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High spin states of the odd-odd nucleus %8 Lu were populated in the 123Sb(48(3a,73n)168Lu reaction
at a beam energy of 203 MeV, and decay v rays measured using the Gammasphere spectrometer
array. The level scheme has been extended from spin 27 to 50 A, and three new rotational bands have
been added. A number of interband linking transitions were revealed, so that all but two bands
could be connected with each other. High-spin band crossings, above the first vi;3,, alignment,
are delineated in most bands. Significant signature inversions are identified for the first time in
the bands involving both favored and unfavored signatures of the mhg/o orbital, which are likely
caused by a residual proton-neutron interaction. A signature inversion with small amplitude is also
observed in the mds;2 ® viiz/, band. Configurations are suggested for all bands based on their
experimental properties, with the help of Cranked Shell Model calculations. No evidence is found
for triaxial strongly deformed structures that were predicted by the calculations.

I. INTRODUCTION

0Odd-odd nuclei provide a wealth of nuclear structure
phenomena, but experimental studies are generally chal-
lenging due to the multitude of possible combinations of
quasineutrons and quasiprotons forming the band struc-
tures at low excitation energy. It is often difficult to link
the low-spin states, known from S-decay studies, to high-
spin structures. In such cases the excitation energies,
spins, and parities of these structures cannot be deter-
mined. The '%8Lu nucleus, previously studied with only
a small number of detectors, drew considerable atten-
tion on account of its location on the A ~ 160 island
of triaxial structures. The exotic wobbling excitation
mode, an experimental fingerprint of nuclei with stable
triaxial shape [1], was first discovered in odd lutetium
(Z = 71) isotopes 163:165,167.161T y; [2-6] and also tanta-
lum (Z = 73), 157Ta [7]. In addition, triaxial strongly
deformed (TSD) rotational bands based on quasiparticle
excitations (rather than the wobbling excitation) have
also been identified, for example in 1%Lu [8] and the odd-
odd 6*Lu [9]. More recently, wobbling excitations have
been reported in other mass regions, such as in '%°Pd
[10], 135Pr [11, 12], and 187 Au [13].

There have been extensive theoretical studies of the
topic using various approaches. Among them, early
Cranked Shell Model (CSM) calculations employing the
ULTIMATE CRANKER (UC) code [14, 15] successfully pre-
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dicted the existence of an A ~ 160 island of TSD struc-
tures and suggested that TSD minima with deformation
parameters (g2,7) ~ (0.4,420°) in the potential energy
surfaces are stabilized by large single-particle shell gaps
associated with proton numbers Z = 71 and 72 and neu-
tron numbers N = 94 and 97 at large triaxiality [16-18].
The Z = 71 proton shell gap is clearly well established,
and a neutron shell gap at N = 94 is supported by the
observation of wobbling bands in 155Lug4 [4] and 17 Tag,
[7]. Tt is thus natural to consider whether TSD structures
might also exist in '%8Lu, with Z = 71 and N = 97.

This work presents a detailed study of '%®Lu band
structures to high spins. Previously known bands, with
levels below the first vi;3/, alignment, are extended to
high spins involving six-quasiparticle excitations. Three
new bands were added after an extensive search. Quasi-
particle configurations are suggested for all bands based
on measured properties such as ~-ray multipolarities,
B(M1)/B(FE2) ratios, and aligned angular momenta, in
comparison with the CSM calculations as well as the sys-
tematics of nuclei in the mass region. None of the bands
was found to exhibit the character of TSD structures.
Significant signature inversion was observed in bands in-
volving both the favored and unfavored signatures of the
mhg /2 orbital.

Section II outlines the experimental details and off-line
data analysis procedures. The experimental results are
presented in ITI. The band crossings and the configura-
tions are discussed in Section IV.

II. EXPERIMENTAL DETAILS

High spin states of '%8Lu nuclei were populated via
the 123Sb(*8Ca,3n) reaction with a beam energy of 203
MeV, using the 88" cyclotron at Lawrence Berkeley Na-
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FIG. 1: Partial level scheme of '%®Lu, deduced from the present data. Gamma-ray energies are in units of keV. Arrow widths
indicate transition intensities. Tentative assignments are in parentheses. The labels shown below each v-ray sequence represent
the proposed quasiparticle configurations that will be discussed in section IV.

tional Laboratory. The target consists of two stacked 520
ug/cm? self-supporting foils enriched to 97.7% in 23Sh.
At this energy the dominant residuals '"Lu (from the 4n
channel) and '%8Lu were populated in the approximate

ratio 5 : 2. Coincident ~ rays were measured using the
Gammasphere spectrometer array [19] (comprising 100
Compton-suppressed Ge detectors in this experiment),
and a data set of approximately 2.2 x 10° fivefold (or
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FIG. 2: Partial level scheme of '**®Lu (continued from Fig. 1).

higher) coincidence events was collected. The data led
to the identification of the wobbling excitation in 67Lu
[5], which formed part of a more complete spectroscopic
study [20]. The current spectroscopy of %8Lu is based
on the same data set.

In the off-line analysis the RADWARE software package
[21] was used to construct three-dimensional (cube) and

four-dimensional (hypercube) histograms, and to then
analyze the -ray coincidence relationships. The RAD-
WARE band search routine was used extensively to look
for weak bands. In addition, an analysis of y-ray direc-
tional correlation from oriented states (DCO ratios) [22]
was performed to determine the multipolarity of the
rays. Gated DCO matrices, with detectors at 32°, 37°,
143°, 148° and 163° along the x-axis, and detectors from
58° through 122° along the y-axis, were constructed for
each y-ray sequence. The extracted DCO ratios of y-ray
transitions from stretched quadrupole gated spectra fall
into two distinct groups centered around 1.0 and 0.6 for
stretched quadrupole and dipole transitions, respectively.
The mixed M1/E?2 transitions in the coupled bands usu-
ally have DCO ratios between 0.6 and 1.0, depending
on mixing ratios. A more detailed analysis for expected
DCO ratios of various 7 rays under different gating con-
ditions was presented in a previous publication [23]. The
parity assignments are based on the multipolarities of
linking transitions between bands, as well as on coinci-
dence relationships that introduce important constraints
in some instances. Spins for the highest lying transitions
were assigned by assuming a consistent rotational behav-
ior when DCO ratios could not be measured.

IIT. LEVEL SCHEME

Excited states of 1%8Lu were previously studied by sev-
eral groups using the 9Tb(13C, 4n) [24] and 5*Sm('°F,
5n) [25, 26] reactions. Four coupled bands, labeled as
Bands 1, 2, 4, and 6 in Figs. 1 and 2, were measured up
to spins 27 h, and interpreted as an i3/, v[642]5/2F
quasineutron coupled, respectively, with w[404]7/2%,
w[514]9/2~, w[541]1/2~, and =[402]5/2" quasiproton or-
bitals. A low-spin structure, Band 3, was also established
[26], linked with Bands 1 and 2, and associated with a
7[404]7 /27 @ v[523]5/2~ configuration built on the pre-
viously identified 6~ ground state [27, 28].

The level scheme has now been extended to signifi-
cantly higher spins. For example, Bands 1 and 2 were
observed from spins 27 and 23 to (44) and 50, respec-
tively. Three new bands, Bands 5, 7, and 8 were ob-
served for the first time. Extensive cross-talk between
Bands 4 and 2, and decays from Band 5 to Band 4 were
identified. Band 7 is a short high-spin sequence feeding
Band 6. However, the linking from Bands 6 and 8 to the
rest of the level scheme has not been established. The
~-ray transition energies, intensities, level energies, spin
and parity assignments, as well as DCO ratios, are listed
in Table I.



TABLE I: v-ray energies E, (in keV), suggested spins and
parities of the initial (I') and final (I}) states, excitation
energies F; (in keV) of initial states, DCO ratios, and for
interband linking transitions the band number (V) of the
final states. Relative intensities (I,) are normalized to the
393.1-keV (14~ — 127) transition (= 1000) in Band 4.

TABLE I (Continued.)

