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The doubly odd nucleus170Lu has been studied using the164Dy(11B,5n) reaction at 63 MeV bombarding

energy. A near yrast level scheme was constructed comprising 11 rotational bands. Among them, thep̃h9/2

^ ñ i13/2 staggered semidecoupled structure has been established up toI 530\. The doubly decoupled band

p̃h9/2^ ñ 1
2

2@521# and a Newby shiftedK50 band were also found. A set of three bands resembles a band
structure present in the neighboring odd-A isotopes. One of these shows a striking similarity in transition

energies to thep̃7/21@404# band in171Lu and hence this pair has been cataloged astwin bands. However, their
extracted moments of inertia appear to be very different and therefore they cannot be considered identical
bands in the usual sense.@S0556-2813~99!00509-9#

PACS number~s!: 21.10.Re, 21.60.Ev, 23.20.Lv, 27.70.1q
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I. INTRODUCTION

The study of doubly odd nuclei has provided, for at le
two decades now@1–8#, a fruitful ground for the discovery
and discussion of a number of interesting nuclear struc
features. One recurrent theme@1–4# has been the attempt t
establish a general classification scheme for the coup
modes of two nonidentical valence nucleons, leading
semidecoupled@1,4#, doubly decoupled@4,5# and com-
pressed structures@2#. Other phenomena which were disco
ered along the way comprised signature inversion@6,7# and
identical bands@8#. This last concept referred to two bands
strikingly similar transition energies in neighboring od

mass and doubly odd isotopes, namely thep̃ 7
2

1@404#

^ ñ 1
2

2@521# structure in 174Lu and thep̃ 7
2

1@404# band in
173,175Lu. This subject is also reexamined in this work. Mo
recently, with the advent of powerfulg-ray detector arrays, a
large amount of high-quality data became available revea
new examples of structures and subjecting ideas and mo
to increasingly stringent tests. One of the most exciting
sues brought into focus with the development of large
detector arrays was the finding of identical bands in the
perdeformed regime@9,10#. The term identical refers cur-
rently to bands having equal moments of inertia while
term twin bandsstands for structures with equal transitio
energies. In the superdeformed regime (I .40\ and b
.0.6) it is possible to see that twin bands are also identi
The question arises, however, if this statement is also v
in the normal deformation regime. The present study
170Lu is framed into the above context and is likely to pr
vide an example for nonidentical twin bands. The dou
0556-2813/99/60~4!/044309~19!/$15.00 60 0443
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odd nucleus170Lu has been examined@11# using the GASP
detector array at the Legnaro Tandem Facility. Eleven ro
tional bands, some up to high spins, were constructed on
basis of the experimental data. An analysis of directio
correlation orientation~DCO! ratios, B(M1)/B(E2) ratios,
ground toS-band crossing frequencies and structure syste
atics in this region of the periodic table have been used
identify the structures on which the rotational bands
based. A cranking model has been used to extract the in
parameters and rotational alignments for all bands. All ba
show a fairly good additivity@12# of their parameters~within
5% for T0). A two-quasiparticles-plus-rotor model@1,13#
with a variable moment of inertia~VMI ! @14# has been ap-
plied to the special cases of doubly decoupled ban
semidecoupled bands, and Newby@15# shiftedK50 bands.

II. EXPERIMENTS AND RESULTS

A. Measurements

High-spin states of 170Lu were populated through
the 164Dy(11B,5n) reaction at 63 MeV bombarding energ
The beam was provided by the Tandem XTU accelerato
Legnaro National Laboratory, Italy, andg rays emitted by
the reaction residues were detected using the GASP a
@16#, which consisted for this coincidence experiment of
Compton suppressed large volume Ge detectors and a
BGO multiplicity filter, providing the sum-energy andg-ray
multiplicity used to select the different reaction channels.
the events~near 109) were recorded with the condition that a
least three suppressed Ge and three inner multiplicity fi
©1999 The American Physical Society09-1
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FIG. 1. Partial level scheme of the nucleus170Lu obtained in this work. From left to right are shown bandsA, B, C, C2, I, and J.
Tentative assignments are given between parenthesis.
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detectors were fired. The data corresponding to Ge ener
were sorted into fully symmetrized matrices and cubes. T
large number of triple coincidences allowed the possibility
generating matrices gated by transitions in different band
170Lu and of obtaining very clean double-gated spectra
complementary experiment was carried out at Tandar La
ratory, Buenos Aires, using the same target and reaction
04430
ies
e
f
of
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nd

a detection system composed by one planar Ge detector
an 11-element multiplicity filter with the purpose of measu
ing halflives in the nanosecond range. The 98.5 keV l
shows a halflifeT1/252.6(2) ns, clearly indicating that is a
out-of-band transition. On the other hand, an upper limit o
ns, consistent with a prompt character, was obtained for
132.2 keVg ray which depopulates the (31) state of bandF.
FIG. 2. Partial level scheme of the nucleus170Lu obtained in this work. BandsD, H, E, F, andG are shown from left to right. Tentative
assignments are given between parenthesis.
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NONIDENTICAL TWIN BANDS IN DOUBLY ODD 170Lu PHYSICAL REVIEW C 60 044309
FIG. 3. ~a! Spectrum in coincidence with the 408.2 and 120.0 keVg rays.~b! Enlargement of the low-energy portion of the spectrum~a!.
~c! Spectrum in coincidence with the 114.4 and 315.6 keVg rays.~d! Enhanced linking transitions by setting a gate on the 406.6 keV
in the matrix in coincidence with the 479.9 keV transition.~e! Coincidence spectrum showing the quadrupolar cascade of bandC. ~f!
Enlargement of a coincidence spectrum enhancing the dipolar transitions in bandC.
044309-3
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B. Level scheme of170Lu

The level scheme for170Lu deduced from the data ob
tained here is shown in Figs. 1 and 2. Good agreement
reached with the previously known data@17# obtained from
the decay of170Hf where the ground state was observed to

I p501 and assigned to thep̃ 7
2

1@404# ^ i 13/2(
7
2

1@633#), an-
tiparallel coupling. Figure 3 shows examples of the hig
quality coincidence spectra of the Ge detectors gated on p
of transitions belonging to the same band or two differ
bands to enhance the linking transitions between them
first energy calibration was made with Eu and Ba radioac
sources. In-beam spectra at different angles were Dop
matched. A further energy correction was made using on-
data, in particular known170Yb and 167Tm quadrupole tran-
sitions @18,19# that were also populated in the experime
throughp4n anda4n reactions, respectively. The neighbo
ing odd-Lu isotopes were populated as well and very go
agreement was obtained with the already known transi
energies@20,21#. The multipolarities were inferred from in
tensity balance, in-band analysis~matching of pairs ofDI
51 transitions to their correspondingDI 52 and coinci-
dence conditions! and directional correlation orientatio
~DCO! analysis, which has been done using the data
lected by the detectors placed atu1534.5o andu2590o. The
ratios I gx ,u1

(g0 ,u2)/I gx ,u2
(g0 ,u1), where I gx ,u1

(g0 ,u2) is

the intensity at angleu1 of the observedg ray gx in coinci-
dence with the lineg0 at u2, were compared to the one
calculated theoretically@22#. A complete list of 170Lu
gamma ray energies can be found in Table I separated
band, together with their corresponding experimental D
ratios, assigned multipolarities, and the method used to
sign them. Further experimental information was obtained
in band branching ratios for a given level. This quantity c
be compared with the calculated effective branching ratio

F S I g

Eg
3D

DI 51

3S Eg
5

I g
D

DI 52
G

exp

5FB~M1!

B~E2!
~11d2!G

th

,

where B(M1)/B(E2) are the pure branching ratios andd
denotes theE2 to M1 mixing coefficient for an in-bandDI
51 transition. The expression used for the theoretical ca
lation is given in Ref.@23#. A complete list of level spins
with their corresponding experimental effective branch
ratios can be found in Table II.

