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High-spin states in 33Rb were populated in the reaction ''B + 7°Ge at beam energies of 45 and 50 MeV.
y rays were detected with the spectrometer GASP. The level scheme of #*Rb was extended up to 13.9 MeV. Mean
lifetimes of 23 levels were determined using the Doppler-shift-attenuation method. Among the bands newly
established is a sequence comprising intense M 1 transitions and crossover E2 transitions. This sequence turns
out to be irregular and thus shows that magnetic rotation as observed in the neighboring odd-odd isotopes is not
realized in this odd-even nuclide. Excited states in 3*Rb were interpreted in terms of the shell model using the
model space (0 f5,2, 1 p3/2, 1p12,089/2) v(1pi/2, 089/2). The configurations predicted for the negative-parity
M1 sequence reproduce the M1 transition strengths fairly well.
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I. INTRODUCTION

Level sequences comprising strong magnetic dipole (M 1)
transitions have been a subject of interest for a long time.
First discovered in 3'Kr [1,2], they were also observed in
the isotopes 7>8*Kr [3,4], in the neighboring odd-N nuclide
8Sr [5], and in the odd-Z nuclides "73!Br [6-9] and
79.81.83.85Rp [10—13]. At that time, the strong M1 transitions
were interpreted in the framework of a semiclassical coupling
scheme for the spins of the involved nucleons [1,2]. In
nuclei with N < 44 having quadrupole deformations of €, ~
0.20-0.25, the M1 sequences, appearing at about 2.5-MeV
excitation energy, coexist with collective rotational bands built
on the ground state or on low-lying states and comprising
intense quadrupole (E2) transitions and weak or no M1
transitions [8].

Later on, regular rotational bands with AJ =1 and pre-
dominating M1 transitions were observed in nearly spherical
Pb isotopes, where they occur on top of irregular level schemes
[14-22]. These so-called shears bands were described in
the tilted-axis-cranking (TAC) model and represent a novel
rotational mode called magnetic rotation [23]. The TAC model
predicts magnetic rotation for several regions of the nuclear
chart [24,25]. Indeed, shears bands were also confirmed in the
predicted regions around A = 110 [26-30] and A = 140 [31].

To search for magnetic rotation in the mass A = 80
region we studied the Rb isotopes with neutron numbers
N =45,46,47 and identified M1 bands in each of these
isotopes. The M1 bands in the odd-odd isotopes ®’Rbys and
84Rby; follow the regular rotational behavior [E ~ J(J + 1),
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ie., E,(M1) =hw ~ J] [32,33]. The B(M1)/B(E2) ratios
determined from branching ratios of transitions within the
M1 bands reach values up to 25 (uy/eb)’> and decrease
smoothly with increasing spin in the range of 13 < J < 16.
This behavior is typical for magnetic rotation and caused by
the gradual alignment of the spins of the involved proton
and neutron orbits (shears mechanism). We described the
regular negative-parity M 1 bands in 8’Rb and #Rb within the
TAC model on the basis of the lowest-lying four-quasiparticle
(4qgp) configuration with negative parity: 7 (f, p)n(gg 12) V(89/2)
[32,33]. The good agreement between experimental and
calculated characteristics proves the validity of the concept
of magnetic rotation for these bands.

High-spin states in 33Rb, the even-N isotope between the
two odd-odd nuclei #’Rb and 3#Rb, had previously been studied
via the reactions ¥ Br(«,2n), 70Zn(160,p2n), 74Ge(12C,p2n),
80Se(°Li,3n) [34], ®Zn('80, p2n), and ¥*Co(**Si,2p) [35]. In
the course of the present work we learned about a study of
83Rb using the 76Ge(1'B,4n) reaction [36]. A sequence of
four intense M1 transitions linking 13/27 to 21/2~ states
was found [34] which shows a rotational-like behavior and
was described within the TAC model [37]. In the present
study we extended the known level sequences to higher spins,
established two additional level sequences, and determined
23 level lifetimes applying the Doppler-shift attenuation
(DSA) method. Preliminary results of the present study were
published in Refs. [12,38,39].

II. EXPERIMENTAL METHODS AND RESULTS

Excited states of %3Rb were populated via the reaction
76Ge(''B,4n) using the "B beam of the XTU tandem
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FIG. 1. Examples of doubly gated coincidence spectra. Transitions assigned to 8*Rb are marked with their energies in keV.

accelerator of the Laboratori Nazionali di Legnaro. y rays
were detected with the GASP spectrometer [40] consisting of
40 escape-suppressed HPGe detectors and an inner ball con-
taining 80 BGO elements. In the first of the two experiments
the beam energy was 50 MeV. A thin target consisting of a
stack of two self-supporting "°Ge foils enriched to 92.8% with
a thickness of 0.2 mg cm~2 each was used. Approximately
1.5 x 10® y-y-y coincidence events were collected and sorted
off-line into E,-E, matrices as well as an E,-E,-E, cube.
The beam energy in the second experiment was 45 MeV.
The target consisted of a 1.2 mg cm™2 thick layer of °Ge
evaporated onto a 3 mg cm~2 tantalum backing. A total of
2 x 10° y-y coincidence events were measured and sorted off-
line into £, -E, matrices. Coincidence spectra were extracted
by setting gates on appropriate peak and background intervals
in the cube and the matrices using the Radware package [41]
and the code VS [42], respectively. Examples of doubly gated
background-corrected coincidence spectra extracted from the
cube are shown in Fig. 1. The y rays assigned to 8*Rb on the
basis of the present coincidence experiments are compiled in
Table L.

A. y-y directional correlations

The analysis of directional correlations of coincident
y rays emitted from oriented states (DCO) was applied
to deduce multipole orders of y rays and thus to assign
spins to the emitting states. This method is based on the

formalism described in Refs. [43,44] and discussed, e.g., in
Ref. [45].