E, 717 P E; DCO I, N
Band 1
6 27.2

91.6 7" =6 91.6  0.55(7) 8(3) 3
64.4 7t =67t 0.64(4) 10(3)
143.6 8t — 6" 170.8  0.99(1) <3
79.3 8 — 7t 0.75(6) 9(3)
193.2 9t 7t 284.8 55(5)
113.9 9t — 8" 0.81(3) 67(8)
258.2 10T — 8+ 429.0  0.96(4)  312(11)
144.2 107 — 9ot 0.81(3)  190(7)
314.4 11t — 9t 599.2  0.99(4) 281(15)
170.2 117 — 10t 0.83(6) 69(4)
363.2 12T — 107" 792.3  1.06(4) 540(16)
193.0 127 = 11" 0.64(5) 80(9)
408.2 13t — 11t 1007.4  1.00(4)  427(22)
215.2 13" — 12t 0.64(7)  67(10)
4479 141 — 127 1240.3  1.06(4)  582(17)
232.8 147 — 13t 0.79(8) 66(3)
486.0 151 — 13* 1493.3  0.98(8)  496(26)
253.0 15T — 147 0.82(12)  52(3)
517.8 167 — 14t 1758.2  1.05(4)  530(30)
264.9 16T — 15t 0.76(8)  43(3)
549.9 17t — 157 2043.0  0.99(5)  452(24)
284.7 177 — 16* 0.65(6) 38(2)
573.7 18" — 16t 2332.2  1.04(4)  472(27)
289.2 18T — 17t 0.81(8) 73(4)
600.0 197 — 17" 2642.9  1.06(4)  375(20)
310.7 197 — 18t 0.63(9) 36(2)
616.8 20T — 187 2949.0  1.01(4)  407(24)
306.2 20" — 19t 0.68(7)  43(3)
638.6 21T — 19* 3281.5  0.97(4) 273(15)
3324 21T — 20t 0.68(10)  32(2)
653.2 227 — 20t 3602.2  1.02(4)  339(20)
320.7 22T — 217 0.76(11)  33(2)
674.1 23T =217 3955.8  0.98(4)  208(12)
353.7 23t — 22t 0.75(11)  23(1)
694.4 247 — 227 4295.9  1.02(4)  245(15)
340.0 247 — 23* 0.72(11)  17(4)
718.7 25T — 23* 4674.4  1.06(4)  160(10)
378.6 25T — 24t 0.58(9) 15(1)
7472 26T — 247 5043.1  1.02(4)  166(10)
368.7 267 — 25t 0.66(13)  13(1)
775.4 27t — 25t 5449.3  0.94(5)  118(7)
406.1 27t — 26" <3

809.6 28" — 26% 5852.7  1.02(4)  114(8)
840.2 29" — 27t 6289.5 1.01(10)  64(4)

876.1 30" — 28t 6728.8  1.00(5) 73(5)
907.7 31T — 297 7197.2  1.05(16)  48(3)
9424  32F — 307" 7671.3  1.02(10)  54(2)
974.0 33" — 317 8171.2  1.06(16)  30(2)
1005.3 34T — 32+ 8676.6 0.98(15)  36(2)
1044.7 35T — 33* 9215.9 1.09(22)  13(2)
1059.6 367 — 34t 9736.2 1.01(15)  25(2)

1095.3  (37") — 357 10311.2 7(1)

E, O 17l E; DCO I, N
1082.0 (387) — 36%  10818.2 ~6(2)M
1109.1 — 36" 10845.3 8(2)
1146.6 (39%) — (377) 11457.8 3(1)
1083.0 (40T) — (38%) 11901.2 ~4(2)
1180.1 (417) — (39%) 12637.9 <3
1129.0 (42%) — (40%) 13030.2 <3
1176.0 (441) — (421) 14206.2 <3
Band 2
318.2 9~ — 8+ 489.0 ~30(6)<l 1
342.7 9" 7" 33(6) 3
176.0 97 — 8 0.72(5)  15(3) 3
111.0 107 —9° 600.0 25(5)
315.2 100 =9t 35(9) 1
87.7 107 —9” <3 3
241.4 117 =9~ 730.5  0.94(19)  29(5)
1304 117 — 10~ 0.75(4)  148(18)
301.4 117 — 10* 0.70(14)  28(7) 1
131.3 117 — 11" 1.07(16) <3 1
2014 127 — 10~ 891.5  0.99(15)  50(6)
161.0 127 — 11~ 0.79(4)  104(8)
2023 127 — 11T 0.83(12) <3 1
345.0 137 — 11~ 1075.8  0.97(4)  300(36)
184.3 137 — 127 0.74(3)  237(31)
283.6 137 — 12* 0.71(7)  25(8) 1
395.2 147 — 127 1287.0  0.92(9)  306(38)
2112 147 — 13~ 0.71(7)  281(37)
279.6 147 — 13* 0.73(15)  16(4) 1
4418 157 — 13~ 1517.5  1.02(4)  363(43)
2304 157 — 14~ 0.74(3)  215(26)
2772 157 — 14* 0.83(17)  16(6) 1
4824 167 — 14~ 1769.5  0.95(5)  297(53)
252.0 167 — 15~ 0.65(4)  182(40)
276.2 167 — 157 4(1) 1
522.7 177 — 15~ 2040.2  1.06(4)  460(57)
270.7 177 — 16~ 0.63(3) 191(24)
282.0 177 — 16T <3 1
555.4 187 — 16~ 2324.8  1.04(5)  461(67)
284.6 187 — 17" 0.59(5)  251(82)
581.8 197 — 17~ 2622.0  1.01(4)  602(70)
2972 197 — 18~ 0.76(11)  49(9)
567.9 197 — 17~ 0.95(7)  46(9) 4
3242 197 — 18~ 0.69(10)  24(3) 4
614.6 207 — 18~ 2039.4  1.00(10)  220(38)
641.6 207 — 18~ 1.04(10)  266(53) 4
634.4 217 =19~ 3256.4  1.04(4)  372(65)
3170 217 — 20~ ~12(4)(]
650.8 227 — 20~ 3590.2  0.94(9)  123(21)
333.8 227 —21° 21(6)
656.8 227 — 20~ 1.00(4)  194(34) 4
308.1 227 — 21~ 0.61(9) 116(22) 4
684.6 237 — 21~ 3941.0  0.97(4)  355(66)
687.8 247 — 227 4277.9  0.91(9)  260(38)
336.9 247 — 23~ 33(6)
319.0 247 — 23~ 0.77(8)  104(16) 4
733.6 257 — 23~ 4674.6  1.01(10) 193(38)
396.7 257 — 24~ <3
715.7 257 — 23~ 74(17) 4
725.8 267 — 24~ 5003.7 1.06(11) 116(23)




TABLE I (Continued.)

TABLE I (Continued.)

