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High-spin states if?Rb and®Rb were populated in the reactidtB +"°Ge at beam energies of 45 and 50
MeV. y rays were detected with the spectrometer GASP. The level schenfémand®Rb were extended
up to 6.0 and 7.4 MeV, respectively. Mean lifetimes of five levels®#Rb and 11 levels in®**Rb were
determined using the Doppler-shift-attenuation method. Regular magnetic dipole bands includingvstrong
and weakE?2 transitions observed in both nuclei show the characteristic features of magnetic rotation. These
bands have been successfully described in the tilted-axis cranking model on the basis of the four-quasiparticle
configurationw(fp) Tr(gé,z) v(ggs2). The calculations reproduce the band-like properties as well as absolute
B(M1) and B(E2) transition strengths in both nuclei, which supports the concept of magnetic rotation.
Excited states in®Rb were also interpreted in terms of the shell model using the model space
7(0fs5,1P32,1P12,0090) v(1p12,00e,). The predictions for low-lying states agree in general with the
experiment. Moreover, calculated states with the main configuratit®f-51p53092,) »(0gg3) can be
combined intoM 1 sequences which reproduce roughly the experimental transition strengths. However, these
sequences do not show the features of magnetic rotation such as regular level spaciBgdandvalues
which decrease with increasing rotational frequency.
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I. INTRODUCTION quasiparticle (4p) configuration with negative parity
m(fp) (9%, v(den) [19]. The good agreement between
Magnetic rotation, a novel kind of nuclear rotation, hasexperimental and calculated characteristics proves the con-
attracted great interest in recent years. After the first obsecept of magnetic rotation for these bands.
vation of regular magnetic dipoleM1) bands in nearly So far, our interpretation of th#1 bands in®Rb and
spherical Pb isotopeEL—9], these so-called shears bands ®Rb was based oB(M1)/B(E2) ratios deduced from
were described in the tilted-axis-crankiEAC) model[10]  y-ray intensities only. However, a more detailed test of the
and were predicted to exist also in other regions of thepredictions of the TAC model requires also the knowledge of
nuclear chart[11,17. Indeed, magnetic rotation was ob- absoluteM1 and E2 transition strengths. Therefore, the
served in the predicted regions arouet 110[13-17 and  Present work focuses on the determination of level lifetimes
A=140[18]. by applying the Doppler-shift-attenuatiofDSA) method.

In order to search for magnetic rotation in the mass regior NiS Paper compiles all the experimental information de-
aroundA=80 we studied the odd-odd isotop&&Rb,s and ducgd frpm our experiments and complements the preceding
84Rb,; and foundM 1 bands in each of these nuc|éi,20. publications on the thin-target experim¢a®,2(.

TheseM1 bands follow the regular rotational behavidt
~J(J+1), e, EM=fi0~J]. The B(M1)/B(E2) ratios Il. EXPERIMENTAL METHODS AND RESULTS
determined from branching ratios of transitions within the  Excited states of?Rb and 8“Rb were populated via the
M1 bands reach values up to 2/eb)® and decrease reactions’®Ge(!B,5n) and °Ge(t!B,3n), respectively, us-
smoothly with increasing spin in the range of<I3<16. ing the !B beam of the XTU tandem accelerator of the
This behavior is typical for magnetic rotation and caused byl_aboratori Nazionali di Legnaroy rays were detected with
the gradual alignment of the spins of the involved proton andhe GASP spectrometef21] consisting of 40 escape-
neutron orbital§shears mechanigmWe described the regu- suppressed HPGe detectors and an inner ball containing 80
lar negative-parityM1 bands in®?Rb and ®*Rb within the = BGO elements. In the first of the two experimefit®,20
TAC model on the basis of the lowest-lying four- the beam energy was 50 MeV. A thin target consisting of a
stack of two self-supportind®Ge foils enriched to 92.8 %
with a thickness of 0.2 mg cnf each was used. Approxi-
*On leave from NIPNE Bucharest, Romania. mately 1.5<1C® y-y-y coincidence events were collected
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FIG. 1. Examples of doubly gated coincidence spectra. Transi- FIG. 2. Examples of doubly gated coincidence spectra. Transi-
tions assigned t&§?Rb are marked with their energies in keV. tions assigned t§‘Rb are marked with their energies in keV.

q d offi : : I extracted by setting gates on certain peak and background
and sorted off-line IntoE,-E, m?t”ces as Well as an nienvals in the (35°/145°,90°) matrix and in the transposed
E,-E,-E, cube. The beam energy in the seconqéaxpgr|men 90°,35°/145°) matrix. The DCO ratios were obtained as the
was 45 L\élev. The target consisted of ‘3‘21'2 mg’ cnthick ratios of peak intensities in both background-corrected spec-
!ayer of “Ge evaporated oota} 3.mg cm® tantalum back- tra. ADCO ratio of 1.0 is expected if the gating and observed
ing. A total of 2x10° s coincidence .events WEre Mea- yansitions are stretched transitions of pure and equal multi-
sured and sorted off-line 'mEV.'EV matrices. Commdence ole order. For the present detector geometry and completely
spectra were extracted by. setting gates on appropriate pe igned nuclei, a value of 0.54 is expected for a pure dipole
and background intervals in the cube and the matrices USINGansition gated on a stretched quadrupole transition. Conse-
the RADWARE package[22] and the code/s [23], respec- o ,anty the inverse value of 1.85 is expected for a quadru-
tively. Examples of doubly gated background-corrected co; ole transition gated on a dipole transiti®®2 admixtures to
incidence spectra extrapted frog] the C“Ef are shown i”. FigR11 transitions are assumed if these expected values lie out-
1 and 2. They rays_as_5|gned t6°Rb and Rb on the ba_15|s .side the errors of the experimental DCO ratios. The DCO
of the present coincidence experiments are compiled inyins deduced for transitions ##Rb and®Rb are listed in
Tables | and II. Tables | and II.