In the present experiment, Y-y events with one y ray
detected in 1 of the 12 detectors positioned at angles of
31.7°, 36.0°, 144.0°, and 148.3° (weighted averages 35° or
145°, respectively), and the other one detected in 1 of the 8
detectors at 90° relative to the beam direction were sorted into
a coincidence matrix. Coincidence spectra were extracted by
setting gates on certain peak and background intervals in the
(35°/145°, 90°) matrix and in the transposed (90°, 35°/145°)
matrix. The DCO ratios were obtained as the ratios of peak
intensities in both background-corrected spectra. A DCO ratio
of 1.0 is expected if the gating and observed transitions
are stretched transitions of pure and equal multipole order,
i.e., dipole-dipole or quadrupole-quadrupole. For the present
detector geometry and completely aligned nuclei, a value of
0.54 is expected for a pure dipole transition gated on a stretched
quadrupole transition. Consequently, the inverse value of
1.85 is expected for a quadrupole transition gated on a dipole
transition. The DCO ratios deduced for transitions in 3*Rb are
listed in Table 1.

B. Lifetimes

Mean lifetimes were determined from Doppler shifts of
y rays observed in coincidence spectra at average angles
of 35° and 145° to the beam applying the DSA method in
connection with the thick target used in the experiment at
45 MeV. The coincidence spectra were extracted from two
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TABLE 1. y rays assigned to #*Rb.

Eya be RDCOC ESATE d oA Jl_rrf J}rg Eih

(keV) (keV) (keV)
100.1(1) 15.2(5) 1.07(7) 182/362 M1 15/2~ 13/2~ 2413.7
103.3(1) 2.4(1) 2.7(10)  182/362 (M1) 17/2- 17/2- 2699.4
123.1(2) 5.7(12) 0.82(12) 752 MI1/E2 17/2~ 15/2~ 2699.4
176.5(2) 1.3(1) 1.05(40) 182/362 (M1) 17/2~ 17/2~ 2772.5
181.9(1)  43.8(13)  0.60(4) 752 M1 17/2- 15/2- 2595.9
196.5(2) 2.0(1) 21/2~ 21/2~ 3559.3
207.7(3) 2.0(1) 0.87(8) 182/362 (E1) 15/2- 15/2+ 2413.7
211.2(3) 0.7(1) 13/2- 13/2- 23134
237.2(3) 1.0(1) 2.17(24)  182/362 (M1) 19/2- 19/2- 3194.3
238.1(2) 1.5(1) 21/2- 21/2- 3600.6
245.0(2) 2.5(1) 0.84(12) 752 MI1/E2 11/2* 13/2* 1037.8
246.6(3) 2.6(1) 1.25(11)  182/362 (M1) 13/2- 11/2- 23134
2583(1)  11.0(3) 0.52(7) 752 M1 19/2- 17/2- 2957.7
263.2(4) 2.6(1) 15/2- 13/2- 2576.4
265.4(2) 6.5(2) 0.54(4) 752 M1 25/2F 23/2+F 3991.7
272.02) 2.0(1) 0.58(11) 752 El 25/2F 23/2- 4434.9
286.0(1) 4.7(1) 0.45(15) 752 M1 17/2- 15/2- 2699.4
312.1(1) 11.7(4) 1.07(3) 182/362 M1 15/2~ 13/27 2413.7
340.5(5) 1.7(1) 1.17(12)  182/362 (M1) 15/2~ 13/2- 2413.7
348.4(4) 1.8(1) 1.11(15) 182/362 M1 13/2~ 11/2~ 2101.8
352.6(3) 3.6(1) 0.54(6) 752 M1 29/2* 27/2* 5315.6
358.7(4) 4.8(2) 1.04(26) 752 MI1/E2 17/2~ 15/2~ 2772.5
362.4(1)  353(11)  0.55(3) 752 M1 19/2- 17/2- 2957.7
366.0(3) 3.4(1) 9/2~ /2~ 1102.5
387.0(4) 1.0(1) 37/2~ (35/27) 8420.0
396.9(4) 3.6(1) 0.64(9) 752 M1 23/2* 21/2* 3726.2
400.3(4) 1.4(1) 0.60(10) 752 M1 23/2 21/2 4163.7
405.1(1) 22.4(1) 0.51(3) 752 M1 21/2~ 19/2~ 3362.6
420.3(6) 0.7(1) 17/2- 3016.1
425.4(4) 2.4(1) (17/2)* 17/2* 2316.2
437.0(4) 0.6(1) 0.46(11) 752 (E1) 21/2- 21/2+ 3764.4
443.0(4) 0.7(1) 0.9(4) 752 (M1) 25/2F 25/2F 4434.9
451.1(3) 3.9(1) 0.49(6) 752 M1 29/2* 27/2* 5666.5
458.4(5) 0.8(1) 35/2~ 33/2 7906.5
470.5(4) 1.8(1) 1.07(13) 752 (M1) 21/2* 21/2* 3329.3
471.0(4) 1.4(1) 15/2~ 15/2* 2413.7
483.5(1) 4.2(1) 0.39(8) 752 M1 23/2 21/2 4083.6
502.9(8) 3.1(1) 0.49(5) 752 M1 27/2* 25/2* 4963.1
513.6(8) 2.7(1) 1.10(26) 182/362 M1 37/2~ 35/2 8420.0
513.7(5) 1.8(1) 33/2° 31/2~ 7447.9
520.0(4) 1.0(1) 29/2 27/2 5869.6
522.5(4) 2.6(1) 29/2~ 27/2~ 5970.1
528.2(4) 1.6(1) 0.47(23) 752 M1 27/2% 25/2* 4963.1
533.6(8) 1.6(1) 1.12(30) 182/362 M1 23/2~ 21/2~ 4134.5
542.3(8) 0.7(1) 21/2% (17/2%) 2859.1
543.4(8) 1.4(1) 21/2- 3559.3
557.4(4) 6.9(2) 0.70(11) 752 M1/E2 25/2 23/2 4641.3
559.8(2) 7.2(2) 13/2- 11/2- 23134
576.8(5) 1.2(1) 23/2 21/2 4134.5
576.9(4) 2.4(1) 1.31(25)  182/362 M1 37/2° 35/2° 8670.0
577.3(4) 1.0(1) 0.70(13) 752 M1/E2 31/2~ 29/2 6934.3
585.3(5) 1.0(1) (35/2)" 33/2 8033.1
597.3(5) 5.2(2) 19/2~ 17/2~ 3194.3
601.3(2) 18.1(6) 0.45(24) 752 M1 21/2~ 19/2~ 3559.3
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TABLE 1. (Continued.)

