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The doubly odd nucleu$’®u has been studied using tH&Dy(*'B,5n) reaction at 63 MeV bombarding
energy. A near yrast level scheme was constructed comprising 11 rotational bands. Among th%hg,zthe
®7;i13,2 staggered semidecoupled structure has been establishedlep36&. The doubly decoupled band
7he,® 73~ [521] and a Newby shiftec =0 band were also found. A set of three bands resembles a band
structure present in the neighboring ofldisotopes. One of these shows a striking similarity in transition
energies to ther7/2*[404] band in'"’Lu and hence this pair has been catalogethvirs bands However, their
extracted moments of inertia appear to be very different and therefore they cannot be considered identical
bands in the usual seng&0556-281®9)00509-9

PACS numbses): 21.10.Re, 21.60.Ev, 23.20.Lv, 27.7Q

. INTRODUCTION odd nucleus'’®u has been examindd 1] using the GASP
detector array at the Legnaro Tandem Facility. Eleven rota-
The study of doubly odd nuclei has provided, for at leasttional bands, some up to high spins, were constructed on the
two decades noWl-8], a fruitful ground for the discovery basis of the experimental data. An analysis of directional
and discussion of a number of interesting nuclear structurgorrelation orientatiofDCO) ratios, B(M1)/B(E2) ratios,
features. One recurrent therfie-4] has been the attempt to ground toSband crossing frequencies and structure system-
establish a general classification scheme for the couplingtics in this region of the periodic table have been used to
modes of two nonidentical valence nucleons, leading tqdentify the structures on which the rotational bands are
semidecoupled[1,4], doubly decoupled[4,5] and com- based. A cranking model has been used to extract the inertia
pressed structurdg]. Other phenomena which were discov- parameters and rotational alignments for all bands. All bands
ered along the way comprised signature invergi®] and  show a fairly good additivity12] of their parameteréwithin
identical band$8]. This last concept referred to two bands of 504 for To). A two-quasiparticles-plus-rotor modél,13]
strikingly similar transition energies in neighboring odd- with a variable moment of inerti@/M1) [14] has been ap-
mass and doubly odd isotopes, namely thé "[404] plied to the special cases of doubly decoupled bands,
©717[521] structure in4u and the7.*[404] band in semidecoupled bands, and Newlp] shiftedK =0 bands.

173,179 4. This subject is also reexamined in this work. More
recently, with the advent of powerfglray detector arrays, a
large amount of high-quality data became available revealing
new examples of structures and subjecting ideas and models A. Measurements

to increasingly stringent tests. One of the most exciting is-

sues brought into focus with the development of large Ge High-spin states of *%.u were populated through
detector arrays was the finding of identical bands in the suthe *¢“Dy(*!B,5n) reaction at 63 MeV bombarding energy.
perdeformed regim¢9,10]. The termidentical refers cur- The beam was provided by the Tandem XTU accelerator at
rently to bands having equal moments of inertia while theLegnaro National Laboratory, Italy, angd rays emitted by
term twin bandsstands for structures with equal transition the reaction residues were detected using the GASP array
energies. In the superdeformed regime=@0i and B8  [16], which consisted for this coincidence experiment of 40
=(0.6) it is possible to see that twin bands are also identicalCompton suppressed large volume Ge detectors and an 80
The question arises, however, if this statement is also vali®GO multiplicity filter, providing the sum-energy angray

in the normal deformation regime. The present study ofmultiplicity used to select the different reaction channels. All
179 y is framed into the above context and is likely to pro- the eventg¢near 18) were recorded with the condition that at
vide an example for nonidentical twin bands. The doublyleast three suppressed Ge and three inner multiplicity filter

Il. EXPERIMENTS AND RESULTS
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FIG. 1. Partial level scheme of the nucletLu obtained in this work. From left to right are shown bamisB, C, C2, I, andJ.
Tentative assignments are given between parenthesis.

detectors were fired. The data corresponding to Ge energiesdetection system composed by one planar Ge detector and
were sorted into fully symmetrized matrices and cubes. Than 11-element multiplicity filter with the purpose of measur-
large number of triple coincidences allowed the possibility ofing halflives in the nanosecond range. The 98.5 keV line
generating matrices gated by transitions in different bands a§hows a halflifeT ,=2.6(2) ns, clearly indicating that is an
19 u and of obtaining very clean double-gated spectra. Aout-of-band transition. On the other hand, an upper limit of 1
complementary experiment was carried out at Tandar Labaas, consistent with a prompt character, was obtained for the
ratory, Buenos Aires, using the same target and reaction art32.2 keVy ray which depopulates the {3 state of bandr.

D

3t — E
9043 170
850.5 |
798.8
uad IS e I 71 99
794.8 738.4
25T —1—— — 247 f-ug — F
736.9 8564 686.1| — a1t
—! 22 16091
23t 20
634.7 19"
678.6 20+ 631.4 | L .
— ¥ T 18
2t — 601.0 18" 5552
621.2 . 187 - + "
1ot ¥ L H 576.8| —] 17 17 639.1
T 5787
565.277 16t 564.1
: . 16t T— Fe65 | 16%
1wt — aeh o 269.9
533.6 515.4 15+ 561.3
+ +
5094 14 %, 198.2 14" y 5188 2910 | 5142 Lt
15 e @ azh 456.9 o+ 223.1
4802 ) 1 13+ 481.8
450.8 12 art) 4328 127y 4441 258.3
.. o 3 . 3 | 4297 yya+ G
Ne &/ 8 408.2 (10h) 389.9 + 171.2
388.0 3960 ot VL @) 358.1 10+ o ' 4088
o 10 185:3 ) 365.4 ?325 | 3630, +
3311 170.8y9% 9% peey— (10
@q) o (7*)55 sy £ &, 7L L L ser U0
s 7"3:// 2815 X__ 8" 7 zes2[ 1505 LF T T 5114 az
247577 (8% 135.0 oy 2085 (2748 ¥ 4 _
113 G T4 Py No 66.1 o ar) 485.9
[CY] 208.5 N 1125 % "
1.0 | 948 o 2084 _— Sl | 1829 11909 | 2514 430.9 @)
oy 1758 ) 1730 957150 Ne (17.0 v e &) 392.1
& : T7T8NG e 5T 350.7 [C]
2o e g | 1508 (1948 | 1768 : 164.1
2 ' 4+ ) - 308.7
132.0 107.6 o 266.9 _—1‘2‘;?’ (6
- 2 57) : 2238
pov. By 1015 -

7T%Jr[404] ® Vijge (ﬂ;[404] o [521) )

K=0

mhy 5 evLs21] ﬂ%hu]xs vijgm (uf)) ﬂg[m]@ viig s ()

FIG. 2. Partial level scheme of the nucletf8_u obtained in this work. Band®, H, E, F, andG are shown from left to right. Tentative
assignments are given between parenthesis.
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FIG. 3. (a) Spectrum in coincidence with the 408.2 and 120.0 kehays.(b) Enlargement of the low-energy portion of the spectian

(c) Spectrum in coincidence with the 114.4 and 315.6 ke¥ays.(d) Enhanced linking transitions by setting a gate on the 406.6 keV line

in the matrix in coincidence with the 479.9 keV transitidge) Coincidence spectrum showing the quadrupolar cascade of Gafid
Enlargement of a coincidence spectrum enhancing the dipolar transitions irCband
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B. Level scheme of'"%Lu spectra in coincidence with the 60.5 keV line. The spins and
The level scheme for”8u deduced from the data ob- Parity assignments of this band are based on systenjad¢s
tained here is shown in Figs. 1 and 2. Good agreement waand theoretical assumptions, which are explained further in
reached with the previously known ddtb7] obtained from  the discussion section.
the decay oft"®Hf where the ground state was observed to be

