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High-spin states of the odd-odd nucleus '®*Lu were populated in the '2Sb(*3Ca, 3n) '*Lu reaction at a
beam energy of 203 MeV and decay y rays measured using the Gammasphere spectrometer array. The level
scheme has been extended from spin 27 to 50 7, 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 vij3,; 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
mhy,, orbital, which are likely caused by a residual proton-neutron interaction. A signature inversion with small
amplitude is also observed in the wds;, ® vij3,; 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.
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I. INTRODUCTION

Odd-odd nuclei provide a wealth of nuclear structure phe-
nomena, but experimental studies are generally challenging
due to the multitude of possible combinations of quasineu-
trons and quasiprotons forming the band structures at low
excitation energy. It is often difficult to link the low-spin
states, known from pB-decay studies, to high-spin structures.
In such cases the excitation energies, spins, and parities of
these structures cannot be determined. The '®Lu nucleus,
previously studied with only a small number of detectors,
drew considerable attention 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 =T1) isotopes 163,165,167.1611 1y [2—6] and also tantalum
Z =13), 67Ty [7]. In addition, triaxial strongly deformed
(TSD) rotational bands based on quasiparticle excitations
(rather than the wobbling excitation) have also been iden-
tified, for example in '“*Lu [8] and the odd-odd **Lu [9].
More recently, wobbling excitations have been reported in
other mass regions, such as in 'Pd [10], '*Pr [11,12], and
187 Au [13].
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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 predicted the existence of an
A ~ 160 island of TSD structures and suggested that TSD
minima with deformation parameters (&3, y) =~ (0.4, £20°)
in the potential energy surfaces are stabilized by large single-
particle shell gaps associated with proton numbers Z = 71 and
72 and neutron numbers N = 94 and 97 at large triaxiality
[16—-18]. The Z = 71 proton shell gap is clearly well estab-
lished, and a neutron shell gap at N = 94 is supported by the
observation of wobbling bands in 1651 g4 [4] and "' Tagy [7].
It is thus natural to consider whether TSD structures might
also exist in '®Lu, with Z = 71 and N = 97.

This work presents a detailed study of '®*Lu band struc-
tures to high spins. Previously known bands, with levels below
the first vij3,, alignment, are extended to high spins involving
six-quasiparticle excitations. Three new bands were added
after an extensive search. Quasiparticle configurations are
suggested for all bands based on measured properties such
as y-ray multipolarities, B(M1)/B(E2) ratios, and aligned
angular momenta, in comparison with the CSM calculations
as well as the systematics of nuclei in the mass region. None
of the bands was found to exhibit the character of TSD struc-
tures. Significant signature inversion was observed in bands
involving both the favored and unfavored signatures of the
JTh9/2 orbital.

Section II outlines the experimental details and off-line
data analysis procedures. The experimental results are pre-
sented in Sec. III. The band crossings and the configurations
are discussed in Sec. IV.

©2021 American Physical Society
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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 y-ray sequence represent the proposed
quasiparticle configurations that will be discussed in Sec. IV.

II. EXPERIMENTAL DETAILS

High-spin states of '®*Lu nuclei were populated via the

the dominant residuals '’ Lu (from the 4n channel) and '®*Lu
were populated in the approximate ratio 5 : 2. Coincident y
rays were measured using the Gammasphere spectrometer

123Sb(48Ca, 3n) reaction with a beam energy of 203 MeV,
using the 88" cyclotron at Lawrence Berkeley National Lab-
oratory. The target consists of two stacked 520 ug/cm? self-
supporting foils enriched to 97.7% in '*Sb. At this energy

array [19] (comprising 100 Compton-suppressed Ge detectors
in this experiment), and a data set of approximately 2.2 x 10°
fivefold (or higher) coincidence events was collected. The data
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FIG. 2. Partial level scheme of '®Lu (continued from Fig. 1).

led to the identification of the wobbling excitation in 1677w [5],
which formed part of a more complete spectroscopic study
[20]. The current spectroscopy of '*Lu 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
y-ray coincidence relationships. The RADWARE band search
routine was used extensively to look for weak bands. In addi-
tion, an analysis of y-ray directional correlation from oriented
states (DCO ratios) [22] was performed to determine the mul-
tipolarity of the y 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 usually have DCO
ratios between 0.6 and 1.0, depending on mixing ratios. A
more detailed analysis for expected DCO ratios of various
y rays under different gating conditions was presented in a
previous publication [23]. The parity assignments are based
on the multipolarities of linking transitions between bands, as
well as on coincidence relationships that introduce important
constraints in some instances. Spins for the highest lying
transitions were assigned by assuming a consistent rotational
behavior when DCO ratios could not be measured.

III. LEVEL SCHEME

Excited states of '®Lu were previously studied by sev-
eral groups using the 9Tb(13C, 4n) [24] and P*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 277, and
interpreted as an ij3/2, v[642]5/ 2% quasineutron coupled, re-
spectively, with 7 [404)7/2%, w[514]9/2~, 7 [541]1/2~, and
7[402]5/2" quasiproton orbitals. 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 previously identified 6~ ground state [27,28].

The level scheme has now been extended to significantly
higher spins. For example, Bands 1 and 2 were observed from
spins 27 and 23 to (44) and 50, respectively. Three new bands,
Bands 5, 7, and 8, were observed 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
y-ray transition energies, intensities, level energies, spin and
parity assignments, as well as DCO ratios, are listed in Table I.

A. Bands 1-5

Band 1 is linked directly to the 6 ground state via a
92-keV (7T — 67) transition [24,26]. Its DCO ratio, 0.55(7),
is consistent with a pure dipole nature, most likely an E1,
rather than a M'1/E2 mixed transition. The lower part of the
band is fed by a number of E'1 transitions from Band 2. Two
of them, 318 (9~ — 8*) and 315 keV (10~ — 91), were
observed previously [26]. Seven new stretched E 1 transitions
have been revealed up to the state 17~ in Band 2, together with
a 131-keV 11~ — 117 transition. The decay sequence with
odd-spins (¢ = 1) has been extended from I = 27 to (41),
and the even-spins (@ = 0) from 26 to (44). The coincidence
spectra for the high-spin region of Band 1 are displayed in
Fig. 3, while the spectra of the lower-spin region can be seen
in the previous publication [24].

Two previously identified depopulating transitions, 176
(9~ — 87) and 343 keV (9~ — 77) from Band 2 to Band 3
[26], have been confirmed in the current work. Another link-
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TABLE I. y-ray energies E, (in keV), suggested spins and pari-
ties of the initial (/7) and final (/ }’) states, excitation energies E; (in
keV) of initial states, DCO ratios, and for interband linking transi-
tions the band number (N) of the final states. Relative intensities (/)
are normalized to the 393.1-keV (14~ — 127) transition (= 1000)
in Band 4.