Eya be RDCOC E}C/}ATE d oA Jl_rtf J}zg Eih

(keV) (keV) (keV)
606.2(5) 3.4(1) 25/2" 23/2" 4687.2
643.3(3) 9.9(3) 0.38(7) 752 M1 21/2 19/2~ 3600.6
651.2(5) 3.9(1) 11/2- 9/2- 1753.6
653.2(2) 13.6(4) 0.58(4) 752 El 17/2~ 15/2+* 2595.9
660.2(3) 4.2(1) 2.06(13)  182/362 E2 15/2~ 11/2- 2413.7
663.3(5) 1.5(1) 21/2~ 17/2~ 3362.6
663.3(5) 0.6(1) 27/2- 25/2- 5349.6
668.0(5) 2.8(1) 1.82(38) 182/362 E2 21/2~ 17/2~ 3440.6
669.0(6) 0.9(1) (39/2)  (37/2)  9339.0
684.2(5) 2.4(1) (33/2)" (31/2)~ 7371.6
688.4(8) 1.6(1) (31/2)" 29/2- 6557.4
697.1(5) 1.5(1) 0.46(9) 752 M1 33/2% 31/2% 7167.0
703.2(3) 4.6(1) 0.53(8) 752 M1 29/2* 27/2* 5666.5
707.6(6) 1.1(1) 27/2~ 25/2~ 5349.6
708.5(2) 14.5(4) 0.41(3) 752 M1 25/2* 23/2* 4434.9
717.2(3) 5.2(2) (31/2)~ 29/2 6687.3
721.0(5) 2.2(1) (35/2)~ (33/2)" 8093.0
721.5(2) 8.5(3) 0.43(16) 752 M1 23/2~ 21/2~ 4083.6
729.2(6) 2.1(1) 33/2+ 31/2+ 7167.0
731.8(4) 10.0(10) /27 5/27 737.0
734.0(6) 7.1(2) 0.87(14) 752 M1/E2 25/2* 23/2* 4460.1
737.0(2) 28.7(9) 7/27 5/27 737.0
741.1(5) 1.9(1) 21/2- 17/2- 3440.6
751.7(1) 100.0(2) 13/2% 9/2% 793.5
756.3(4) 2.3(1) 27/2+ 25/2+ 5215.5
771.4(4) 5.04) 0.79(14) 752 MI1/E2 31/2* 29/2% 6437.9
771.9(4) 2.0(2) 23/2 21/2 4134.5
780.5(5) 7.3(2) 27/2F 25/2+ 5215.5
786.6(6) 0.7(1) 21/2- 17/2~ 3559.3
803.4(4) 3.3(2) 31/2* 29/2% 6469.9
806.3(3) 2.9(1) 0.67(13) 182/362 (M1) 27/2- 25/2~ 5447.6
822.6(5) 5.8(2) 15/2- 11/2- 2576.4
834.0(5) 2.5(1) 23/2 21/2* 4163.7
838.1(3) 4.7(12) 1.38(37) 182/362 (M1) 35/2~ 33/2~ 7906.5
844.5(2) 14.8(5) 1.28(10) 182/362 E2 21/2- 17/2~ 3440.6
867.0(2) 29.3(9) 0.45(2) 752 M1 23/2* 21/2* 3726.2
890.0(4) 1.7(1) 33/2~ (31/2)~ 7447.9
904.8(3) 3.2(1) 15/2* 11/2* 1942.7
935.0(2) 1.2(1) 25/2~ 5576.6
939.4(2) 3.9(1) 1.16(25) 752 E2 23/2~ 19/2~ 4134.5
965.8(5) 2.4(1) 11/2- 9/2~ 2067.2
969.8(5) 5.9(2) 23/2- 19/2=  4163.7
969.9(5) 58.6(18) 0.97(4) 752 E2 21/2% 17/2% 2859.1
971.1(2) 8.2(3) 27/2* 25/2* 4963.1
995.2(3) 9.5(4) 11/2+ 9/2% 1037.8
998.9(3) 14.8(5) 13/2~ 9/2~ 2101.8
1011.2(5) 2.0(1) 21/2+ (17/2)* 3329.3
1016.4(3) 16.5(5) 1.27(8) 182/362 E2 11/2~ 7/2~ 1753.6
1026.8(5) 1.2(1) 35/2* 33/2% 8193.3
1033.7(6) 1.3(1) 27/2* 6249.2
1036.0(6) 2.3(1) 13/2- 11/2* 2073.4
1058.7(6) 1.5(1) 25/2* 5050.4
1082.7(4) 2.1(1) 25/2 21/2 4641.3
1095.5(1) 87.8(27) 1.08(4) 752 E2 17/2* 13/2* 1889.3
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TABLE 1. (Continued.)