E, M 7l E; DCO I, N E, O 17l E; DCO I,
776.6 27 — 25 5451.2  1.05(11) 143(29) 608.6 200 — 18 0.98(10)  342(26)
784.4 277 — (257) 0.98(20)  28(7) 4 641.6 217 — 19~ 3282.1  0.97(4)  265(28)
7762 287 — 26~ 5779.9  0.92(9)  107(22) 3488 217 — 20~ 0.66(13)  54(9)
826.9 297 — 277 62781 1.01(15) 100(21) 3427 217 =20 0.79(10) ~117(14)!
833.9 307 — 28~ 6613.8  1.00(10)  95(19) 709.1 227 =20~ 3642.3  0.97(4)  266(14)
880.4 317 — 29~ 7158.6  0.99(15)  55(12) 702.9 227 — 20~ 1.07(5)  319(30)
892.4 327 — 30 7506.3  0.94(20)  76(18) 676.8 237 — 21~ 3958.9  1.00(15) 173(19)
936.8 337 — 31" 8095.4  0.90(14)  38(8) 368.7 237 — 22 0.72(14)  12(2)
950.2 347 — 32" 8456.5 0.96(14)  56(15) 763.7 247 — 227 4406.0  1.00(10)  144(8)
997.4 357 — 33~ 9092.8 1.04(21)  24(5) 707.5 257 — 23~ 4666.4  0.90(18)  29(4)
1006.4 367 — 34~ 9463.0  1.06(16)  49(14) 816.0 267 — 24~ 5222.0  0.99(15)  63(7)
1058.0 377 — 357  10150.8 1.11(24)  21(4) 760.4 277 — 257 5426.8 1.05(21)  11(2)
1061.2 38~ — 36~ 105242 1.10(23)  32(9) 863.1 287 — 26~ 6085.1 0.95(14)  44(5)
1116.8 39~ — 37~ 11267.6 1.02(22)  12(3) 823.5 297 — 27" 6250.3  0.97(19)  10(2)
1113.9 40~ — 38~ 11638.1 1.02(20)  19(5) 907.0 307 — 28~ 6992.1 1.20(24)  22(3)
1171.2 417 — 39~ 124388 1.29(26)  6(2) 896.6 (317) — 29  7146.9 9(2)
1161.4 427 — 40~ 12799.5 1.17(25)  13(3) 954.3 327 — 30" 7946.4  1.09(22)  12(2)
1220.8 437 — 417 13659.6 1.34(27)  4(2) 970.4 (337) — (317) 81174 <3
1209.0 44~ — 427 140085 1.38(28)  7(2) 1007.1  (347) =327 8953.5 1.36(27)  8(1)
1250.3 467 — 44~ 152576 1.35(27)  5(2) 1041.3 (357) — (337) 9158.7 <3
1287.7 48~ — 46~  16548.3 1.07(21) <3 1072.4 (367) — (347) 10025.9 1.20(24)  4(1)
1333.5 507 — 48~  17881.8 1.05(21) <3 1103.4 (377) — (357) 10262.1 <3
Band 3 Band 5
6~ 0.0 8~ 590.1
146.3 T =6 146.3 <3 296.7 107 — 8~ 886.8  1.12(17)  22(1)
313.0 8 —= 6 313.0 <3 419.2 1070 =9~ 0.68(8) 2(1)
166.7 8 =T <3 358.4 127 — 10~ 1245.3  1.02(15)  45(2)
366.0 97 =T 512.3 <3 502.0 127 — 11~ 0.58(6) 6(1)
199.3 97 =8~ <3 4244 147 =127 1669.7  1.03(10)  68(4)
567.2 147 — 137 0.64(8) 7(1)
Band 4 4916 167 — 14~ 2161.3  0.95(10)  75(5)
6~ 192.1 (620.0) 16~ — 15~ 0.59(7) 8(1)
81.1 T =6 273.2 <3 581.9 (177) — 16~  2314.9 33(7)
144.4 8 =6~ 336.5  0.97(10)  52(11) 554.9 187 — 16~ 2716.2  1.12(7) 81(6)
63.1 8 =T <3 634.4 (197) — (177) 2949.4 22(4)
194.4 9= 7 467.6  1.09(16)  227(7) 6152 207 — 18~ 33314 0.94(9)  72(6)
131.0 97 — 8~ 0.70(4)  254(20) 693.9 (217) — (197) 3643.3 22(4)
218.0 107 — 8~ 554.7  0.99(7)  335(34) 666.0 227 — 20~ 3997.4  1.02(10)  57(4)
87.1 107 — 9~ <3 7543 (237) — (217) 4397.6  0.94(14)  20(4)
276.0 117 - 9~ 743.3  0.92(4) 363(21) 710.8 247 — 227 4708.2  0.97(15)  49(4)
188.6 117 — 10~ 0.60(5)  303(22) 799.3 (257) — (237) 5196.9 0.89(18)  19(4)
303.2 127 — 10~ 858.2  1.01(4)  756(76) 758.2 267 — 24~ 5466.4 1.03(15)  40(3)
1149 127 — 11~ 0.62(4) 70(9) 837.2 (277) — (257) 6034.1 1.05(21)  13(3)
358.9 137 — 11~ 1102.5  0.96(5) 381(21) 808.7 28~ — 26~ 6275.1  1.04(16) 21(1)
2443 137 — 127 0.71(3)  187(14) 886.2 (297) — (277) 6920.3 9(2)
393.1 147 — 127 12512 1.03(4) 1000 (1) 862.8 307 — 28~ 7137.9  0.86(17)  14(1)
1488 147 — 137 0.75(11)  28(1) 938.8 (317) —(297) 7859.1 0.92(18) 7(1)
4388 157 — 13~ 1541.3  1.00(4)  507(27) 910.6 327 — 30~ 8048.5 1.05(21)  9(1)
290.0 157 — 147 0.71(3)  227(19) 994.4 (337)— (317) 8853.5 <3
481.7 16~ — 14~ 1733.0  1.01(4) 908(30) 953.0 (347) — 32~ 9001.5 <3
191.7 167 — 157 0.70(14)  62(3)
513.1 177 — 15~ 2054.1  0.96(4)  478(26) Band 6
321.2 177 — 16~ 0.64(3) 136(12) (6™) x
564.3 187 — 16~ 2297.8  0.96(4)  823(34) 94.8  (7t) = (67) x+94.8 0.55(10)  11(3)
586.0 197 — 17~ 2640.6  0.92(4)  287(30) 220.8  (87) — (67) x+220.8 <3
342.8 197 — 18 0.61(12)  68(4) 126.0  (8%) — (71) 0.68(16)  38(5)
600.4 197 — 17 1.08(6)  141(24) 2 279.3  (97) = (77)  x+374.1 0.87(13) 74(12)
315.8 197 — 18~ 0.77(8) ~180(28)! 2 153.3  (9%) — (8T) 0.71(11)  76(19)
636.4 207 — 18~ 2033.4  0.52(7)  443(14) 326.4 (107) — (8%) =x+547.3 0.92(9)  64(5)




TABLE I (Continued.)

TABLE I (Continued.)

E, M 7l E; DCO I, E, O 17l E; DCO I, N
173.2  (107) — (97) 0.65(7)  58(16) 296.0 (167) — (15T) 0.74(15)  19(7)
3775  (117) — (9%) x+751.6 0.96(10)  90(13) 585.1 (171) — (15%) y+2141.0 0.99(15)  58(5)
204.3 (117) — (101) 0.67(7)  81(13) 289.0 (171) — (16™1) 0.58(12)  36(4)
409.7 (127) — (107) x+956.4 0.96(10) 201(13) 589.8 (18%) — (16%) y+2441.8 1.35(20)  50(18)
204.8 (12%) — (111) 0.67(10)  67(6) 600.3 (19%) — (171) y+2741.3 1.21(18)  62(5)
460.4 (137) — (117) x+1212.1 0.87(11) 101(10) 625.3 (20") — (18%) y+3067.1 1.09(16)  36(2)
255.7 (13%) — (121) 0.76(8) 39(7) 649.1 (217) — (197) y+3390.4 0.97(15)  51(5)
4771 (147) — (127) x+1433.5 0.92(4) 226(13) 679.9 (22%) — (201) y+3747.0 1.03(15)  30(3)
221.4 (14%) — (131) 0.70(11)  27(6) 704.8 (23%) — (217) y+4095.2 1.08(14)  48(5)
527.3  (15%) — (13%) x+1739.4 0.94(10)  91(10) 734.9 (24%) — (22%) y+4481.9 0.98(14)  20(2)
305.9 (15%) — (14™) 0.50(8) 17(3) 760.0 (25%) — (237) y+4855.2 1.00(15)  45(4)
534.8 (16%) — (147) x+1968.3 0.89(4)  191(6) 789.7 (261) — (247) y+5270.5 1.09(15)  14(2)
228.9 (16%) — (15™) 0.53(11)  18(1) 815.8 (271) — (25%) y+5671.0 0.99(15)  35(4)
579.0 (177) — (15%) x+2318.4 0.99(6) 85(6) 844.7 (28%) — (267) y+6115.2 1.03(21) 9(1)
580.9 (18%) — (16™) x+2549.2 1.06(6) 128(12) 876.7 (297) — (271) y+6547.7 1.13(23)  27(3)
610.1 (19%) — (171) x+2928.6 0.90(9) 35(7) 906.1 (307) — (28%) y+7021.3 0.93(19) 6(1)
620.4 (20%) — (187) x+3169.6 0.83(8)  121(10) 941.1 (31%) — (29%) y+7488.8 1.01(20)  14(2)
648.0 (217) — (197) x+3576.6 0.99(10)  24(6) 971.2  (32%) — (30%) y+7992.5 0.93(19) 5(1)
663.4 (22%) — (207) x+3833.0 0.85(9)  92(10) 1006.2 (33%) — (31") y+8495.8 0.91(18)  11(2)
693.8 (23%) — (217) x+4270.3 1.02(10)  18(4) 1030.1 (34T) — (32T) y+9022.6 1.03(21)  5(1)
717.2  (24%) — (221) x+4550.2 1.01(10)  58(6) 1045.0 (357) — (337) y+9541.4 1.13(23) ~7(2)
750.5 (25%) — (237) x+5020.9 0.92(9) 16(4) 1071.8 (361) — (34™) y+10094.4 1.36(27) 4(1)
780.2 (26%) — (247) x+5330.4 0.90(14)  39(4) 1045.0 (377) — (35T) y+10586.4 ~6(2)!)
814.1 (277) — (256™) x+5834.9 0.99(12)  12(3) 1103.3 (38%7) — (367) y+11198.4 1.16(23) <3
846.4 (28%) — (267) x+6176.8 0.94(14)  34(4) 1072.6 (397) — (37F) y+11659.0 <3
880.3  (29%) — (277) x+6715.3 0.91(14)  10(2) 1145.8 (40T) — (38%) y+12339.4 <3
909.0 (30%) — (28%) x+7085.8 1.04(16)  23(2) 1183.9 (427) — (40%) y+13523.3 <3
938.5 (311) — (291) x+7653.8 1.03(15) 8(3)
992.6 (32%) — (30") x+8078.4 1.19(24) 8(2)
1014.5 (33+) - (31+) x+8668.3 0.96(19) 5(2) [a] Uncertainties in y-ray energies are 0.2 keV for most tran-
1017.6 (34+) - (32+) x+9096.0 <3 sitions, except for relatively weak transitions (< 10 units)
1060.4 (35+) — (33+) x+9728.8 <3 where 0.5-keV uncertainties are appropriate.
1074.0 (36+) — (34+) x+10170.0 <3 [b] Less certain I™ assignments are given in parentheses.
1100.0 (37+) — (35+) x+10828.8 <3 [¢] Possible contamination due to unresolved multiplets.
Band 7
938.0 (32%) — (30") x+8023.8 0.94(4)  13(2) A. Bands1-5
931.8 (34%) — (32%) x+8955.6 1.02(20) 7(1)
999.0 (36%) — (341) x+9954.6 0.82(16) 5(1) o . ]
1063.2 (38T) — (36%) x+11017.8 1.00(20) 5(1) Band 1 is linked directly to the 6= ground state via
1129.0 (407) — (38%) x+12147.5 <3 a 92-keV (7t — 67) transition [24, 26]. Tts DCO ratio,
1194.6 (42%) — (40™) x4+13342.1 <3 0.55(7), is consistent with a pure dipole nature, most
1247.8 (44%) — (421) x+14589.9 <3 likely an E'1, rather than a M1/FE2 mixed transition.
The lower part of the band is fed by a number of E1
Band 8 transitions from Band 2. Two of them, 318 (9= — 8T)
. (8%) . y and 315 keV (10~ — 97), were observed previously [26].
156.4  (97) = (87)  y+156.5 <3 Seven new stretched E1 transitions have been revealed
330.4 (101) - (81) y+330.0 <3 up to the state 17~ in Band 2, together with a 131-keV
:1);28 8(1)+§ : Eg% 15345 0.66(3) Eg 11'_ — 117 transition. The decay sequence with odd-
v J = spins (o = 1) has been extended from I = 27 to (41), and
204.4 (117) — (107) 0.70(10) <3 the even-spins (a = 0) f % to (44). The coincid
4192 (12%) = (10%) y4750.0 <3 pins q = .rom : (o) . e 0011.101 ence
2155 (12%) = (11%) 0.74(15) <3 .spec.tra for th.e high-spin region of Band 1 are dlgplayed
467.5 (13%) = (11%) y+1002.0 <3 in Fig. ?), while the. spectra .Of the lower-spin region can
252.0 (13+) N (12+) 074(15) S 3 be seen 1n the previous pubhcatlon [24]
517.2  (147) — (12%) y+1267.0 1.02(20)  21(10) Two previously identified depopulating transitions,
265.0 (1417) — (131) 0.59(12)  18(9) 176 (9~ — 87) and 343 keV (9~ — 77) from Band 2
553.9 (15%) — (137) y+1556.0 1.13(23) 9(1) to Band 3 [26], have been confirmed in the current work.
289.0 (15%) — (14™) 0.58(12) 7(1) Another linking transition from Band 2 to Band 3, 88
585.1 (167) — (147) y+1852.0 1.34(20)  26(9) keV (10~ — 97), has been observed as well. The eA
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FIG. 3: Summed four-fold coincidence spectra for Band 1. (a)
Spectrum for the a = 1 signature, obtained by summing triple
gates set on the transitions between 137 and 41%. (b) Spec-
trum for the a = 0 signature, obtained by summing triple
gates set on the transitions between 167 and 44", but ex-
cluding 1005 keV. In all the following spectra coincidence
rays in other known bands are labeled with asterisks (x), and
important interband linking transitions with plus (+) signs.