1. Band A

This band receives the strongest population in our exp
ment. The predominantM1 character of theDI 51 transi-
tions follows from DCO analysis and intensity balance co
siderations. The difference between the sum of twoDI 51
transition energies and the correspondingDI 52 crossover
energies is within the final experimental uncertainty. T
60.5 keV transition~shown in parenthesis in Fig. 1! was
most likely not observed because it is masked by theKb Lu
x rays. Its existence was inferred from the observation of
spectra in coincidence with the 140.3 and 101.2 keV tra
tions and from the distorted x-ray intensity relations in t
04430
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spectra in coincidence with the 60.5 keV line. The spins a
parity assignments of this band are based on systematics@24#
and theoretical assumptions, which are explained furthe
the discussion section.

2. Bands B, C, and C2

The striking similarity of this structure with the one ob
served in the neighboring169,171Lu isotopes~see Sec. III C!
allowed a rapid identification of in-band quadrupole and
pole transitions and linkingg rays. This identification was
then confirmed by a DCO analysis. A detailed DCO study
the three linking transitions that depopulate the level bel
the 114.4 keVg ray fixes the spin difference between th
two band heads to beuI 0B2I 0Cu51. TheE1 multipolarity of
the 168.2 keV linking transition was extracted from an inte
sity balance analysis. This fact leads to opposite relative p
ity for the two bands. The same procedure revealed
M1(E2) character of the 226.4 and 204.3 keVg-rays that
link bandsC andC2. The absolute spins and parities of the
three bands were based on theoretical assumptions, w
are explained in the discussion section. In Fig. 9 the strik
similarity between the transition energies of the struct
composed of bandsB, C, andC2 and the one observed fo
the odd-proton excitations in169,171Lu composed by

p̃ 9
2

2@514#, p̃ 5
2

1@402# and ~more impressively! p̃ 7
2

1@404#
becomes apparent. The high degree of similarity of theg ray
energies~reinforced by the fact that the levels of169,171Lu
are also populated in this experiment and that the same
bration applies to all nuclei! leads us to characterize thes
pairs of bands as twins.

3. Bands D, H, E, and F

The observed transitions for both favored and unfavo
components of bandD have the characteristics of stretche
quadrupoles. The existence of the 56.0 keV transition
been inferred from the distorted Lu x-ray intensity relation
The accidental degeneracy of different levels determines
relative spins and parities of bandsD andE on one side and
bandsE andF on the other. An intensity balance analysis f
the low-energy links~180.3, 211.2, and 236.3 keV from ban
D to E and 99.8 and 164.0 keV from bandE to F) resulted in
an M1/E2 mixture for all transitions. A DCO ratio analysi
suggests that the 220.3 keV transition that links bandsH and
E does not change the spin. This fact hence suggests
relative spin of bandH with respect to bandE. The 70.3 keV
transition was observed by subtracting the spectrum in c
cidence with the 245.6 and 168.9 keV lines from the one
coincidence with the 245.6 and 98.5 keVg rays, both nor-
malized to the intensity of the 91.9 keV line. The resulti
spectrum can be seen in Fig. 4. Both 98.5 and 70.3 keVg
rays depopulate bandD and the existence of other highl
converted low-energy hidden transitions between the up
band members and theseg rays cannot be excluded. In pa
ticular a 16.3 keV transition can be placed below t
9-4
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TABLE I. List of g-ray energies, DCO ratios, assigned multipolarities, and method used to assign them~DCO, IB is the intensity
balance, II is the in-band sum-energy analysis, see text for explanation! separated by band. Unless otherwise noted the DCO ratios were
extracted using a quadrupole line as the gating transition.

Eg ~keV! DCO Mult. Method Eg ~keV! DCO Mult. Method

BandA 40.56~7! M1/E2 II
60.5~5! M1/E2 II
80.17~4! 0.77~5! M1/E2 DCO-II
96.16~4! 0.62~3! M1/E2 DCO-II
101.2~1! E2 II
120.05~3! 0.55~3! M1/E2 DCO-II
130.37~3! 0.43~3! M1/E2 DCO-II
140.13~3! E2 II
163.13~3! 0.45~3! M1/E2 DCO-II
164.82~3! 0.43~3! M1/E2 DCO-II
176.30~4! 0.95~5! E2 DCO-II
194.21~3! 0.44~3! M1/E2 DCO-II
214.31~4! 0.41~3! M1/E2 DCO-II
216.22~4! 0.98~5! E2 DCO-II
224.61~4! 0.45~3! M1/E2 DCO-II
250.40~3! 0.84~5! E2 DCO-II
256.72~7! 0.39~5! M1/E2 DCO-II
265.33~7! 0.38~5! M1/E2 DCO-II
291.7~5! 0.4~1! M1/E2 DCO-II
295.21~3! 0.93~5! E2 DCO-II
314.91~6! 0.44~3! M1/E2 DCO-II
327.90~3! 1.00~3! E2 DCO-II
358.73~5! 0.55~5! M1/E2 DCO-II
377.22~4! 1.00~3! E2 DCO-II
393.48~6! M1/E2 II
408.25~5! 1.07~5! E2 DCO-II
459.5~1! 1.03~5! E2 DCO-II
490.02~9! 1.1~1! E2 DCO-II
539.5~1! 1.03~5! E2 DCO-II
571.4~2! 1.13~7! E2 DCO-II
615.4~2! 1.05~7! E2 DCO-II
651.0~3! 1.3~1! E2 DCO-II
686.4~2! E2 II
728.7~3! E2 II
752.5~4! E2 II
803.0~5! E2 II
867.9~7! E2 II
874.7~6! E2 II
940.7~7! E2 II
1001~2! E2 II

BandB 114.43~4! M1/E2 II
137.99~5! 1.03~5! M1/E2 DCO-II
161.45~3! 1.01~5! M1/E2 DCO-II
184.76~2! 0.83~5! M1/E2 DCO-II
207.41~4! 0.84~5! M1/E2 DCO-II
229.17~3! 0.80~5! M1/E2 DCO-II
250.80~4! M1/E2 II
251.7~1! 0.83~5! E2 DCO-II
269.42~4! 0.69~5! M1/E2 DCO-II
291.80~3! 0.96~5! M1/E2 II
299.6~1! 0.94~5! E2 DCO-II

304.5~1! M1/E2 II
330.47~6! M1/E2 II
331.80~6! M1/E2 II
346.15~4! 1.07~5! E2 DCO-II
391.96~5! 1.4~1! E2 DCO-II
436.48~7! 0.88~5! E2 DCO-II
479.92~9! E2 II
520.2~1! 0.8~1! E2 DCO-II
561.4~2! 1.01~5! E2 DCO-II
595.9~2! E2 II
634.9~2! E2 II
662.3~3! E2 II
697.7~4! E2 II
708.9~5! E2 II
762.8~5! E2 II

Links 168.20~5! E1 IB
B to C 250.77~4! E1 II

282.70~4! E1 II
315.63~4! 0.86(5)M1 E1 DCO-IB
387.75~7! E1 II
391.82~7! E1 II
397.10~9! E1 II
403.60~6! E1 II
411.83~7! E1 II

420.88 E1 II
430.4~1! E1 II
439.3~2! 0.96(8)M1 E1 DCO-II

Band
C

124.01~6! 1.04~5! M1/E2 DCO-II

147.35~4! 1.06~5! M1/E2 DCO-II
170.28~5! 1.10~5! M1/E2 DCO-II
192.75~5! 0.58~5! M1/E2 DCO-II
214.4~1! 0.82~8! M1/E2 DCO-II
235.11~6! M1/E2 II
254.42~8! 0.99~7! M1/E2 DCO-II
271.3~2! 0.95~5! E2 DCO-II
274.0~1! M1/E2 II
291.76~4! M1/E2 II
308.89~6! M1/E2 II
317.58~4! 0.98~4! E2 DCO-II
362.92~5! 1.13~5! E2 DCO-II
406.65~9! 0.88~7! E2 DCO-II
449.1~1! 0.89~7! E2 DCO-II
489.37~9! 0.93~7! E2 DCO-II
528.2~1! E2 II
569.8~2! E2 II
600.3~2! E2 II
633.3~2! E2 II
665.2~3! E2 II
693.8~3! E2 II
720.7~3! E2 II
044309-5
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TABLE I. ~Continued!.

