

I E, 7*° L Tace B(E2)° B(M1)' Q B°
(keV) (P9 (P9 (ps (W.u) (W.u) (eb)

Band 1

10" 772.6 1.92t% 1.49° 12 1.78'% 70114 2.52) 0.30°3
405.8 243 0.041)

11+ 803.9 0.9411 0.867% 0.91° 11 69713 2.42) 0.292)
398.1 0.275)

13* 1018.4 0.367 3" 0.48"12 0.40" 3 7472 2.33) 0.28"%
390.9 0.29°13

(14%) 1246 < 0.26' < 042 < 031 > 44 > 1.7 > 0.22

(15%) 1211.7 0.24*] 0.13"2 0.20"{ 79*3% 2.3°% 0.28"3

a7 1385 <017 < 0.20 < 0.18 > 45 > 1.7 > 0.21

Band 3

10~ 827.2 0.84713 0.97" % 0.88713 9371¢ 2.82) 0.34"3
467.3 0.082)

11° 894.9 0.5473! 0.6173° 0.56"3° 106" 18 2.92) 0.35°3
427.6 0.12"3

12~ 1013.8 0.4073° < 0.64' 0.4073° 96128 2.7%% 0.334)

(137) 1083.6 0.25%8 < 0.48' 0.25"8 110753 2873 0.34"3

(147) 1196 < 0.34 < 0.34 > 50 > 1.8 > 0.23

(157) 1278 < 0.26' < 0.26' > 46 > 1.8 > 0.22

Band 5 _ _

1- 46.8 610100 610100 4.879x107°)

3Measured using the Doppler-shift attenuation method unless otherwise noted.

bDetermined from the®Ni(2Na,2pn) reaction.

°Determined from the*Fe(?®Si,3pn) reaction.

4r .= (27, + 7,)/3 as explained in the text.

€1 W.u. = 19.8e? fm*.

"The quadrupole-dipole mixing ratié was assumed to be zero unless it was determined experimefitatije 1). 1 W.u. = 1.79 ,uﬁ.
9Assuming axial symmetry.

"Effective lifetime limit.

'Measured by direct timing in units of ns.

IB(E1) in W.u. 1 W.u.= 1.18€? fm?.

B. Transition strengths and collectivity those of the yrast positive-parity band &, where a wider

The electric quadrupole transition strengB&E2) were 'ange of lifetimes have been measuféd]. Diamond sym-
calculated using the adopted lifetimes... Both quantities bols indicateB(M 1) values which have been estimated, as-
are given in Table Ill. An examination of the2 strengths Suming constanB(E2) strengths, for states if"Rb from
reveals strong collective enhancements by factors of 70 t@hich lifetimes could not be extracted using the DSAM or
110 above the single-particle estimate for both bands 1 and @irect timing. In both nuclei, strong oscillations are seen,
in "®Rb. This behavior of th&(E2) rates is well reflected with the M1 strengths being much larger from states of odd
by the transition quadrupole momer@s. The experimen- spin to states of even spin than those from even- to odd-spin
tally determinedQ; values are shown in Fig. 15 for band 1 states. These alternations can be expla[d€d using a two-
(top) and band 3(bottom), along with theoretical curves qp-plus-triaxial rotor model in terms of how the unpaired
which will be discussed in Sec. V D. Both bands exhibit aparticles couple to the rotating core.M =1 decay from an
high degree of collectivity and quadrupole deformationodd-spin state involves only a realignment of the single-
(B8,~0.3), with those of band 3 appearing to be slightly particle spin without altering the core spin and hence gener-
higher (see also Table I}l ates strongM1 radiation. The corresponding decay begin-

It is also instructive to examine the magnetic dipole tran-ning from an even-spin state requires a change in the core
sition strengthsB(M1). Large B(M1) alternations in the rotation which leads to reduc&{M 1) strength. Below spin
yrast positive-parity band have been directly observed 9%, the alternations irf?Y are reduced, possibly reflecting
4Br [2] and 82y [10], and can be deduced from large varia- the change of excitation modes from rotation to gp coupling
tions in theB(M1)/B(E2) ratios in several other nuclei, plus rotation. Although the alternations fiRb do not ex-
since B(E2) values generally remain relatively constant or hibit this change of behavior, it is difficult to draw detailed
vary smoothly within a rotational band. Thé1 strengths in  conclusions since th8(M1) values are only estimates in
band 1 of "®Rb are shown in Fig. 16 and compared with this spin region. Regardless of the magnitude of the oscilla-
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¢ L FIG. 14. (8) Normalized energy differences between adjacent
I (h) levels in the lowest negative-parity band 1fRb. States in which
the initial statel; has ever(odd) spin are shown with filledopen
FIG. 13. Normalized energy differences between adjacent levelsircles. (b) B(M1) strengths as a function of initial state spin for
in the yrast positive-parity bands 6fRb, theN=41 isotones®%Y the lowest negative-parity band ifiRb. States in which the initial
[9] and "®Br [3,4], and theZ=37 isotopes®Rb[7,8] and "®Rb[6].  Statel; has ever(odd) spin are shown with filledoper) symbols.
States in which the initial statg has even(odd) spin are shown Squares(diamond$ are used to show 1 strengths determined
with filled (open circles. from measuredestimated lifetimes.