I”=0" and assigned to the " [404]®i 5% [633)]), an- 2. Bands B, C, and C2

tiparallel coupling. Figure 3 shows examples of the high-

quality coincidence spectra of the Ge detectors gated on pairs The striking similarity of this structure with the one ob-
of transitions belonging to the same band or two differentserved in the neighboring®®*"1u isotopes(see Sec. Il ¢
bands to enhance the linking transitions between them. Allowed a rapid identification of in-band quadrupole and di-
first energy calibration was made with Eu and Ba radioactivepole transitions and linkingy rays. This identification was
sources. In-beam spectra at different angles were Dopplehen confirmed by a DCO analysis. A detailed DCO study of
matched. A further energy correction was made using on-linghe three linking transitions that depopulate the level below
data, in particular knowrt’®Yb and **“Tm quadrupole tran- the 114.4 keVy ray fixes the spin difference between the
sitions [18,19 that were also populated in the experimentiywo band heads to Héos— 10| = 1. TheE1 multipolarity of
throughp4n anda4n reactions, respectively. The neighbor- the 168.2 keV linking transition was extracted from an inten-
ing odd-Lu isotopes were populated as well and very goody, palance analysis. This fact leads to opposite relative par-
agreement was obtained with the already known transmomty for the two bands. The same procedure revealed the
ener_gies[20,2]]. The multipolarities were inferreq from in- M1(E2) character of the 226.4 and 204.3 kewtays that
tensity balance, in-band analysatching of pairs ofal link bandsC andC2. The absolute spins and parities of these

=1 transitions to their porre_spondlngl :2. and COINCIthree bands were based on theoretical assumptions, which
dence conditions and directional correlation orientation . . . . . X o
are explained in the discussion section. In Fig. 9 the striking

(DCO) analysis, which has been done using the data col-.

- _ ilarity between the transition energies of the structure
lected by the detectors placedégt=34.5 and #,=90°. The simi

; : d of bandB, C, andC2 and th b df
ratios 1, .(70,62)/1, o.(¥0.01), Wherel, , (vo,60,) is composed of ban an and the one observed for

i 7 1~ 169,17
the intensity at angl®, of the observedy ray vy, in coinci- Ehi odd-pri)tsoS excitations in . Lu ) com~p?ied by
dence with the liney, at d,, were compared to the ones 7z [914], m3"[402] and (more impressively 7" [404]
calculated theoretically{22]. A complete list of Y%y  becomes apparent. The high degree of similarity ofthray
gamma ray energies can be found in Table | separated bgnergies(reinforced by the fact that the levels df**"Lu
band, together with their corresponding experimental DCQare also populated in this experiment and that the same cali-
ratios, assigned multipolarities, and the method used to adbration applies to all nuclgileads us to characterize these
sign them. Further experimental information was obtained byairs of bands as twins.
in band branching ratios for a given level. This quantity can

3.Bands D, H, E, and F

be compared with the calculated effective branching ratios:

l ES BM1) N

i ><<_) =[_(1+ |, The observed transitions for both favored and unfavored

Ei Lyl aiz2 B(E2 th components of ban® have the characteristics of stretched

¢ quadrupoles. The existence of the 56.0 keV transition has

where B(M1)/B(E2) are the pure branching ratios aad been inferred from the distorted Lu x-ray intensity relations.
denotes th&2 to M1 mixing coefficient for an in-bandl| The accidental degeneracy of different levels determines the
=1 transition. The expression used for the theoretical calcutelative spins and parities of banBsandE on one side and
lation is given in Ref[23]. A complete list of level spins bandskE andF on the other. An intensity balance analysis for
with their corresponding experimental effective branchingthe low-energy linkg180.3, 211.2, and 236.3 keV from band

Al=1

ratios can be found in Table II. D to E and 99.8 and 164.0 keV from bagcto F) resulted in
an M1/E2 mixture for all transitions. A DCO ratio analysis
1. Band A suggests that the 220.3 keV transition that links batdmd

This band receives the strongest population in our experiE does not change the spin. This fact hence suggests the
ment. The predominar1 character of the\l =1 transi- relative spin of bandH with respect to bané&. The 70.3 keV
tions follows from DCO analysis and intensity balance con-transition was observed by subtracting the spectrum in coin-
siderations. The difference between the sum of te=1 cidence with the 245.6 and 168.9 keV lines from the one in
transition energies and the correspondii=2 crossover coincidence with the 245.6 and 98.5 key/rays, both nor-
energies is within the final experimental uncertainty. Themalized to the intensity of the 91.9 keV line. The resulting
60.5 keV transition(shown in parenthesis in Fig.) was  spectrum can be seen in Fig. 4. Both 98.5 and 70.3 keV
most likely not observed because it is masked byKhe u rays depopulate band and the existence of other highly
X rays. Its existence was inferred from the observation of theonverted low-energy hidden transitions between the upper
spectra in coincidence with the 140.3 and 101.2 keV transiband members and theserays cannot be excluded. In par-
tions and from the distorted x-ray intensity relations in theticular a 16.3 keV transition can be placed below the
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TABLE I. List of y-ray energies, DCO ratios, assigned multipolarities, and method used to assigriie@n IB is the intensity
balance, Il is the in-band sum-energy analysis, see text for explahagparated by band. Unless otherwise noted the DCO ratios were
extracted using a quadrupole line as the gating transition.