TABLE 1. (Continued.)

E,* Ir — I}”’ E; DCO I, N
Band 1
6% 27.2
91.6 7t — 6~ 91.6 0.55(7) 8(3) 3
64.4 7t — 6% 0.64(4) 10(3)
143.6 8t — 61 170.8 0.99(1) <3
79.3 8t — 7* 0.75(6) 9(3)
193.2 ot — 7+ 284.8 55(5)
113.9 ot — 8t 0.81(3) 67(8)
258.2 10" — 8* 429.0 0.96(4) 312(11)
144.2 10" — 9* 0.81(3) 190(7)
314.4 11t — 9* 599.2 0.99(4) 281(15)
170.2 11t - 10" 0.83(6) 69(4)
363.2 12+ — 10" 792.3 1.06(4) 540(16)
193.0 12t - 11" 0.64(5) 80(9)
408.2 13* - 11* 1007.4 1.00(4) 427(22)
215.2 137* — 12* 0.64(7) 67(10)
4479 14t — 12* 1240.3 1.06(4) 582(17)
232.8 14+ — 13+ 0.79(8) 66(3)
486.0 15t — 13* 1493.3 0.98(8) 496(26)
253.0 15t — 14* 0.82(12) 52(3)
517.8 16* — 14+ 1758.2 1.05(4) 530(30)
264.9 167 — 15* 0.76(8) 43(3)
549.9 17t — 15* 2043.0 0.99(5) 452(24)
284.7 17t - 16" 0.65(6) 38(2)
573.7 18t — 16T 2332.2 1.04(4) 472(27)
289.2 18t — 17+ 0.81(8) 73(4)
600.0 19* - 17* 2642.9 1.06(4) 375(20)
310.7 197 — 18* 0.63(9) 36(2)
616.8 20T — 18* 2949.0 1.01(4) 407(24)
306.2 20" — 19* 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 22T — 20* 3602.2 1.02(4) 339(20)
320.7 22T = 21t 0.76(11) 33(2)
674.1 23t — 21* 3955.8 0.98(4) 208(12)
353.7 23+ — 22+ 0.75(11) 23(1)
694.4 24+ — 22t 4295.9 1.02(4) 245(15)
340.0 24+ — 23+ 0.72(11) 17(4)
718.7 25+t — 23* 4674.4 1.06(4) 160(10)
378.6 257 — 24* 0.58(9) 15(1)
747.2 267 — 24+ 5043.1 1.02(4) 166(10)
368.7 267 — 25° 0.66(13) 13(1)
775.4 27t — 25% 5449.3 0.94(5) 118(7)
406.1 27t — 26" <3

809.6 28T — 26% 58527  1.02(4) 114(8)
8402 29" — 27* 62805  1.01(10) 64(4)
876.1 30T — 28* 67288  1.00(5) 73(5)
907.7  31* — 29t 71972  1.05(16)  48(3)
9424 32 > 30" 76713  1.02(10) 54(2)
9740 33— 31T 81712  1.06(16) 30(2)
10053  34* — 32t 86766  0.98(15) 36(2)
10447 35t >33+ 92159  1.09(22) 13(2)

E,* I — If”b E; DCO I, N
1059.6 367 — 34* 9736.2 1.01(15) 25(2)
1095.3 (37") — 35% 10311.2 7(1)

1082.0 (387) — 367 10818.2 ~6(2)°
1109.1 — 367 10845.3 8(2)
1146.6  (39") — (37t) 114578 3(1)
1083.0 (40™) — (38") 11901.2 ~4(2)¢
1180.1 (417) — (39*)  12637.9 <3
1129.0 (427) — (40%)  13030.2 <3
1176.0  (447) — (427)  14206.2 <3
Band 2

318.2 9~ — 8* 489.0 ~30(6)° 1
342.7 9~ — 7° 33(6)° 3
176.0 9~ — 8~ 0.72(5) 15(3) 3
111.0 100 — 9~ 600.0 25(5)

315.2 100 — 9* 35(9) 1

87.7 100 — 9~ <3 3
241.4 11- — 9~ 730.5 0.94(19) 29(5)

130.4 117 — 10~ 0.75(4) 148(18)
301.4 11~ - 10* 0.70(14) 28(7) 1
131.3 11— - 11* 1.07(16) <3 1
291.4 127 — 10~ 891.5 0.99(15) 50(6)

161.0 127 — 11~ 0.79(4) 104(8)
292.3 127 = 11" 0.83(12) <3 1
345.0 137 — 11~ 1075.8 0.97(4) 300(36)
184.3 137 — 12~ 0.74(3) 237(31)
283.6 137 — 12* 0.71(7) 25(8) 1
395.2 14~ — 12~ 1287.0 0.92(9) 306(38)
211.2 14~ — 13~ 0.71(7) 281(37)
279.6 14- — 13* 0.73(15) 16(4) 1
441.8 157 — 13~ 1517.5 1.02(4) 363(43)
230.4 15~ — 14~ 0.74(3) 215(26)
2772 15~ — 14* 0.83(17) 16(6) 1
482.4 16~ — 14~ 1769.5 0.95(5) 297(53)
252.0 16~ — 15~ 0.65(4) 182(40)
276.2 16~ — 15+ 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 17— — 16t <3 1
555.4 18~ — 16~ 2324.8 1.04(5) 461(67)
284.6 18~ — 17~ 0.59(5) 251(82)
581.8 19~ — 17~ 2622.0 1.01(4) 602(70)
297.2 19~ — 18~ 0.76(11) 49(9)

567.9 19~ — 17~ 0.95(7) 46(9) 4
324.2 19~ — 18~ 0.69(10) 24(3) 4
614.6 200 — 18~ 29394 1.00(10)  220(38)
641.6 200 — 18~ 1.04(10)  266(53) 4
634.4 217 — 19~ 3256.4 1.04(4) 372(65)
317.0 217 — 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) 19434) 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 42779 0.91(9) 260(38)
336.9 24= — 23~ 33(6)
319.0 24- — 23~ 0.77(8) 104(16) 4
733.6 257 — 23~ 4674.6 1.01(10)  193(38)
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TABLE 1. (Continued.) TABLE 1. (Continued.)