A. y-y directional correlations B. Lifetimes

The analysis of directional correlations of coincident In order to determine mean lifetimes, Doppler shiftsyof
rays emitted from oriented statéBCO) was applied to de- rays observed in coincidence spectra at average angles of
duce the multipole orders of the rays and thus to assign 35° and 145° to the beam direction were analyzed by using
spins to the emitting states. This method is based on ththe DSA method. For this purposg;y events with oney
formalism described in Ref$24,25 and discussed, e.g., in ray detected at the average angles of 35° or 145°, respec-
Ref.[26]. tively, and the other one detected at any angle were sorted

In the present experimenty-y events with oney ray  into two different matrices. Coincidence spectra at 35° or
detected in one of the twelve detectors positioned at angles45°, respectively, were extracted by setting gates on certain
of 31.7°, 36.0°, 144.0°, and 148.8Weighted averages 35° peak and background intervals of the axis including any
or 145°, respectively and the other one detected in one of angle in the two different matrices. The lifetimes were de-
the eight detectors at 90° relative to the beam direction wereluced from a comparison of experimental with calculated
sorted into a coincidence matrix. Coincidence spectra wergine shapes. The velocity distributions of the emitting nuclei
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TABLE I. vy rays assigned t6%Rb.

Eya I yb RDCOC Egyated o\® Jiﬂ'f an— s E; h
(keV) (keV) (keV)
45.49) 1.1(4) 122 M1)' 8(+) 79 300.7
63.41) 86(6) 0.834) 122 M1)' 70 6" 2545
109.82) 4.83) 9- 9~ 1842.8
122.41) 176(7) E1' 6" 5- 190.9
206.41) 49(3) 0.875) 416 M1/E2 7" 6~ 690.0
222.51) 15.58) 1.0(1) 411 M1) 11 (107) 2616.3
261.23) 4.53) 12 (119 2551.0
296.712) 8.7(5) 0.4(1) 325 (M1/E2) 7" (67) 690.0
318.32) 6.8(5) 12- (117) 3026.9
325.11) 14.1(8) (67) 5 393.4
393.92) 21(1) 1.1(2) 416 M1 8" 7" 1083.8
410.61) 51(3) 0.91) 63/122 M1 12 11 3026.9
415.11) 66(19) M1 6~ 5 483.8
417.82) 19.411) 1010 9(+) 1280.8
434.82) 13.98) 7 7(9) 690.0
473.01) 41(2) 0.91) 63/122 M1 13 12° 3499.9
499.14) 8.36) 7 6" 690.0
547.71) 32(2) 1.000) 411 M1 14 13° 4047.5
559.13) 17.613) 3518.8
562.61) 100(5) 0.593) 63/122 M1/E2 9(h) 8(+) 863.2
587.32) 15.510) (11%) 1000 2289.9
600.84) 18.61) 8- 6- 1083.8
620.712) 64(4) 1.1(1) 63/122 M1 119 1000 1901.5
621.82) 32(5) 7 5 690.0
631.92) 24(2) 13 120 3182.8
662.65) 7.1(5) (107) 9- 2393.9
668.42) 17.811) 0.92) 411 M1 15 14 4715.8
759.52) 24(2) 1.0(1) 416 M1 9" 8" 1842.8
768.85) 9.2(8) (16)~ 15" 5484.6
773.13) 18.1(10) 1.602) 416 E2 117 9~ 2616.3
839.52) 61(3) 0.91(6) 63/122 M1/E2) 1" 9(+) 1702.7
865.65) 11.710) (117) 9- 2708.6
883.59) 7.1(8) 13~ 11 3499.9
884.95) 9.7(6) 11 9- 2616.3
913.52) 17.610) 0.91) 63/122 E1) 11 1000 2616.3
940.48) 6.8(6) (137) (117) 3649.0
963.02) 23(2) 1.0(1) 325 (E2) (87) (67) 1356.3
976.54) 17.611) (11) 9~ 2708.6
980.02) 73(4) 1.41) 63/122 E2 1" 8(+) 1280.8
1019.26) 10.28) 14~ 12- 40475
1037.63) 17.811) (107) (87) 2393.9
1038.25) 14.1(11) 119 9+ 1901.5
1041.72) 553) 1.602) 416 E2 9" 7 1732.1
1058.14) 18.313) 1105 2959.7
1096.93) 40(3) 9+ 1960.2
1139.89) 7.88) 1109 3041.3
1215.85) 11.38) 15~ 13~ 4715.8
1270.12) 43(2) 1.41) 63/122 E2 144 1000 2551.0
1281.25) 15.711) 1.602) 63/122 E2 13" 1109 3182.8
1347.46) 11.08) (15%) 13 4530.2
1379.211) 4.7(5) (119 3669.1
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TABLE I. (Continued.

Eya I yb RDCOC Eg,ated o\E Jiwf wa g Ei h
(keV) (keV) (keV)
1436.26) 9.7(6) (16)~ 14 5484.6
1464.84) 18.41) (14%) 12 4015.8
1481.512) 4.7(5) a7t (15") 6011.7
1573.716) 3.4(5) (16") (14%) 5589.5

#Transition energy. The error in parentheses is given in units of the last digit.

PRelative intensity of they ray normalized td ,= 100 of the $*)—8(*) transition at 562.6 keV.

°DCO ratio Rpco=W(90°,35°/145°)W(35°/145°,90°).

dEnergy of the gating transition used for the determination of the DCO ratio.

eMultipolarity compatible with the DCO ratio, the deexcitation mode, and the lifetime of the initial state.
fSpin and parity of the initial state.

9Spin and parity of the final state.

PEnergy of the initial state.