E, (keV) DCO Mult. Method E, (keV) DCO Mult. Method
BandA 40.547) M1/E2 I 304.51) M1/E2 I
60.55) M1/E2 I 330.476) M1/E2 I
80.174) 0.775) M1/E2 DCO-II 331.8@6) M1/E2 I
96.164) 0.623) M1/E2 DCO-II 346.154) 1.075) E2 DCO-II
101.21) E2 I 391.965) 1.41) E2 DCO-lI
120.053) 0.553) M1/E2 DCO-lI 436.487) 0.8405) E2 DCO-lI
130.373) 0.433) M1/E2 DCO-lI 479.929) E2 I
140.133) E2 I 520.21) 0.811) E2 DCO-lI
163.133) 0.453) M1/E2 DCO-lI 561.42) 1.01(5) E2 DCO-lI
164.823) 0.433) M1/E2 DCO-lI 595.92) E2 I
176.304) 0.955) E2 DCO-II 634.92) E2 I
194.213) 0.443) M1/E2 DCO-II 662.33) E2 I
214.314) 0.41(3) M1/E2 DCO-II 697.714) E2 I
216.224) 0.995) E2 DCO-lI 708.95) E2 I
224.614) 0.453) M1/E2 DCO-lI 762.45) E2 I
250.4G3) 0.84(5) E2 DCO-ll  Links 168.205) El B
256.727) 0.395) M1/E2 DCO-ll BtoC 250.774) El I
265.337) 0.395) M1/E2 DCO-lI 282.7G4) E1l I
291.715) 0.41) M1/E2 DCO-II 315.634) 0.86(5M*! E1l DCO-IB
295.213) 0.935) E2 DCO-II 387.7%7) El I
314.916) 0.443) M1/E2 DCO-II 391.827) El I
327.943) 1.003) E2 DCO-II 397.1Q9) El I
358.735) 0.555) M1/E2 DCO-lI 403.636) El I
377.224) 1.003) E2 DCO-lI 411.837) El I
393.486) M1/E2 1 420.88 El I
408.255) 1.075) E2 DCO-lI 430.41) El I
459.51) 1.035) E2 DCO-II 439.32)  0.96(8M! E1l DCO-II
490.029) 1.1(1) E2 DCO-ll  Band 124.016) 1.045) M1/E2 DCO-lI
539.51) 1.035) E2 DCo-ll  C
571.42) 1.137) E2 DCO-II 147.3%4) 1.065) M1/E2 DCO-II
615.42) 1.057) E2 DCO-II 170.285) 1.105) M1/E2 DCO-lI
651.03) 1.3(1) E2 DCO-lI 192.755) 0.585) M1/E2 DCO-II
686.42) E2 1 214.41) 0.828) M1/E2 DCO-lI
728.713) E2 1 235.116) M1/E2 I
752.54) E2 1 254.428) 0.997) M1/E2 DCO-II
803.05) E2 1 271.32) 0.955) E2 DCO-II
867.97) E2 1] 274.01) M1/E2 I
874.76) E2 1 291.764) M1/E2 I
940.77) E2 I 308.896) M 1/E2 I
1001(2) E2 I 317.584) 0.994) E2 DCO-lI
BandB 114.434) M1/E2 1 362.925) 1.135) E2 DCO-II
137.995) 1.035) M1/E2 DCO-II 406.639) 0.887) E2 DCO-lI
161.453) 1.01(5) M1/E2 DCO-II 449.11) 0.897) E2 DCO-lI
184.762) 0.835) M1/E2 DCO-II 489.3719) 0.937) E2 DCO-lI
207.414) 0.8405) M1/E2 DCO-II 528.21) E2 I
229.173) 0.805) M1/E2 DCO-II 569.82) E2 I
250.804) M1/E2 1 600.32) E2 I
251.71) 0.835) E2 DCO-lI 633.32) E2 I
269.424) 0.695) M1/E2 DCO-II 665.23) E2 I
291.8@3) 0.9605) M1/E2 1 693.93) E2 I
299.61) 0.945) E2 DCO-lI 720.713) E2 I
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TABLE I. (Continued.

E, (keV) DCO Mult. Method E, (keV) DCO Mult. Method
741.14) E2 1 850.55) E2 Il
757.714) E2 Il 904.37) E2 1]
758.84) E2 1 Links 180.345) M1/E2

BandC2 101.786) M1/E2 1 DtoE 211.386) M1/E2 1B
126.143) M1/E2 1 236.406) M1/E2 1B
149.323) M1/E2 Il 309.6%5) E2 I
173.685) M1/E2 Il 330.828) E2 1]
192.196) M1/E2 1 359.02) E2 1]
220.117) M1/E2 1 379.7@6) E2 Il
227.543) E2 1 429.53) E2 Il
231.346) M1/E2 Il 497.83) E2 Il
262.3%5) M1/E2 1 BandE3 95.687) M1/E2 1B
275.524) E2 1 112.489) M1/E2 1B
323.066) E2 1 134.947) M1/E2 Il
366.0%4) E2 Il 150.5@9) M1/E2 Il
412.425) E2 Il 173.957)  0.995) E2 DCO
451.21) E2 I 208.388)  1.025) E2 DCO
494.32) E2 1 247.6%5) E2 1
569.82) E2 Il 285.2@6) 0.975) E2 DCO
633.44) E2 1 320.716) E2 I

Links 204.42) M1/E2 1B 365.415) E2 I

C2toC 226.383) M1/E2 1B 389.898) E2 I
328.22) M1/E2 Il 444.1%7) E2 I
330.53) M1/E2 Il 455.979) E2 I
332.61) M 1/E2 I 515.41) E I

BandD 70.366) M1/E2 [17] 518.81) E2 Il
91.955) 0.975) E2 DCO-IB 564.12) E2 Il
98.555) 0.745) M1/E2 DCO-IB-[17] 576.82) E2 Il
147.7%3) 1 596.22) E2 1l
165.374) 1.01(5) E2 DCO-IB 609.13) E2 1
168.883) 0.875) E2 DCO-IB 631.32) E2 I
221.293) 1.32) M1/E2 DCO-IB 686.03) E2 I
242.51) 0.835) E2 DCO-IB 738.44) E2 Il
245.633)  0.9105) E2 DCO-IB 798.85) E2 I
294.715) 1.4(2) M1/E2 DCO-IB Links 61(1) M1/E2 Il
319.284) 1.025) E2 DCO-IB EtoF 99.847) M1/E2 1B
319.614) 1.116) E2 DCO-IB 147.Q1) M1/E2 Il
368.166) M1/E2 1 164.024) M1/E2 1B
387.984) E2 1 195.184) 0.553) M1/E2 DCO-II
396.0@q4) 1.1077) E2 DCO 229.584) 0.654) MI1/E2 DCO-II
450.848) E2 Il BandF 68.085) M1/E2 1
469.188) E2 I 107.584)  0.925) E2 DCO
509.11) E2 Il 120.614) 0.455) M1/E2 DCO-II
533.61) E2 I 132.047) 051  M1/E2 DCO-IB-[17]
565.22) E2 Il 134.82) E2 1l
578.12) E2 Il 159.835) M1/E2 1B
601.02) E2 Il 171.193) 0.965) M1/E2 1
621.42) E2 1 176.713) 1.085) E2 DCO
634.713) E2 Il 182.933) 0.353) MI1/E2 DCO
656.44) E2 Il 199.91) E2 I
678.63) E2 I 206.473) 0.755) MI1/E2 DCO
736.94) E2 Il 223.1%5) M1/E2 Il
794.85) E2 I 232.474) 0.454) MI1/E2 DCO
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TABLE I. (Continued.

E, (keV) DCO Mult. Method E, (keV) DCO Mult. Method
251.084) 1.044) E2 DCO 408.41) E2 Il
258.356) M1/E2 1l 432.41) E2 Il
269.916) M1/E2 Il Links 139.32) M1/E2 1B
274.788) 1.169) E2 DCO HtoE F 186.02) M1/E2 Il
291.028) M1/E2 Il 220.33) M1/E2 1B
326.756) 0.91(5) E2 DCO Bandl 94.61) M1/E2
353.035) 0.91) E2 DCO 115.41) M1/E2
403.289) 1.034) E2 DCO 135.22) M 1/E2
429.11) E2 Il 154.22) M1/E2
481.81) E2 1l 173.52) M1/E2
514.22) E2 Il 190.52) M1/E2
561.32) E2 Il 209.33) M1/E2
596.82) E2 1] 21001) E2
639.13) E2 I 222.42) M1/E2

Band G 101.63) M1/E2 1] 241.53) M1/E2
122.41) ML1/E2 I 249.65) E2
145.41) M1/E2 I 249.93) M 1/E2
164.54) M1/E2 1l 270.93) M1/E2
223.24) E2 1l 289.13) E2
267.41) E2 Il 328.23) E2
309.Q1) E2 Il 364.13) E2
350.712) E2 1] 400.05) E2
392.15) 1.002) E2 DCO-II 432(1) E2
430.95) E2 1] BandJ 107.21) M1/E2
485.11) E2 1 126.71) M 1/E2
511(2) E2 1 145.02) M 1/E2
BandH 75.91) M1/E2 1] 162.02) M1/E2
94.82) 0.6(2) M1/E2 DCO 173.02) M1/E2
11.32) 0.6(2) M1/E2 DCO 211.53) M1/E2
135.895) M1/E2 1] 234(1) E2
145.22) M1/E2 1] 271.43) E2
171.42) E2 1] 307.13) E2
185.33) M1/E2 1] 335.23) E2
206.53) E2 1 363.23) E2
247.716) E2 1] 402.14) E2
281(1) E2 1] 438.64) E2
3322) E2 1] 474.15) E2
358.217) E2 1]
91.9 keV line to reach agreement with the previously known lll. DISCUSSION