Eya IVb RDCOC E;(/;ATE d o\E Jl_rrf J}rg Eih
(keV) (keV) (keV)
1102.4(2) 18.3(6) 1.73(7) 182/362 E2 9/2~ 5/2" 1102.5
1104.5(5) 3.6(1) 25/2% 21/2* 4434.9
1126.9(1) 8.0(2) 2.06(14) 182/362 E2 25/2~ 21/2~ 4687.2
1132.4(1)  21.1(6) 1.1(5) 752 E2 25/2F 2172+ 3991.7
1142.4(3) 2.7(1) 25/2% 5576.6
1149.0(1) 19.3(6) 0.31(2) 752 M1 15/2* 13/2* 1942.7
1168.5(3) 1.7(1) 15/2+ 11/2+ 2206.1
1178.1(5) 0.5(1) 4714.6
1182.7(2) 9.4(3) 2.38(18) 182/362 E2 29/2~ 25/2~ 5869.6
1198.8(3) 8.5(3) 2.61(29) 182/362 E2 33/27 29/2~ 7068.4
1207.1(6) 1.5(1) 27/2% 6422.6
1207.3(5) 4.7(15) (31/2)" 27/2° 6557.4
1210.5(3) 6.9(22) 1.82(13) 182/362 E2 13/2~ 9/2~ 2313.4
1214.8(3) 6.6(21) 2.16(64) 182/362 E2 27/2~ 23/2 6422.6
1218.6(5) 1.8(1) (17/2)* 3535.2
1223.5(5) 1.3(1) 27/2* 25/2* 5215.5
1232.0(6) 4.6(14) 29/2% 25/2% 5666.5
1239.5(7) 0.4(1) (31/2)~ 27/2~ 6687.3
1246.2(2) 9.0(3) 1.14(17) 752 E2 25/2 21/2 4687.2
1247.1(4) 0.2(1) (39/2)~ 35/2 9339.0
1269.9(3) 1.3(1) 21/2* 4129.1
1275.6(5) 3.0(1) 13/2 11/2* 2313.4
1278.8(2) 6.0(2) 1.78(12)  182/362 E2 25/2" 21/2- 4641.3
1300.4(5) 0.5(1) (37/2)" (33/2)" 8670.0
1305.2(3) 7.6(2) 0.58(8) 752 E1l 19/2 17/2* 3194.3
1323.8(3) 9.5(3) 29/2% 25/2% 5315.6
1328.7(3) 5.1(2) 1.84(15) 182/362 E2 29/2~ 25/2~ 5970.1
1349.5(4) 2.0(1) 35/2~ 31/2~ 7906.5
1351.3(5) 2.9(1) 0.91(16) 752 E2 37/2~ 33/2~ 8420.0
1351.9(6) 0.9(1) 29/2% 6668.6
1363.0(5) 0.5(1) 27/2- 23/2 5447.6
1372.8(5) 1.4(1) 25/2% 6087.4
1385.5(4) 3.3(1) 21/2* 4714.6
1402.1(7) 1.2(1) (33/2)" 29/2- 7371.6
1406.5(6) 0.6(1) (35/2)~ (31/2)~ 8093.0
1440.5(2) 10.7(3) 1.19(11) 752 E2 21/2* 17/2* 3329.3
1448.2(5) 0.7(1) 21/2 17/2* 3764.4
1474.3(4) 1.5(1) 3172+ 27/2+ 6437.9
1476.0(5) 0.7(1) (35/2)~ (31/2)~ 8033.1
1490.7(4) 1.7(1) 2.1(4) 182/362 E2 41/2- 37/2~ 9910.7
1500.7(4) 1.8(1) 33/2* 29/2% 7167.0
1524.7(2) 5.1(2) (17/2)* 13/2F 2316.2
1545.2(5) 0.6(1) 7632.6
1576.1(6) 1.8(1) 25/2+ 21/2+ 4434.9
1597.0(4) 5.8(2) (33/2)* 29/2+ 6912.7
1601.0(6) 0.6(1) (39/2) (35/2)~ 9634.1
1602.9(4) 2.2(1) 25/2* 21/2% 4460.1
1620.2(2) 10.1(3) 0.77(5) 752 E1l 15/2~ 13/2* 2413.7
1670.4(5) 0.8(1) 29/2 25/2~ 6357.2
1696.0(7) 0.9(1) 27/2% 6911.5
1706.0(6) 1.6(1) 27/2+F 6668.6
1754.3(6) 0.9(1) (35/2)* 31/2* 8193.3
1804.6(7) 0.6(1) (45/2)" 41/2- 11715.3
1924.4(6) 1.2(1) (37/2)* (33/2)* 8837.0
2025.1(6) 0.9(1) 11/2- 9/2* 2067.2

044305-5



R. SCHWENGNER et al.

PHYSICAL REVIEW C 80, 044305 (2009)

TABLE 1. (Continued.)

Ey a Iy b RDCOC E}(/]ATE d Jl_rt f J}T g Ei h
(keV) (keV) (keV)
2049.3(8) 0.6(1) (33/2)* 8961.9
2211.4(8) 0.2(1) (49/2)~ (45/2)~ 13926.7

*Transition energy. The error in units of the last digit is given in parentheses.
PRelative intensity of the y ray normalized to I, = 100 of the 17/2f — 9/2] transition at

751.7 keV.

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

YEnergy of the gating transition used for the determination of the DCO ratio.
“Multipolarity compatible with the DCO ratio and the de-excitation mode.

fSpin and parity of the initial state.
£Spin and parity of the final state.
"Energy of the initial state.

E,-E, matrices containing coincidence events of all detector
pairs including one detector at 35° or 145°, respectively. The
lifetimes were deduced from a comparison of experimental
with calculated line shapes. The velocity distributions of the
emitting nuclei were calculated with a Monte Carlo code
taking into account reactions at different depths in the target,
the kinematics of the reaction, and the slowing-down and
straggling of the recoil nuclei [46]. For the slowing-down the
cross sections given in Ref. [47] were used with correction
factors of f, = 0.9 and f,, = 0.7 for the electronic and nuclear
stopping powers, respectively [8,13,33,48-50]. To extract the
level lifetimes, cascade feeding from all levels observed above
the considered one as well as sidefeeding from unobserved
levels was taken into account. The sidefeeding time was
assumed to be zero for the excitation energy E* = 11.6 MeV
derived from the relation E* = Eﬁll\;[ + Q — N, x E,, where
Q and N, x E, denote the Q value and the mean total
energy of the N emitted neutrons, respectively, with values
of Q =—17.8 MeV and N, x E, = 10 MeV. The values
of E, correspond to mean energies of emitted neutrons
calculated with evaporation codes as described, e.g., in
Ref. [7]. With decreasing excitation energy an increase of
the sidefeeding times according to 7,y = (E* — E/MeV) x
0.03 ps was assumed [8,13,33,48-50]. Examples of the
line-shape analysis are shown in Fig. 2. The two calculated
line shapes corresponding to the complementary observation
angles of 35° and 145° were optimized simultaneously in one
least-squares fit. This allowed background peaks to be taken
into account correctly (cf. Fig. 2). For a given transition, several
fits were carried out in which the feeding times and feeding
intensities were varied within their errors. In this way the
influence of these quantities on the lifetimes and, thus, the
uncertainties of the lifetimes because of the errors of feeding
times and feeding intensities were determined.