signature has been extended up to spin 43 and fA sig-
nature to 50, which is the highest spin observed in the
level scheme. The new high-spin transitions can be seen
clearly in the coincidence spectra of Band 2 in Fig. 4.
We note that the 610.4-, 648.6- and 694.6-keV transi-
tions placed above the 18~ state of the fA sequence in
Ref. [24] are not confirmed by our data.

Extensive cross talk between Bands 2 and 4 was ob-
served for the first time in the spin region of 17 < I < 27.
The mixing of the two bands indicates that they must
have the same parity (m = —). The multipolarities of
many interband transitions were deduced based on the
measured DCO ratios. For example, the DCO ratios of
657-, 642-, and 568-keV v rays from Band 2 to Band 4
are all consistent with stretched E2 nature. The same is
true for the 703-, 609-, and 600-keV ~ rays from Band
4 to Band 2. Likewise, the stretched M1 nature is con-
firmed for the 319-, 308-, and 324-keV ~y rays from Band
2 to Band 4, as well as the 343- and 316-keV ~ rays from
Band 4 to Band 2. The level spins and energies in Band 4
could therefore be determined. Band 4 has been extended
from spin 24 to (36) and from 21 to (37) for signatures
gB and gA, respectively. The coincidence spectra show-
ing the high-spin region of Band 4 are displayed in Fig.
5.

Band 5 is observed for the first time in the present
work. The hA signature decays to Band 4 via parallel
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FIG. 4: Coincidence spectra for Band 2. Panel (a) shows
summed four-fold coincidence spectra gated on transitions in
the a = 0 signature, between 14~ and 46~ . The 609-, 642-
and 657-keV transitions linking Bands 2 and 4 can be seen
clearly. The inset, which emphasizes the high-spin transitions,
shows the sum of double gates set on transitions between 26~
and 507. Panel (b) shows summed four-fold coincidence spec-
tra gated on transitions in the a = 1 signature, between 19~
and 417 . The 568-, 600-, 642-, 657-, and 716-keV transitions
linking Bands 2 and 4 are visible.

~ rays with energies of 419.2, 502.0, 567.2 and, possibly,
620.0 keV. The respective DCO ratios, 0.68(8), 0.58(6),
0.64(8) and 0.59(7), are in agreement with stretched
dipole character, indicating even spins for this sequence.
The hB sequence feeds the 16~ state in Band 4 via a
581.9-keV v ray, which is the only depopulating transi-
tion observed. This sequence is the weakest in the level
scheme, and no DCO ratio could be extracted for any of
its transitions. The sequences hA and hB are suggested
to be signature partners, and a negative parity is pro-
posed for Band 5 based on its rotational properties. De-
tailed discussion will be presented in Section IV G. Fig.
6 shows the coincidence spectra of Band 5, where most
linking transitions may be seen.

B. Bands 6 - 8

Band 6 was observed in previous studies using different
reactions, and was associated with a positive parity based
on the proposed configurations [24, 26]. Its intensity di-
minishes at low spins (I < 15 h), indicating a fragmented
decay pathway. It feeds Band 1 at spin 13 and below, but
linking transitions were not identified, and consequently
level spins could not be firmly determined. The band,
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FIG. 5: Summed four-fold coincidence spectra for Band 4,
with insets emphasizing the high-spin band members. (a)
Spectrum for the a = 1 signature, obtained by summing triple
gates set on the transitions between 9~ and 37, but exclud-
ing 760 and 824 keV. The 716-keV linking transition between
this band and Band 2 is seen clearly. The inset is a sum
of spectra double-gated on transitions between 27~ and 37
(b) Spectrum for the o = 0 signature, obtained by summing
triple gates set on the transitions between 14~ and 34~ but
excluding 863 keV. The 642-, 657-, and 703-keV linking tran-
sitions between this band and Band 2 are clearly visible. The
peak at 1035 keV is a contamination. The inset is a sum of
spectra double-gated on transitions between 22~ and 36~ .

previously observed up to I = (22), has been extended
to a spin value of (37).

Band 7, observed to spin (44T), is reported here for
the first time. It feeds the (30") level of Band 6 via a
938-keV linking transition, whose DCO ratio of 0.94(4) is
consistent with stretched E2 character. Thus, the band
must have the same parity and signature with the dA
sequence, i.e. positive parity and even signature. The
coincidence spectra for Bands 6 and 7 are presented in
Fig. 7.

Band 8 is also observed for the first time. Coincidence
spectra for this band are presented in Fig. 8. It is as-
signed to '®®*Lu on the basis of evidence that it decays
to Band 1 at spin 14 and below, i.e. the band is in co-
incidence with 448-; 408-, 363-, 314-, 258-, and 193-keV
low-spin transitions in Band 1. Band 8 shows a loss of
intensity below spin (18), suggesting that the decay out
is from this level and below. However the decay path-
ways between the two bands could not be established.
A positive parity is suggested for the band based on the
proposed configurations, as discussed in Section IV H.
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FIG. 6: Summed four-fold coincidence spectra for Band 5.
(a) Spectrum for the o = 0 signature, obtained by summing
triple gates set on the transitions between 8 and 34~ . The
419-, 502- and 567-keV decays to Band 4 are clearly visible.
(b) Spectrum for the o = 1 signature, obtained by summing
triple gates set on the transitions on the decay path from
(337) in Band 5 to 147 in Band 4, but excluding 634 keV.
The 582-keV decay to Band 4 is clearly visible.

IV. DISCUSSION

A. CSM calculations

In order to understand the intrinsic configurations and
the underlying physics of the bands, we compared their
observed dynamical properties with the predictions of
CSM calculations. Theoretical quasiparticle Routhians
were generated using the UC code [14, 15], and are shown
in Fig. 9. The labeling of the quasiparticles and related
orbitals closest to the Fermi surface are listed in Table II,
where each letter corresponds to a state described by a
given combination of asymptotic Nilsson orbitals and by
appropriate signature («) and parity quantum numbers.
Calculated alignments of each orbital are also shown in
the table.

It was thus possible to compare the measured aligned
angular momenta (alignments) and possible crossings of
band structures with the theoretical values. Further in-
terpretative constraints are provided by the excitation
energies and energy splitting between signature part-
ners. A systematic investigation of all the observed bands
was carried out with respect to these observables, and
compared with the single proton and neutron orbitals
observed in the neighboring nuclei. The single proton
orbitals observed are [404]7/2%, [411]1/2%F, [402]5/27,
[514]9/27, [541]1/27 in 67Lu [20] and '%°Lu [29]. The
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FIG. 7: Summed four-fold coincidence spectra for Bands 6
and 7. (a) Spectrum for the a = 1 signature of Band 6,
obtained by summing triple gates set on the transitions be-
tween (171) and (37"). (b) Spectrum for the a = 0 signa-
ture of band 6, obtained by summing triple gates set on the
transitions between (167) and (36"). The 938-keV transition
linking this band to Band 7 is clearly visible. The inset shows
the spectrum for Band 7 obtained by summing triple gates on
all transitions on the decay path from (44%) in Band 7 and
(16™) in Band 6.