Eg ~keV! DCO Mult. Method Eg ~keV! DCO Mult. Method

741.1~4! E2 II
757.7~4! E2 II
758.8~4! E2 II

BandC2 101.78~6! M1/E2 II
126.14~3! M1/E2 II
149.32~3! M1/E2 II
173.68~5! M1/E2 II
192.19~6! M1/E2 II
220.11~7! M1/E2 II
227.54~3! E2 II
231.34~6! M1/E2 II
262.35~5! M1/E2 II
275.52~4! E2 II
323.06~6! E2 II
366.05~4! E2 II
412.42~5! E2 II
451.2~1! E2 II
494.3~2! E2 II
569.8~2! E2 II
633.2~4! E2 II

Links 204.4~2! M1/E2 IB
C2 to C 226.36~3! M1/E2 IB

328.2~2! M1/E2 II
330.5~3! M1/E2 II
332.6~1! M1/E2 II

BandD 70.36~6! M1/E2 @17#

91.95~5! 0.97~5! E2 DCO-IB
98.55~5! 0.74~5! M1/E2 DCO-IB- @17#

147.75~3! II
165.37~4! 1.01~5! E2 DCO-IB
168.88~3! 0.87~5! E2 DCO-IB
221.29~3! 1.3~2! M1/E2 DCO-IB
242.5~1! 0.83~5! E2 DCO-IB
245.63~3! 0.91~5! E2 DCO-IB
294.71~5! 1.4~2! M1/E2 DCO-IB
319.28~4! 1.02~5! E2 DCO-IB
319.61~4! 1.11~6! E2 DCO-IB
368.16~6! M1/E2 II
387.98~4! E2 II
396.00~4! 1.10~7! E2 DCO
450.84~8! E2 II
469.18~8! E2 II
509.1~1! E2 II
533.6~1! E2 II
565.2~2! E2 II
578.7~2! E2 II
601.0~2! E2 II
621.2~2! E2 II
634.7~3! E2 II
656.4~4! E2 II
678.6~3! E2 II
736.9~4! E2 II
794.8~5! E2 II

850.5~5! E2 II
904.3~7! E2 II

Links 180.34~5! M1/E2
D to E 211.38~6! M1/E2 IB

236.40~6! M1/E2 IB
309.65~5! E2 II
330.82~8! E2 II
359.0~2! E2 II
379.70~6! E2 II
429.5~3! E2 II
497.8~3! E2 II

BandE3 95.68~7! M1/E2 IB
112.48~9! M1/E2 IB
134.96~7! M1/E2 II
150.50~9! M1/E2 II
173.95~7! 0.99~5! E2 DCO
208.38~8! 1.02~5! E2 DCO
247.65~5! E2 II
285.20~6! 0.97~5! E2 DCO
320.77~6! E2 II
365.41~5! E2 II
389.89~8! E2 II
444.15~7! E2 II
455.97~9! E2 II
515.4~1! E II
518.8~1! E2 II
564.1~2! E2 II
576.8~2! E2 II
596.2~2! E2 II
609.1~3! E2 II
631.3~2! E2 II
686.0~3! E2 II
738.4~4! E2 II
798.8~5! E2 II

Links 61~1! M1/E2 II
E to F 99.84~7! M1/E2 IB

147.0~1! M1/E2 II
164.02~4! M1/E2 IB
195.18~4! 0.55~3! M1/E2 DCO-II
229.58~4! 0.65~4! M1/E2 DCO-II

BandF 68.08~5! M1/E2 II
107.58~4! 0.92~5! E2 DCO
120.61~4! 0.45~5! M1/E2 DCO-II
132.04~7! 0.5~1! M1/E2 DCO-IB- @17#

134.8~2! E2 II
159.83~5! M1/E2 IB
171.19~3! 0.96~5! M1/E2 II
176.77~3! 1.08~5! E2 DCO
182.93~3! 0.35~3! M1/E2 DCO
199.9~1! E2 II
206.47~3! 0.75~5! M1/E2 DCO
223.15~5! M1/E2 II
232.47~4! 0.45~4! M1/E2 DCO
044309-6
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TABLE I. ~Continued!.

Eg ~keV! DCO Mult. Method Eg ~keV! DCO Mult. Method

251.08~4! 1.04~4! E2 DCO
258.35~6! M1/E2 II
269.91~6! M1/E2 II
274.78~8! 1.16~9! E2 DCO
291.02~8! M1/E2 II
326.75~6! 0.91~5! E2 DCO
353.03~5! 0.9~1! E2 DCO
403.28~9! 1.03~4! E2 DCO
429.7~1! E2 II
481.8~1! E2 II
514.2~2! E2 II
561.3~2! E2 II
596.8~2! E2 II
639.1~3! E2 II

BandG 101.6~3! M1/E2 II
122.4~1! M1/E2 II
145.0~1! M1/E2 II
164.5~4! M1/E2 II
223.2~4! E2 II
267.4~1! E2 II
309.0~1! E2 II
350.7~2! E2 II
392.1~5! 1.0~1! E2 DCO-II
430.9~5! E2 II
485.7~1! E2 II
511~2! E2 II

BandH 75.8~1! M1/E2 II
94.8~2! 0.6~2! M1/E2 DCO
11.3~2! 0.6~2! M1/E2 DCO

135.89~5! M1/E2 II
145.2~2! M1/E2 II
171.0~2! E2 II
185.3~3! M1/E2 II
206.5~3! E2 II
247.71~6! E2 II

281~1! E2 II
332~2! E2 II

358.21~7! E2 II

408.6~1! E2 II
432.6~1! E2 II

Links 139.3~2! M1/E2 IB
H to E, F 186.0~2! M1/E2 II

220.3~3! M1/E2 IB
Band I 94.6~1! M1/E2

115.0~1! M1/E2
135.2~2! M1/E2
154.2~2! M1/E2
173.5~2! M1/E2
190.5~2! M1/E2
209.3~3! M1/E2
210~1! E2

222.4~2! M1/E2
241.5~3! M1/E2
249.6~5! E2
249.9~3! M1/E2
270.9~3! M1/E2
289.1~3! E2
328.2~3! E2
364.1~3! E2
400.0~5! E2
432~1! E2

BandJ 107.2~1! M1/E2
126.7~1! M1/E2
145.0~2! M1/E2
162.0~2! M1/E2
173.0~2! M1/E2
211.5~3! M1/E2
234~1! E2

271.4~3! E2
307.1~3! E2
335.2~3! E2
363.2~3! E2
402.1~4! E2
438.6~4! E2
474.1~5! E2
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91.9 keV line to reach agreement with the previously kno
170Lu level scheme@17#. In this way the three bands ar
connected to the ground-state level below the 98.5 keV tr
sition. The 132.0 keVg ray does not show a halflife greate
than 1 ns~detection limit of this experiment! and hence has
been treated as a promptg ray that belongs to bandF, as
previously observed confirming the proposed scheme.

4. Bands G, I, and J

These structures appear as isolated dipole bands.
spins and parities are completely based on theoretical
sumptions and have tentative character.
04430
n
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III. DISCUSSION

The identification of proton and neutron orbitals involve
in the rotational bands of170Lu was done on the basis of th
coupling schemes proposed by Kreineret al. @3# For the dou-
bly odd nucleus170Lu the zero-order level scheme was co
structed adding the experimental band-head energies
tracted from neighboring odd proton and neutron isoto
~and neglecting the residual interaction which can split
K

,
.5uVp6Vnu states according to the Gallaghe

Moszkowski coupling rules@25#, see Table III!. As a helpful
tool to qualitatively characterize the kind of couplin
9-7
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TABLE II. Effective branching ratios extracted from experimental data and separated by band as a function of spinI of the emitting state.