The lifetimes obtained from this analysis are given in
Table II. The present lifetimes of the levels at 1889.3 and
2859.1 keV are not consistent with the considerably smaller
values deduced in Ref. [36] but agree within their uncertainties
with the values from earlier work [51] given for comparison
in Ref. [36]. The lifetime of the 3991.7-keV level quoted
in Ref. [36] is also considerably smaller than the present
value, whereas the upper limit given for the lifetime of
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TABLE II. Mean lifetimes of states in 3°Rb.

E; (keV)* E, (keV)° 7 (ps)*
T =+

1889 1095.5 1.55(18)
2316 1524.7 <54
2859 969.9 2.03(19)
3329 1440.5 <1.34
3726 867.0 0.23(4)
3992 11324 0.96(9)
4435 708.5 0.45(14)
4460 734.0 0.42(12)
5316 1323.8 0.34(5)
6913 1597.0 0.18(2)
T =—

3194 1305.2 <1.3¢
3601 643.3 0.41(8)
4084 483.5 0.33(3)
4641 557.4/1278.8 0.39(5)
4687 1246.2 0.48(6)
5448 806.3 0.05(2)
5870 1182.7 0.56(8)
5970 522.5/1328.7 0.45(5)
6687 717.2 0.16(3)
7068 1198.8 0.27(9)
7372 1402.1 0.09(3)
8093 1406.5 0.24(8)
8670 576.9 0.24(4)°

“Level energy.

"Energy of the y ray used for the line-shape analysis
in connection with the DSA method.

“Adopted level lifetime. The error in parentheses
includes the statistical error, uncertainties of feeding
times, feeding intensities, and a 5% uncertainty of the
nuclear and electronic stopping power.

dUpper limit deduced from the effective lifetime
without feeding correction.

®The line shape of the 576.9-keV transition was
analysed in a spectrum gated on the 483.5- and
643.3-keV transitions and may be influenced by small
contributions from the 577.3-keV transition linking
the states at 6357.2 and 6934.3 keV.
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TABLE III. Experimental and calculated transition strengths in

$3Rb.

E, (keV)  J7 Ji ok BeMee®  B(oMsy®
10955 17/2F 13/2F E2 33473, 455
15247 17/28  13/2f E2 >12 0.02

4254 17/2F 17728 M1 >43 81
969.9 2121 17/2f E2 46414 414
5423 21720 17/2f  E2 101139 29
14405 21728 17/2f  E2 >73 4.1
10112 21728 17/25  E2 >76 88
4705 21/2F 21728 M1 >48 90
867.0 23727 21/2f M1 3350 1110
396.9  23/2F 21728 M1 428+ 418
11324 25/2F  21/2f E2 35014, 393
2654 25/2F  23/2F Ml 73915 1170
1576.1 25,28  21/2f E2 15*8 95
11045  25/2F  21/2F7  E2 176155 47
708.5  25/28 232 M1 226110 166
272.0  25/2F 23/2; EIl 673 -
4430 25,25 25/2F M1 4515 0.46
1602.9  25/2f 21/27 E2 44+% 0.01
734.0  25/2F 23727 M1 259+ 0.02
1323.8  29/2F 25/2F E2 42915 411
3526 29/2F  27/2F Ml 1038*%) 1400
1597.0  33/2F 29/2f E2 4375 390
181.9 1727 15/2; M1 33834 1002° 44
3624 19727 17/27 M1 895125 102
13052 19/2; 17/2f El >190 -
2372 19/2;  19/27 M1 >335 29
6013 21725 19/27 M1 6097460 32
6433 21/2;  19/27 M1 448118 4
238.1 2172, 21/2; Ml 1338735 18
7215 23/27 21727 M1 304437 22
4835  23/27  21/2; Ml 499+ 1
1278.8  25/27 21/2;] E2 24544 360
1082.7  25/27 21/27 E2 19775 0.005
5574 25)27  23/2; M1 383172 296
12462 25/2; 21/2; E2 250+43 31
11269  25/2; 21/2; E2 368+ 37
606.2  25/2;  23/2; Ml 88117 4
1363.0  27/2; 23/2; E2 511435 206
806.3  27/2, 25/2; M1 183271326 36
11827  29/27 25/2; E2 5703 38
5200  29/27  27/27 M1 69121 10
13287 29/2; 25/2] E2 2914 0.6
5225 29/2;  27/2; Ml 296*3; 0.0002
1239.5  31/2; 27/2; E2 125779 0.3
7172 3172, 29/2; Ml 8867220 518
1198.8  33/2; 29/27 E2 122313 187
1402.1  33/2;  29/2; E2 5591349 266

PHYSICAL REVIEW C 80, 044305 (2009)

TABLE III. (Continued.)

E, (keV) Jr JE oh  B@Mexe"  B(oA)sm®
6842  33/2; 312, M1 1302772 1510
14065 35/2; 3172, E2 1331 12
7210 35/2; 33/ M1 49277 7
13004 37/2;  33/2; E2 158D 0.06
576.9  37/2;  35/2; M1 1011733 651

aReduced transition strengths: B(M1) in 1073 ,ui,; B(E1) in
1070 ¢ fm?; B(E2) in ¢ fm*. Weisskopf units: 1 W.u.(M1) = 1.79
1y 1 Wau(E1) = 1.23 &2 fm?; 1 Wau(E2) = 21.51 * fm*.

®Value taken from Ref. [36].

the 5315.6-keV level in Ref. [36] is compatible with the
value deduced from the present analysis. Transition strengths
deduced from the present lifetimes are listed in Table III.