"Taken from Refs[31,37.

were calculated with a Monte Carlo code taking into account The lifetimes obtained from this analysis are given in
reactions at different depths in the target, the kinematics oTables Ill and IV. Transition strengths deduced from these
the reaction and the slowing-down and deflection of the relifetimes are given in Tables V and VI.

coil nuclei[27]. For the slowing-down process the cross sec-

tions given in Ref[28] were used with correction factors of Ill. LEVEL SCHEMES
fe=0.9 andf,=0.7 for the electronic and nuclear stopping ) 8 ) ,
powers, respectivelf29]. In order to deduce the level life-  The level schemes of*Rb and *Rb discussed in the

times, cascade feeding from all levels observed above thfllowing were established in the thin-target experiment
considered one as well as sidefeeding from unobserved le¥19,20. These level schemes result fromy coincidence
els was taken into account. The sidefeeding times were agelations andy-ray intensities. Spin and parity assignments
sumed to be zero for the maximum excitation energies ofire based on DCO ratios of therays as well as on deexci-
E*=5.5 MeV in 8Rb andE* =23 MeV in ®Rb. These tation modes and lifetimes.

values were derived from the relatiofE* =Ef‘lg"+Q
—N,E,, whereQ and N,E,, denote theQ value and the "
mean total energy of th&l emitted neutrons, respectively, A. The level scheme of"Rb

with values ofQ=—28.7 MeV, N,E,=5 MeV for ®Rb The level scheme of°Rb deduced from the present work
andQ=-9.0 MeV,N,E,=7.5 MeV for Rb. The values s shown in Fig. 4. It is in most parts consistent with previous
of E, correspond to mean energies of emitted neutrons iRyork [31,32. We extended the positive-parity sequences by
diffgrent react_ions calculat_ed with ev:_alporatiqn (;odes as dggntative (18), (16"), and (17) states at 4530.2, 5589.5,
scribed, e.g., in Ref30]. With decreasing excitation energy ang 6011.7 keV, respectively. Based on the DCO ratio of the
E an increase of the sidefeeding time according 79 10417 keV transition we assigned s@ir 9 to the 1732.1
:(E. —E)/MeV-0.03 ps was assumq¢9]' Examples of keV level. The assignment df=11 for the 2616.3 keV level
the line-shape analysis are shown in Fig. 3. The two Calcu\'/vas deduced from the DCO ratios of the 393.9, 759.5, and

lated line shapes corresponding to the complementary obsef-73_1 keV transitions and is consistent with the DCO ratios
vation angles of 35° and 145° were optimized simulta-

neously i ! : 8f the 839.5 and 913.5 keV transitions linking this level with
y in one least-squares fit. This allowed background . ° . . . .

peaks to be taken into account corredéige Fig. 8)]. For a positive-parity states. We consider mult|poI.a.M/2 unlikely
given transition, different calculations were carried out in{0f té 773.1, 884.8, and 1041.7 keV transitions, because the
which the lifetimes and intensities of the cascade feeding'SU@M2 transition strengths known in this mass rejiag]
were varied within their errors. In this way the influence of correspond to lifetimes ofr~100 ns or more. Conse-
these quantities on the lifetimes and thus, the uncertainties §uently, we assigned negative parity to the 1732.1 and
the lifetimes due to the errors of lifetimes of levels above and?616.3 keV levels, respectively. The spin assignments for the
intensities of feeding transitions were determined. The influlevels of theM 1 band at 3026.9, 3499.9, 4047.5, and 4715.8
ence of variations of the sidefeeding times and intensities okeV are based on the DCO ratios of the intrabaimdl tran-

the level lifetimes is negligible compared with the influencesitions. In addition to previous woifl82] we observed cross-

of the bigger lifetimes of the feeding levels or the influenceover transitions at 883.5, 1019.2, 1215.8, and 1436.2 keV
due to the uncertainties of the intensities of feeding transiand found a further state at 5484.6 keV. Since our lifetime
tions. measurementssee Table Il exclude multipolarityM 2 for
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TABLE Il. v rays assigned t6°Rb.