Spin (\)
FB~M1!

B~E2! G
eff

~e2b!
Spin (\)

FB~M1!

B~E2! G
eff

~e2b!

BandA
7 0.26~3!

8 0.35~3!

9 0.29~2!

10 0.31~1!

11 0.27~1!

12 0.36~1!

13 0.26~1!

14 0.29~1!

15 0.26~2!

16 0.24~1!

17 0.19~1!

18 0.20~2!

19 0.19~2!

BandB
10 1.5~2!

11 1.1~1!

12 0.96~9!

13 0.65~6!

14 0.68~7!

15 0.79~9!

16 0.8~1!

17 0.8~2!

18 0.5~1!

BandC
9 0.14~1!

10 0.07~5!

11 0.15~1!

12 0.07~5!

13 0.14~1!

14 0.03~3!

15 0.08~3!

16 0.26~4!

17 0.14~4!

BandC2
9 0.6~1!

10 0.8~2!

11 0.8~4!

12 0.1~1!

BandE
6 0.02~2!

7 0.2~1!

8 0.04~2!

9 0.5~3!

10 0.05~3!

BandF
7 0.4~1!

8 0.7~1!

19 0.5~1!

12 4.8~9!

13 1.1~2!

14 0.7~1!

BandG 5 0.4~1!

6 0.17~4!

BandH ~5! 0.4~2!

~6! 0.42~15!

~7! 0.45~15!

Band I ~7! .0.3(1)
~8! .0.6(2)
~9! 1.5~6!

BandJ ~6! 0.6~3!

~7! 0.3~1!

~8! 0.4~1!

~9! .0.21(8)
de
c-
nt
te
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,
uc
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(
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ds
n-
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-
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xi-
and

to
the
scheme, the parameterK1 was extracted@this parameter is
defined in@2# as K15(22x)/(x21), wherex is the ratio
between the (I 012→I 011) and the (I 011→I 0) transition
energies andI 0 is the band-head spin and would coinci
with the K value of the band for a normal and rigid stru
ture#. For the 170Lu rotational bands found in the prese
work, the configuration assignments were based on sys
atics and on the analysis of band properties such as rota
alignments, band crossing frequencies,B(M1)/B(E2) val-
ues, mixing ratios ofM1(E2) transitions, signature splitting
etc. In order to further explore the consistency of the str
ture assignments an analysis in terms of simple version
the particle plus rotor model has been done. For eachDI
52) band the inertia parameters were extracted by fitting
energies of the first four quadrupole transitions to the cra
ing model, in order to check additivity rules.
04430
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A. The different models

In this work, the characterization of the rotational ban
comes ultimately from the comparison of physically mea
ingful parameters extracted from the fit of experimental d
to a theoretical model. The theoretical approaches have b
kept as simple as possible~e.g., minimal dimensions for con
figuration spaces have been used! without losing the essen
tial ingredients for a given case, in order to achieve ma
mum transparency in the analysis. The cranking model
simple versions of the particle plus rotor model are used
find an expression for the energy levels as a function of
total angular momentum and a set ofn parameters:

Eth~ I ,a1•••an!. ~1!
9-8
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NONIDENTICAL TWIN BANDS IN DOUBLY ODD 170Lu PHYSICAL REVIEW C 60 044309
The parameters are then extracted through a correlated
linear least-squares fit that consists in the minimization of
function

x2~a1•••an!5XtV21X, ~2!

whereX is a vector that contains the differencesEth(I i ,aW )
2Eth(I i2DI ,aW )2Eg(I i→I i2DI ) (DI 51 or 2 depending
on which transitions are used in the fit andi runs over the
number of selected data points! andV is the variance matrix.

The cranking model proposed by Harris@26# is one of the
most extensively used models for the description of ro
tional states in heavy nuclei. The rotational energy of a p
ticular state can be written as follows:

Ecr~vx ,I0 ,I1 ,i 0!5
1

2 S I01
3

2
I1vx

2Dvx
2 , ~3!

whereI0 ,I1 are the inertia parameters,i 0 is the alignment,
andvx is the rotational frequency. This frequency is a fun
tion of the spinI, the three parameters and the mean-squ
value of the projection of the total angular momentum on
symmetry axis denoted byK, which has been taken as fixe
because it is strongly correlated withI0 ,I1, and i 0. The

FIG. 4. ~top! Subtraction spectrum of~middle!, the spectrum in
coincidence with the 245.6 and the 98.5 keV transitions, from~bot-
tom!, the spectrum in coincidence with the 245.6 and the 168.9 k
ones, both normalized to the intensity of the 91.9 keVg ray. A peak
at 70.3 keV arises over a nearly flat background of zero counts
04430
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function vx(I ,I0 ,I1 ,i 0) can be found as the physicall
meaningful solution of the cubic equation

AI ~ I 11!2^K2&2 i 05~I01I1vx
2!vx . ~4!

This semiclassical model assumes a nucleus with a cinem
@27# moment of inertiaI(1)5I01I1vx

2 rotating with fre-
quencyvx around an axis perpendicular to the symme
axis, and all the noncollective contributions are taken in
account throughi 0 on the axis of rotation and the root mea
square ofK on the symmetry axis. The main advantage
this model is that the same form applies for even-even, o
and doubly odd nuclei.

TheN quasiparticles plus VMI-rotor~VMI- NQPR) model
Hamiltonian can be written

Ĥppr5Ĥ rot1(
k

ĥintk
1V̂pn, ~5!

whereĥintk
is the intrinsic Hamiltonian of the valence quas

particles,V̂pn is the residual interaction among them and

Ĥ rot5
1

2I
R̂21

1

4I1
~I2I0!2 ~6!

V

TABLE III. Zero-order level scheme of170Lu. Entries areK
,
.

5uVp6Vnu values and zero-order energies in keV. Excitation e
ergies correspond to the average of169Lu and 171Lu for protons and
to the average of169Yb and 171Hf for neutrons.

ñVp@Nn3L#
7/21@633#

( i 3/2) 1/22@521# 5/22@512#

p̃Vp@Nn3L# En (keV) 0.0 23.2 120.4

Ep (keV)

7/21@404# 01, 71 32, 42 12, 62

0.0 0.0 23.2 120.4

1/22@541# 32, 42 01, 11 21, 31

(h9/2)
50.1 50.1 73.3 170.5

1/21@411# 31, 41 02, 12 22, 32

152.8 152.8 176.0 273.2

5/21@402# 11, 61 22, 32 02, 52

240.9 240.9 264.1 361.3

9/22@514# 12, 82 41, 51 21, 71

(h11/2)
454.1 454.1 477.3 574.5
9-9
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is a VMI Hamiltonian, whereR̂5 Î 2 Ĵ is the collective an-
gular momentum. The second term of the equation com
from the variable character of the moment of inertia a
takes into account the amount of energy spent to chang
from the static ground-state valueI0. The moment of inertia
I for a particular rotational level can be found from th
physically meaningful solution of the cubic equation

I32I0I
22I1^R̂

2&50, ~7!

which comes from the condition of minimum energy~equi-
librium value! and ^R̂2& is the mean-square value ofR̂. It
should be mentioned that the inertia parametersI0 andI1 are
not necessarily equal in both models. The number of par
eters and the explicit form of the eigenvalues ofĤ as a
function of these parameters andI depends on the selecte
number of particles outside the core and on how many q
siparticle states one includes in the basis. The ground-s
band of an even-even nucleus can be taken as a rota
nonrigid core, and hence the energy of the levels is ea
calculated as

Ee-e~ I !5
1

2I
I ~ I 11!1

1

4I1
~I2I0!2. ~8!