E,’ - Ei DCO I, N B/ -1 E DCO I, N
3967 257 — 24" <3 3428 197 — 18 0.61(12)  68(4)

7157 25 — 23" 417 4 6004 197 > 17" 108(6)  14124) 2
7258 26— 24~ 50037  1.06(11)  116(23) 3158 197 — 18 0.778)  ~180(28)° 2
7766 277 —25" 54512 1.05(11)  143(29) 6364 207 — 18~ 29334  0527)  443(14)
7844 277 — (257) 0.98(20)  28(7) 4 6086 207 — I8 0.98(10)  34226) 2
7762 28~ 26" 57799  0.929)  107(22) 6416 21— 19" 32821 097(4)  265(28)
8269 29 —27- 62781  1OL(I5)  100221) 3488 217 — 20° 0.66(13)  54(9)

8339 3028~ 66138  1.00(10)  95(19) 3427 210 > 20° 0.79(10) ~117(14)° 2
8804 31" —>29 71586 09915  55(12) 7091 227 200 36423 0.97(4)  266(14)
8924 327300 75063  0.94(20)  76(18) 7029 227 — 20- L07(5)  31930) 2
9368 33— 31" 80954  090(14)  38(@8) 6768 23~ 21~ 39589 1.00(15)  173(19)
9502 34~ 32" 84565  0.96(14)  56(15) 3687 237 — 22 072(14)  122) 2
9974 35 33" 90928  LO4Q2L)  24(5) 7637 24 —>227 44060 1.00(10)  144(8)
10064 36— 34~ 94630  1.06(16)  49(14) 7075 25 > 23" 46664  090(18)  29(4)
10580 37" — 35" 101508 L1124)  21(4) 8160 26 —24~ 52220 09915  63(7)
10612 38 —36~ 105242 11023)  3209) 7604 277 25" 54268 1.0521)  11(2)
11168 39 —37- 112676 1.0222)  12(3) 8631 28~ 26" 6085.1 0.95(14)  44(5)
11139 40~ — 38~ 116381 1.0220)  19(5) 8235 297 —27- 62503 097(19)  10(2)
11712 41— 39" 124388 1.2926)  6(2) 9070 30" — 28~ 69921 12024  22(3)
11614 427 40~ 127995 11725  13(3) 8966  (317)—>29" 71469 9(2)

12208 437 > 41- 136596 1.3427)  4(2) 9543 327 30" 79464 1.0922)  12(2)
12090 44~ —42° 140085 1.3828)  7(2) 9704  (337)— (317) 8117.4 <3

12503 46" — 44~ 152576 13527)  5(2) 10071 (347)—> 32 89535  13627)  8(1)

12877 48~ — 46~ 165483 1.0721) <3 10413 (357) — (337) 91587 <3

13335 50" —48~ 178818 1.0521) <3 10724 (367) — (347) 100259 12024)  4(1)
Band 3 11034 (37) — (357)  10262.1 <3

6” 0.0 Band 5

1463 T > 6 146.3 <3 8- 590.1

330 8 —>6 3130 <3 2967 10 -8 8868 L1207  22(1)

1667 8 — 7 <3 4192 100 > 9" 0.688)  21) 4
3660 9 =7 5123 <3 3584 127100 12453 1.02(15)  45(2)

1993 9" 8" <3 5020 127 11 0.586) 61 4
Band 4 4244 147> 127 16697  1.03(10)  68(4)

o 1991 5672 147 > 13- 0.648) (1) 4

- e o130 <3 4916 160 — 14~ 21613 095(10)  75(5)

1444 8 > 6 3365 097100 52(11) (6200) 167 > 15~ 0.9 &b 4

631 & o <3 5819 (177)— 16 23149 37 4
1944 07— 4676 109016  227T) 5549 18- — 167 27162 LI27)  8I(6)

B10 o g 070d)  25400) 6344  (197) - (17°)  2949.4 22(4)

2180 100> 8 5547 099(7)  335(34) 6152 20" —~ 18~ 333140940 726

1 10- - o <3 6939  (217)— (197) 36433 22(4)

260 1l- >0 33 0924  36321) 6660 22 —>20" 39974 1.0210)  57(4)

1886 11- > 10- 0605 303(22) 7543 (237) - (217) 43976 094(14)  20(4)

3032 127> 100 8582 1.0I(4)  756(76) 7108 - 24—~ 227 47082 097(15) - 49(4)

4o 111 0624)  709) 7993 (257) - (237) 51969 089(18)  19(4)

3589 137 110 11025 096(5) 38121 7582 260~ 247 54664 LO3(3) 4003

a3 1o 0713 187(14) 8372 (277)— (257) 60341 1.0521)  13(3)

3931 147 — 127 12512 103(4) 1000 (1) 8087 28~ —26- 62751 1.0416)  21(1)

1488 14~ — 13~ 075(11)  28(1) 886.2  (297) —> (277) 69203 9(2)

4388 157> 137 15413 1.00@4)  507(27) 8628 30728 71379 086(17) 14D

2000 15 - 14- 013 22719) 9388 (317)— (297) T7859.1 092(18) (1)

4817 160 — 14~ 17330 1014)  908(30) 0106 32— 307 80485 1052h  O)

1917 16™ — 15 0.70(14)  623) 9944 (337 = (317) 88535 s3

5130 177> 157 20541  096(4)  478(26) 9330 (347 =327 90015 <3

212 17— 167 0.64(3)  136(12) Band 6

5643 18— 167 22978  0.96(4)  823(34) (6%) x

5860 19— 17" 26406  0.92(4)  287(30) 948 (T = (6%) x+948 055(10)  11(3)
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TABLE 1. (Continued.)

TABLE 1. (Continued.)