Eya |yb RDCOC E%ated o\ & Jiﬂ'f wag E; h
(keV) (keV) (keV)
29.29) (M1)' 6(*) 5(*) 572.8
46.69) (M1)! 7(H) 6(+) 619.7
70.72) 29937) (E1)’ 5(*) 40) 543.3
76.42) 123(28) (E1)’ 5(+) 5- 543.3
79.91) (E1)' 5(+) 6" 543.3
83.1(1) 16927) (M1) ' 8+ 70 702.9
135.52) 2.2(2) 100 (9~ 3107.9
185.51) 44(2) 1.01) 83/631 M1) 110 100) 3122.1
214.41) 39(7) 70) 6- 678.1
218.32) 6.2(6) E2' 5- 3 466.4
224.31) 21(1) E2] 4) 3 472.3
225.01) 20(1) 137) 127) 3786.2
247.51) 747)) 3" 2” 2475
286.82) 7.56) 0.91) 327 M1) 110 10 3394.8
326.61) 28(2) 1.01) 83/631 M1) 1247 11) 3721.5
344.92) 6.0(4) 137) 137) 4131.0
366.62) 7.1(6) 1.1(2) 327 M1) 1109 10 3394.8
401.35) 2.1(4) (107) (9- 2469.3
411.41) 18.49) 0.969) 83/631 M1) 11 1007 3122.1
424 .41) 58(3) 0.865) 83 M1 1d" 9(+) 1758.0
439.11) 34(2) 0.91) 186 M1) 127) 1109 3561.2
445.11) 43(2) 1.1(1) 83/631 M1 137 127) 4166.7
450.32) 23(1) 1.2(2) 186 M1 137 120) 4131.0
453.1(1) 30(2) 1.0(1) 186 M1 157) 14) 5254.6
474.92) 6.94) 0.91) 186 M1) 10°) 9(+) 2936.8
489.32) 16.911) (11%) 1000 2917.9
490.42) 23(2) (12" (117 3408.2
538.42) 17.39) 0.92) 186 M1 179 167) 6471.8
548.011) 34(2) 1.01) 83/631 M1 147 137) 4714.7
557.1(5) 8.6(9) 101 (97) 2428.8
558.92) 37(2) 1.1(1) 186 M1) 127) 1100 3680.9
569.12) 15.99) 1.02) 186 M1) 137) 12 4131.0
599.§82) 23(1) 1.01) 186 M1) 1) 110 37215
618.713) 21(1) 137) 129 3786.2
630.91) 100(5) 0.824) 83 M1/E2 9(h) 8(+) 1333.7
656.92) 17.1(12) 1.1(1) 83/631 M1 15°) 14) 5371.9
670.62) 3312 1.202) 186 M1 147 137) 4801.5
678.842) 22(1) 1.22) 186 M1 167 157) 5933.4
690.53) 18.911) 0.91) 83/631 M1 121 1109 3167.1
718.82) 38(2) 1.01) 83/631 M1 119 1000 2476.7
719.713) 7.509) 1.1(2) 186 M1) 8 70 1397.9
722.64) 15.012) (167) 15 6094.8
766.45) 8.4(8) a77) (167) 6861.1
771.312) 4.7(8) 137) 110 4166.7
838.23) 20(1) (12%) 4246.4
868.014) 1.902) 100 (9) 2936.8
911.03) 10.76) 1.2(3) 186 M1) (18) 177) 7382.8
959.03) 11.209) (87) 8(+) 1662.4
984.85) 6.4(6) (87) 7¢) 1662.4
994.85) 14.611) 14) 127) 4714.7
1015.23) 21(1) 1.002) 186 M1) 147 137) 4801.5
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TABLE Il. (Continued.

Eya | yb RDCOC Eg;ated o\E Jin—f Jgr g Ei h
(keV) (keV) (keV)
1054.92) 63(3) 1.6(1) 83 E2 g™ 8(h) 1758.0
1063.83) 7.98) 0.811) 186 M1) 9) 8(*) 2461.8
1095.32) 58(3) 0.899) 83/631 M1) 1d" 9(+) 2428.8
1158.28) 5.36) (11%) 101 2917.9
1169.Q6) 12.411) (9% 8(*) 1871.7
1181.G3) 9.0(6) 100 1000 2936.8
1205.45) 13.99) 157) 137) 5371.9
1227.112) 1.7(4) (97) (77 2972.3
1239.18) 6.2(6) 14 120) 4801.5
1252.611) 3.4(4) 127 (107) 3721.5
1274.@4) 6.96) 100 (87) 2936.8
1278.213) 2.1(6) (77) 5- 1744.9
1365.45) 10.1(9) 107) (87) 3028.1
1376.53) 22(1) 0.869) 83/631 E1) 107 9" 2710.6
1380.75) 13.59) (16) 14) 6094.8
1390.05) 11.1(8) (97) 7) 2068.1
1408.82) 50(3) 1.61) 83/631 E2 149 1007 3167.1
1445.515) 2.8(4) 10 (87) 3107.9
1489.39) 7.58) (17) 15 6861.1
1636.44) 9.98) 1.002) 83/631 E1) 1109 100 3394.8
1649.86) 12.28) (12%) 100 3408.2
1657.75) 14.611) 1.03) 1055/1409 E2 141 1) 4824.7
1771.99) 4.5(4) 100 9" 3107.9

#Transition energy. The error in parentheses is given in units of the last digit.

PRelative intensity of they ray normalized td ,=100 of the ¢+ 8(*") transition at 630.9 keV.

°DCO ratio Rpco=W(90°,35°/145°)W(35°/145°,90°).

dEnergy of the gating transition used for the determination of the DCO ratio.

eMultipolarity compatible with the DCO ratio, the deexcitation mode, and the lifetime of the initial state.
fSpin and parity of the initial state.

9Spin and parity of the final state.

PEnergy of the initial state.

Taken from Ref[34].

ICoincidence intensity observed via the 218.3 keV transition. Feeding from theoneric state at 463.7
keV (7=29.6 min) has not been observed in the present coincidence experiment.

the crossover transitions, we assigned negative parity to all744.9, 2972.3, and 3107.9 keV, and assigned spins and pari-
states of thevi 1 band in agreement with the tentative assign-ties of (77), (97), and 107, respectively, to these states.

ment given in Ref[32]. The assignment o =10 for the 3107.9 keV level is based
on DCO ratios of populating transitions. We observed a level
B. The level scheme of“Rb sequence including'@’ to 13 ) states at energies of 1397.9,

The level scheme o¥*Rb deduced from the present work 24618, 2936.8, 3122.1, 3561.2, and 3786.2 keV built on the

is shown in Fig. 5. Levels if“Rb have been known from Previously known ¥ state. Moreover, we observed two
previous work up to 5, (77), and (10°) states at 466.4, AJ=1 sequences on top of these sequences. One sequence
678.1, and 1758.0 keV 0n|£64] We extended the ||ke|y includes levels at 3394.8, 3721.5, 4166.7, 4714.7, 5371.9,
positive-parity sequence up to a(I)]_ state at 4824.7 keV. 60948, and 6861.1 keV. The Spin a.SSignmentS for these lev-
The spin assignments made for the states of this sequence &6 are based on the DCO ratios of the 599.8 and 1636.4 keV
based on DCO ratios of intraband transitions. We found ay rays and the intraband transitions. The intrabanb=1

new level sequence feeding positive-parity states with leveltransitions are considered 8%1 transitions on the basis of

at 1871.7, 2428.8, 2917.9, 3408.2, and 4246.4 keV. Howevethe short lifetimes of the emitting statésee Table 1Y and of
tentative spin and parity assignments could be made fothe observation oAJ=2 crossover transitions. The other
some of these levels only. We established four new levesequence comprises levels at 3680.9, 4131.0, 4801.5, 5254.6,
sequences of probably negative parity: On top of the previ5933.4, 6471.8, and 7382.8 keV. The spin assignments are
ously known 5 state at 466.4 keV we found levels at based on the DCO ratios of the transitions within the se-
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FIG. 3. Examples of the line-shape analysis using the DSA method. Mean lifetimes were deduced from simultaneous fits of calculated to
experimental line shapes at the complementary observation angles of 35° and 145°. Feeding corrections are included. The values of energies,
lifetimes, and their errors are results of the presented fits. The three curves ingaarel the calculated line shapes for the two peaks and
the total.