This particular case is analytically equivalent to the crank
model, as was pointed out in@14#. For an odd nucleus on
can take one quasiparticle outside the even-even core
pure K5V asymptotic Nilsson@28# state ~the predictions
will not be very accurate in cases ofh9/2 or i 13/2 parentage or
more generally for high-j parentage orbits where Corioli
matrix elements are large! leading to the expression of th
energy levels

TABLE IV. Parameters used (m) in and extracted by the Nils

son calculations (̂s3&, ^ j'
2
&) and alignments~i! used in the semi-

classical approximation ofB(M1) values. The alignments were ex
tracted averaging the ones obtained from169Lu and 171Lu for
proton orbitals and169Yb and 171Hf for neutron orbitals.

Core deformation:
b50.312(5),
k50.05a Orbital i (\) m a ^s3&(\) ^ j'

2
&(\)

7/21@404# 0.0 0.625 -0.46 3.66
1/22@541# 2.1 0.7 -0.08 18.88

Protons 1/21@411# 0.5 0.625 0.35 11.08
5/21@402# 0.0 0.625 -0.45 3.17
9/22@514# 0.4 0.7 0.46 15.37

7/21@633# 0.7 0.448 0.37 34.62
Neutrons 1/22@521# 0.35 0.45 -0.28 13.44

5/22@512# 0.1 0.45 0.40 11.94

aValues taken from Ref.@29#.
04430
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Ethodd
~ I ,aW !5

1

2I
F I ~ I 11!2V21^ j'

2
&1dV,

1
2
a~21! I 11/2

3S I 1
1

2D G1
1

4I1
~I2I0!2, ~9!

whereV andA^ j'
2
& are the absolute values of the proje

tions of the angular momentum on the symmetry axis and
a plane orthogonal to it, respectively, of the odd particle a
a is the decoupling parameter that multiplies the diago
Coriolis term@13#.

For a doubly odd nucleus the problem may be separa
in five cases@2,3#: Normal; K5Vp2Vn50,Vp,nÞ 1

2 ~anti-
parallel coupling!; compressed; semidecoupled~SDB!,
(Vp(n).

1
2 ,Vn(p)5

1
2 ); and doubly decoupled~DDB!, (Vp

5Vn5 1
2 ) bands. The first two cases can be considered

gether by the expression

Eo-onormal
5

1

2I
@ I ~ I 11!2K21^ j p

'2
&1^ j n

'2
&#

1dK,0VN~21! I 111
1

4I1
~I2I0!2, ~10!

FIG. 5. ~a! Theoretical two-quasiparticles-plus-rotor calculatio
of experimental branching ratios assuming that bandA is based on

the p̃h9/2^ ñ i13/2 coupling.~b! Same theoretical approach to expe
mental mixing ratios~see text!.
9-10
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TABLE V. Backbending (g to S) crossing frequencies estimated as the value ofv at which a change of
slope of the experimental Routhians occurs. ND stands for the cases in which data were not avai
insufficient.

Band \vc ~MeV! Band \vc ~MeV!

g.s. 168Yb 0.28
169Lu 171Lu 169Yb 171Hf

h9/2 ( f ) 0.30 0.27 i 13/2 ( f ) 0.34 0.36
7
2

1@404# ( f ) 0.24 >0.24, <0.28 i 13/2 (u f) 0.32 0.34
7
2

1@404# (u f) 0.23 >0.22, <0.27 1
2

2@521# ( f ) 0.23 0.22
1
2

1@411# ( f ) 0.23 0.20 1
2

2@521# (u f) .0.22 .0.27
5
2

1@402# >0.21 .0.20 5
2

2@512# >0.19, <0.23 ND
9
2

1@514# ( f 1u f) .0.22, ,0.25 .0.19, ,0.23

170Lu Candidate Additivity
BandA ~f! 0.39 p̃h9/2^ ñ i 13/2

0.36

BandA (u f) 0.34 0.34

BandB ~f! 0.30 p̃ 9
2

2@514# ^ ñ i 13/2 0.28
BandB (u f) 0.28 0.29

BandC ~f! 0.34 p̃ 7
2

1@404# ^ ñ i 13/2 0.30
BandC ~f! 0.35 0.29

BandC2 ( f ) .0.20 p̃ 5
2

1@402# ^ ñ i 13/2 0.26
BandC2 (u f) .0.29 0.26

BandD ~f! 0.24 p̃h9/2^ ñ 1
2

2@521# 0.25
BandD (u f) 0.29 0.29

BandE ~f! 0.28 p̃ 1
2

1@411# ^ ñ i 13/2 0.29
BandE (u f) 0.28 0.28

BandF ~f! 0.25 p̃ 7
2

1@404# ^ ñ i 13/2 ~K50! 0.30
BandF (u f) .0.24, ,0.32 0.29

BandG .0.19 p̃ 7
2

1@404# ^ ñ 1
2

2@521# >0.19

BandH .0.18 p̃ 1
2

1@411# ^ ñ i 13/2 0.28
Band I .0.19 p̃ 9

2
2@514# ^ ñ 1

2
2@521# .0.18

BandJ .0.19 p̃ 5
2

1@402# ^ ñ 5
2

2@512# .0.16
r-

r
o
th

th

the

al

-

whereK
,
.5uVp6Vnu depending whether parallel or antipa

allel coupling is going to be analyzed andVN is the Newby-
shift matrix element@15#. For SDB an explicit expression fo
the energy levels can be extracted by the diagonalization
232 Hamiltonian matrix that mixes two bands, one wi
K.5Vp(n)1

1
2 and the other withK,5Vp(n)2

1
2 , by means

of a nondiagonal Coriolis term of the form@8#

ECor~ I ,aW !5^K.uĤcoruK,&52
1

2 S 1

2I.
1

1

2I,
D

3a@~ I 2K,!~ I 1K,11!#1/2, ~11!

where a is the decoupling parameter associated to
Vn(p)5

1
2 state andI

,
. are extracted using Eq.~7! and the

value of ^R̂2& calculated by

^R̂2&
,
.5AI ~ I 11!2K

,
.
2

1^ j p
'2

&1^ j n
'2

&. ~12!
04430
f a

e

The lowest eigenvalue leads to the final expression for
yrast energy levels:

Ethsdb
~ I ,aW !5

E.1E,1DVpn

2

2AS E.2E,1DVpn

2 D 2

2ECor
2 , ~13!

whereDVpn is the difference in the proton-neutron residu
interaction strength between theK, and theK. bands and

E
,
.~ I ,aW !5

1

2I
,
.

@ I ~ I 11!2K
,
.
2

1^ j p
'2

&1^ j n
'2

&#

1
1

4I1
~I

,
.2I0!2. ~14!

For a DDB an analog 232 Hamiltonian matrix can be con
structed considering theK.51 andK,50 bands formed by
9-11
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FIG. 6. Comparison of thep̃ 9
2

2@514#, p̃ 7
2

1@404#, andp̃ 5
2

1@402# bands in169,171Lu with bandsB, C, andC2 in 170Lu. In spite of the
fact that data for odd nuclei are available in the literature@20,21# the energy values obtained in the present work have been adopte
consistency.
044309-12
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NONIDENTICAL TWIN BANDS IN DOUBLY ODD 170Lu PHYSICAL REVIEW C 60 044309
the coupling of twoV5 1
2 orbits that will be mixed by a

nondiagonal Coriolis term of the form@4#

Ecor~ I ,aW !5^K51uĤcoruK50&52
1

2 S 1

2IK51
1

1

2IK50
D

3@ap1~21! I 11an#AI ~ I 11!, ~15!

where ap and an are, respectively, the proton and neutr
decoupling parameters and the moments of inertiaIK51,0 are
extracted by the procedure described above. The expres
of the level energies has the same form of Eq.~13!, where
the diagonal matrix elements are calculated in analogy to
SDB case@Eq. ~14!# with the addition of a Newby shift to the
componentE,5EK50. The described model has, in spite
its simplicity, already several parameters, and some of th
have to be held constant in the fits in order to achieve c

vergence. The values for^ j p,n
'2

& were extracted from a Nils
son model calculation using the deformation paramete
the even-even168Yb core and the Nilsson parameters of R
@29# ~see Table IV!. The main advantage of this model is th
it explicitly includes quantum effects, which modify the b
havior of the rotational structure at low spins.