TABLE II: Labels and alignments (i.) of theoretical Routhi-
ans for '%®Lu. Lower case letters denote protons, and upper
case letters neutrons. The spherical shell model (SSM) states
represent only the main components of the wave functions, if
the orbitals are mixed. The up (1) and down (J) arrows indi-
cate whether the spin and orbital angular momenta are par-
allel (“spin up”) or antiparallel (“spin down”), respectively.

SSM Nilsson a=41/2 izga=tr a=-1/2 iga——
states orbital

mgrse  [404]7/27 | a 0.4 b 0.4
mdz  [411]1/27 | c 0 d 0.5
mds  [402]5/21 ¢ i -0.1 j 0
mhiie [514]9/27 ¢ e 2.0 f 2.0
mhese [541]1/27 | g 3.5 h 1.6
viize [642]5/27 1 A 4.1 B 3.3
viize [651]3/27 1 C 3.1 D 0.7
vhe,s [523]5/27 | E 3 F 1.3

lowest single neutron orbitals observed are [642]5/27,
[651]3/27, [523]5/2~ in 67YDb [30] and '6°Hf [31].

In Fig. 10 the experimental alignments of all the bands
are displayed as a function of rotational frequency. It
should be pointed out that the spins and excitation en-
ergies of Bands 6, 7 and 8 are uncertain since they are

Counts (100)

200 300 400 500 600 700 800
E7 (keV)

FIG. 8 Summed four-fold coincidence spectra for Band 8,
with insets emphasizing high-spin band members. (a) Spec-
trum for the a = 1 signature, obtained by summing triple
gates set on the transitions between (117) and (39%). The
inset was obtained by summing double gates set on band
members between (171) and (39"), but excluding 760 and
1006 keV. (b) Spectrum for the o« = 0 signature, obtained
by summing triple gates set on the transitions between (107)
and (42%). The inset was generated by summing double gates
set on band members between (40") and (267).

not connected to other known states in the level scheme.
But the rotational frequency is nearly independent in a
range of a few A of possible spin assignment. Fig. 11
provides the measured excitation energies of Bands 1,
2, 4, and 5 relative to a rigid-rotor reference AI(I + 1),
where the inertia parameter A was chosen to be 7.4 keV.
It may be seen in Fig. 11 that the fA sequence of Band
2 is yrast at spin 22 and above, the positive-parity Band
1 becomes yrast at spin 14 and below, and the gB se-
quence of Band 4 is yrast between spins 16 — 20. This
makes gB the strongest negative-parity sequence in the
low-spin regime. A summary of the assigned configura-
tions and features of the band crossings is given in Table
III. The band crossing frequencies were extracted using
the dynamical moments of inertia plots in Fig. 12 and
the alignment plots in Fig. 10.

B. B(M1)/B(FE2) ratios

For strongly coupled bands with AI=1 mixed M1/E2
connecting transitions, the experimental values of
B(M1)/B(FE2) ratios were extracted using the standard
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FIG. 9: Quasiparticle Routhians as a function of rotational
frequency for protons (upper panel) and neutrons (lower
panel), generated with the code Ultimate Cranker [14, 15] for
16874 for an axially symmetric potential with a quadrupole
deformation of € = 0.25. Solid lines denote quasiparticle lev-
els with (7, @) = (+,+3); dotted lines denote (+, —1); dash-
dotted lines denote (—, +3) and dashed lines (—, —3). Upper
case letters identify relevant neutron orbitals, and lower case
letters proton orbitals. The labeling convention is explained
in Table II.

expression
B(Ml,I—>I—1)_O697 Ty E_25 1
B(E2,] -1-2) o) \E})\1+62)°
where the branching ratio is

T T(AI=2)
T, T,(AI=1)

A

10

TABLE III: A summary of the quasiparticle configurations
proposed, and the band crossing frequencies, Aw., observed
in ' Lu.

Band Configurations hwe
1 aA — aABC 0.31
bA — bABC 0.31
aABC — aABCfg > 0.54
bABC — bABCfg 0.54
2 eA — eABC 0.32
fA— fABC 0.32
fABC — fABCEF ~ 0.63
3 aF
bE
4 gA — gABC 0.34
gB — gBAD 0.44
5 hA — hABC 0.35
hB — hBAD 0.45
6 cA — cABC 0.30
dA — dABC 0.30
cABC — cABCfg > 0.54
dABC — dABCfg > 0.53
7 fABCDE
8 1A — iABC 0.28
jA = jJABC 0.28
1ABC — iABCfg 0.53
JABC — jABCfg > 0.54

and T (AI = 2) and T,,(AI = 1) are the respective y-ray
intensities of the Al = 2 and AI = 1 transitions. The
influence of the mixing ratio 62 = Ty (E2)/Ti(M1) can
be estimated from the results of rigid-rotor calculations
[1]. The correction is in general less than 10% and has
therefore been neglected, with the result that the “exper-
imental” values should be understood as upper limits of
the actual ones. The ratios are compared in Fig. 13 with
theoretical estimates which are based on an extension of
Dénau’s geometric model [32]

2
B(M1,I—>I—1):§“}V2
T
2
VI —EK2 > (9, = gr) | — K |> (9, — gr)i;
J J

and the rotational form of the B(E2) strength
B(E2,] - 1-2)= %Q?J(Iimoufm?.
s

The collective gyromagnetic ratio of the core (gr) was
taken to be Z/A = 0.42 in the calculation. The intrinsic
quadrupole moment @)y = 6.8 eb was adopted from the
UC calculation, with a 15% larger value used for Band
4 where the strongly deformation-driving 7[541]1/2~ or-
bital is involved [20]. The intrinsic g-factors (g;) used
for different quasiparticle orbitals were taken from Refs.
[31, 33], where they had been calculated from the wave
functions in Ref. [34]. The aligned angular momenta
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TABLE IV: Parameters used for calculation of B(M1)/B(E2)
ratios.

Band 1 Band 2 Band 4 Band 6 Band 8
dp 0.8 1.29 0.76 -1.57 1.90
Qp 3.5 4.5 0.5 0.5 2.5
ip 0.4 1.8 3.5 0.0 -0.1
K 6.0 7.0 2.0 2.0 5.0

for the odd proton and odd neutron (i;) were extracted
from 157Lu [20] and *®9Hf [31], respectively. The param-
eter values for neutrons are g, = —0.3, 2, = 2.5, and
in, = 4.1 for all bands in the calculation. For protons,
the parameters are listed in Table IV together with the
K values extracted for each band, as will be described
shortly.

Measured B(M1)/B(E2) ratios are strongly depen-
dent on the active quasiparticles. As discussed below,
each of the two-quasiparticle bands in '%8Lu involves
a different quasiproton coupled with the same neutron
[642]5/2% orbital (except for Band 3). Consequently the
B(M1)/B(FE2) ratios can be a sensitive probe of the ac-
tive quasiproton in a band. The experimental and theo-
retical B(M1)/B(E2) ratios agree fairly well for all bands
calculated, which provided strong support for the pro-
posed band configurations.

C. Band 1 (a4,bA)

Band 1 undergoes a crossing at hw ~ 0.31 MeV, with
an associated alignment gain of Ai, ~ 8 A (Fig. 10).
The alignment is consistent with the neutron BC cross-
ing predicted by CSM calculations, as well as the BC

crossings observed in neighboring nuclei, such as 67Yb
[30], 169Hf [31], and *"Lu [20]. The neutron AB cross-
ing, as displayed for 1%6Yb in Fig. 10, is clearly missing.
This fact indicates that the band configuration already
contains the neutron orbital A and thus the AB crossing
is blocked. The two signatures of Band 1 are therefore
assigned configurations a4 and bA. The measured initial
aligned angular momenta (~ 4 #) are close to the cal-
culated values. We therefore concur with the suggested
configuration of 7gy/2 ® viy3/2 for the band in previous
publications [24, 25]. This is further supported by the
extracted B(M1)/B(E2) values in Fig. 13.

There are two ways for the valence quasiproton and
quasineutron to couple: with intrinsic spins parallel or
antiparallel. According to the Gallagher-Moszkowski (G-
M) rules [35], at the bandhead in well-deformed nuclei,
the parallel coupling is generally energetically lower than
the antiparallel one, with a splitting of 50 to 200 keV.
The parallel coupling corresponds to K = 1, and the
antiparallel coupling to K = 6. Although the G-M rules
therefore suggest that K = 1 should be favored for Band
1, the high-K coupling was found to be ~ 400 keV lower
in energy than the low-K coupling of the 7gy/2 ® viiz/o
band throughout the odd-odd nuclei in this region, e.g.
in 4Tm [36], *Tm [37], and '™°Ta [38]. The observed
lowest level in Band 1 is 67 at 27.2 keV above the 6~
ground state (K = 6). The 91.6 keV FE1 transition decays
from the 771 state directly to the 6~ ground state, which
would likely be hindered if Band 1 had K =1 and AK =
6 —1 =5 between Bands 1 and 3. This fact suggests that
Band 1 has K value of 6, rather than 1, and that the 6%
level is the bandhead. Furthermore, it was found that
the high-K coupling of Band 1 had a better agreement
with the predicted additivity of Routhians (see Sec. IV J)
than the low- K assignment. Therefore the band has a K
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value of 6.