tions, neither graph indicates a phase change near gpin 9
unlike those observed in Fig. 13. Evidently, the change in th

76y 76 H H
way angular momentum is generated affects the level ene,—"’“,1dS of “Br [3'4] gnd Rb [6] 'T Fig. 17. Each gral?h
gies more than thél1 strengths. indicates a very similar pattern fdf). The values are quite

The measure®(M1) rates of band 3 are displayed in large at low rotational frequencies, then drop and saturate
Fig. 14b) along with estimated valugshown by diamond 0 approximately the rigid rotor value of 20 to Z8/MeV
symbol3. There appears to be emerging evidence for an alonce has exceeded about 0.5 Me\M/This tendency has
ternation at the point where a regular signature splitting patbeen observed in a number of odd-odd nuclei in the mass 80
tern begindsee Fig. 14a)]. These alternations are similar to region[16,4Q. It is also consistent with the concept of com-
those of band 1 in that the odd-spin states produce relativelpetition between gp alignment and collective rotation gener-
higher values than those of the even-spin states, although tleing angular momentum at low spins converting to collec-
alternation magnitudes are much weaker than those of barnile rotation dominating at high spins. The convergence to
1. However, more experimental information is needed beforepproximately the rigid rotor value has been reldi4d] to

firm conclusions can be drawn. the disappearance of static pairing at high spins, although it
has not as yet been completely explained.
C. Cranked-shell model analysis The values o8 for band 3 in”®Rb are given in Fig. 18.

The B(E2) values determined for bands 1 and 3 inThis band appears to be a good rotor over a range of rota-
"8Rb are indicative of the strong collective natures observedional frequencies as the curves for both signatures vary
in many rotational bands. Thus it is worthwhile to apply theslowly and smoothly withw. Other negative-parity bands in

cranking mode[41] to these bands to extend the systemat-'°Rb, such as bands 4, 5, and 6, appear to show signs of
ics. rotational structures, but they are not known to very high

The kinematic moments of inertid® for band 1 in  spins and hence the behavior of thait) values is difficult
®Rb are compared with those of the yrast positive-parityto establish at this time.



54 TRANSITION STRENGTHS AND NEW BAND ... 1053

4.0 L S e s e B AR A s e e e e e [ T T T T T T T ]
- T=+ 04 i
35 + i BRb J
30 | - 03T l o]
&
I o l 1
»r T 02 ]
20 | i i i
oa=1 hd o) T /; 01 |- i
15 - g r *
I : < . -
Y T T T - = 00— ——t+—+—+———
g T=- 1 2 o8| o [
35 N M [ Y 7
i ] 06 F [ i
30 | i T j
25 | i 04 .
L [ 4
20 | - 02 B _-
) o l | 'L ]
L5 b . LT Y
00 | u ]
P T R RIS TR WO EVINN SAPU SN ST T L 1 ! | 1 L 1
00 01 02 03 04 05 06 07 08 09 10 6 7 8 9 0 112 13 14
® (MeV/h) IN()

FIG. 15. Theoretical and experimen| values for the lowest FIG. 16. B(M1) strengths as a function of initial-state spin for
positive-parity (top) and negative-paritybottom bands in7%Rb.  the yrast positive-parity bands FﬁR.b and®?y [14]. States in which
The solid(dashedl curves indicate the theoretical values with sig- the initial statel; hgs ever{odd spin are shown with filledopen
nature a=1 (a«=0). Experimental points with arrows indicate symbols. Square@iamonds$ are used to showl 1 strengths deter-
lower limits established from effective lifetimes. mined from measuredestimated lifetimes. Error bars not shown

for any square symbol are smaller than the symbol size.