B. Band A

This is a very well-known structure@24,30# characterized
as a semidecoupled band. The early onset of the charac
tic dipolar staggering, the series of very low-energy tran
tions, and the very lowK151.1 @3,4# lead us to assign this
band to thep̃h9/2^ ñ i 13/2 configuration. A very good agree
ment is achieved between experimental data and theore
predictions of the VMI-2QPR model both for branching r
tios andd mixing coefficients calculated with a diagonaliz
tion in the p̃h9/2^ ñ i 13/2 configuration space. These resu
are summarized in Figs. 5~a! and 5~b!. Furthermore, a strik-
ing additivity is observed in the inertia parameters, as see
Table VI. Favored states have even spins (a50, a is the
signature! up to high-spin values where a change of phas

FIG. 7. Comparison of theoretical and experimental branch
ratios for bandB for three possible configurations. The best fit

obtained forp 9
2

2@514# ^ n i 13/2.
04430
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produced. This is contrary to the expected@1–4# favored
signature in the odd-odd nucleus (ap2n

f ) corresponding to
the coupling between the favored signature of both pro

(ap
f ) and neutron (an

f ) orbitals, that for thep̃h9/2^ ñ i 13/2

band would correspond toap2n
f 5ap

f 1an
f 5 1

2 1 1
2 51 ~odd

spin values!. This situation has been recently describ
@31,32,24# and was explained in terms of a residual proto
neutron interaction. As occurs systematically@30# with this
configuration a notorious delay of the back-bending cross
frequency (vc) is observed and is reproduced using the a
ditivity rules ~see Table V!.

C. Band B

This band together with bandsC, C2, and their linking
transitions closely resemble the odd-prot

p̃ 9
2

2@514#,p̃ 7
2

1@404#,p̃ 5
2

1@402# structures in the neighbor
ing odd-proton nuclei~see Fig. 6!. This striking similarity
does not only concern in-band transitions but also rela
band-head excitation energies. The participation

p̃ 9
2

2@514# in bandB is strongly suggested by this analog
leaving three possible couplings for this band as discus
below ~the coupling to the three lowest neutron excitation

namely p̃ 9
2

2@514# ^ ñ i 13/2, p̃ 9
2

2@514# ^ ñ 1
2

2@521# and

p̃ 9
2

2@514# ^ ñ 5
2

2@512#, see Table III!. The calculated
branching ratios~using N55 and N56 shells for protons
and neutrons, respectively! when compared with the exper

mental ones favor thep̃ 9
2

2@514# ^ ñ i 13/2 configuration~see
Fig. 7!. A small delay ofvc is expected by additivity and is
in fact observed~see Table V!, so the participation of the
i 13/2 orbital is also preferred from this point of view. Furthe
more, a systematic study ofEg I 11→I

2Eg I→I 21
vs. I for the

p̃h11/2^ ñ i 13/2 configurations~the 9
2

2@514# orbital hash11/2
parentage! shows a characteristic signature inversion aI
512 ~see Fig. 8!. Hence, the best candidate for bandB is

p̃ 9
2

2@514# ^ ñ i 13/2. As a last additional argument Table V
shows that this configuration has the best additivity in
cranking parameters.

D. Band C

Once the configuration of bandB has been established

the discussion of the previous section leads top̃ 7
2

1@404#

^ ñ i 13/2 for the intrinsic structure of bandC. The predicted
branching ratios fit well the experimental data. In this ca
N54 was used for the proton orbital. Consistently, a no
rious delay invc ~slightly greater that the one expected fro
additivity! is observed in Table V. Again good additivity o
the inertia parameters is observed~see Table VI!.

As already pointed out in the previous section this ba

and the one based onp̃ 7
2

1@404# in the odd-proton neighbor
ing isotopes have almost the same transition energies alo
wide range ofv. This fact can be clearly seen in Fig. 9
Although the concept of twin bands is usually associa
with identical bands, the extracted inertia parameters liste
Table VI show large differences with those extracted for

g

9-13
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FIG. 8. Systematics of the difference in the energy of successive dipolar transitions against spin for thep̃h11/2^ ñ i13/2 band in the
rare-earth region. The approximate spin at which a phase inversion occurs is indicated. Data were extracted from@23,39–42,33#. No data
were available for168Lu.
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p̃ 7
2

1@404# band in 169Lu and 171Lu ~see Table VII!. An
explanation of this phenomenon in terms of an accide
cancellation was suggested in Ref.@33#.

E. Band C2

The configuration of this band follows immediately fro

the observation of Fig. 6 leading to thep̃ 5
2

1@402# ^ ñ i 13/2

structure. The assignment is confirmed by the compariso
theoretical~using the same shells as with bandC) and ex-
perimental branching ratios and the additivity of the iner
parameters~see Table VI!. The backbending is slightly an
ticipated with respect to the core. This fact can be explai

in terms of the additivity rule forvc because thep̃ 5
2

1@402#
orbits have a much earlier backbending that is partly co
pensated by the delay associated to theñ i 13/2 orbital ~see
Table V!.

F. Band D

The structure of this band corresponds unambiguousl
the one characterized as doubly decoupled, which has b
extensively discussed@4,5,27,34#. A fit to a VMI-2QPR
04430
al

of
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model yields the decoupling parameters for the proton
neutron and a fairly good agreement is obtained with

ones extracted for thep̃h9/2 proton excitation in the odd-Z
neighboring isotopes169,171Lu and in 169Yb and 171Hf for the

ñ 1
2

2@521# neutron excitation in the odd-N neighboring iso-
tones~see Table VIII!. Besides, a Newby shift was extracte
yielding 36.8~8! keV which is very close to the theoretica
value of 34 keV~calculated for the same configuration
172Lu in Ref. @35#!. Moreover, a cranking fit of both signa
tures yields a difference of one unit in alignment as noted
Table VI and good additivity of the inertia parameters

observed. This band is then identified asp̃h9/2^ ñ 1
2

2@521#

~equivalently we can writep̃h9/2^ ñ 1
2

2@420̃# to recall ex-
plicitly the pseudospin nature of the neutron excitation@27#!.
In fact, this is the first case in which the lowest lying level
the doubly decoupled band is a 11 ~of rather pure

p̃ 1
2

2@541# ^ ñ 1
2

2@521#, K50,1 nature!. This is related to the

fact that thep̃h9/2 structure evolves from the Ir isotope
where the lowest state is a92

2, through the Re isotope
where it is a5

2
2 to the odd Lu isotopes where the band-he

corresponds to1
2

2 @34#. Based on our work and previou
9-14
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TABLE VI. Inertia parametersI0 , I1 and alignmentsi 0 calculated within the cranking model framewor
for each band using the first four quadrupole transitions above the level with spinI 5I 1 and values resulting
from additivity rules (Io2o5Iodd2Z1Iodd2N2Ie2e , i o2o5 i odd2Z1 i odd2N2 i e2e). The corresponding core
and odd particle parameters are given in Table VII. On account of signature splitting effects only quad
sequences were considered and hence a separation into favored~f! and unfavored (u f) components was
made.

Band (1)I0
(2)I1 i 0(\) ^K2& I 1 Candidate I0

a I1
b i 0(\)

A ( f ) 59~1! -90~20! 2.1~1! 12.5 6 p̃h9/2^ ñ i 13/2
61~1! -190~30! 2.8~1!

A (u f) 59~1! -120~20! 2.0~1! 12.5 5 p̃h9/2^ ñ i 13/2
61~2! -200~40! 2.7~1!

B 61.7~9! -180~60! 0.9~2! 64 8 p̃ 9
2

2@514# ^ ñ i 13/2 61~1! -180~20! 0.77~6!