guence. We tentatively assign negative parity to both thevith the present experiment. Furthermore, the levels of the
AJ=1 sequences. sequence above the 3680.9 keV state were arranged into two
After our preceding short publicatiofil9] an in-beam sequences with a few additional transitions, which we cannot
study of ®Rb using the’%Zn(*¥0,p3n) reaction[35] was  confirm.
published. The level scheme presented in that work contains
the main structures discussed here. Some of the transitions
linking the 5~ to 10~) states were proposed in a different  In order to compare the absolute experimental transition
order or with different energies, which are not consistentstrengths within theM 1 bands of®’Rb and ®Rb with the

IV. TAC-MODEL CALCULATIONS
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TABLE Ill. Mean lifetimes of states irf?Rb. TABLE V. Experimental transition strengths ffRb.

E;i (keV)? E, (keV)° 7 (p9° E,? 7 NE B(M1) B(E2)

2 2 4

863 562.6 0.268) (keV) (ux) (e fm)
1281 980.0 0.98) 562.6 g g(*+) 1.13"932
1902 620.7 <0.5% 417.8 16" 9(+) 0.17°8.03

2551 1270.1 <09 980.0 16" 8(*) 729°8
3027 410.6 0.58.3) 620.7 149 109 >0.35

3500 473.0 0.541) 1038.2 149 9(h) >197

4048 547.7 0.39) 1270.1 15" 104 >275
4716 668.4 <19 318.3 12 (117) 0.36' 515
410.6 12 11° 1.24°33%

3 evel energy.
PEnergy of they ray used for the line-shape analysis in connection
with the DSA method.

‘Adopted level lifetime. The error in parentheses includes the st

473.0 13 127 0.77°933
883.5 13 11° 384" 15¢
5477 14 13 0.743%

_ +193
tistical error, uncertainties of feeding times and feeding intensities1019-2 14 127 51115
Uncertainties of the nuclear and electronic stopping power, whictf68-4 15 14 >0.11
may be in the order of 10%, are not included. 1215.8 15 13 >110

“Upper limit deduced from the effective lifetime without feeding #AJ=1 transitions are considered as pMé transitions. Possible

correction. . o . .
E2 admixtures to transitions of mixed or unknown multipole order

. . are neglectedsee Table)l
predictions of the TAC model we performed calculations de- g ¢ )

scribed in detail in our preceding short publicatipt9].
Those calculations were based on the lowest-lyigg 4on-
figuration forz= 37 andN=45, 47, which ism(fp) Tr(gg,z)

. We obtained equilibrium deformations e$5=0.16 .
;S]%gfz): 0.14 for 82Rb a?1d 84Rb, respectively. Furtﬁhermore v were used throughout the considered frequency range. We

both nuclei turned out to be soft with respectytaleforma- presented absolute transition strengths resulting from these

: - : Iculations already in Ref19], whereas experimental val-
tion. The potential-energy curves are asymmetric, tendin 1§ ; P A
P 9y y g ues were not available at that time. This implies that the

parameters used in the calculations were not optimized to
reproduce the absolute experimental transition strengths pre-

positive y values for®Rb and negativey values for®Rb.

We adopted values of=20° andy=—15° for ®Rb and
84Rb, respectively. The given deformation parametgrand

TABLE IV. Mean lifetimes of states irf*Rb.

_ a b c sented here for the first time. Experimental transition
& keV) Ey eV ™ (P9 strengths derived from the present experim@ee Tables V
1334 630.9 0.88.5) and VI) are compared with the values predicted by the TAC-
1758 424.4 1.@) model calculations described above in Figs. 6, 7, 8, and 9,
2477 718.8 0.28) respectively. The calculated values were taken from Table |
3167 690.5 <1.A in the short publicatioh19].

4167 445 1 0.8012) The experimentaB(M 1) values in®Rb (see Fig. 6tend

4715 548.0 0.3®) to decrease with increasing rotational frequency. This behav-
5372 656.9/1205.4 0.25) ior is similar to the calculated one indicating the shears
6095 722.6/1380.7 0.16) mechanism. However, the calculated values are by some 20
6861 766.4/1489.3 <0.45 to 30 % smaller than the experimental ones. The slope of the
4131 450.3 0.4T) _calculatedB(M 1) curve correlates with the tilt angle which
4802 670.6 0.02) increases from about 68° ﬂ'rw=0.3. MeV to a_tbout 73° at
5055 453.1 0.6®) hw=0.6 MeV, but changes only slightly at higher frequen-

cies, reaching about 76° Atw=0.77 MeV. The experimen-

5933 678.8 0. . . . .
o) tal B(E2) values(see Fig. 7 may increase slightly with
6472 538.4 <0.5% . : ; . . )
increasing frequency as is predicted in the calculations. Fur-
3 evel energy. thermore, the order of magnitude of the experimental values
PEnergy of they ray used for the line-shape analysis in connectioniS reproduced by the calculation, which reflects that the cal-
with the DSA method. culated equilibrium deformation af,=0.16 (see Ref[19])

Adopted level lifetime. The error in parentheses includes the staiS realistic.
tistical error, uncertainties of feeding times and feeding intensities. The experimentaB(M 1) values in®Rb (see Fig. 8 de-
Uncertainties of the nuclear and electronic stopping power, whictcrease slightly up t&w~0.65 MeV, but may increase to

may be in the order of 10%, are not included. higher frequency. The calculated decrease is more pro-
dypper limit deduced from the effective lifetime without feeding nounced than the experimental one. AS#Rb, the slope of
correction. the calculated(M 1) curve correlates with the behavior of
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TABLE VI. Experimental transition strengths #fRb.