9 u level schemd17]. In this way the three bands are

connected to the ground-state level below the 98.5 keV tran- The identification of proton and neutron orbitals involved
sition. The 132.0 keVy ray does not show a halflife greater in the rotational bands of’®_u was done on the basis of the
than 1 ns(detection limit of this experimehtand hence has coupling schemes proposed by Kreieeml.[3] For the dou-
been treated as a promptray that belongs to ban, as  ply odd nucleus'’®u the zero-order level scheme was con-

previously observed confirming the proposed scheme. structed adding the experimental band-head energies ex-
tracted from neighboring odd proton and neutron isotopes
4. Bands G, |, and J (and neglecting the residual interaction which can split the

These structures appear as isolated dipole bands. THE>=|Qp*Qy| states according to the Gallagher-
spins and parities are completely based on theoretical asdoszkowski coupling rule§25], see Table IlJ. As a helpful
sumptions and have tentative character. tool to qualitatively characterize the kind of coupling
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TABLE II. Effective branching ratios extracted from experimental data and separated by band as a functior of §pnemitting state.

[B(Ml)} ) [B(Ml)} (&%)

Spin () B(E2) | Spin (k) B(E2) |,

BandA 16 0.264)
7 0.263) 17 0.144)
8 0.353) BandC2
9 0.292) 9 0.611)
10 0.311) 10 0.82)
11 0.272) 11 0.84)
12 0.361) 12 0.11)
13 0.261) BandE
14 0.291) 6 0.022)
15 0.262) 7 0.21)
16 0.241) 8 0.042)
17 0.191) 9 0.53)
18 0.2G2) 10 0.083)
19 0.192) BandF

BandB 7 0.41)
10 1.52) 8 0.71)
11 1.11) 19 0.51)
12 0.969) 12 4.89)
13 0.656) 13 1.12)
14 0.687) 14 0.11)
15 0.799) Band G 5 0.41)
16 0.81) 6 0.174)
17 0.82) BandH (5) 0.4(2)
18 0.51) (6) 0.4215)

BandC ) 0.4515)
9 0.141)  Bandl ) >0.3(1)
10 0.075) ) >0.6(2)
11 0.181) (9) 1.56)
12 0.075) BandJ (6) 0.6(3)
13 0.141) 7) 0.31)
14 0.033) (8) 0.4(2)
15 0.083) 9) >0.21(8)

scheme, the paramet#l; was extractedthis parameter is A. The different models

defined in[2] as K;=(2—x)/(x—1), wherex is the ratio

between thelp+2—15+1) and the [(+1—1;) transition In this work, the characterization of the rotational bands

energies and is the band-head spin and would coincide comes ultimately from the comparison of physically mean-
with the K value of the band for a normal and rigid struc- ingful parameters extracted from the fit of experimental data
ture]. For the Y"®Lu rotational bands found in the present o a theoretical model. The theoretical approaches have been
work, the configuration assignments were based on systemMept as simple as possible.g., minimal dimensions for con-
at_ics and on the analysi_s of band prpperties such as rmaﬁ%uration spaces have been usedthout losing the essen-
alignments, band crossing frequenciBgM1)/B(E2) val- tial ingredients for a given case, in order to achieve maxi-

ues, mixing ratios oM 1(E2) transitions, signature splitting, mum transparency in the analvsis. The cranking model and
etc. In order to further explore the consistency of the struc- P y ysIS. 9

ture assignments an analysis in terms of simple versions qjlrgple versions of :che ;r)]artlcle pluis rotlor modfel are usefd rt]o
the particle plus rotor model has been done. For each ( 1'nd an expression for the energy levels as a function of the

=2) band the inertia parameters were extracted by fitting th&t@! angular momentum and a setroparameters:
energies of the first four quadrupole transitions to the crank-
ing model, in order to check additivity rules. En(l,ar---a,). D
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TABLE IlI. Zero-order level scheme ot’®Lu. Entries arek>

1 I 4 I ' I
100 o =[Q,+Q,| values and zero-order energies in keV. Excitation en-
ergies correspond to the average'®.u and *"*Lu for protons and
085 to the average ot®®vb and *"*Hf for neutrons.
200
] s ~ 7/2+[633]
o d JOTINMGA]  (isp)  L27[521 5/27[517]
TQ[NnA] B, (keV) 0.0 23.2 120.4
I I ; } t l E. (keV)
. Coincidence with -
1000 245.6 and 98.5 keV 71211404 o+, 7t 37, 4" 17,6
= J 4 0.0 0.0 23.2 120.4
3
@) :
7 500 91.9 . 1/27[541]] 37,4 0", 1" 2+, 3t
g H
o (h9/2)
8 |
UWWJL 50.1 50.1 73.3 170.5
0 T T T T T T I —
. 1/27411] 3t, 4 0,17 27,3
6000 Colncidence wih 7 152.8 152.8 176.0 273.2
245.6 and 168.9 keV
4000 . 5/2*[402] 1*,6* 27,3 0,5
' 919 - 240.9 240.9 264.1 361.3
2000 - 985 o
LJI s 9/27[514] 17,8 4%, 5% 2% 7F
0 T T T T T T T T (h11/9)
20 40 60 80 100 454.1 454.1 477.3 5745

Energy [keV]

FIG. 4. (top) Subtraction spectrum dfiddle), the spectrum in . . )
coincidence with the 245.6 and the 98.5 keV transitions, ftbat-  function w,(1,J0,71,i0) can be found as the physically
tom), the spectrum in coincidence with the 245.6 and the 168.9 kevyneaningful solution of the cubic equation
ones, both normalized to the intensity of the 91.9 kekay. A peak
at 70.3 keV arises over a nearly flat background of zero counts.

VI(T+1)— (K2 —ig=(Jo+ T 05) wy . (4)
The parameters are then extracted through a correlated non-
linear least-squares fit that consists in the minimization of th

function eI'h|s semiclassical model assumes a nucleus with a cinematic

[27] moment of inertiadJ®)=7J,+ J,w?2 rotating with fre-
quency w, around an axis perpendicular to the symmetry
axis, and all the noncollective contributions are taken into
account throughy on the axis of rotation and the root mean
square ofK on the symmetry axis. The main advantage of
this model is that the same form applies for even-even, odd,
and doubly odd nuclei.

xX*(ar---ay) =XV X, )

where X is a vector that contains the differencgg,l; ,a)
—Ep(li—Al,a)—E(l;—1;—Al) (Al=1 or 2 depending
on which transitions are used in the fit ahduns over the
number of selected data poipnendV is the variance matrix. — ) )