45.7~2! -107~3! 0.53~2! 20.5 5 p̃ 9
2

2@514# ^ ñ 1
2

2@521# 51.7~5! 70~15! 0.48~3!

56.8~7! -125~15! 0.77~5! 49 7 p̃ 9
2

2@514# ^ ñ 5
2

2@512# 46.5~6! -115~10! 0.21~2!

C 54.4~8! -77~20! 0.7~1! 49 7 p̃ 7
2

1@404# ^ ñ i 13/2
55~1! -100~20! 0.66~6!

39.7~4! 56~6! 0.03~4! 12.5 4 p̃ 7
2

1@404# ^ ñ 1
2

2@521# 45.2~4! 150~20! 0.37~2!

C2 55~2! -110~40! 0.75~9! 36 6 p̃ 5
2

1@402# ^ ñ i 13/2
55~3! -150~60! 0.6~2!

D ( f ) 49.1~7! 95~10! 2.28~6! 0.5 5 p̃h9/2^ ñ 1
2

2@521# 51.3~7! 60~15! 2.5~1!

D (u f) 51.7~1! 8~2! 1.21~1! 0.5 4 p̃h9/2^ ñ 1
2

2@521# 48.7~7! 85~20! 1.9~1!

E ( f ) 54~2! -26~24! 0.9~2! 12.5 5 p̃ 1
2

1@411# ^ ñ i 13/2
54~2! -60~50! 1.0~1!

E (u f) 56~2! 15~24! 0.5~1! 12.5 4 p̃ 1
2

1@411# ^ ñ i 13/2
53~2! -50~30! 1.1~1!

E ( f ) 53~2! -16~21! 0.9~2! 6.5 5 p̃h9/2^ ñ 5
2

2@512# 46.1~7! -80~10! 2.26~3!

E (u f) 54~1! 36~18! 0.7~1! 6.5 4 p̃h9/2^ ñ 5
2

2@512# 46.1~7! -80~10! 2.26~3!

F ( f ) 59~2! -120~40! 0.34~9! 0 2 p̃ 7
2

1@404# ^ ñ i 13/2
55~1! -100~20! 0.7~1!

F (u f) 52~2! -6~20! 1.3~2! 0 5 p̃ 7
2

1@404# ^ ñ i 13/2
55~2! -100~30! 0.7~1!

G 46~1! 30~20! 0.2~1! 12.5 4 p̃ 7
2

1@404# ^ ñ 1
2

2@521# 45.2~4! 150~20! 0.37~2!

H 53~2! 100~60! 0.7~4! 12.5 4 p̃ 1
2

1@411# ^ ñ i 13/2
53~2! -60~50! 1.1~1!

H 49~3! 170~80! 0.3~1! 6.5 3 p̃h9/2^ ñ 5
2

2@512# 46.1~7! -80~10! 2.26~3!

I 54.9~5! -33~20! 0.53~3! 20.5 5 p̃ 9
2

2@514# ^ ñ 1
2

2@521# 52~1! 70~15! 0.48~3!

J 53.7~5! 34~22! 0.12~2! 25 5 p̃ 5
2

1@402# ^ ñ 5
2

2@512# 40~3! -40~50! 0.0~2!

aIn units of \2MeV21.
bIn units of \2MeV23.
-
a

re.

ing
t

data the absolute band head energy ofp̃h9/2^ ñ 1
2

2@521#
structure is likely to be 98.5 keV~against 73 keV predicted
by the zero-order approximation, Table III!. The here unob-
served 16.3 keV , 31→11, transition is accurately repro
duced extrapolating the VMI-2QPR calculation with the p
rameters extracted by the fit~prediction is 14.5 keV! and had
been in fact observed in Ref.@17#.

G. BandsE and H

The accidental degeneracy atI p581 between bandsD
and E fixes the parity as positive andI 0 to 3 or 4. These
bands are similar to the one based on theñ i 13/2 odd neutron
excitation in the neighboring odd-A, odd-N nuclei. The can-
04430
-

didates for bandE andH are then@p̃ 1
2

1@411# ^ ñ i 13/2#41,31

with aligned and antialigned pseudospin@27# coupling, re-
spectively, which is a new case of a semidecoupled band@8#
with a proton decoupling parameter that satisfiesuapu;1. As

can be seen in Table VII thep̃ 1
2

1@411# quasiparticle does
not modify the moment of inertia of the even-even co
Under these conditions~if the difference in the value of the
residual interaction for theK. and theK, components can
be neglected! twin bands are predicted@8#. In fact, the tran-
sition energies of bandsH and E are very similar among
themselves and to theñ i 13/2 band in 169Yb. Agreement be-
tween experimental and semiclassically calculated branch
ratios for bandE is achieved forI .8, that is, when the effec
9-15
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of the admixture with bandF has been attenuated. The a
sence of a delay invc can be attributed to a compensation
the delay produced by thei 13/2 orbital and the anticipation o
the 1

2
1@411#. Additivity of inertia parameters is observed fo

the 1
2

1@411# ^ ñ i 13/2 assignment and a VMI-2QPR fit yield
a value for the proton decoupling parameter very near to
ones extracted from the odd neighbors~see Table VIII!.

H. Band F

This structure has a remarkable dipolar staggering. Its
pearance can only be attributed to the coupling of twoV
5 1

2 states~a DDB! or to the coupling toK50 of two states
with the same value ofV, considering the inclusion of a
splitting term in the Hamiltonian, namely the Newby shi

FIG. 9. Plot of the relative energy difference~in percentage! for
correspondingg rays in 170Lu and 171Lu as a function of the exci-
tation energy of the emitting state in the odd-odd nucleus.
04430
e

p-

The degeneracy atI 55 ~with bandE) and theM1/E2 char-
acter of the linking transitions leave as the only possibil

the p̃ 7
2

1@404# ^ ñ i 13/2(
7
2

1@633#) (K50 band with positive
parity!. An expected delay ofvc , due to the participation of
the i 13/2 neutron orbital was observed only for the unfavor
signature. The experimental branching ratios are in go
agreement with the semiclassical approximation. Deviati
are most likely due to admixture with bandE. Good additiv-
ity of inertia parameters was found, as can be seen in Ta
VI. A Newby-shift corrected VMI-2QPR fit was done an
the results are summarized in Table VIII and, as can be s
the agreement with the theoretically predicted@35# VN536
keV value is striking. Finally, the band is completed wh
the 44.5 keV, 21→01 transition, observed in@17#, is added
to the bottom of the scheme and the whole structure co
prising bandsD, H, E, andF is closed in itself.

I. Bands G, I , and J

The lack of linking transitions from or to these ban
makes the determination of the structures ambiguous.
spins of the band heads are unknown and the presenc
low-energy transitions below the observed ones canno
ruled out. In addition, the lack of information of the high
spin portion of these bands only allowed a lower limit for t
crossing frequencies. BandJ shows dipolar staggering nea
the 173.0 keV transition. This phenomenon is observed

the p̃ 5
2

1@402# band in the odd proton neighbors169,171Lu,
which would suggest that this orbital is present in bandJ.

There are two possible couplings left forp̃ 5
2

1@402#: One to

ñ 1
2

2@521# and the other toñ 5
2

2@512#. The first one lies
lower in energy according to the zero-order scheme while
k

le se-
.

TABLE VII. Inertia parametersI0 , I1 and alignmentsi 0 calculated within the cranking model framewor
for the ground state band in the even-even core and the single-particle band in the neighboring odd-A nuclei
using the first four quadrupole transitions. On account of signature splitting effects only quadrupo
quences were considered and hence a separation into favored~f! and unfavored (u f) components was done
I 1 is the spin of the lowest level of the sequence.

Band ^K2& I 1 Nucleus I0
a I1

b i 0(\) Nucleus (1)I0
(2)I1 i 0(\)

g.s. 0 0 168Yb 33.7~1! 138~6! 0.005~5!