E? Jr 7 B(M1) B(E2)
(keV) (1) (e?fm*)
630.9 g" g+ 0.26°905

424.4 169 o) 0.22°3%3

1054.9 16" g+ 204733
718.8 149 10 0.54° 302

690.5 12" 1169 >0.03

1408.8 15 1009 >87
445.1 139 129 0.70°915

771.3 137 110) 3572
548.0 147 137 0.63"3%¢

994.8 147) 127) 670" 152
656.9 1%7) 14 0.44°3 %

1205.4 157 137) 576152
722.6 (16) 15 0.49°32

1380.7 (16) 149 4827372
766.4 (17) (167) >0.13

1489.3 17) 157) >105
344.9 137 137 0.44°313

450.3 139 12 0.78"332

569.7 137 129 0.26'5.58

670.6 147 137 1.45913

1015.2 140 139 0.27°3%

1239.1 140 129 411733
453.1 1%7) 14) 0.96" 315

678.8 167) 15) 1.64° 338

538.4 177) 160) >0.69

PHYSICAL REVIEW C 66, 024310 (2002

the tilt angle which increases from about 62° #&tw
=0.3 MeV to about 72° at w=0.6 MeV and then to 75°
athw=0.74 MeV. The possible increase of the experimen-
tal B(M1) values around w~0.7 MeV is not described by
the calculations. This increase may indicate a change of the
structure including a loss of collectivity as shown by the
decreasingB(E2) values aroundiw~0.7 MeV (see Fig.

9). Also for 8Rb, the calculated equilibrium deformation of
€,=0.14 (see Ref[19]) turns out to be realistic.

V. SHELL-MODEL CALCULATIONS FOR ®Rb

The nuclide 8Rb has 37 protons and 47 neutrons, i.e.,
three neutron holes in thd=50 shell, and is accessible to
shell-model calculations. Therefore, we interpreted the struc-
ture of 8Rb in the framework of the shell model which may
give an alternative description of the phenomena discussed
in Sec. IV. The calculations were carried out with the code
RITSSCHIL [36].

The model space used in our calculations includes the
active proton orbitalsm(0fs,,1ps2,1p12,0d9e) and neu-
tron orbitals v(1py/,,0g9,) relative to a hypothetic®Ni
core. Since an empirical set of effective interactions for this
model space is not available up to now, various empirical
interactions have been combined with results of schematic
nuclear interactions applying the surface delta interaction.
Details of this procedure are described in our previous shell-
model studies of nuclei witiN=48[37,38, N=49[39,40Q,
N=50[39,41-44, N=51, 52[45], andN=53, 54[46].

The single-particle energies relative to tffi core have
been derived from the single-particle energies of the proton

a\J=1 transitions are considered as pid. transitions. Possible ~orbitals given in Ref[47] with respect to the/®Ni core and
E2 admixtures to transitions of mixed or unknown multipole orderfrom the neutron single-hole energies of the;4,09g, or-

are neglectedsee Table I\

bitals[48]. The transformation of these single-particle ener-

82 Rb (17*) 6012
(16" 5485 (16%) 5590
A 1482
15 | 4716
1458 1974 (154 4530
68
14~} 4048 (144)| 4016
_ 1216 548 1347
(137) 3649 13- 1 3500 3669 3519
473 1019 (+) 559
240 12" 027 || 1465 187 3163 2960 3041
(117)}2709 /818 8841 411 551 1200] 2551 52
[ | A JO0 ez (11%)] 2290 261/ ~ 1281 1058 1140
896 3 976 8g5 | |2394 914 587 + 1960
o- 1843 _ I 663 1270 119} 1902
o~ Y1732 / 83,038 10+] 1708 I'm
110 ' 621
8‘7613084 1042 L 840 1004 1281 § 1038 1957
418 g+
60139% 7~ Qego ‘ jS " v "980 " 9.l_L363_
V....206 8484 | 4 207 (6m) 1393 gt 301 563
8 622 %9 435 297 (61199 & Y | S
«. . ¥ 325 6*.. 191
& 122 19

FIG. 4. Level scheme of°Rb deduced from the present experiments.
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7383 (187)
911 6861___ (177) 84 Rb
o)
6472 | 17 o8
5923 %3 160 6095 ¢ (167 1489
723
679 )
5255_} 150 13815372_} 158
4502 433 1400 47157 1400 1205 4825 14
671 548
) ) 4246
41313 130 . 10\15 . og5 4167 3 13 A
36871 450 12(—)57{;34,5 \3733?E:Z“’ ; | 8722 445 00 L, 838
5 | v S .
559 3561 439 600 / 3395 327 1100 | . 619 " a8 | (12
Y 3122 116 . 1253 367 3008 10\ 287 3108136100 \ 3167 § 12 / 2018 40 (11
186 : —5 o
2037 435 1000 441 2711 \ 2972 O\ 1é36 690 +489
1000\ ggg 2469 (107) 2477 711“)1 40g 1650 2429 10
2462 | 99 1274\ 201 (oo 1181 1365 1446 1227 ) 1158 —+
e 2068 ©) o .
1084 1662187 1745 77 1758 10t 1095
&)
1398 8- \ 1390 \ 1334424 o)
985 959 W 1055 1169
720 1278 05 631 8%
678 72 \ s 74
463 214 - 472 40 S " & és&,
6” 80 g4 1224 5o EATY 3T 29 g