The cranking model proposed by Harf&6] is one of the Hamlicl;:lgunaig)r?ggl\?vsngiauns VMI-rotofVMI-NQPR) model
most extensively used models for the description of rota-
tional states in heavy nuclei. The rotational energy of a par-
ticular state can be written as follows:

p pr z |ntk \7 (5)
1 k

) 3
Ecr(ﬁ)xJoJl,'o):E Jo+ 531‘1’5)‘0)2(: ©)

where3,,3, are the inertia parameter, is the alignment, whereﬁint is the intrinsic Hamiltonian of the valence quasi-
0141

and o, is the rotational frequency. This frequency is a func-particles, Vpn is the residual interaction among them and
tion of the spinl, the three parameters and the mean-square

value of the projection of the total angular momentum on the 1
symmetry axis denoted by, which has been taken as fixed A= —=R2+ — (J Jo)? (6)
because it is strongly correlated withy,J;, andiy. The 23 4J
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TABLE IV. Parameters usedu) in and extracted by the Nils- Band A : nhy, x Vi,
son calculations{ss;), (jl2>) and alignmentgi) used in the semi-

classical approximation @(M1) values. The alignments were ex-
tracted averaging the ones obtained frdffLu and YLu for
proton orbitals and®®yb and "*Hf for neutron orbitals.
=
Core deformation: o,
B=0.3145), , %
k=0.052 Orbital i(%) w? (s3)(h) (J*)(h) &
g
7/2*[404 0.0 0.625 -0.46 3.66 eg
1/27[541] 21 0.7 -0.08 18.88 @
Protons 1/2[411] 05 0.625 0.35 11.08
5/2*[402] 0.0 0.625 -0.45 3.17
9/27[514] 0.4 0.7 0.46 15.37
7/2°[633] 0.7 0.448 0.37 34.62 =
Neutrons 1/2[521] 0.35 0.45 -0.28  13.44 g
- <
5/27[512) 0.1 0.45 0.40 11.94 é"
a/alues taken from Ref29]. g
:
is a VMI Hamiltonian, whereR=1-J is the collective an- =
gular momentum. The second term of the equation come
from the variable character of the moment of inertia and
takes into account the amount of energy spent to change
from the static ground-state valdg. The moment of inertia ]
J for a particular rotational level can be found from the S L AL DL L N

physically meaningful solution of the cubic equation
Spin

FIG. 5. (a) Theoretical two-quasiparticles-plus-rotor calculation
of experimental branching ratios assuming that bArid based on
the 7rhg,® Vi3, coupling. (b) Same theoretical approach to experi-
which comes from the condition of minimum energgqui- ~ Mental mixing ratiogsee text

librium valug and (R?) is the mean-square value & It
should be mentioned that the inertia paramelgrandJ, are
not necessarily equal in both models. The number of param-

eters and the explicit form of the eigenvalues féfas a
function of these parameters ahdlepends on the selected X
number of particles outside the core and on how many qua-

siparticle states one includes in the basis. The ground-state \/_R_ )
band of an even-even nucleus can be taken as a rotatiff?€r€¢} and V(j—) are the absolute values of the projec-

nonrigid core, and hence the energy of the levels is easilons Of the angular momentum on the symmetry axis and on
calculated as a plane orthogonal to it, respectively, of the odd particle and

a is the decoupling parameter that multiplies the diagonal
Coriolis term[13].
1 1 For a doubly odd nucleus the problem may be separated
Eee(l)= o511+ 1)+ H(j—jo)z- ® in five caseg2,3]: Normal; K=Q,-Q,=00,,#3 (anti-
! parallel coupling; compressed; semidecouple@SDB),
(Qpmn)>32.Qnp=12); and doubly decoupledDDB), (€,
This particular case is analytically equivalent to the cranking= 2= 3) bands. The first two cases can be considered to-
model, as was pointed out [14]. For an odd nucleus one gether by the expression
can take one quasiparticle outside the even-even core in a

3®—73,3%-3(R¥) =0, 7

1(14+1) = Q2+ (j* ) + 89, Ja(— 1)~ 12

-1
Etnyed 1@ =55

| L L oasay 9
+ = +4—31(J J0)%, 9

2

- . . . 1

pure K= asymptotic Nilsson28] state (the predictions E = I+ 1) = K2+ (it (L2

will not be very accurate in cases lo§;, or i 15, parentage or ©~%normal 23[ ( ) IERARIERA

more generally for high- parentage orbits where Coriolis 1
znaé:gyelleevrglints are largdeading to the expression of the + 5K,OVN(_1)|+1+ E(j_j‘))z’ (10)
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TABLE V. Backbending ¢ to S) crossing frequencies estimated as the value at which a change of
slope of the experimental Routhians occurs. ND stands for the cases in which data were not available or

insufficient.
Band howe (MeV) Band ho, (MeV)
g.s. 168yp 0.28

189 u My 18%b 1t
heo (f) 0.30 0.27 i3 () 0.34 0.36
21404 (f) 0.24 =>0.24,<0.28 i3 (uf) 0.32 0.34
241404 (uf) 0.23 =0.22,<0.27 37[521] (f) 0.23 0.22
371417 (f) 0.23 0.20 37[521] (uf) >0.22 =0.27
5+[402] =>0.21 >0.20 57[512] =0.19,<0.23 ND

94[514] (f+uf) >0.22,<0.25 >0.19,<0.23

79 y Candidate Additivity
BandA (f) 0.39 hg,® Vi 13 0.36
BandA (uf) 0.34 0.34
BandB (f) 0.30 73 [514]® Vi3 0.28
BandB (uf) 0.28 0.29
BandC (f) 0.34 TL[404)® Vi s 0.30
BandC (f) 0.35 0.29
BandC2 (f) >0.20 753140210713 0.26
BandC2 (uf) ~0.29 0.26
BandD (f) 0.24 7he,® 13 [521] 0.25
BandD (uf) 0.29 0.29
BandE (f) 0.28 T3 [410© Vi g, 0.29
BandE (uf) 0.28 0.28
BandF (f) 0.25 T2 [404]© Vi 13, (K=0) 0.30
BandF (uf) >0.24,<0.32 0.29
BandG >0.19 751 [404)@ 3 [521] =0.19
BandH >0.18 T3 [410® Vi g 0.28
Band| >0.19 %%_[514](87/%_[521] >0.18
BandJ >0.19 ’7}§+[402]®7/g*[512] >0.16

whereKz=|Qpi Q,| depending whether parallel or antipar- The lowest eigenvalue leads to the final expression for the

allel coupling is going to be analyzed ak(, is the Newby- ~ Yrast energy levels:
shift matrix elemenf15]. For SDB an explicit expression for

. L . +E.+
the energy levels can be extracted by the diagonalization of a Ep (1,@)= LAV"”
2X 2 Hamiltonian matrix that mixes two bands, one with st 2
K- =Qpn+3 and the other wittK . =Q . — 3, by means E _E_+AV_2
of a nondiagonal Coriolis term of the forf8] — \/(%1) -E%, (13
1/ 1 1 i i i i
= " whereAV,, is the difference in the proton-neutron residual
Ecoll,@a)=(Ko|HolKo)=—5| s+ ==— . . pn
col1,2)=(K>|HealK<) 2127 23<) interaction strength between tie. and theK. bands and
xa[(1-Ko)(1+K_+1)]Y2, (12) 1 , , 5
E-(La)= 11+ 1) = K= +(jp )+ (jin )]
where a is the decoupling parameter associated to the JZ
Qn(p):% state andjz are extracted using Eq7) and the 1
value of(R?) calculated by + 4_31(32_30)2- (14)
B2 11+ — K24 (ii D4 (ilD) For a DDB an an_alog 2 2 Hamiltonian matrix can be con-
{ >i \/ ( ) z {Tp 2+ ) (12 structed considering th€. =1 andK . =0 bands formed by
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FIG. 6. Comparison of thers [514], 74 *[404], and 73 *[402] bands in'®®"L.u with bandsB, C, andC2 in 1%u. In spite of the
fact that data for odd nuclei are available in the literafi#@,21] the energy values obtained in the present work have been adopted for
consistency.
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Band B : n9/2[514] x ¥iy, produced. This is contrary to the expectgd-4] favored
* T o T T signature in the odd-odd nucleu&;)(,n) corresponding to
the coupling between the favored signature of both proton