D. Hartree-Fock-Bogolyubov cranking calculations _ ) o
tions. The theoretical results are shown in Fig. 15 for the

Hartree-Fock-Bogolyubov cranking calculations were |y vest P ; :

: . positive{top) and negative-paritybotton) states. In

performed using the Woods-Saxon cranking mc[%éﬂ and  gach band, the theoretical curves are somewhat higher than

used to generate total Ro_uf[hlan surfa(:'éRS_) for "Rb. A e experimental points and tend to be more sensitive to

short-.range monopqle pa|r|ng.f-orce was mpluded, and_th?otational frequency than the experimental poir{dso

cranking approximation was utilized to describe the rotationgh own in Fig. 15, which seem to remain relatively constant.
Figure 19 shows four TRS in thesg,y) plane at two  gjighily higherQ, values are predicted for band 3 compared

different rotational_ f_requen_cies. At each grid point, theiy haqg 1, in agreement with the experimental trend.
Routhian was minimized with respect to the hexadecapole

deformationB,. The gp labeling scheme of Rd#3] was
used, where lowefuppe) case letters are used for the proton
(neutron configuration. Thus thaA case stands for the low- High-spin states in "®Rb were examined using the
est proton and neutron configuration yielding overall positive®8Ni(?3Na,2on) reaction at 65 and 70 MeV and the
parity and signaturer=1. TheaF configuration represents >*Fe(?8Sj,3pn) reaction at 120 MeV. Prompy-y coinci-
overall negative parity with signature=1. dences were measured in both experiments using the Pitt-
At a low rotational frequencyw=0.198 MeV/i, both the  FSU detector array. Since the coincidence runs involved the
aA and aF configurations appear to be near-prolateuse of thick targets, lifetimes of several states were deter-
(y=0°) in shape and well deforme@3§{~0.34). There is mined using the Doppler-shift attenuation method, while a
almost no change at a higher rotational frequency ofdelayed coincidence measurement was used to obtain an-
®w=0.595 MeV#, although a secondary nearly oblate mini- other lifetime using direct timing. Spins were assigned based
mum develops in the negative-parity configuration. on DCO ratios and angular distributions. Linear polarizations
TheoreticalQ, values were calculated as a function of the of y rays along with systematic arguments provided the par-
triaxiality parametery (in the high-spin approximation ity assignments.
[44,45), and the charge quadrupole deformatj@y which Several uncertainties in the low-spin region Rb re-
has a simple relatiof46,47] to the quadrupole deformation maining from previous investigations have been resolved in
of the nuclear matter distribution given by the TRS calcula-the current study. The two strongest bands, once linked by a

VI. SUMMARY
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FIG. 17. Kinematic moments of inertid®) as a function of 3
rotational frequencyw for the yrast positive-parity bands ifRb, 3
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common 153 keV transition and assumed to have the same 3
parity, now have been decoupled such that the yrast band has

JV (W Mev)

FIG. 18. Kinematic moments of inertid® as a function of
rotational frequencyw for the lowest negative-parity band in

"8Rb.
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FIG. 19. Sample total Routhian surface plots in tifg (y) po-
lar coordinate plane fof°Rb for two rotational frequencies and two
different configurations as indicated in each plot. Et#e configu-
ration corresponds toi,a) = (+,1) (odd spins in band)l and the
aF configuration corresponds ter(a) = (—,1) (odd spins in band
3). The spacing between contour lines is 200 keV.

positive parity and the yrare band negative parity. In the
process, a 153 keV and a 398 keV doublet have been re-
solved and placed in the level scheme. Linking transitions
between the yrast and yrare bands indicate that the lowest
4" and 4 states are separated by about 4 keV. Several new
low-spin states have been observed, some of which provide a
direct link from the high-spin states to the ground state and
thus fix the position of the 4 isomer at 111.2 keV.

The yrast band of®Rb was observed to be very similar to
the positive-parity yrast bands of several neighboring odd-
odd nuclei. Large signature splittings were observed at high
spins followed by a phase inversion near spin Jhis re-
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versal, which occurs at spin £0n "®Rb, has been attributed the larger variety of possible configurations for these bands.
to the point at which the generation of angular momentum Hartree-Fock-Bogolyubov cranking calculations predict a
changes from collective rotation at high spins to rotation andvell-deformed 3,~0.34), near-prolate shape for both the
guasiparticle realignment at low spins. A large oscillatorylowest positive- and negative-parity configurations. Transi-
behavior was also seen in ti®M1) strengths, with no tion quadrupole moment3, derived from these calculations
indication of a phase inversion. A cranked-shell modelagree fairly well with those inferred from the lifetime mea-
analysis indicates a drop in the kinematic moments of inertisurements, and both indicate that the negative-parity band is
to approximately the rigid rotor valu@0 to 254%/MeV) at  slightly more deformed than the positive-parity band.
high spins. These facts are consistent withma@d,® vgq)
configuration for the yrast bang iffRb. _ _ ACKNOWLEDGMENTS
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