The bABC sequence then exhibits a sharp up-bend at
rotational frequency Aw ~ 0.52 MeV with an alignment
gain > 4.2 h. In this frequency range the most likely
crossing is caused by proton alignment. The ef crossing
is predicted around Aw ~ 0.48 MeV, associated with a
small gain of Ai < 2h and a strong interaction (~ 250
keV) causing the alignment to be very gradual. The “hy-
brid” fg crossing is predicted to follow closely with ~ 5
alignment gain. The fg crossing comes with a weak inter-
action (~ 150 keV). One therefore expects a rather sharp
up-bend to be associated with the fg crossing. The fg
crossing seems to be a more likely explanation for the
up-bend in bABC sequence. Indeed, the fg crossing has
been identified in several neighboring nuclei, e.g. 6"Lu
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FIG. 12: Dynamical moments of inertia, J®, for bands in
Y58T,u. Open (filled) symbols represent a@ = 0 (o = 1) se-
quences.

[20], 167:168Y] [30], 168 Hf [23], and 'S2Hf [31] in this fre-
quency range. The onset of the crossing in signature a A
at frequency ~ 0.55 MeV is likely caused by the same
proton crossing.

D. Band 2 (e4, fA)

Like the previous band, Band 2 also undergoes a BC
crossing around hw ~ 0.32 MeV. Its initial alignment is
1.2 h greater than that of Band 1. At rotational frequen-
cies above hw ~ 0.34 MeV Band 2 undergoes pronounced
splitting, consistent with the big splitting between the
orbitals e and f in CSM calculations (Fig. 9). The
configurations eA and fA can thus be assigned to the
two signatures of Band 2 (K™ = 77), which agrees with
the previously suggested configuration 7why /o @viy3 /o for
the band [24, 25]. The measured B(M1)/B(E2) ratios
for the band (see Fig. 13) are consistent with predicted
values that are much larger than those of Band 1. The
low-spin E'1 transitions from Band 2 to Band 1 are very
similar to those observed in 9Lu from the 7[514]9/2~
band to w[404]7/2% band, where the B(F1) transition
probabilities were analyzed by invoking the octupole de-
gree of freedom [29].

At higher spins, the alignments of the sequences
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cussion.

eABC/fABC are higher (> 1.5 h) than those of the
aABC/bABC sequences of Band 1 (see Fig 10a), which
is caused by the larger initial alignments of the e and f
orbitals as compared to orbitals a and b. No additional
alignment gain is seen for the e ABC' sequence. However,
the fABC sequence shows a gradual gain of 1.3 & be-
tween frequencies 0.43 — 0.6 MeV. The behavior of Band
2 is similar to that of the band built on 7[514]9/2~ or-
bital in 16"Lu [20]. UC calculations predict that, above
~ 0.4 MeV, a large signature splitting between the e and
f proton orbitals is anticipated (see Fig. 9), resulting in
different alignments for the e ABC and fABC sequences.
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The excitation energies (see Fig. 11(a)) also show such a
splitting, which makes the f ABC sequence energetically
very favorable. As a result, the sequence was observed
to the highest spin in the level scheme.

The gradual gain of aligned angular momentum near
the highest spins in the fABC sequence is also related
to another crossing, as indicated by a broad bump in the
plot of its dynamical moment of inertia (see Fig. 12),
centered around fw ~ 0.63 MeV. This crossing proba-
bly has a neutron origin, since both the proton fg and
ef crossings are blocked. Since the neutron C'D cross-
ing is also expected to be blocked after the BC' crossing,
the remaining possibility is the E'F' crossing on the basis
of UC calculations. Further support for this suggestion
is that an FF crossing at a similar frequency was re-
ported for the 7[514]9/2~ band in neighboring 67Lu [20]
and '%Lu [39]. We therefore suggest that the f ABC se-
quence undergoes an E'F' crossing , and ends up with a
six-quasiparticle configuration, fABCEF .

The eABC signature is observed above the rotational
frequency hw ~ 0.6 MeV, which is beyond the proton
fg crossing frequencies 0.52 — 0.55 MeV in Band 1, and
also that in the band built on the signature e of the
7[514]9/2~ orbital in 5"Lu [20]. Unlike the proton ef
crossing, the fg crossing is not expected to be blocked in
the e ABC sequence. This raises the question: why is the
fg crossing missing in this sequence? A possible explana-
tion may be provided by band mixing. There is extensive
cross talk between Bands 2 and 4 in the medium-spin re-
gion. Some levels in the two bands are nearly degenerate.
For example, the energy differences between the respec-
tive 20~ and 25~ states in the two bands are as small
as 6.0 keV and 8.2 keV. Clearly, the wave functions of
Bands 2 and 4 are strongly mixed, which would make an
fg crossing in the e ABC' sequence impossible since Band
4 is based on proton orbital g.

E. Band 3 (aE,bE)

The 6~ ground state with a half-life of 5.5 min
was identified from electron-capture decay experiments,
and suggested to have a configuration of 7[404]7/2% ®
v[523]5/27 [27, 28]. Zhao et al. identified Band 3 and
linked it with Bands 1 and 2 [26]. The negative parity
of the band was deduced from the existence of the 343-
keV (9~ — 77) stretched E2 transition between Bands
2 and 3, which indicates that the bands have the same
parity. The experimental K quantum number and the
rotational parameter of Band 3 were extracted by fitting
its levels and comparing the values with those predicted
from the neighboring odd-A nuclei. It was concluded that
the values are consistent with those of the configuration
7[404]7/2T @ v[523]5/2~ with K = 6. This is identical to
the ground state configuration, and Band 3 is therefore
the ground state band. The present work confirms Band
3 and also its connections with Bands 1 and 2. We also
agree with the proposed configuration for the band. The



observed bandhead energy of 27 keV for Band 1 is very
close to the predicted value of 34 keV, based on quasi-
particle excitations in odd-mass nuclei adjacent to 1%8Lu
[28]. While signatures a and b for 7[404]7/27 orbital are
degenerate, there is considerable splitting between signa-
tures E and F for the v[523]5/2~ orbital, as indicated by
UC calculations and observed from the odd-N neighbor
167yh [30]. Experimentally, no splitting is seen between
the two signatures of Band 3. Therefore configurations
aF and bE, rather than aF and aF, are suggested for
the band.

F. Band 4 (gA,gB)

The o = 1 signature (gA) undergoes a crossing at
hw = 0.34 MeV with ~ 6 h alignment gain, which can be
identified as a BC' crossing, as suggested in previous pub-
lications. The crossing occurs at a higher frequency than
BC crossings in the other bands. In this mass region de-
layed viy3/2 band crossings are systematically observed in
bands associated with the m[541]1/2~ orbital. They are
understood to be associated with increased deformation
caused by the down-sloping deformation-driving proton
g orbital [40], together with a residual pn interaction [36].

The @ = 0 sequence of Band 4 could be the neutron
signature partner gB or proton partner hA. However,
the hA configuration is expected to exhibit a BC' cross-
ing. The sequence exhibits an alignment substantially
beyond the AB and BC crossing frequencies, namely at
hw ~ 0.44 MeV, with a gain of only ~ 4.4 h. We as-
cribe this alignment to the calculated next available neu-
tron crossing, AD, where both AB and BC crossings are
blocked. This implies that the configuration must in-
volve the neutron orbital B, and that the sequence has
the configuration gB. Indeed, the AD crossing has been
reported in several neighboring nuclei where bands in-
volve the neutron B orbital, such as in 157Yb [30], 67Hf
[41, 42], 169Hf [31], and the even-even 15®Hf [23]. Further-
more, the energy difference between the lower-spin states
of the two signatures in Band 4, as seen in Fig. 11, is
more in line with that between orbitals A and B, and
substantially smaller than that between orbitals g and A
(see Fig. 9). This provides additional support that Band
4 consists of signatures gA and gB (K™ = 27), rather
than gA and hA. As presented in Fig. 13, the theoretical
B(M1)/B(FE2) values of gA/gB configuration for Band
4 and the experimental ratios are in good agreement.