(ap) and neutron &) orbitals, that for themhg,®viqay,

w
(=
1
|
Pom
Y
ki
1

o TSI VSIS12): =7

N
n
!
I

F band would correspond te, ,=af+aj=3+3=1 (odd

& 204 . 1 spin valueg This situation has been recently described

< e 1 [31,32,24 and was explained in terms of a residual proton-

g 157 E/ o e 1 neutron interaction. As occurs systematicdB@] with this

§ Lol L N T configuration a notorious delay of the back-bending crossing

= E\I/I\I/ ] frequency () is observed and is reproduced using the ad-
05+ N i\ . ditivity rules (see Table V.

0.0 T T T T T T
2 4 6 8 10 C.Band B
This band together with bands, C2, and their linking
FIG. 7. Comparison of theoretical and experimental branchingransitions closely resemble the odd-proton
ratios for bandB for three possible configurations. The best fit is }%7[514],%?[40@,;‘7%1402] structures in the neighbor-

obtained form3 "[514]® vi 135 ing odd-proton nucleisee Fig. 6. This striking similarity
_ . _ _ _ does not only concern in-band transitions but also relative
the coupling of two{) =3 orbits that will be mixed by a band-head excitation energies. The participation of

nondiagonal Coriolis term of the forifd] 727[514] in bandB is strongly suggested by this analogy
leaving three possible couplings for this band as discussed
below (the coupling to the three lowest neutron excitations,
namely 73 [514]®vigp, o [514]®v:[521] and
X[a,+(—1)' ta,]VI(1+1), (15 7 [514@v2[512], see Table Il The calculated
branching ratioJusing N=5 andN=6 shells for protons
wherea, and a, are, respectively, the proton and neutronand neutrons, respectivelwhen compared with the experi-
decoupling parameters and the moments of ingitia, o are “mental ones favor ther [514]® vi,3, configuration(see
extracted by the p_rocedure described above. The expressigfy 7). A small delay ofw, is expected by additivity and is
of the level energies has the same form of EkB), where i, a0t observedsee Table V, so the participation of the

the diagonal matrix elements are calculated in analogy to the . orhital is also preferred from this point of view. Further-
SDB casgEqg. (14)] with the addition of a Newby shiftto the 0 4 systematic study & E vs. | for the
L l .

componenE _=Ey_,. The described model has, in spite of ~ _ e T
its simplicity, already several parameters, and some of therfi11/2® vi13,, configurations(the 3 "[514] orbital hashy,,
have to be held constant in the fits in order to achieve conParentage shows a characteristic signature inversionl at

vergence. The values foIjéi) were extracted from a Nils- ~=91? (see F~|g 8. Hence, the be.s.t candidate for baBds
son model calculation using the deformation parameter of’2 [514®viiz,. As a last additional argument Table Vi
the even-evert®yb core and the Nilsson parameters of Ref. Shows that this configuration has the best additivity in the
[29] (see Table IY. The main advantage of this model is that cranking parameters.

it explicitly includes quantum effects, which modify the be-

havior of the rotational structure at low spins. D. Band C

et

N . 1
Ecol1,8)=(K=1[Heo]K=0)=~ 3 29v1 | 29kce

Once the configuration of banB has been established,
the discussion of the previous section leadsmtb"[404]

This is a very well-known structur24,3( characterized  @7i, 4, for the intrinsic structure of ban@. The predicted
as a semidecoupled band. The early onset of the characterisranching ratios fit well the experimental data. In this case
tic dipolar staggering, the series of very low-energy transiN=4 was used for the proton orbital. Consistently, a noto-
tions, and the very lovK,;=1.1[3,4] lead us to assign this rious delay inw, (slightly greater that the one expected from
band to therhg,,® 7i 13/, configuration. A very good agree- additivity) is observed in Table V. Again good additivity of
ment is achieved between experimental data and theoretictiie inertia parameters is observ@ge Table V.
predictions of the VMI-2QPR model both for branching ra- As already pointed out in the previous section this band
tios andé mixing coefficients calculated with a diagonaliza- and the one based an} *[404] in the odd-proton neighbor-
tion in the 7hg,,® 7i 3, configuration space. These results ing isotopes have almost the same transition energies along a
are summarized in Figs(® and 3b). Furthermore, a strik- wide range ofw. This fact can be clearly seen in Fig. 9.
ing additivity is observed in the inertia parameters, as seen iAlthough the concept of twin bands is usually associated
Table VI. Favored states have even spias=0, « is the  with identical bands, the extracted inertia parameters listed in
signature up to high-spin values where a change of phase i§able VI show large differences with those extracted for the

B. Band A
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FIG. 8. Systematics of the difference in the energy of successive dipolar transitions against spin 7t @ vi,3, band in the
rare-earth region. The approximate spin at which a phase inversion occurs is indicated. Data were extra¢#213eem2,33 No data
were available for'®Lu.

71+[404] band in *Lu and "'Lu (see Table VII. An model yields the decoupling parameters for the proton and

explanation of this phenomenon in terms of an acmdental peutron and a fairly good agreement is obtained with the

cancellation was suggested in RES3]. ones extracted for therhg, proton excitation in the oda-
neighboring isotope$®® 1L u and in 1%%b and "*Hf for the
E. Band C2 p17[521] neutron excitation in the odd- neighboring iso-

The configuration of this band follows immediately from tqne;(see Table V). Bgsidgs, a Newby shift was extragted
yielding 36.88) keV which is very close to the theoretical

. . - ~ 5 + ~.
the observation of Fig. 6 leading to the; "[402]® viyy), value of 34 keV(calculated for the same configuration in
structure. The assignment is confirmed by the comparison oiyzl_u in Ref. [35]). Moreover, a cranking fit of both signa-

theoretical(using the same shells as with ba6)l and ex- tures yields a difference of one unit in alignment as noted in

perimental branching ratios and the additivity of the inertia o 2 .
parametergsee Table V). The backbending is slightly an- Table VI and good additivity of the inertia parameters is

ticipated with respect to the core. This fact can be explaine@bserved. This band is then identified abg,® 13 ~[521]
in terms of the additivity rule forw, because thers *[402] (equivalently we can writerhg,® vt ~[420] to recall ex-
orbits have a much earlier backbending that is partly complicitly the pseudospin nature of the neutron excitafid]).
pensated by the delay associated to thigy, orbital (see N fact, this is the first case in which the lowest lying level of
Table V). the doubly decoupled band is a*1(of rather pure
73 [541]®v3 [521], K=0,1 naturg This is related to the
fact that thezhg, structure evolves from the Ir isotopes
The structure of this band corresponds unambiguously twhere the lowest state is &, through the Re isotopes
the one characterized as doubly decoupled, which has beevhere it is a3~ to the odd Lu isotopes where the band-head
extensively discusse@4,5,27,34. A fit to a VMI-2QPR  corresponds tc~ [34]. Based on our work and previous