E,* A E, DCO L, N E;® AR E, DCO L, N
220.8 &) = (6M) x+220.8 <3 252.0 (13%) — (12%) 0.74(15) <3
1260  (8%) — (7*) 0.68(16)  38(5) 5172 (14%) > (12%)  y+1267.0  1.0220)  21(10)
279.3 9" — (7M) x+374.1 0.87(13)  74(12) 265.0 (14%) — (13%) 0.59(12) 18(9)
153.3 9T = 8 0.71(11)  76(19) 553.9 (15%) — (13%) y+1556.0 1.13(23) 9(1)
326.4 (10M) — (81) x+547.3 0.92(9) 64(5) 280.0 (15%) — (14™) 0.58(12) 7(1)
173.2 (107) — (97) 0.65(7) 58(16) 585.1 (167) — (14%)  y+1852.0 1.34(20) 26(9)
377.5 11" — (91 x+751.6 0.96(10)  90(13) 296.0 (167) — (15%) 0.74(15) 19(7)
2043  (11%) — (10%) 0.67(7)  81(13) 585.1 (171) — (15%)  y+2141.0 0.99(15)  58(5)
409.7 (127) — (10™) x+956.4 0.96(10) 201(13) 289.0 (17") — (16M) 0.58(12) 36(4)
204.8 (12%) = (11%) 0.67(10) 67(6) 589.8 (18%) — (167)  y+2441.8 1.35(20)  50(18)
460.4 (13%) — (11%)  x+1212.1  0.87(11) 101(10) 600.3 (197) - (17Y)  y+2741.3 1.21(18) 62(5)
255.7 (137) — (12%) 0.76(8) 39(7) 625.3 (20%) — (187)  y+3067.1 1.09(16) 36(2)
477.1 (14%) — (127)  x+1433.5 0.92(4) 226(13) 649.1 217) — (19%) y+3390.4 0.97(15) 51(5)
221.4 (147) — (13%) 0.70(11) 27(6) 679.9 (227) - (20%)  y+3747.0 1.03(15) 30(3)
527.3 (157) — (13%)  x+1739.4  0.94(10) 91(10) 704.8 (23%7) — (217)  y+4095.2 1.08(14) 48(5)
305.9 (157) — (14%) 0.50(8) 17(3) 734.9 247) — (22%) y+4481.9 0.98(14) 20(2)
534.8 (16%7) — (14%) x+1968.3 0.89(4) 191(6) 760.0 (257) — (23%)  y+4855.2 1.00(15) 45(4)
228.9 (167) — (15™) 0.53(11) 18(1) 789.7 (26%) — (247)  y+5270.5 1.09(15) 14(2)
579.0 177) — (15%)  x+2318.4 0.99(6) 85(6) 815.8 277 — (25%) y+5671.0 0.99(15) 35(4)
580.9 (18%) — (16%7)  x+2549.2 1.06(6) 128(12) 844.7 (287) - (267)  y+6115.2 1.03(21) 9(1)
610.1 (197) — (177)  x+2928.6 0.90(9) 35(7) 876.7 29%) — (277)  y+6547.7 1.13(23) 27(3)
6204  (20%) — (18%) x+3169.6  0.83(8) 121(10) 906.1  (30%) — (28%)  y+7021.3  0.93(19)  6(1)
648.0 (217) — (197)  x+3576.6  0.99(10) 24(6) 941.1 (317) - (29%)  y+7488.8 1.01(20) 14(2)
663.4 (227) — (20")  x+3833.0 0.85(9) 92(10) 9712  (327) — (30%")  y+7992.5  0.93(19) 5(1)
693.8  (23*) - (217)  x+42703  1.02(10)  18(4) 10062  (33t) > (317)  y+84958 091(18)  11(2)
717.2 24%) — (227)  x+4550.2  1.01(10) 58(6) 1030.1  (34%) —> (32%)  y+9022.6 1.03(21) 5(1)
750.5 (257) — (23%)  x+5020.9 0.92(9) 16(4) 1045.0 (357) — (33")  y+9541.4 1.1323) ~7(2)
7802  (26%) — (24%)  x+53304  0.90(14)  39(4) 1071.8  (36%) — (34T) y+10094.4 1.36(27)  4(1)
814.1 27t) — (257)  x+5834.9  0.99(12) 12(3) 1045.0 (37") > (357) y+10586.4 ~6(2)°
846.4 (287) — (267) x+6176.8  0.94(14) 34(4) 1103.3  (387) — (36™) y+11198.4 1.16(23) <3
880.3  (29%) — (27F) x+67153 091(14)  10(2) 10726 (39%) — (37%)  y+11659.0 <3
909.0 (30%) — (287)  x+7085.8  1.04(16) 23(2) 11458 (40%) — (387) y+12339.4 <3
938.5 (317) — (297)  x+7653.8  1.03(15) 8(3) 1183.9 (42%) — (40™) y+13523.3 <3
992.6  (32+) - (307) x+8078.4 1.1924)  8(2) = — , —
10145  (33*) > (317)  x+86683  0.96(19) 502) Uncertainties in y-ray energies are 0.2 keV for most transitions,
10176 (34) — (32%)  x49096.0 <3 except for relatively weak transitions (<10 units) where 0.5-keV
10604  (35) — (337)  x+9728.8 <3 kl)lncertaintie.s afre apPropriate. . ‘
10740  (36%) — (347)  x+10170.0 <3 Less certain ™ assignments are given in parentheses.
11000 (371) — (35%) x+10828.8 <3 “Possible contamination due to unresolved multiplets.
Band 7
938.0 (32t) — (30") x+8023.8  0.94(4) 13(2) 6 ing transition from Band 2 to Band 3, 88 keV (10~ — 97), has
931.8 (34") — (32%") x+8955.6  1.02(20) 7(1) been observed as well. The eA signature has been extended up
999.0  (367) — (34%7) x+9954.6  0.82(16) 5(1) to spin 43 and fA signature to 50, which is the highest spin
1063.2  (387) — (36") x+11017.8 1.0020)  5(1) observed in the level scheme. The new high-spin transitions
1129.0  (407) — (38") x+12147.5 <3 can be seen clearly in the coincidence spectra of Band 2
1194.6 (421) - (401) x+13342.1 <3 in Fig. 4. We note that the 610.4-, 648.6-, and 694.6-keV
1247.8  (447) — (427) x+14589.9 <3 transitions placed above the 18~ state of the fA sequence in
Band 8 Ref. [24] are not confirmed by our data.
(8" y Extensive cross talk between Bands 2 and 4 was observed
156.4 9%) — (8 y+156.5 <3 for the first time in the spin region of 17 <1 < 27. The
3304  (107) - (8%)  y+330.0 <3 mixing of the two bands indicates that they must have the
1735 (107) — (97) 0.66(3) <3 same parity (r = —). The multipolarities of many interband
3780  (11")— (97)  y+5345 <3 transitions were deduced based on the measured DCO ratios.
2044 (1 11) — (10%) 0.70(10) <3 For example, the DCO ratios of 657-, 642-, and 568-keV y
419.2 (12+) - (101) y+750.0 <3 rays from Band 2 to Band 4 are all consistent with stretched
2155 (127) — (117) 0.74(15) <3 E?2 nature. The same is true for the 703-, 609-, and 600-keV
467.5 (13%) — (11*)  y+1002.0 <3

y rays from Band 4 to Band 2. Likewise, the stretched M1
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FIG. 3. Summed fourfold coincidence spectra for Band 1.
(a) Spectrum for the o = 1 signature, obtained by summing triple
gates set on the transitions between 131 and 417. (b) Spectrum for
the o = 0 signature, obtained by summing triple gates set on the
transitions between 16 and 44%, but excluding 1005 keV. In all
the following spectra coincidence y rays in other known bands are
labeled with asterisks (x), and important interband linking transitions
with plus (4) signs.
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FIG. 4. Coincidence spectra for Band 2. Panel (a) shows summed
fourfold coincidence spectra gated on transitions in the « = 0 signa-
ture, between 14~ and 46~. The 609-, 642-, and 657-keV transitions
linking Bands 2 and 4 can be seen clearly. The inset, which em-
phasizes the high-spin transitions, shows the sum of double gates
set on transitions between 26~ and 50~. Panel (b) shows summed
fourfold coincidence spectra gated on transitions in the « = 1 signa-
ture, between 19~ and 41~. The 568-, 600-, 642-, 657-, and 716-keV
transitions linking Bands 2 and 4 are visible.
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FIG. 5. Summed fourfold coincidence spectra for Band 4, with
insets emphasizing the high-spin band members. (a) Spectrum for
the o = 1 signature, obtained by summing triple gates set on the
transitions between 9~ and 37, but excluding 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 @ = 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
transitions 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~

nature is confirmed for the 319-, 308-, and 324-keV y rays
from Band 2 to Band 4, as well as the 343- and 316-keV y 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 showing 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 y 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 4B sequence feeds the 16~
state in Band 4 via a 581.9-keV y ray, which is the only de-
populating transition 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 proposed for
Band 5 based on its rotational properties. Detailed discussion
will be presented in Sec. 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 re-
actions, and was associated with a positive parity based on the
proposed configurations [24,26]. Its intensity diminishes at
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FIG. 6. Summed fourfold 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 14~ in Band
4, but excluding 634 keV. The 582-keV decay to Band 4 is clearly
visible.