In contrast to Band 1 and other positive-parity bands
(Bands 6 and 8), Band 4 undergoes no further align-
ment beyond the neutron BC and AD crossings, at least
certainly not below the highest measured frequency of
~ 0.55 MeV. This is consistent with the proposed config-
uration, where the proton fg crossing is blocked in both
signature partners. The ef crossing and other neutron
crossings are probably delayed on account of the larger
deformation.
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G. Band 5 (hA,hB)

Band 5, observed for the first time, feeds the negative-
parity Band 4 (gA, gB). Both bands exhibit similar rota-
tional properties. For example, the « = 0 (hA) sequence
of Band 5 undergoes a crossing at fuw ~ 0.35 MeV with
an alignment gain of Ai, > 5h, similar to the crossing
present in the gA sequence of Band 4, although hA has
a smaller initial alignment. This is identified as the BC
crossing. The remaining o = 1 sequence (hB) undergoes
a crossing at fuw ~ 0.45 MeV with a gain of Ai, > 4h,
which is the analogue of the AD crossing identified in
the gB sequence of Band 4. The lower-spin members of
a = 1 sequence could not be observed due to diminishing
intensity near the bottom of band. The most probable
scenario is that both sequences of Band 5 involve the un-
favored signature h of the [541]1/2~ proton orbital, and
that their configurations are hA (o« = 0) and hB (a = 1),
with K™ =3".

Further support for the proposed configurations comes
from the measured excitation energies of the bands. As
seen in Fig. 11(b), sequence hA lies about 400 keV above
gA, and sequence hB lies above gB by a similar amount.
This energy difference agrees with calculated large split-
ting between signatures h and g of the 7[541]1/2~ orbital
shown in Fig. 9. The rather unique alignment pattern
and the exceptionally high excitation energy are clear
indications of the proposed configuration for the band,
which also implies that Band 5 must have negative par-
ity. Bands built on the unfavored signature of the proton
[541]1/2~ orbital have also been reported in this mass
region, e.g. in 1%7Lu [20] and %°Tm [40].

H. Bands 6 (cA, dA) and 8 (iA4, jA)

Bands 6 and 8 undergo crossings at frequencies ~ 0.3
and ~ 0.28 MeV, respectively, with similar alignment
gain of ~ 5.5 h, see Fig. 10(c). The alignment patterns
are very similar to that of Band 1, and can also be identi-
fied as the BC' crossing. Consequently both bands must
involve the neutron orbital A. We next consider candi-
dates for the active protons.

Whereas previous work associated Band 6 with the
7[402]5/2% orbital [24], we reconsidered this configura-
tion assignment. UC calculations indicate that both the
m[411]1/2% and 7[402]5/2% orbitals are close to the Fermi
surface and that the former is actually lower in excita-
tion energy (see Fig. 9). The (i,7) Routhians of the
7[402]5/2T orbital are nearly degenerate, but a moder-
ate splitting exists between (c,d) for w[411]1/2F. Fur-
thermore, of the four Routhians d has the largest downs-
lope, which is expected to generate a larger alignment.
These properties are consistent with experimental obser-
vations in $7Lu [20] and %°Lu [29]. In our data, the
signature splitting in Band 6 is substantially larger than
that of Band 8 (see Sec. IVK). The alignment plot (Fig.
10(c)) also shows that the two signatures of Band 8 (A



and jA) are degenerate. Before the BC' crossing, they
have smaller alignments than the o = 1 (cA) sequence of
Band 6, while o = 0 signature (dA) has an even larger
alignment. Thus, Band 6 is likely associated with the
m[411]1/2% orbital and Band 8 with 7[402]5/2%, which
has higher excitation energy. Indeed, Band 8 is more
weakly populated than Band 6. The suggested configura-
tions are further supported by measured B(M1)/B(E2)
ratios in Fig. 13. The experimental ratios for Band 8
are substantially higher than those of Band 6, consis-
tent with calculated ones. The uncertainties of the spin
values in the two bands may cause small horizontal dis-
placements of the measured data points together with
theoretical curves, but do not move them vertically.

Another proton orbital near Fermi surface is the
negative-parity 7[523]7/27, which is calculated about
300 keV higher than the 7[402]5/2" orbital at hw < 0.3
MeV, and exhibits significant splitting above this fre-
quency. Bands associated with this orbital have been
observed in %4Tm [36] and '4Lu [43]. Their proper-
ties are substantially different than those of Bands 6
and 8, and so the 7[523]7/2~ orbital can be ruled out.
We have therefore assigned the configuration cA and dA
(K™ = 2%) to Band 6, a semi-decoupled band, and the
configurations iA and jA (K™ = 5%) to Band 8.

The proposed spins for Band 6 in this work are 2 A
lower than those previously assigned in Ref. [24]. The
previous values made the moment of inertia J) of Band
6 larger than those of Bands 1 and 2, and raised its align-
ment curve by approximately 2 A in Fig. 10(c), mak-
ing its aligned angular momentum larger than that of
Band 1 in the region of iw < 370 keV. These consid-
erations would make Band 6 energetically more favor-
able than Band 1 and thus more strongly populated, in
clear contrast to the experimental results. Reducing the
spins of Band 6 by 1 A from the previous values would
also have incorrect consequences because that would al-
ter the favored and unfavored signatures and make the
more strongly populated sequence unfavored.

The spins of Band 8 are proposed so as to obtain a
reasonable alignment. The uncertainty of the spin as-
signments is expected to be less than 2 . Band 8 shows
an unusual signature inversion that will be discussed in
Section IV K.

A second band crossing occurs in Bands 6 and 8 around
hw ~ 520 keV [see Fig. 10(c)]. The full alignment gains
could not be measured, because these two bands were not
observed to sufficiently high spins. However, the cross-
ings are likely caused by the same proton fg crossing
as in positive-parity Band 1, considering that the bands
have similar crossing frequencies and the same pattern of
sharp upbending.

I. Band 7

Band 7 has a large alignment of 15.1 A, which is 3.4 &
in excess of that of the (30T) level of the dABC' config-
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uration, to which it decays. A reasonable assumption is
that the band consists of a six-quasiparticle configura-
tion, with two more aligned neutrons. As presented in
Fig. 10(c), Band 7 spans a region of rotational frequen-
cies from 0.46 to 0.62 MeV without any sign of band
crossing. This indicates that the possible proton cross-
ings in this region, fg or ef, are blocked. It is there-
fore likely that Band 7 involves the proton orbitals e, f,
or g, in any case, an orbital other than orbital d. The
orbitals f and g are lower than e, and more likely to
be populated. A configuration involving orbital g, the
gABC sequence of Band 4, is already seen to hw ~ 0.57
MeV. It would be difficult for a six-quasiparticle config-
uration, e.g., gABCDE, to survive high above configu-
ration gABC, considering that the excitation energy of
gABC increases rapidly at the highest spins, see Fig.
11(b). These considerations indicate that the proton or-
bitals e and g are less likely candidates than f.

Therefore a tentative suggestion is that Band 7 may
involve the proton orbital f, and in addition, two more
aligned neutron orbitals D and E, i.e., Band 7 may have
a six-quasiparticle configuration of fABCDE. Such a
configuration can generate the observed alignment and
is consistent with the observed parity and signature. A
configuration involving the proton i3/, intruder orbital,
m[660]1/27 ® ABC, can also be ruled out since the i3/,
orbital would generate ~ 6  aligned angular momentum
which would be too large for Band 7. This implies that
Band 7 is not a TSD band since all TSD bands in the
A ~ 160 region, whether built on the wobbling mode
or on quasiparticle excitations, involve the excitation of
a m[660]1/2T quasiproton, which drives the nucleus to
large deformation at large triaxiality. This assessment is
further supported by the dynamical moments of inertia
J® of Band 7 (not shown in Fig. 12) whose values are
similar to the average values of Band 6. Large J(2) values,
excluding those caused by band crossings, are often an
indication for bands with large deformation.

J. Additivity of Routhians

A comparison of the experimental Routhians of two-
quasiparticle bands with respect to the sum of Routhians
resulting from the one-quasiparticle bands in the neigh-
boring odd-A nuclei can help to further validate the con-
figuration assignments [44]. Fig. 14 shows the experi-
mental Routhians of two of the bands, Bands 4 and 5, in
1681, Routhian values were extracted before the band
crossing at a rotational frequency of fiw = 0.2 MeV, and
compared with the respective sums of average Routhian
values of the neighboring odd-Z (Y6"Lu [20] and !%°Lu
[29]) and odd-N (167YDb [30] and 69Hf [31]) nuclei. The
Harris parameters used for 1%8Lu are the same through-
out this work, and those for the neighboring odd-A nuclei
were taken from the corresponding references.

The results of this analysis are presented in Table V.
Bands 6 and 8 are floating, and so their Routhian val-
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A reference with Harris parameters Jo = 30 m2MeV~! and
J1 = 45 E*MeV ~2 was subtracted from the data.

TABLE V: Comparison of measured Routhian values e’ (in
MeV) for bands in 1681,u with e’,, the sum of average Routhi-
ans from neighboring odd-Z and odd-N nuclei, together with
the difference de’ = e’ —el,,,. The K™ value for each band and
the signature (favored/unfavored) for each configuration are
also listed.