F. Band D
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TABLE VI. Inertia parameter§,, J, and alignments, calculated within the cranking model framework
for each band using the first four quadrupole transitions above the level with spinand values resulting
from additivity rules §y—o=Todd—z1 Jodd-N— Je—es lo—0=lodd-z T iodd-N—le—e). The corresponding core
and odd particle parameters are given in Table VII. On account of signature splitting effects only quadrupole
sequences were considered and hence a separation into fafjoel unfavored {f) components was

PHYSICAL REVIEW C 60 044309

made.
Band M7, @3, ig(h) (KD Iy Candidate Jo 2 3, ° io(%)
A (f) 591) -90200 2.1(1) 125 6 Tho® Vi 137 61(1) -19030) 2.81)
A (uf) 591 -120200 2.01) 125 5 Thop® Vi 137 61(2) -20040) 2.7(1)
B 61.719) -18060) 0.92) 64 8 w3 [514]®7Vigp 61(1) -18020) 0.776)
45712) -1073) 0532) 205 5 F2-[514e7i[521] 5175 7015 0.483)
56.87) -12515 0.745) 49 72 (514075 [512] 46.56) -11510 0.212)
C 54.48) -77(200 0.71) 49 #14[404)®7i, 551 -10020) 0.666)
39.74) 56(6) 0.034) 125 711404074 [521 4524) 150200 0.372)
c2 552) -11040) 0.759) 36 6  75+[402®7i,, 553 -15060) 0.62)
D (f) 49.47) 95100 2286) 05 5  Gh,epi[s2y 5137 6015  251)
D (ufy 5171 82 12Y1) 05 4  Gpog3i-[s21 4877 8520 191
E (f) 542) -2624) 092 125 5  Llv[a11e7i., 542 -6050  1.01)
E (uf) 5602 1524 051 125 4 71441907, 532 -5030 1.1
E (f) 532 -1621) 092 65 5  Gh w3 (517 46.47) -80(10 2.2603)
E (uf) 541 36(18 071 65 4  Gpoe3S[517 46.47) -80(10 2.2603)
F () 592) -12040 0.349) 0 2 7I+[404@7i,, 551 -10020 0.7(1)
F (ufy 522 -620 132 0 #14[404)07i, 552 -10030) 0.7(1)
G 46(1) 3020 0.1 125 4 GI+[a04e7i[521 4524 15020 0.372)
H 53(2) 100600 0.74) 125 4 T 41107 s 532) -60500 1.1(1)
H 49(3) 170800 0.31) 6.5 The,evS [512]  46.17) -80(10) 2.263)
[ 54.95) -3320) 0.533) 20.5 72 [514@7i[521] 521) 7015 0.483)
J 5375) 3422 0122) 25 5 5¢[407e7i[517 403 -4050) 0.02)

4n units of A°MeV 1.
BIn units of A2MeV 3.

data the absolute band head energyfo,® i [521]
structure is likely to be 98.5 keVagainst 73 keV predicted with aligned and antialigned pseudospi] coupling, re-
by the zero-order approximation, Table)!IThe here unob-
served 16.3 keV , 3—1", transition is accurately repro- with a proton decoupling parameter that satisfgg~1. As
duced extrapolating the VMI-2QPR calculation with the pa-
rameters extracted by the jirediction is 14.5 keYand had

been in fact observed in Rdfl7].

The accidental degeneracy t=8" between band®
and E fixes the parity as positive anig) to 3 or 4. These
bands are similar to the one based on#hg,, odd neutron
excitation in the neighboring odd; oddN nuclei. The can-

G. BandsE and H
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didates for bandE andH are ther{?-r%+[4ll]®7/i13,ﬂ4+'3+

spectively, which is a new case of a semidecoupled Hh&hd

can be seen in Table VII the: *[411] guasiparticle does
not modify the moment of inertia of the even-even core.
Under these condition@f the difference in the value of the
residual interaction for th&. and theK_ components can

be neglectedtwin bands are predictdd]. In fact, the tran-
sition energies of bandsl and E are very similar among
themselves and to thei 5, band in *%%b. Agreement be-
tween experimental and semiclassically calculated branching
ratios for banck is achieved fot =8, that is, when the effect
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7 ] The degeneracy at=5 (with bandE) and theM 1/E2 char-

15 E E . acter of the linking transitions leave as the only possibility
) the 72 " [404]® vi 135 T[633]) (K=0 band with positive
107 1 parity). An expected delay ab., due to the participation of
the i,z Neutron orbital was observed only for the unfavored

_// / // 7 % signature. The experimental branching ratios are in good
oo / //// / //// agreement with the semiclassical approximation. Deviations
] 7 7 are most likely due to admixture with bakd Good additiv-

s V%7 / /%////% ///// % ity of inertia parameters was found, as can be seen in Table

0.5

Energy difference (%)

VI. A Newby-shift corrected VMI-2QPR fit was done and
. the results are summarized in Table VIII and, as can be seen,
0 500 1000 1500 2000 2500 the agreement with the theoretically predic{é®] Vy=36
Level energy (keV) keV value is striking. Finally, the band is completed when
FIG. 9. Plot of the relative energy differentGa percentaggefor the 44.5 keV, 2—0" transition, observed if17], is added
correspondingy rays in 7%Lu and %Lu as a function of the exci- to_the bottom of the schem_e and the_ V\_/hole structure com-
tation energy of the emitting state in the odd-odd nucleus. prising bandsD, H, E, andF is closed in itself.

-1.0

of the admixture with bandF has been attenuated. The ab- . Bands G, I, and J

sence of a delay im. can be attributed to a compensation of ~ The lack of linking transitions from or to these bands
the delay produced by thigs, orbital and the anticipation of makes the determination of the structures ambiguous. The
the 3 *[411]. Additivity of inertia parameters is observed for spins of the band heads are unknown and the presence of
the 1 *[411]®7i 14, assignment and a VMI-2QPR fit yields low-energy transitions below the observed ones cannot be
a value for the proton decoupling parameter very near to th&€d out. In addition, the lack of information of the high-

ones extracted from the odd neighbésse Table VII). spin portion of these bands only allowed a lower limit for the
crossing frequencies. Bantdshows dipolar staggering near
H. Band F the 173.0 keV transition. This phenomenon is observed for

Fi[/\r;e 757[402] band in the odd proton neighbof§%7t.u,
vhich | hat thi ital i i
pearance can only be attributed to the coupling of o ich would suggest that this orbital is present in band

i ; (o5 + .
=1 statesa DDB) or to the coupling t =0 of two states ;I'here are two possible cougllngs left fo *[402]: One to
with the same value of), considering the inclusion of a v3 [521] and the other tov3 [512]. The first one lies
splitting term in the Hamiltonian, namely the Newby shift. lower in energy according to the zero-order scheme while the

TABLE VII. Inertia parameter§,, J; and alignments, calculated within the cranking model framework
for the ground state band in the even-even core and the single-particle band in the neighbodngumdiei-
using the first four quadrupole transitions. On account of signature splitting effects only quadrupole se-
guences were considered and hence a separation into faifpeed unfavored{f) components was done.
I, is the spin of the lowest level of the sequence.