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

Band 7, observed to spin (441), 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 assigned to
18u on the basis of evidence that it decays to Band 1 at spin
14 and below, i.e., the band is in coincidence 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 pathways between the two bands could not be estab-
lished. A positive parity is suggested for the band based on
the proposed configurations, as discussed in Sec. IV H.

IV. DISCUSSION
A. CSM calculations

To understand the intrinsic configurations and the un-
derlying physics of the bands, we compared their observed
dynamical properties with the predictions of CSM calcu-
lations. Theoretical quasiparticle Routhians were generated

694
751
814

(a)

0]
648

'S

Counts (100)

FIG. 7. Summed fourfold coincidence spectra for Bands 6 and
7. (a) Spectrum for the @ = 1 signature of Band 6, obtained by
summing triple gates set on the transitions between (17%) and (377).
(b) Spectrum for the @ = 0 signature of band 6, obtained by summing
triple gates set on the transitions between (16%) and (367). 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.

Counts (100)

200 300 400 500 600 700 800
E7 (keV)

FIG. 8. Summed fourfold coincidence spectra for Band 8, with
insets emphasizing high-spin band members. (a) Spectrum for the
o = 1 signature, obtained by summing triple gates set on the transi-
tions between (117) and (39"). The inset was obtained by summing
double gates set on band members between (177) and (39™), but
excluding 760 and 1006 keV. (b) Spectrum for the & = 0 signature,
obtained by summing triple gates set on the transitions between
(10%) and (427). The inset was generated by summing double gates
set on band members between (40%) and (26™).
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TABLE II. Labels and alignments (i,) of theoretical Routhians
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 ({) arrows indicate whether the spin and
orbital angular momenta are parallel (“spin up”) or antiparallel (“spin
down”), respectively.

FIG. 9. Quasiparticle Routhians as a function of rotational fre-
quency for protons (upper panel) and neutrons (lower panel),
generated with the code ULTIMATE CRANKER [14,15] for '*¥Lu for an
axially symmetric potential with a quadrupole deformation of € =
0.25. Solid lines denote quasiparticle levels with (7, @) = (+, +%);
dotted lines denote (+, —%); dash-dotted lines denote (—, —|—%) and
dashed lines (—, — % ). Upper case letters identify relevant neutron or-
bitals, and lower case letters proton orbitals. The labeling convention
is explained in Table II.

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.

SSM Nilsson a=4+1/2 iye=y a=-1/2 4
states orbital

g2 [40417/27 | a 04 b 04
wds) [41111/2% [ 0 d 0.5
wds), [402]5/2% 4 i —0.1 j 0
whip  [51419/27 1 e 2.0 f 2.0
whyy [541]1/2 | g 3.5 h 1.6
Ui13/2 [651]3/2Jr T C 3.1 D 0.7
vhy, [523]5/2 | E 3 F 1.3

It was thus possible to compare the measured aligned
angular momenta (alignments) and possible crossings of
band structures with the theoretical values. Further interpre-
tative constraints are provided by the excitation energies and
energy splitting between signature partners. A systematic in-
vestigation of all the observed bands was carried out with
respect to these observables, and compared with the sin-
gle proton and neutron orbitals observed in the neighboring
nuclei. The single proton orbitals observed are [404]7/2%,
[411]1/27F, [402]5/2%, [514]19/2~, [541]1/2~ in '*"Lu [20]
and '®Lu [29]. The lowest single neutron orbitals observed
are [642]5/2%, [651]13/21, [523]5/2 in '*7YDb [30] and '°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 energies of Bands 6,
7, and 8 are uncertain since they are not connected to other
known states in the level scheme. But the rotational frequency
is nearly independent in a range of a few % 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 sequence
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 configurations 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(E2) ratios

For strongly coupled bands with A/=1 mixed M1/E?2 con-
necting transitions, the experimental values of B(M1)/B(E2)
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FIG. 10. Aligned angular momenta of bands in '®*Lu. The curve for the yrast band of the even-even '°*Yb has been superimposed on
each panel as a reference. Open symbols represent @ = 0 sequences and closed symbols o = 1 sequences. A reference with Harris parameters
Jo =30 i”*MeV~" and J; = 45 i*MeV > was subtracted from the data.

ratios were extracted using the standard expression

BMI1,1—1—1)
B(E2,1 — I —2)
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where the branching ratio is

DL T,(Al=2)

T T, (Al=1)

and T, (Al = 2) and T, (Al = 1) are the respective y-ray in-
tensities of the A/ = 2 and Al = 1 transitions. The influence
of the mixing ratio 8% = Ty(E2)/T;(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 “experimental” values should be un-
derstood as upper limits of the actual ones. The ratios are

TABLE III. A summary of the quasiparticle configurations pro-
posed, and the band crossing frequencies, fiw,, observed in '®Lu.

FIG. 11. Excitation energies less a rigid rotor reference (A = 7.4
keV) as a function of spin. Open symbols represent @ = 0 and filled
symbols @ = 1 sequences. The o = 0 signature of Band 2 has been
duplicated in the lower panel to provide a reference.

Band Configurations hw,
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 aE
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 iA — iABC 0.28
JA — jABC 0.28
iIABC — iABCfg 0.53
JABC — jABCfg >0.54
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FIG. 12. Dynamical moments of inertia, /@, for bands in '®Lu.
Open (filled) symbols represent « = 0 (o = 1) sequences.

compared in Fig. 13 with theoretical estimates which are
based on an extension of Dénau’s geometric model [32]

2
BM1,I—1—1)= 3”—N{\/Iz——KZ[Z(g] - gR)Q.,}
J

8 I?

2
—K[}j@,—gmw]}
j
and the rotational form of the B(E?2) strength
5
BE2,] > [ —2)= FQ(%(I,-KzoufK)?
T

The collective gyromagnetic ratio of the core (gg) was
taken to be Z/A = 0.42 in the calculation. The intrinsic
quadrupole moment Qp = 6.8 eb was adopted from the UC
calculation, with a 15% larger value used for Band 4 where
the strongly deformation-driving w[541]1/2~ orbital is in-
volved [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 for the odd proton and odd
neutron (i;) were extracted from '’Lu [20] and 'Hf [31], re-
spectively. The parameter values for neutrons are g, = —0.3,
Q, = 2.5, and i,, = 4.1 for all bands in the calculation. For
protons, the parameters are listed in Table I'V together with the
K values extracted for each band, as will be described shortly.