Band K™  Conf. e e el de’
1 67 aA 1 (unf) -0.78 -0.86 0.08
bA 0 (fav) -0.78 -0.86  0.08
2 7= eA  1(unf) -0.63 -0.67 0.04
FA 0 (fav) -0.63 -0.68 0.05
4 2= gA  1(fav) -095 -116 021
gB 0 (unf) -1.00 -1.01 0.01
5 3= hA  0(fav) -056 -0.68 0.12
hB 1 (unf) 0.53
6 2t cA 1 (unf) -0.67
dA 0 (fav) -0.78
8 5t iA 1 (fav) -0.68
JA 0 (unf) -0.68

ues cannot be obtained. The lower-spin (at iw = 0.2
MeV) states of signature hB in Band 5 are not identi-
fied. The Routhians of Bands 1 and 2 are within 80 keV
of the summed ones, suggesting that the assigned con-
figurations are correct. The small differences are caused
mainly by the residual interactions, i.e. effects not in-
cluded in the mean field [44]. As mentioned before, the
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FIG. 15: Signature splitting functions for bands in *®®Lu.
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favored K coupling of Band 1 could be discerned based
on the additivity of Routhians. If the K = 1 coupling
is assumed, de’ = —0.22 MeV is found. If K = 6 is
assumed, de’ is only 0.08 MeV. Therefore, the latter cou-
pling is favored. The values for Bands 4 and 5 will be
discussed next for signature inversion.

K. Signature inversion

Low-spin signature inversion in doubly odd nuclei,
where the predicted favored sequence is raised in energy
above its partner at low spins, always attracts special at-
tention. In the A ~ 160 mass region, the phenomenon
has been observed in a number of nuclei for bands involv-
ing the 7Th11/2 X V’ilg/g [45, 46] and 7Th9/2 (24 Vi13/2 [47]
configurations. Bands 4 and 5 are associated with the
latter, and both exhibit low-spin signature inversion. We
consider Band 4 first.

Fig. 14 shows that the two signatures of Band 4
(g4, gB) cross each other. At low frequencies the favored
signature gA is unexpectedly ~ 50 keV higher than the
unfavored ¢gB, giving signature inversion. The two sig-
natures of Band 4 are built on the quasiproton orbital g
coupled to the A (favored) and the B (unfavored) viys,s
quasineutron orbitals. In the neighboring odd-neutron
nucleus '7Yb [30], the favored signature of the viyz),
orbital is 135 keV lower than the unfavored at rotational
frequency fw = 0.2 MeV. Obviously the splitting of Band
4 does not simply reflect that of the two signatures of the
Vil3/2 orbital.

It is customary to use the signature splitting function



S(ry to amplify the effect graphically, where

Euyy = Eqy + Eu-1) — Eu—g)
5 .

Sy =Em —Eq-1) -

Fig 15 displays the S(;) plots for bands in 16811 where
the pronounced low-spin signature inversion in Band 4
can be seen. The measured quantities in Table V in-
dicate that, with ¢’ = 10 keV, there is an excellent
match between the unfavored signature (¢B, o = 0) and
the average of the sum of the respective Routhians from
neighboring odd-Z and odd-N nuclei. However, when
a similar comparison is made for the favored signature
(g4, a = 1), there is a striking discrepancy. For the
gA sequence d¢’ = 210 keV, i.e. the favored signature
has been shifted upward 200 keV more than the unfa-
vored one. Thus the Routhian of the favored signature
is raised above that of its unfavored partner, resulting in
a signature inversion. The sign of the splitting reverts to
normal above the reversion frequency fw; = 0.34 MeV
(or reversion spin I; = 21.7 h), which is another useful
quantity to understand the strength of forces responsible
for creating the inversion. If the reversion takes place
at higher frequency, the inverting force is likely to be
stronger in that configuration.

Signature inversion of the whg/, ® vij3/, bands has
been observed in %6Lu [48], 17Lu [49], as well as some
neighboring doubly-odd Tm, Ta, Re, and Ir nuclei (see
Ref. [47] and references therein). For example, the fa-
vored Routhians of the mwhg /s ® viyz/» bands in **Tm
[36] and 170Ta [38] were found to be raised 230 and 250
keV relative to the unfavored ones, respectively, in good
agreement with our result for Band 4. The reversion spin
of Band 4 is consistent with the general trend in the re-
gion where I; increases with increasing N and decreases
with increasing Z. Various explanations for signature in-
version have been discussed in many papers, such as Refs.
[50-53]. Among them, the particle-rotor model calcula-
tions with inclusion of residual proton-neutron (pn) inter-
action demonstrated that the pn interaction is the major
factor causing the signature inversion of whg o ® viiz/o
band in %4Tm [36]. The pn interaction could also ac-
count for half of the delay in the vi;3/, band crossing fre-
quency. The remainder of the delay has been attributed
to the increased deformation of the band. Calculations
for 162:164Tm and 17 Ta [53] yielded similar results.

Turning now to Band 5, Fig. 14 shows that the two sig-
natures (hA, hB) also cross each other, indicating a sig-
nature inversion with a reversion frequency of Aw; = 0.35
MeV. This is the first observation of signature inversion
based on the unfavored signature of the whg /o quasipro-
ton orbital in the mass region. Table V shows that, just
like in signature gA of Band 4, there is a large (120 keV)
upward shift in the favored sequence (hA) of Band 5 rela-
tive to the average of the sum of the respective Routhians
from neighboring odd-Z and odd-N nuclei. A reversion
spin I; = 22.0 i can be obtained from the plots of split-
ting function in Fig. 15.
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Low-spin signature inversion is known to occur sys-
tematically for whyy /o ® vi13/2 bands in this mass region,
and the magnitude of the inversion decreases with in-
creasing N for a chain of isotopes. This is, indeed, the
trend seen in 162164166y [46], and the inversion disap-
pears in Band 2 of '®*Lu. Even though the S,y values of
a few data points in the favored signature fA of Band 2
are slightly higher (< 5 keV) than those of eA, as shown
in Fig. 15, no inversion or signature splitting is clearly
defined below spin 22.

The signature splitting in Band 8 is also small (S <
30 keV), as expected for a strongly coupled band. How-
ever, there exists a small signature inversion (S( n <12
keV) with a reversion spin I; = 15.4 k. Similar small in-
version has been reported in two cases for 7[411]1/2" ®
v[642]5/2%F bands, I; = 9 h in %4Tm [36] and I; = 10 h
in 156Tm [37], but not for any 7[402]5/2% ® v[642]5/2%
band in this region. There is no systematic study for
these small inversions since only a few separate cases have
been observed. It is not uncommon to see a band built on
7[402]5/2% mix with one built on the 7[411]1/2" Nilsson
orbital, which may introduce additional complication to a
detailed investigation of these small signature inversions,
as well as the signature splittings.

The signature splitting of Band 6 is considerably larger
than those of the three strongly coupled bands, Bands
1, 2, and 8 (see Fig. 15). This is consistent with the
suggested configuration of w[411]1/2% ® v[642]5/2F for
Band 6 as a semi-decoupled band. It is also expected
from the systematics of neighboring nuclei, as seen in
Table V, the average Routhian of the favored signature
dA is 110 keV lower than that of cA.

V. SUMMARY

This work presents an extensive high-spin spectro-
scopic study of the odd-odd nucleus '%8Lu. It confirmed
the previously known bands (Bands 1 - 4 and 6), and
three new bands were identified: Bands 5, 7 and 8. All
but two bands now have been connected to each other.
The level scheme was extended to spins as high as 50 A.
The data suggests that Band 5 is built on the unfavored
signature h of the mwhg,, orbital, coupled to the A and
B quasineutrons. The configuration of Band 6 was reas-
signed as md3 /2 @ vi13/2. The strongly coupled Band 8 is
assigned the configuration mds/, ® viq3/2.

The first band crossing in all of the main bands are
attributed to the BC' neutron alignment, except for the
unfavored sequences gB and hB in Bands 4 and 5, re-
spectively, where the AD neutron alignment is suggested.
Three positive parity bands, Bands 1, 6 and 8, exhibit a
second band crossing, attaining a six-quasiparticle config-
uration at the highest spins, associated with a hybrid fg
proton crossing. Band 7, a single sequence of E2 decays,
is tentatively assigned the six-quasiparticle configuration
fABCDE. On the negative-parity side, the proton ef
and fg crossings are blocked for the two signatures of



Band 2 and the second crossing around hw = 0.63 MeV
in the fA sequence has been associated with a EF' neu-
tron crossing. For Bands 4 and 5, the higher crossings
are delayed due to the larger deformation of the bands,
and are not observed in our data.

Low-spin signature inversions are observed in Bands 4
and 5. This is consistent with a systematic trend of such
anomalous splitting for the mhg /o ® vij3/, bands in the
region, presumably caused by a residual pn interaction.
In Band 4, the Routhians of its favored signature gA is
raised by 210 keV at iw = 0.2 MeV. Band 5 is the first
case where the signature inversion is observed in a band
built on the unfavored signature h of the whg/, orbital. A
small signature inversion is also evident in Band 8 which
is unexpected on the basis of systematics.

After an extensive band search, no evidence is found
for triaxial strongly deformed structures as predicted by
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cranking calculations employing the ULTIMATE CRANKER
code.
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