Band (K% I, Nucleus 7,2 3, ° io(h)  Nucleus @3, @7, io(h)
g.s. 0 0 8%p 3371 1386) 0.0055)

2*[404] 1225 35 %y 3453 1685 0.0712 Ywu 36220 805) 0.022)
27[514] 20.25 45 3®) 90400  0.7(1) 42.23) 155) 0.132)
5+[402] 6.25 25 382) 160600 0.02) 36(2) 701400  -0.1(1)
1*[411] 025 05 362) 170400 -0.32) 37.06) 11010) -0.334)
1*[411] 025 15 381) 240200 0.498) 34.46) 150100 0.445)
17[541 125 25 40.09) 90(10) 2.1Q09) 42.04) 3005 2.213)
17[541 125 15 472) 11535 -0.92) 56.14) -30(7) - 1.653)
2+[633] 1225 3.5 b  541) -10025 0.446) Hf  52(2) -110400 0.91)
241633 12.25 45 53.06) -110(10) 0.594) 52(1) -50200 1.0)
1-[521] 0.25 05 43.81) 160100 0.331) 39.34) 250200 0.352)
1-[521] 025 15 41.01) 170100 -0.291) 37.83) 23010) -0.262)
2-[512] 6.25 25 38.4) 16(1)  0.061) 35.63) 175100 0.102)

3n units of i°MeV 1.
BIn units of 42MeV 3.
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TABLE VIIl. (a) Parameters calculated within the VMI-2QPR framework for doubly decoupéB),
semidecoupledSDB), and Newby-shiftedNB) bands. In the cases the experimental error is not specified the
parameter has been fixed for the fib) Parameters calculated within the VMI-1QPR framework §br
=1/2 bands in oddk nuclei.

Band Model 3,3  7,° a, an AVp,© Wy ©
A (Thgp® Vi) SDB 595) -30(100 =+4.0(5) 0

D (7he,® ¥ [521) DDB 52.15) -1(14) +3.30(4) ¥0.892(6) 36.89)
E+H (737[411®%is, (f+uf)) SDB 61.48) -17833) *+1.25(3) 797)

F (73" [404]®Viygy) NB  64(4) -80(50) 40(4)
G (w§'[404&v; [521)) SDB  427) 70(150 *16(7) 70

| (w2 [514®7v3[521)) SDB 533) -4(47) +1.6(7) -683

mhe, (*%Lu) [20] 42.86) 3218 +3.806) .
The (FLu) [21] 44.26) -15(15) +4.206)

73H[411] (*%%Lu) 30(1) 26030 -1.0()

731411 (L) 32.7) 17020) -0.947)

1271521 (*%°%b) [43] 40.91) 20010 +0.80(1)

V17[521] (YHf) [44] 36.14) 29010 +0.842)

3n units of A2MeV 1.
BIn units of A2MeV 3.
%In units of keV.

second has greater spins. TKe=4.49 of band) favors the G are 75 '[404®v3: [521],7he,® 73 [512], and

second assignment and so it does the comparison of expefi+[411]@73[512], which are cases of semidecoupled

mental and calculated branching ratisee Fig. 10 bands. TheK,=3.78 favors the first assignment since the

_The strong dipolar cascade of bahdtan be associated a4 head has to be considered as the admixture of two
with the presence of theé [514] orbital. This is consistent states withK . ,=4(3). An interesting point is that this

with the B(M1)/B(E2) calculation and observed in the odd . . . L~ .

proton neighbors. If the 94.6 keV transition is taken as in-t,)and IS _nOt twinned to the.nelghborlrbg%+[404j excita-
band one obtain&,=3.63, which would imply a certain fuons'. This fact can bg 'expl'amed by the change |n'm0m.ent.of
degree of compression. On the other hand, the mentiondg€tia due to the participation of the neutron. In this region it
transition might be considered as out of band, leading t&an be seen that thg.“twm-_band.”7con<il|7t|on is gradually lost
K,=4.68 which can be interpreted as the mixing of two Starting from the striking twin pait’4u-1"Lu when moving
states withK-.,=5(4). The candidate for this band is © lower mass numbef&0,21,36-38 The case of banG in

73 [514)®v: [521]. The possible assignments for band

1.1 T T T T T T
Band J
1.0 T T + Twin Bands
T T T T T T T 10 N .
4 p— ‘ 0 +
—a— Experiment * *
0.8 - o 75/2°[402] x v1/2[521] R 9 v v v v
=
0 15/27[402] x vS/2[512] = A A |
< & 094 A A J
o e} L]
2 0.6 . £o u
— E ) ®
o 53] 1 .
+ 0.8 4 73 N
= 0.4 4 EEy FULLL SRR SRRy S )
o / v Ly Ly e LTIy
mm 1 1 @ O T o e 1Oy
=
mz 024 7 07 . . . , T . ; . . .
4 5 6 7 8 9 10
0.0 - Iodd—odd
T T T T T T T

FIG. 11. Systematics of the successive corresponding transition
energy ratio§(|0_o)=(E|°’°fE|°’°,1)/(ET ;fEIO 3) for
o= o-o o—o 2 2

o 0—0

FIG. 10. Comparison of theoretical and experimental branchingyqq (o) and doubly odd ¢ — 0) Lu isotopes. Data were taken from
ratios for bandJ for two possible configurations. The best fit is Refs. [20,21,36—-38 The energy ratio 1.0 corresponds to twin

obtained assigning the 2 *[402]® v3 [512]. bands.

L,
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9 u follows the systematics and the large differences in ALR
corresponding transition energies should not be surprising. E7=$, (16)
This analysis is clearly reflected in Fig. 11. J

whereAl, is the difference in transverse angular momentum,
IV. SUMMARY AND CONCLUSIONS R=I,—Iiy is the collective angular momentum, agtt is

7 . the cinematic moment of inertia. The factbt, is larger in
The doubly odd nucleus’®@u has been studied through the doubly odd than in the odd nucleus, ‘and Skt

state-of-the-arty-ray spectroscopic techniques and the yrast "~ ) he three f bal h oth hi
band structure scheme has been determined comprising 1176 . the three factors must balance each other to achieve

rotational bands. Using the coupling schemes proposed iffléntical transition energieis, . However, such small differ-
Ref. [3] for doubly-odd nuclei and all the systematics accu-€Nces in Fransmon energies .along a relatively W|d§ range _of
mulated so far, eight bands were unambiguously assignetd '€ Q|ff|cult to under;tanq in terms qfacancellaupn that is
while the others have more tentative character. This systenfnore likely to be localized im, taking into account its for-
atic analysis seems to point to a case of twin bands in th&itous character.

normal deformation regime that happen to be nonidentical, " addition, the set of favored and unfavored components
that is, have very different inertia parameters. In fact, theof band w3 T[411]® vi,5, agree with the prediction di8].
difference of almost 40% ifJ, is strongly contrasting with In this case, however, the facts thag|# 1, that the residual
the slight difference in the transition energies of about 0.5%interaction cannot be neglected and that there is a distortion
only found in superdeformed twin bands. This phenomenomue to the admixture with other configurations imply that a
cannot be explained just in terms of a pure rotor, nor resorttoo striking similarity should not be expected. On the other
ing to the pseudospin symmetry. On the other hand, &and, the observed similarity in this case is consistent with
cranking-model-based mechanism of accidental cancellatiothe fact that the contribution of the decoupled particle to the
of the differences in spin and variable moments of inertiamoment of inertia is negligiblésee parameters gf"[411]
resulting in small differences in transition energies has beebands in Tables VII and VI)I hence leading to identical
proposed 33], stating that twin bands.
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