Measured B(M1)/B(E?2) ratios are strongly dependent on
the active quasiparticles. As discussed below, each of the
two-quasiparticle bands in '®Lu involves a different quasipro-
ton coupled with the same neutron [642]5/2" orbital (except
for Band 3). Consequently, the B(M1)/B(E2) ratios can be

T | T T T T
o0 Band1--
<< Band 6 —|

} » > Band 8 ——]

1.5

= - .
L SS
=z ER. >
= Lo
o 20 24 28
a L Y N Y LB BB
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e -
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[)
i T3 T
3 'Izz?:i ........ .
Y i A N G O
8§ 10 12 14 16 18 20
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FIG. 13. Experimental (data points) and theoretical (lines)
B(M1)/B(E?2) ratios for bands in '®Lu. The values for positive-
and negative-parity bands are plotted in the upper and lower panels,
respectively. Open (filled) symbols represent the experimental values
for the « = 0 (¢ = 1) sequences. The spins of Bands 6 and 8 are
uncertain. See text for discussion.

a sensitive probe of the active quasiproton in a band. The
experimental and theoretical B(M 1)/B(E?2) ratios agree fairly
well for all bands calculated, which provided strong support
for the proposed band configurations.

C. Band 1 (aA, bA)

Band 1 undergoes a crossing at 7iw = 0.31 MeV, with an
associated alignment gain of Ai, = 8 /i (Fig. 10). The align-
ment is consistent with the neutron BC crossing predicted
by CSM calculations, as well as the BC crossings observed
in neighboring nuclei, such as '*”Yb [30], '°Hf [31], and

TABLE IV. Parameters used for calculation of B(M1)/B(E?2) ratios.

Band 1 Band 2 Band 4 Band 6 Band 8
8 0.8 1.29 0.76 —1.57 1.90
Q, 3.5 4.5 0.5 0.5 2.5
iy 04 1.8 3.5 0.0 -0.1
K 6.0 7.0 2.0 2.0 5.0
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167Lu [20]. The neutron AB crossing, as displayed for '°°Yb
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 aA and bA. The mea-
sured initial aligned angular momenta (x4 /i) are close to
the calculated values. We therefore concur with the suggested
configuration of w g7/, ® vij3/, for the band in previous pub-
lications [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 antipar-
allel. 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 mg7/2 ® vij3/; band throughout the odd-odd nuclei in this
region, e.g., in 164Tm [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 E1 transition decays
from the 77 state directly to the 6~ ground state, which would
likely be hindered if Band 1had K = land AK =6—-1=35
between Bands 1 and 3. This fact suggests that Band 1 has K
value of 6, rather than 1, and that the 67 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 Routhi-
ans (see Sec. IV]) than the low-K assignment. Therefore the
band has a K value of 6.

The bABC sequence then exhibits a sharp up-bend at ro-
tational frequency /iw =~ 0.52 MeV with an alignment gain >
4.25. In this frequency range the most likely crossing is caused
by proton alignment. The ef crossing is predicted around
ho =~ 0.48 MeV, associated with a small gain of Ai < 2/ and
a strong interaction (=250 keV) causing the alignment to be
very gradual. The “hybrid” fg crossing is predicted to follow
closely with =5 7 alignment gain. The fg crossing comes
with a weak interaction (=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., '*"Lu [20],
167,168y [30], '®Hf [23], and 'Hf [31] in this frequency
range. The onset of the crossing in signature aA at frequency
~0.55 MeV is likely caused by the same proton crossing.

D. Band 2 (eA, fA)

Like the previous band, Band 2 also undergoes a BC
crossing around Ziw ~ 0.32 MeV. Its initial alignment is 1.2
h greater than that of Band 1. At rotational frequencies
above /iw =~ 0.34 MeV Band 2 undergoes pronounced split-
ting, 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 why1 2 ® vij3; for the band [24,25]. The mea-
sured 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 E1 transitions from Band 2
to Band 1 are very similar to those observed in '*Lu from the
7[514]9/2~ band to 7 [404]7/2" band, where the B(E 1) tran-
sition probabilities were analyzed by invoking the octupole
degree of freedom [29].

At higher spins, the alignments of the sequences
eABC/fABC are higher (>1.5%) than those of the
aABC/bABC sequences of Band 1 [see Fig 10(a)], 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 eABC sequence. However, the fABC
sequence shows a gradual gain of 1.3 /i between frequencies
0.43-0.6 MeV. The behavior of Band 2 is similar to that
of the band built on 7[514]9/2~ orbital in '*’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 eABC
and fABC sequences. The excitation energies [see Fig. 11(a)]
also show such a splitting, which makes the fABC 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
hiw ~ 0.63 MeV. This crossing probably has a neutron ori-
gin, since both the proton fg and ef crossings are blocked.
Since the neutron CD crossing is also expected to be blocked
after the BC crossing, the remaining possibility is the EF
crossing on the basis of UC calculations. Further support for
this suggestion is that an EF crossing at a similar frequency
was reported for the 7[514]9/2~ band in neighboring '%’Lu
[20] and '®Lu [39]. We therefore suggest that the fABC
sequence undergoes an EF crossing, and ends up with a
six-quasiparticle configuration, fABCEF .

The eABC signature is observed above the rotational
frequency fiw =~ 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 w[514]9/2~ orbital
in 'Lu [20]. Unlike the proton ef crossing, the fg crossing
is not expected to be blocked in the eABC sequence. This
raises the question: why is the fg crossing missing in this
sequence? A possible explanation may be provided by band
mixing. There is extensive cross talk between Bands 2 and
4 in the medium-spin region. Some levels in the two bands
are nearly degenerate. For example, the energy differences
between the respective 20~ and 25~ states in the two bands
are as small as 6.0 and 8.2 keV. Clearly, the wave functions
of Bands 2 and 4 are strongly mixed, which would make an
fg crossing in the eABC 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 identi-
fied from electron-capture decay experiments, and suggested
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to have a configuration of [404]7/2% ® v[523]5/2~ [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]7/2% ®
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 con-
figuration 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 quasiparticle excitations in odd-mass nuclei adjacent
to '%Lu [28]. While signatures a and b for 7[404]7/2% or-
bital are degenerate, there is considerable splitting between
signatures E and F for the v[523]5/27 orbital, as indicated
by UC calculations and observed from the odd-N neighbor
167Yb [30]. Experimentally, no splitting is seen between the
two signatures of Band 3. Therefore configurations aE 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 fiw =
0.34 MeV with ~6h alignment gain, which can be identi-
fied as a BC crossing, as suggested in previous publications.
The crossing occurs at a higher frequency than BC crossings
in the other bands. In this mass region delayed vij3,, band
crossings are systematically observed in bands associated with
the w[541]1/2~ orbital. They are understood to be associ-
ated with increased deformation caused by the down-sloping
deformation-driving proton g orbital [40], together with a
residual pn interaction [36].