III. LEVEL SCHEME

The level scheme of 33Rb as established from y-y and
y-y-y coincidence relations and y-ray intensities in the
present thin-target experiment [12,38,39] is shown in Fig. 3.
Spin and parity assignments are based on DCO ratios of
the y rays as well as on de-excitation modes and lifetimes.
Multipolarity M2 has been excluded for quadrupole transi-
tions, because the usual M2 transition strengths known in
this mass region [52] correspond to lifetimes of T = 100 ns
or more. The lifetimes in the ps region determined in the
present work (see Table IT) exclude multipolarity E1 for dipole
transitions, because the resulting E'1 transition strengths would
exceed those known in this mass region [52] by about two
orders of magnitude. Whenever spin and parity assignments
for low-lying states were not possible on the basis of the
present data, we adopted the assignments known from previous
work [34-36].

Positive-parity states have been known from Refs. [35,36]
up to a (37/27) state at 8834 keV and were confirmed in the
present study. We found additional levels at 6437.9, 6469.9,
7167.0,and 8193.3 keV and grouped them intoa AJ = 1 level
sequence (sequence A in Fig. 3).

The negative-parity states given in Refs. [34,36] have been
confirmed in the present work. Several additional transitions
linking low-lying states have been observed. The spin assign-
ments of 13/27, 15/27, 17/27, 19/27, and 21/2~ made on
the basis of the present DCO ratios for the levels at 2313.4,
2413.7, 2595.9, 2957.7, and 3362.6 keV, respectively, are in
agreement with those given in Refs. [34,36]. On top of the
3362.6-keV level we observed a sequence of E2 transitions
(sequence B in Fig. 3). We established another E2 sequence
starting on top of a 17/2~ state at 2772.5 keV (sequence C
in Fig. 3) that may be considered as the signature partner of
sequence B. This sequence C was observed in Ref. [36] up
to the 33/2~ state at 7068.4 keV and was extended in the
present work up to the (49/2)~ state. We observed a sequence
of levels at 6357.2, 6934.3, 7447.9, and 7906.5 keV, which are
connected with levels of both sequences B and C. Furthermore,
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we established a AJ = 1 level sequence, including dipole as
well as crossover quadrupole transitions (sequence D in Fig. 3),
which is linked with known low-lying levels as well as with
levels of sequences B and C. The lowest states of sequence
D up to the 27/2~ state at 5448.4 keV were also observed
in Ref. [36], whereas in the present work this sequence was
extended up to the (39/2)~ state.

In addition to the discussed structures, several transitions
connecting low-lying states were newly identified.

IV. INTERPRETATION

In the irregular sequence A the branches with signatures
o =+1/2 and @« = —1/2 are linked by M1 transitions of
relatively large energies. Note that the states of the o = —1/2
branch starting with J™ = 27/2% are yrast states, whereas
the states of the « = +1/2 branch are not yrast. The o =
+1/2 yrast states form a separate sequence connected by E2
transitions instead. The E2 sequence B is built on top of the
sequence of four intense M 1 transitions at 100.1, 181.9, 362 .4,
and 405.1 keV. This change from an M1 sequence to an E2
sequence indicates a change of the configuration. Sequence B
includes an irregularity as indicated by the nearly equal level
spacings between the 23/27,27/27,and 31 /2~ states. The E2
sequence C includes an irregularity shown by the nearly equal
level spacings between the 25/27, 29/27, and 33/2~ states.
The reduced E?2 transition strengths given in Table III indicate
little collectivity for the 21/27 and 25/2~ states of sequence
C but an increase of collectivity for the higher-lying states of
this sequence.

The M1 sequence D resembles at a first glance the
negative-parity M1 bands found in the neighboring odd-odd
isotopes 3>Rb and 3Rb [32,33]. A closer inspection, however,
shows remarkable differences. Figure 4 displays the spins
J and the reduced M1 transition strengths, respectively, as
a function of the rotational frequency that is equivalent to
the energy of an M1 transition, hw = E,(M1). The M1
bands in %’Rb and 3Rb follow the regular behavior of a
rotational band, which means that the spin is a smooth function
of the rotational frequency, J ~hw. The B(M1) values
within these bands decrease with increasing spin or increasing
rotational frequency, thus indicating magnetic rotation and
the shears mechanism. In contrast to these characteristics,
sequence D in #*Rb shows an irregular, multiplet-like behavior
of J as a function of hw, and the B(M1) values do not
follow the pattern of the shears mechanism, i.e., they do not
decrease continuously with increasing rotational frequency.
The positive-parity M 1 sequence A is also not regular. These
striking differences between the M1 sequences in ®*Rb and
those in the neighboring isotopes 8*Rb and #Rb must have
their origin in the neutron numbers, which are odd in 82Rb
and 3*Rb and even in 3*Rb. The isotopes %?Rbys and 3Rby;
have an unpaired proton as well as an unpaired neutron.
Breaking one pair of nucleons results in a four-quasiparticle
(4qp) configuration. In fact, the configuration 7 (fp) n(gg /2)
v(go/2) was ascribed to the negative-parity M1 sequences in
82Rb and %Rb [32,33]. The isotope 3*Rbys has an unpaired
proton only. Breaking one pair of nucleons results in a 3qp

PHYSICAL REVIEW C 80, 044305 (2009)