FIG. 5. Level scheme of’Rb deduced from the present experiments.

gies to those relative to th€Ni core has been performed At most three protons are allowed to be lifted to the
[49] on the basis of the effective residual interactions given(1p1/2,0992) subshell. Two of the neutrons occupy the; 4

in, e.g., Refs.[39,40. The obtained values aref”S/Z: orbital and seven the dd,, orbital. With these restrictions
~9.106 MeV, 633 =-9.033 MeV, Egl =—4.715 Mev, configuration spaces with dimensions smaller than 19 600

€] =-0.346 MeV, e =-7.834 MeV, and ¢ = “Vere obtained.
—6.749 MeV. These single-particle energies and the corre-
sponding values for the strengths of the residual interactions
have been used to calculate level energies as wéll hsand

Eezﬁ_tran3|ftr|ec;n strengths. For the latter, effect_géactors of Calculated level energies are compared with experimental
gs =0.79;— and effective charges ofe,=1.72, €, gnesin Fig. 10. The experimental positive-parity states are

=1.44% [50], re;sfectively, have been applied. _ well reproduced up td=12. The order of the very close-
The nucleus®Rb has nine protons and nine neutrons Nying 5°, 67, 7+, and 8" states is, however, not exactly

the considered configuration space. To make the calculatior}%produced. The 5 to 9* states are characterized by the
feasible a truncation of the occupation numbers was appl'eqconfigurationw(Ogé,Z) V(Og&g)J with J,=7/2 or 9/2 while

A. Results for low-lying states

18 , , , , in the main components of the lowest-lying 1@o 15*
16r M1 band | 800 ; ; . .
14 | in *Rb 1
I M1 band
12t EXP : o
¥ [ ) 800 in “Rb '
~ L <t
< o8 £
S 081 1 Y EXP
B o6 i | ~ 400 | .
! N
04T TAC 1 &
T o
02t i 1 200 | TAC T |
0 I I 1 I 1 @
0.4 0.5 0.6 0.7
ho/ MeV 0 - - - -
0.4 0.5 0.6 0.7
FIG. 6. Experimental and calculatddl transition strengths in ho / MeV
. . a2 L
the negative-parityM 1 band of *“Rb. The solid line connects the
B(M1) values calculated at particular valuegi@$ and is therefore FIG. 7. Experimental and calculat&® transition strengths in
not a smooth curve. the negative-paritl 1 band of%°Rb.
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1 T T T
84
ol Rb .
3
0.8 | J S /?/ 13
+ < -
" — Vo1
/7 //

z 06 | E = / 10
= oy ramm 1%;
~ — P -
= 12 Il D
= 22— el g
= - 1 =124
Q 3L 11 ~_ /\/\:-: 10211-

02| - 2 L — — 10‘_ £y
| S | g —Tae — %
u $ — - _
o . . . 28 g — 3~ ~ )
0.4 0.5 0.6 0.7 0.8 X S — e §
ho / MeV A N —Z

FIG. 8. Experimental and calculatédl transition strengths in 1L
the negative-parityM 1 band of3Rb. The solid line connects the 8:’ 3 = -
B(M1) values calculated at particular valuesh@$ and is therefore & = I 4:- )
not a smooth curve. =T _13

] 3] 6I_
states the neutrons couple dg=13/2, 17/2, or 21/2. The or T 2
second states with”=10", 117, and 12 are dominated by SM EXP EXP SM

the configuration7(0f531p33093,) »(0gg3). The calcu-

lated 13" and 14 states lie below the experimental ones in  FIG. 10. Comparison of experimental with calculated level en-

contrast to the states with smaller spin. This may indicateergies in®Rb.

that the structures of these states differ from the single-

particle configurations discussed here. the order of close-lying calculated states differs in some
Calculated and experimental transition strengths betweepases from the experiment, especially for states of higher

positive-parity states are compared in Table VII. The calcuorder withJ=10. The 2 ground state is described by the

lated B(M1,9"—8"), B(M1,11"—10"), and B(E2,10"  configuration m(0fs;3) »(0gg3), with J,=7/2 and 9/2.

—8") values _exceed the expenngental ones by. factors ofpage are also the main conf?gurations of the &d 7,

two to four, while theB(M1,10" —9") value is predicted by states while the 3, 4, , and 5 states are dominated by the

a factor of 10 too small in the calculation. : . 1 3 -
The calculated lowest-lying negative-parity states de_conflguranon 77(1p3/2)v(og9/2)%' The 8 and g states

scribe roughly the experimental onesee Fig. 10 However, have the main configuratiom(0f5;1p321p1,,) ¥(09g73);
i.e., a proton pair is broken where one proton is lifted to the
1000 . . . 1p,, orbital. The 1Q to 13, states, however, are generated
by recoupling the spins of thegg,, neutron holes instead of
breaking proton pairs. Thus, they are dominated by configu-