The o = 0 sequence of Band 4 could be the neutron sig-
nature partner gB or proton partner hA. However, the hA
configuration is expected to exhibit a BC crossing. The se-
quence exhibits an alignment substantially beyond the AB and
BC crossing frequencies, namely at /iw =~ 0.44 MeV, with a
gain of only ~4.4%. We ascribe this alignment to the calcu-
lated next available neutron crossing, AD, where both AB and
BC crossings are blocked. This implies that the configuration
must involve 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 involve
the neutron B orbital, such as in '97Yb [30], 'Hf [41,42],
19Hf [31], and the even-even '®Hf [23]. Furthermore, 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 % (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(E2) 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 alignment
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 configuration, 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.

G. Band 5 (A, hB)

Band 5, observed for the first time, feeds the negative-
parity Band 4 (gA, gB). Both bands exhibit similar rotational
properties. For example, the « = 0 (hA) sequence of Band 5
undergoes a crossing at /iw ~ 0.35 MeV with an alignment
gain of Ai, > 5/, similar to the crossing present in the gA
sequence of Band 4, although hA has a smaller initial align-
ment. This is identified as the BC crossing. The remaining
o = 1 sequence (hB) undergoes a crossing at iw ~ 0.45 MeV
with a gain of Ai, > 44, which is the analogue of the AD
crossing identified in the gB sequence of Band 4. The lower-
spin members of o = 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 unfavored signature 4 of the [541]1/2~ proton orbital, and
that their configurations are hA (¢« = 0) and hB (@ = 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 splitting between sig-
natures & and g of the w[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 config-
uration for the band, which also implies that Band 5 must have
negative parity. Bands built on the unfavored signature of the
proton [541]1/2~ orbital have also been reported in this mass
region, e.g., in '*’Lu [20] and '®Tm [40].

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

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

Whereas previous work associated Band 6 with the
[402]5/2" orbital [24], we reconsidered this configura-
tion assignment. UC calculations indicate that both the
w[411]1/2" and 7[402]5/2" orbitals are close to the Fermi
surface and that the former is actually lower in excitation
energy (see Fig. 9). The (i, j) Routhians of the 7[402]5/2"
orbital are nearly degenerate, but a moderate splitting ex-
ists between (c, d) for 7[411]1/2". Furthermore, of the four
Routhians d has the largest downslope, which is expected to
generate a larger alignment. These properties are consistent
with experimental observations in 1677 i [20] and '*°Lu [29].
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In our data, the signature splitting in Band 6 is substantially
larger than that of Band 8 (see Sec. IV K). The alignment plot
(Fig. 10(c)) also shows that the two signatures of Band 8 (iA
and jA) are degenerate. Before the BC crossing, they have
smaller alignments than the ¢ = 1 (cA) sequence of Band
6, while o = 0 signature (dA) has an even larger alignment.
Thus, Band 6 is likely associated with the 7 [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 configurations are further supported by mea-
sured B(M1)/B(E2) ratios in Fig. 13. The experimental ratios
for Band 8 are substantially higher than those of Band 6,
consistent with calculated ones. The uncertainties of the spin
values in the two bands may cause small horizontal displace-
ments 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 w[523]7/2~, which is calculated about 300 keV higher
than the 7[402]5/2" orbital at /iw < 0.3 MeV, and exhibits
significant splitting above this frequency. Bands associated
with this orbital have been observed in '**Tm [36] and '®*Lu
[43]. Their properties 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™ = 57) to Band 8.

The proposed spins for Band 6 in this work are 2 /i 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 alignment curve by
approximately 2 # in Fig. 10(c), making its aligned angular
momentum larger than that of Band 1 in the region of hw <
370 keV. These considerations would make Band 6 energet-
ically more favorable than Band 1 and thus more strongly
populated, in clear contrast to the experimental results. Re-
ducing the spins of Band 6 by 1 /i from the previous values
would also have incorrect consequences because that would
alter 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 rea-
sonable alignment. The uncertainty of the spin assignments
is expected to be less than 2 . Band 8 shows an unusual
signature inversion that will be discussed in Sec. IV K.

A second band crossing occurs in Bands 6 and 8 around
hiw ~ 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 crossings are likely
caused by the same proton fg crossing as in positive-parity
Band 1, considering that the bands have similar crossing fre-
quencies and the same pattern of sharp upbending.

I. Band 7

Band 7 has a large alignment of 15.1 i, which is 3.4 /i
in excess of that of the (30™) level of the dABC configura-
tion, to which it decays. A reasonable assumption is that the
band consists of a six-quasiparticle configuration, with two
more aligned neutrons. As presented in Fig. 10(c), Band 7
spans a region of rotational frequencies from 0.46 to 0.62

MeV without any sign of band crossing. This indicates that
the possible proton crossings in this region, fg or ef, are
blocked. It is therefore 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 7w ~ 0.57 MeV. It
would be difficult for a six-quasiparticle configuration, e.g.,
gABCDE, to survive high above configuration gABC, consid-
ering that the excitation energy of gABC increases rapidly at
the highest spins, see Fig. 11(b). These considerations indicate
that the proton orbitals 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, 7[660]1/2" ® ABC, can also be ruled out
since the mij3/, orbital would generate ~6/ aligned angular
momentum which would be too large for Band 7. This im-
plies 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
7[660]1/2% 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® 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 neighboring
odd-A nuclei can help to further validate the configuration
assignments [44]. Figure 14 shows the experimental Routhi-
ans of two of the bands, Bands 4 and 5, in '®Lu. Routhian
values were extracted before the band crossing at a rota-
tional frequency of Ziw = 0.2 MeV, and compared with the
respective sums of average Routhian values of the neigh-
boring odd-Z (*’Lu [20] and '®Lu [29]) and odd-N (**"Yb
[30] and '"°Hf [31]) nuclei. The Harris parameters used for
168y are the same throughout 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 values cannot be
obtained. The lower-spin (at iw = 0.2 MeV) states of signa-
ture B in Band 5 are not identified. The Routhians of Bands 1
and 2 are within 80 keV of the summed ones, suggesting that
the assigned configurations are correct. The small differences
are caused mainly by the residual interactions, i.e., effects not
included in the mean field [44]. As mentioned before, the
favored K coupling of Band 1 could be discerned based on
the additivity of Routhians. If the K = 1 coupling is assumed,
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FIG. 14. Experimental Routhians of Bands 4 and 5. Open (filled)
symbols represent « = 0 (o« = 1) rotational sequences. A reference
with Harris parameters Jo = 30 > MeV™" and J;, = 45 ii* MeV >
was subtracted from the data.