configuration. In earlier work [34,37] the configuration 7 (g9,2)
v(go/2) V(fp) was proposed for the sequence of intense M1
transitions connecting 13/27 to 21/2~ states, which does not
correspond to the configuration assigned to the negative-parity
M1 sequences in ¥Rb and ®Rb [32,33]. Instead of lifting
protons from the almost completely filled (fp) subshell to
the empty go,, orbits, in the configuration 7(g9/2) v(g9/2)
v(fp) a neutron is excited from the (fp) subshell to the gg/»
orbit that contains already six neutrons. This configuration is
exhausted at J = 21/2 or 23/2, if the neutron is taken from
the p3,» or the fs5,, orbit, respectively. Indeed, the present
work has shown that this M1 sequence terminates at 21/2~
and is taken over by the E2 sequence B. The M1 sequence
D probably contains a 5qp configuration that is necessary
to generate high spins. In addition, the irregularity of this
sequence reveals that the underlying configuration cannot
maintain the shears mechanism. An interpretation within the
TAC model is consequently not adequate for the M 1 sequence
in 33Rb. Instead, we describe in the following an interpretation
in the framework of the spherical shell model. We applied
the shell model already to the negative-parity M1 band
in the neighboring odd-odd isotope 34Rb as an alternative
to the interpretation within the TAC model [33]. It turned
out that the shell model in the used configuration space was
not able to reproduce the regular M1 band. In an earlier
shell-model study of shears bands in light Pb nuclei it was
found that regular bands can be created, if several high-j
protons and high-j neutron holes interact with many low-spin
orbitals [53,54]. If one applies this to ®3Rb or ®Rb, then
the number of proton particle-hole excitations of the type
71[(Ofs/z1p3/2)’m’1(1p1/20g9/2)’”] should be such that the
number of particles in the fp shell is in the middle of the shell
(m = 4 to 6). However, in the calculations for 3*Rb described in
Ref. [33] and for #3Rb described in the following this number
had to be limited to m = 3. Nevertheless, the calculations
for 3Rb delivered alternative information about the config-
uration involved in the M1 band. In fact, the configuration
(0 f5,51p3,085,,) v(0gg3) proposed for the M1 band in #Rb
on the basis of the shell-model calculations is consistent with
the configuration predicted by the TAC model and reproduces
the magnitude of the experimental transition strengths [33].
Therefore, we expect that analogous shell-model calculations
deliver information also about configurations and properties
of the level sequences in 33Rb, in particular of the irregular
M1 sequence D.

A. Shell-model calculations

The model space used in our calculations for ®Rb
(37 protons and 46 neutrons) includes the active pro-
ton orbits (0 fs2, 1p3s2, 1p1/2, 0g9/2) and neutron orbits
v(1p1/2, 0g9)2) relative to a hypothetic %Ni core. Because a
complete empirical set of effective interactions for this model
space has not been available until now, various empirical
interactions have been combined with schematic nuclear inter-
actions applying the surface delta interaction. Details of this
procedure are described in our previous shell-model studies of
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FIG. 4. Spins J and reduced M1 transition strengths as functions of the rotational frequency 7w for the negative-parity M1 sequences in
82Rb, 33Rb, and 3*Rb. The rotational frequency corresponds to the M1 transition energy. The points are connected such that the dashed line
follows the level sequence from low to high spin. The data for 8?Rb and *Rb were taken from Ref. [33].

nuclei with N = 47 — 54 [13,33,49,50,55-63]. This is the first
attempt to apply this model space and set of interactions to an
N = 46 nuclide. Earlier shell-model calculations for N = 46
nuclides were carried out for Z > 40 only and applied a
7 (1p1)2, 0g9/2) v(1p1 2, 0go/2) model space relative to an ¥ Sr
core [64,65].

The single-particle energies relative to the *Ni core have
been derived from the single-particle energies of the proton
orbits given in Ref. [66] with respect to the "8Ni core and
from the neutron single-hole energies of the 1py 2, 0gg, orbits
[67]. The transformation of these single-particle energies
to those relative to the °Ni core [68] has been performed on the
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FIG. 5. Comparison of experimental with calculated energies of
positive-parity states in 33Rb. Spins are given as 2J.

basis of the effective residual interactions given in, e.g., Refs.
[49,56]. The obtained values are e?/ = —9.106 MeV, em , =
—9.033 MeV, 6;1/2 = —4.715 MeV, €; —0.346 MeV,
e;l/z =—7.834 MeV, and €, = —6.749 f\/IeV These single-
particle energies and the correspondlng values for the strengths
of the residual interactions have been used to calculate level
energies as well as M1 and E?2 transition strengths. For
the latter, effective g factors of g?ff = 0.7g§ree and effective
charges of e, = 1.72¢, e, = 1.44e [69], respectively, have
been applied.

The nucleus 33 Rb has nine protons and eight neutrons in
the considered configuration space. To make the calculations
feasible a truncation of the occupation numbers was applied.
At most three protons were allowed to be lifted to the
(1p1/2, 0go/2) subshell. Two of the neutrons occupy the 1py,,
orbit and six the 0gg/, orbit. With these restrictions configura-
tion spaces with dimensions up to 32451 at J™ = 13/2" were
obtained. We had also tested a configuration space including
neutron excitations from the 1p;,, orbit to the 0gy/, orbit
to allow configurations of the type 7(g9/2) v(gos2) v(fp) as
proposed in Refs. [34,37] for the 13/27 to 21 /2 states linked
by intense M1 transitions. It turned out that the contributions
of such excitations to the wave functions are negligibly small.
Therefore, we limited the occupation numbers in the neutron
orbits as described before. The calculations were carried out
with the code RITSSCHIL [70].

B. Results for positive-parity states

Experimental and calculated positive-parity states are
compared in Fig. 5. The experimental states are in general
reproduced by the calculated ones. The calculated states up
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FIG. 6. Comparison of experimental with calculated energies of
negative-parity states in ®*Rb. Spins are given as 2J.

to J™ = 13/2" are predicted somewhat too high, whereas the
states with J > 31/2 tend to be below the experimental ones.
The 9/2;r state is mainly the n(0g9' ) excitation. The 11/ 21+
to 25/2 states are dominated by the configuration 7 (0gg),)

v(Og;/‘é) J, with neutron spins J, = 2 to 8, whereas at higher
spin the two (fp) proton holes are also active, leading to the
main configurations 77 (0 f57§0gé 1) v(0gg/5),, for the 272,
29/2?, 33/2], and 37/2]L states and 7r(0f5_/211p3/20g9/2)
v(Ogg_/i)J” for the 3»1/2;r and 35/2;r states. At J =33/2 a
second 0go/> neutron pair is broken resulting in J, = 10, 12
for the states with J > 33/2. The second and third states of
a given spin contain equivalent configurations with varying
partitions. Calculated transition strengths are compared with
experimental ones in Table III. The calculated values are
compatible with the experimental values with the exception
of some strengths of transitions from second or third states of
a given spin.