800 - 1 rations analogous to those of the B 7; stategsee abovg
but with J,=17/2 or 21/2. The configurations discussed
"E EXP above also predominate with varying partitions in the
9 600 i negative-parity states of higher order. However, Jor11
- also excitations of two protons from thed, and Ofg, or-
ﬁ 400 - TAC 1
ool E TABLE VII. Experimental and calculated transition strengths
between positive-parity statééRb.
200 - 1
M1 band i I I B(Ml)ey B(M1)sy B(E2)e, B(E2)sy
in *“Rb (1d) () (@Y  (efm?)
%4 05 0.6 07 0.8 9 8 0-25f§2§§ 1.07
+ + X
ho / MeV 10, of 02255 0.05 .
10; 8] 204733 386
FIG. 9. Experimental and calculat&® transition strengths in 117  10]  0.54°3%¢ 0.98

the negative-paritM 1 band of%'Rb.
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84 84
. Rb BM1) /& . Rb B(E2) / &fm*
eo] ® 30 *
7, —— — e 17— 16
>0.13 0.45 >105 118
16—+ —3 15 16 1
1 . 0.49 > ] 6r ® Tew so1 T
5 . 0.77 147 5 1’
—_— —_— il 1
0.44 (028 | ¢ B — 13 576 632 13
14 — 3 0.62 R - 45 :
1 12 4 12
> _ 0.63 0.36—F— = > | 670 — S
§ 1, — 1, § 13 11,
= 4 127 0.70 = 4 12 357
u 11 — u 1, ———
o L Main configuration: | oL Main configuration:
n('s/-: p:a/-z1 99/22) \’(99/-23 ) R(f5,_22 p:a/-z1 99/22) \’(99/-23 )
of S — 1 of S —
EXP SM EXP SM

FIG. 11. Comparison of experimental with calculated level en- FIG. 12. Comparison of experimental with calculated level en-
ergies andB(M1) transition strengths in the negative-pariyl ergies andB(E2) transition strengths in the negative-pariyl
band in®Rb. band in®Rb.

bitals to the @, orbital contribute considerably to the wave ergy range of the experimentisl1 band as well as the order

functions of certain statesee Sec. V B of magnitude of th&(M 1) andB(E2) values. However, the
calculated level sequence does not reproduce the bandlike
B. Results for theM 1 sequences properties such as the regularity~{ E';“) or the steady de-

An interesting question is whether the shell-model calcu-(:re"’v‘:'e of the3(M1) values with increasing spin, i.e., this

, ) ; ) sequence does not describe a shears-type band. This may
lations can describe the regulktl band discussed in Sec. jicate that the truncation of the model space excludes or-
IV. Because there are several closely

: lying experimental a5 that are important for generating regular level se-
well as calculated states of a given spin, especiallyJfor  qyences and/or that particular residual-interaction matrix el-
=11", 12, and 13, the combination of states with similar ements are not realistic. In a shell-model study of shears
properties may be more suitable than a formal assignment @fangs in light Pb nuclei it was found that regular bands are
the first calculated state to the lowest-lying experimental on@reated, if several high-protons and higlj- neutron holes

of a given spin, and so on. Therefore, we combined the lowinteract with many low-spirfp orbitals[51]. If one applies

est states linked by transitions wii(M1) values in the  thjs to ®Rb, then the number of proton particle-hole excita-
order Qf the experimental oneB_((M 1)_20.1,41,_,\,), Wr_uch ré-  tions of the typer[ (0fs»1pan) ™ L(1p10de) ™ should
sults in the sequence J+12 —13 —14, —15,—-16, e such that the number of particles in theshell is in the
—17, . It turns out that all these states have the main conmiddle of the shell n~4 to 6. However, in the present
figuration7(0f5,31p43003,) »(0gg3). It is remarkable, that  calculations this number was limited b= 3 (see above

this configuration corresponds to theq@g configuration Figure 13 compares level energies @@ 1) values of
adopted in the TAC-model calculations for thkl band(see  the M1 sequence starting with the (12 state at 3680.9 keV
Sec. V). This correspondence demonstrates that the couwith calculated ones. In contrast to thél band discussed
pling of the spin vectors of protons and neutrons in the highabove, this sequence is not regular &®l crossover transi-

j Ogg, Orbitals is the basic mechanism for generating leveltions were not observed. Out of the calculated states, those
sequences linked b1 transitions with large transition states were combined that are connected by transitions with
strengths. Level energie$f1 andE2 transition strengths B(M1) values approaching the order of the experimental
calculated for the obtained level sequence are compared wittnes but not already used for tMel band discussed above.
experimental ones in Figs. 11 and 12, respectively. This comThe calculated sequence lies again roughly in the same en-
parison shows that the calculations predict roughly the energy range as the experimental one. The order of magnitude
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10 include the main configurations(1p431p1,,) »(0dgs) and
m(0f5,3093,) v(0gy5), respectively.

VI. CONCLUSIONS

Excited states in the odd-odd nucl&dRb,s and #Rb,,
18 ————— —+—17 were studied with the spectrometer GASP. The reghidr
16 bands found in both nuclei display characteristics of mag-
15 netic rotation. These bands are well described in the TAC
>0.69 0.71 model on the basis of the lowest negative-paritypdcon-
3 figuration(fp) w(gg,z) v(Q9gy2). The TAC calculations re-
15 — 1% produce well the bandlike properties and, moreover, the ab-
14 — — — 12 solute experimentaB(M1) andB(E2) transition strengths
_ 1.45 in theM 1 bands of both nuclei. This agreement confirms our
former interpretation of tht11 bands in terms of magnetic
rotation based oB(M1)/B(E2) ratios[19,20.

In addition, excited states if“Rb were interpreted in
terms of the shell model using the model space
m(0f5/2,1P312,1P 112,090/ ¥(1P1/2,0991). These calcula-
tions reproduce the low-spin states. Calculated states with
the main configurationr(0f;31p330g3,) »(0gg3) can be
combined into arM 1 sequence that roughly reproduces the
energy range of the experimental states and the order of mag-
0t 2 _ 2 . nitude of the experimental transition strengths. However, the
EXP SM calculations in the present limited configuration space do not
describe the features of magnetic rotation such as regular

) . ) level spacings an®(M1) values which decrease with in-
FIG. 13. Comparison of experimental with calculated level e”‘creasing rotational frequency.

ergies andB(M 1) transition strengths in the second negative-parity
M1 sequence ifRb.

17, —

-

©o| o
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