3¢’ = —0.22 MeV is found. If K = 6 is assumed, ¢’ is only
0.08 MeV. Therefore, the latter coupling is favored. The val-
ues 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 attention. In the
A =~ 160 mass region, the phenomenon has been observed in
a number of nuclei for bands involving the mwhy, ® Vi

TABLE V. Comparison of measured Routhian values ¢’ (in MeV)
for bands in '®®*Lu with ¢/, the sum of average Routhians from
neighboring odd-Z and odd-N nuclei, together with the differ-
ence 8¢’ = ¢’ —¢/,. The K™ value for each band and the signature
(favored/unfavored) for each configuration are also listed.

Band K™ Conf. o e e, 8e’
1 6" 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) —0.95 —1.16 0.21
gB 0 (unf) —1.00 —1.01 0.01
5 3~ hA 0 (fav) —0.56 —0.68 0.12
hB 1 (unf) —0.53
6 2+ cA 1 (unf) —0.67
dA 0 (fav) —0.78
8 5+ iA 1 (fav) —0.68
JA 0 (unf) —0.68

500
s 300
U)C

Band 4 Band 5

Band 1 | Band 6

> I [
]
w I Il

Band 2 | Band 8

()
w I I ]

12 16 20 24 28
Spin (f)

8§ 12 16 20 24 28 8
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FIG. 15. Signature splitting functions for bands in '**Lu. Open
symbols represent o = 0 sequences and closed symbols o =1 se-
quences. The spins of Bands 6 and 8 are uncertain. See text for
discussion.

[45,46] and mhy;> ® vijz/s [47] configurations. Bands 4 and
5 are associated with the latter, and both exhibit low-spin
signature inversion. We consider Band 4 first.

Figure 14 shows that the two signatures of Band 4 (gA, gB)
cross each other. At low frequencies the favored signature gA
is unexpectedly 250 keV higher than the unfavored gB, giving
signature inversion. The two signatures of Band 4 are built on
the quasiproton orbital g coupled to the A (favored) and the
B (unfavored) vij3,, quasineutron orbitals. In the neighboring
odd-neutron nucleus '*’Yb [30], the favored signature of the
viy3, orbital is 135 keV lower than the unfavored at rotational
frequency 7w = 0.2 MeV. Obviously the splitting of Band 4
does not simply reflect that of the two signatures of the vijz/»
orbital.

It is customary to use the signature splitting function S to
amplify the effect graphically, where

Eqvy —Eny+Eq-1y— Eq-2
5 )

Soy=Euqy—Eq-1) —

Figure 15 displays the Sy plots for bands in 188y where
the pronounced low-spin signature inversion in Band 4 can
be seen. The measured quantities in Table V indicate that,
with 8¢’ = 10 keV, there is an excellent match between the
unfavored signature (gB, « = 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 (gA, o = 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 unfavored
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
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the reversion frequency 7iw; = 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 mwhy/, ® vij3/, bands has been
observed in '°Lu [48], '°Lu [49], as well as some neigh-
boring doubly-odd Tm, Ta, Re, and Ir nuclei (see Ref. [47]
and references therein). For example, the favored Routhians
of the why/» ® vijz/» bands in '“Tm [36] and '""Ta [38]
were found to be raised 230 and 250 keV relative to the
unfavored ones, respectively, in good agreement with our re-
sult for Band 4. The reversion spin of Band 4 is consistent
with the general trend in the region where /; increases with
increasing N and decreases with increasing Z. Various expla-
nations for signature inversion have been discussed in many
papers, such as Refs. [50-53]. Among them, the particle-rotor
model calculations with inclusion of residual proton-neutron
(pn) interaction demonstrated that the pn interaction is the
major factor causing the signature inversion of whg ), ® Vi3
band in '*Tm [36]. The pn interaction could also account for
half of the delay in the vij3,, band crossing frequency. The
remainder of the delay has been attributed to the increased
deformation of the band. Calculations for '>1%4Tm and !74Ta
[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 signature
inversion with a reversion frequency of hiw; = 0.35 MeV. This
is the first observation of signature inversion based on the
unfavored signature of the mho,, quasiproton 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 relative to the average of the sum of
the respective Routhians from neighboring odd-Z and odd-N
nuclei. A reversion spin /; = 22.0 & can be obtained from the
plots of splitting function in Fig. 15.

Low-spin signature inversion is known to occur system-
atically for mhyi/» ® vijz, bands in this mass region, and
the magnitude of the inversion decreases with increasing N
for a chain of isotopes. This is, indeed, the trend seen in
162.164.1661 1y [46], and the inversion disappears in Band 2 of
1$8Lu. Even though the S(;, 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. However,
there exists a small signature inversion (S < 12 keV) with
a reversion spin I; = 15.4 h. Similar small inversion has been
reported in two cases for w[411]1/2" ® v[642]5/2" bands,
I;=9"%h in '"“Tm [36] and ; = 10 £ in '*Tm [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
[411]1/2% Nilsson orbital, which may introduce additional
complication to a detailed investigation of these small signa-
ture 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 7[411]1/2% ® v[642]5/2% for Band 6 as a
semidecoupled band. It is also expected from the systemat-
ics 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 spectroscopic
study of the odd-odd nucleus '®®Lu. It confirmed the previ-
ously 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 %. The data suggests that Band 5 is built
on the unfavored signature h of the mhg,, orbital, coupled to
the A and B quasineutrons. The configuration of Band 6 was
reassigned as wds;, ® vijzs . The strongly coupled Band 8 is
assigned the configuration wds;,, ® vii3)2.

The first band crossing in all of the main bands are at-
tributed to the BC neutron alignment, except for the unfavored
sequences gB and 4B in Bands 4 and 5, respectively, where
the AD neutron alignment is suggested. Three positive parity
bands, Bands 1, 6, and 8, exhibit a second band cross-
ing, attaining a six-quasiparticle configuration 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 fiw =
0.63 MeV in the fA sequence has been associated with a EF
neutron 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 why/» ® 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
hiw = 0.2 MeV. Band 5 is the first case where the signature
inversion is observed in a band built on the unfavored sig-
nature s of the why/, 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 cranking
calculations employing the ULTIMATE CRANKER code.
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