7
2

1@404# 12.25 3.5 169Lu 34.5~3! 168~5! 0.07~2! 171Lu 36.2~2! 80~5! 0.02~2!
9
2

2@514# 20.25 4.5 39~2! 90~40! 0.7~1! 42.2~3! 15~5! 0.13~2!
5
2

1@402# 6.25 2.5 33~2! 160~60! 0.0~2! 36~2! 70~40! -0.1~1!
1
2

1@411# 0.25 0.5 36~2! 170~40! -0.3~2! 37.0~6! 110~10! -0.33~4!
1
2

1@411# 0.25 1.5 33~1! 240~20! 0.49~8! 34.4~6! 150~10! 0.44~5!
1
2

2@541# 1.25 2.5 40.1~9! 90~10! 2.10~9! 42.0~4! 30~5! 2.21~3!
1
2

2@541# 1.25 1.5 47~2! 115~35! -0.9~2! 56.1~4! -30~7! - 1.65~3!
7
2

1@633# 12.25 3.5 169Yb 54~1! -100~25! 0.44~6! 171Hf 52~2! -110~40! 0.9~1!
7
2

1@633# 12.25 4.5 53.0~6! -110~10! 0.59~4! 52~1! -50~20! 1.0~1!
1
2

2@521# 0.25 0.5 43.3~1! 160~10! 0.33~1! 39.3~4! 250~20! 0.35~2!
1
2

2@521# 0.25 1.5 41.0~1! 170~10! -0.29~1! 37.8~3! 230~10! -0.26~2!
5
2

2@512# 6.25 2.5 38.4~1! 16~1! 0.06~1! 35.6~3! 175~10! 0.10~2!

aIn units of \2MeV21.
bIn units of \2MeV23.
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TABLE VIII. ~a! Parameters calculated within the VMI-2QPR framework for doubly decoupled~DDB!,
semidecoupled~SDB!, and Newby-shifted~NB! bands. In the cases the experimental error is not specified
parameter has been fixed for the fit.~b! Parameters calculated within the VMI-1QPR framework forV
51/2 bands in odd-A nuclei.

Band Model I0
a I1

b ap an DVpn
c VN

c

A (p̃h9/2^ ñ i 13/2) SDB 59~5! -30~100! 64.0(5) 0

D (p̃h9/2^ ñ 1
2

2@521#) DDB 52.1~5! -1~14! 63.30(4) 70.892(6) 36.8~8!

E1H (p̃ 1
2

1@411# ^ ñ i 13/2 ( f 1u f)) SDB 61.0~8! -178~33! 61.25(3) 79~7!

F (p̃ 7
2

1@404# ^ ñ i 13/2) NB 64~4! -80~50! 40~4!

G (p̃ 7
2

1@404# ^ ñ 1
2

2@521#) SDB 42~7! 70~150! 61.6(7) 70

I (p̃ 9
2

2@514# ^ ñ 1
2

2@521#) SDB 53~3! -4~47! 61.6(7) -6~83!

p̃h9/2 (169Lu) @20# 42.8~6! 32~18! 13.80~6! -

p̃h9/2 (171Lu) @21# 44.2~6! -15~15! 14.20~6!

p̃ 1
2

1@411# (169Lu) 30~1! 260~30! -1.0~1!

p̃ 1
2

1@411# (171Lu) 32.7~7! 170~20! -0.94~7!

ñ 1
2

2@521# (169Yb) @43# 40.9~1! 200~10! 10.80~1!

ñ 1
2

2@521# (171Hf) @44# 36.1~4! 290~10! 10.84~2!

aIn units of \2MeV21.
bIn units of \2MeV23.
cIn units of keV.
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second has greater spins. TheK154.49 of bandJ favors the
second assignment and so it does the comparison of ex
mental and calculated branching ratios~see Fig. 10!.

The strong dipolar cascade of bandI can be associate
with the presence of the92

2@514# orbital. This is consisten
with theB(M1)/B(E2) calculation and observed in the od
proton neighbors. If the 94.6 keV transition is taken as
band one obtainsK153.63, which would imply a certain
degree of compression. On the other hand, the mentio
transition might be considered as out of band, leading
K154.68 which can be interpreted as the mixing of tw
states withK.(,)55(4). The candidate for this band is

p̃ 9
2

2@514# ^ ñ 1
2

2@521#. The possible assignments for ban

FIG. 10. Comparison of theoretical and experimental branch
ratios for bandJ for two possible configurations. The best fit

obtained assigning thep 5
2

1@402# ^ n 5
2

2@512#.
04430
ri-

-

ed
o

G are p̃ 7
2

1@404# ^ ñ 1
2

2@521#,p̃h9/2^ ñ 5
2

2@512#, and

p̃ 1
2

1@411# ^ ñ 5
2

2@512#, which are cases of semidecouple
bands. TheK153.78 favors the first assignment since t
band head has to be considered as the admixture of
states withK.(,)54(3). An interesting point is that this

band is not twinned to the neighboringp̃ 7
2

1@404# excita-
tions. This fact can be explained by the change in momen
inertia due to the participation of the neutron. In this region
can be seen that the ‘‘twin-band’’ condition is gradually lo
starting from the striking twin pair174Lu-175Lu when moving
to lower mass numbers@20,21,36–38#. The case of bandG in

g

FIG. 11. Systematics of the successive corresponding trans

energy ratiosS(I o2o)5(EI o2o

o2o2EI o2o21
o2o )/(E

I o2o2
1
2

o
2E

I o2o2
3
2

o
) for

odd (o) and doubly odd (o2o) Lu isotopes. Data were taken from
Refs. @20,21,36–38#. The energy ratio 1.0 corresponds to tw
bands.
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170Lu follows the systematics and the large differences
corresponding transition energies should not be surpris
This analysis is clearly reflected in Fig. 11.

IV. SUMMARY AND CONCLUSIONS

The doubly odd nucleus170Lu has been studied throug
state-of-the-artg-ray spectroscopic techniques and the yr
band structure scheme has been determined comprisin
rotational bands. Using the coupling schemes propose
Ref. @3# for doubly-odd nuclei and all the systematics acc
mulated so far, eight bands were unambiguously assig
while the others have more tentative character. This syst
atic analysis seems to point to a case of twin bands in
normal deformation regime that happen to be nonidenti
that is, have very different inertia parameters. In fact,
difference of almost 40% inI0 is strongly contrasting with
the slight difference in the transition energies of about 0.5
only found in superdeformed twin bands. This phenomen
cannot be explained just in terms of a pure rotor, nor res
ing to the pseudospin symmetry. On the other hand
cranking-model-based mechanism of accidental cancella
of the differences in spin and variable moments of ine
resulting in small differences in transition energies has b
proposed@33#, stating that
ti,

.

e

M

nd

K

.
.
d

ys
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Eg.
DI xR

I(1)
, ~16!

whereDI x is the difference in transverse angular momentu
R5I x2 i 0 is the collective angular momentum, andI(1) is
the cinematic moment of inertia. The factorDI x is larger in
the doubly odd than in the odd nucleus, and sinceIo-o

(1)

.Io
(1) , the three factors must balance each other to ach

identical transition energiesEg . However, such small differ-
ences in transition energies along a relatively wide range
v are difficult to understand in terms of a cancellation tha
more likely to be localized inv, taking into account its for-
tuitous character.

In addition, the set of favored and unfavored compone

of bandp̃ 1
2

1@411# ^ ñ i 13/2 agree with the prediction of@8#.
In this case, however, the facts thatuapuÞ1, that the residual
interaction cannot be neglected and that there is a distor
due to the admixture with other configurations imply tha
too striking similarity should not be expected. On the oth
hand, the observed similarity in this case is consistent w
the fact that the contribution of the decoupled particle to
moment of inertia is negligible~see parameters of12

1@411#
bands in Tables VII and VIII!, hence leading to identica
twin bands.
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