C. Results for negative-parity states

Experimental and calculated energies of negative-parity
states displayed in Fig. 6 are in a general agreement, although
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FIG. 7. Comparison of level energies, B(M 1), and B(E?2) transition strengths of band D with calculated ones. Spins are given as 2J.

there are differences in level energies and in the order of
states especially at low spin. The 3/2] and 5/2 states are
characterized by the 7 (1 p3_/12) and 7 (0 f572l) configurations,
respectively. In the 7/2 to 29/2] states the configuration
(0 f;/é) v(Og;/‘é) J, predominates with J, = 2 to 12 except
for the 23/2; and 27/2; states that have the main config-
urations 7 (0 f53 1p351p}5) v(0gy3) and 7(1p3 5) v(0gy)3),
respectively. This means that these states are mainly generated
by recoupling the neutron spins and coupling the resulting
J, to the spin of the proton in the (fp) subshell. We
note that this result is contrary to the configuration proposed
for the 13/27 to 21/2~ states in Refs. [34,37] that includes
the unlikely excitation of a neutron from an (fp) orbit
to the 0go,> orbit just discussed. In the states with higher
spins a proton pair is broken and two protons are lifted to
0gg/> orbits, resulting in main configurations of the types
7(0f;5,51P5/5083,,) v(0gg/3) or w(0f;3085,,) v(0gy3). The
detailed assignment of the various close-lying calculated states
of a given spin to the corresponding experimental states
is difficult. The comparison of transition strengths between
formally numbered experimental and calculated states as given
in Table III may therefore not be meaningful.

In particular for a discussion of the M 1 sequence D we have
grouped states with equal configurations into one sequence
instead of the formal assignment just discussed. The states
selected in this way are consequently connected by transitions
of relatively large strengths as found in the experiment. The
resulting level sequence is compared with sequence D in Fig. 7.
As can be seen, the sequence of the calculated states is even
more irregular than the experimental sequence D and shows a
rather doubletlike structure. The states up to J = 27/2 have

the main configuration (1 pg/]z) v(Ogg_/‘;) 5, with J, =6, 8 up
to J =19/2 and J, = 10, 12 from J =21/2 to J = 27/2,
which indicates the breakup of a second 0go/» neutron pair
at J = 21/2. The four 0gy/» neutrons are fully aligned in the
states with J = 25/2 and 27/2 but couple differently to the
13,2 proton hole. This explains the small B(M1, 25/27 —
23/25) value and the nearly degenerate level energies of
the 25/25 and 27/2 states that are not consistent with the
experimental findings and may indicate a stronger mixing of
the configurations in the experimental 23/2, and 25/275 states
than predicted in the calculations. The B(M 1) values between
the states from J = 17/2 to 23/2 reproduce roughly the
experimental ones with the exception of the B(M1, 17/2, —
15/2;) value. An alternative selection for the states up to
J = 27/2 s the sequence of states with the main configuration
(0 fs_/zl) v(Ogg_/i). This configuration leads to smaller B(M 1)
values compared with the ones predicted by the discussed
configuration including the unpaired proton in the 1p3, orbit.
Because the smaller B(M1) values are at greater variance
with the experimental ones, we favor the configuration with
the (1 p;/12) orbit. The configuration changes between the
calculated J =27/2 and J = 29/2 states. This change re-
sultsin very small B(M1,29/2; — 27/27), B(E2,29/2, —
25/27), and B(E2,31/2, — 27/2) values. These small
values are not consistent with the experimental ones, which
may indicate that those states have configurations that are
more complex than the ones possible in the present config-
uration space, hence leading to contributions of equivalent
components in the states below and above J = 27/2.

The predicted main configuration of the states with J >
29/2 is (0 f57§1 35083 2)2172 v(0g9/5) s, With J, =4 t0 8.
This 5qp configuration is analogous to the 4qp configuration
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4() f57§1 p;/IQOgg /2) v(0g9_/32) predicted by shell-model calcu-
lations as well as by TAC-model calculations for the M1 band
in the neighboring isotope 3Rb [33]. The difference is that the
states of the M1 band in 3*Rb are generated by recoupling the
total spin of the protons and the spin of the single unpaired
neutron, which corresponds to the shears mechanism, whereas
the states of the M1 sequence in ®Rb are generated also
by recoupling the spins of the two unpaired neutrons only.
This resembles a particular possible coupling mode that leads
to an irregular M1 sequence as described in a shell-model
investigation of M1 bands in indium isotopes [27]. Thus,
this particular spin coupling may be the reason of the loss
of regularity in the M 1 sequence observed in 83Rb. The shears
mechanism may then be realized when the spins of the protons
and the spins of the neutrons are fully aligned and the “blades”
formed by the total proton spin and the total neutron spin start
to recouple, i.e., above J = 43/2. The calculated B(M 1) and
B(E?2) values between the states from J = 29/2 to 37/2 are
in good agreement with the experimental values. This proves
that large M1 transition strengths at high spin are generated
by the recoupling of the spins of the particle-like protons and
holelike neutrons in high-j orbits and in addition of nucleons
in low-j orbits.

V. CONCLUSIONS

Excited states in the odd-even nuclide 33 Rbys were studied
with the spectrometer GASP. The level scheme was extended
up to an excitation energy of 13.9 MeV and a tentative
spin of 49/2. A large number of mean level lifetimes was
determined in addition to previous work. The negative-parity

PHYSICAL REVIEW C 80, 044305 (2009)

sequence including relatively strong M 1 transitions as well as
crossover E2 transitions turns out to be irregular in contrast
to analogous sequences in the neighboring odd-odd isotopes
82Rbys and 3*Rby;. This indicates that the shears mechanism
proposed for the regular M 1 bands in the neighboring isotopes
cannot be realized in the M1 sequence in 83Rbye. Shell-model
calculations predict a configuration for the M 1 sequence above
J7 = 29/27 thatis analogous to the configuration predicted by
the shell model as well as by the TAC model for the M1 shears
band in #Rb and reproduces the order of the experimental
B(M1) values. In contrast to the M1 band in the neighbor
84RD, the states in the M1 band in 3*Rb are also generated
by recoupling the individual neutron spins that dilutes the
shears mechanism. The shell model with the present restricted
configuration does, however, not reproduce the regularity of
the M1 band in the neighbor #*Rb. A general improvement of
the description of shears bands may be achieved by using
large-scale or Monte Carlo shell-model calculations with
appropriate effective interactions for this mass region.
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