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High-spin states in doubly odd 162,164Lu

M. A. Cardona,1,2 J. Davidson,3,4 D. Hojman,1,2,4 M. E. Debray,1,2 A. J. Kreiner,1,2,4 H. Somacal,1,2 M. Davidson,3,4

D. R. Napoli,5 D. Bazzacco,6 N. Blasi,7 R. Burch,5 D. De Acuña,5 S. M. Lenzi,6 G. Lo Bianco,7 J. Rico,5

and C. Rossi Alvarez6
1Departamento de Fı´sica, Comisio´n Nacional de Energı´a Atómica, 1429 Buenos Aires, Argentina
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High-spin states in162Lu and 164Lu have been studied by means of in-beamg-ray spectroscopy techniques
using the multidetector array GASP. The excited states have been populated through the139La(28Si,5n)162Lu
and 139La@29(30)Si,4(5)n#164Lu reactions. Level schemes were constructed for both nuclei. Configurations for
the rotational bands have been discussed. Alignments, band crossing frequencies, andB(M1)/B(E2) ratios
have been analyzed in the framework of the cranking model. The systematic evolution of the signature
inversion in theph11/2^ n i 13/2 structure is reviewed.@S0556-2813~97!00208-2#

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

The present work extends the systematic investigation
doubly odd Lu nuclei to lighter isotopes. Recently a series
studies have been started on doubly odd Lu isotopes (166Lu
@1#, 168Lu @2#, 170Lu @3#, 172Lu @4#, and 174Lu @5#! and here
we present spectroscopic investigations of the rotatio
structures in162Lu and 164Lu. Doubly odd nuclei are unique
candidates to study proton-neutron coupling schem
proton-neutron interactions, and for the investigation of p
nomena such as the delay in the band crossing frequency
to the possibility of performing double-blocking experimen
@6#. Another remarkable effect that has been observed
odd-odd nuclei is signature inversion@7,8#. The occurrence
of this phenomenon has been found in bands of highj par-
entage throughout the chart of nuclides, for example in
Br-Rb region@7# concerning thepg9/2^ ng9/2 structure and
in the A'130 mass region involving theph11/2^ nh11/2
structure @9#. Another observation of signature inversio
concerns theph11/2^ n i 13/2 structure which corresponds t
the yrast band in nuclei of the light rare-earth region~Eu, Tb,
Ho, Tm @10,11#!.

Prior to the beginning of this work the information abo
162Lu and 164Lu was comprised of the ground state and so
excited states populated through the162Hf and 164Hf decay,
respectively@12,13#. Some of the results presented here ha
been reported earlier@14#. During the course of the presen
investigation some results about in beam studies bec
available for 162Lu @15,16# and 164Lu @17,18#.

II. EXPERIMENTS AND RESULTS

A. Measurements in 162Lu

High-spin states of162Lu were populated through th
139La(28Si,5n) reaction at 160 MeV. The target consisted
560556-2813/97/56~2!/707~16!/$10.00
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a 1 mg/cm2 La, gold backed~4 mg/cm2) foil, protected by a
30 mg/cm2 gold layer on the front side. The beam was pr
vided by the Tandem XTU accelerator of Legnaro andg rays
emitted by the reaction residues were detected using
GASP array@20#, which consisted, for this coincidence e
periment, of 39 Compton suppressed large volume Ge de
tors, a planar detector, and a multiplicity filter of 80 BG
elements. Events were collected when at least three
pressed Ge and three inner multiplicity filter detectors w
fired. With this condition the event rate was around 4–5 k
and a total of 2.73108 events were recorded. The assig
ment ofg rays to 162Lu was based on coincidences with L
K x rays, previous knowledge of the neighboring Lu isotop
(161Lu @21# and 163Lu @22#!, and multiplicity distributions.

A matrix of g-ray energy in the Ge detectors vs BG
multiplicity was useful to find assignments ofg transitions to
different reaction products. To select only neutron chann
leading to Lu isotopes, the matrixEg vs BGO multiplicity
was constructed with a gate condition on LuK x rays, sup-
pressing in this way reaction channels involving the eva
ration of charged particles such as one proton leading to
isotopes and onea particle leading to Tm isotopes, whic
have a non-negligible contribution to the total cross secti
Three cuts of this matrix are shown in Fig. 1, giving a cle
indication of the changes in theg spectrum resulting from
different multiplicity conditions; lines belonging to161Lu
(6n channel! and 163Lu ~4n channel! isotopes are strong fo
low and high multiplicity, respectively. Figure 2 shows th
BGO multiplicity distribution of the different neutron chan
nels obtained by gating on pure transitions belonging
161Lu and 163Lu and on the 299.9 keV line assigned
162Lu, with the additional gate condition on the LuK x ray.
All the g rays assigned to162Lu were those with the multi-
plicity distribution corresponding to a five-particle channe
707 © 1997 The American Physical Society
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FIG. 1. Projectedg-ray spec-
tra with BGO filter multiplicity
conditions and gated on LuK x
rays for the reaction139La 1
28Si at 160 MeV. The most impor-
tant and clean lines belonging t
Lu isotopes are indicated: square
for 161Lu, circles for 162Lu, and
triangles for163Lu.
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B. Measurements in 164Lu

High-spin states of the doubly odd nucleus164Lu have
been populated through fusion-evaporation reactions. In
der to determine the optimum energy to run a coincide
experiment at Legnaro excitation functions were obtain
through the 139La(29Si,4n) reaction in the energy rang
E(29Si)5135–150 MeV at the TANDAR accelerator i
Buenos Aires. Theg-ray coincidence experiment was pe
formed subsequently at the Legnaro Tandem Facility us
the 4p array GASP@20# consisting, for this experiment, o

FIG. 2. Multiplicity distribution of neutron channels in the re
action 139La 1 28Si at 160 MeV, obtained by gating on strong an
clean lines: 4n, 470.6 keV belonging to163Lu, 5n, 299.9 keV as-
signed to162Lu, and 6n, 474.9 keV belonging to161Lu. These dis-
tributions have additional gate condition on LuK x rays.
r-
e
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g

35 Compton suppressed Ge’s~80% efficiency!, two planar
detectors, in order to be sensitive to lowg-ray energies, and
80 BGO detectors, providing the sum-energy andg-ray mul-
tiplicity used to select the different reaction channels. Trip
events~more than three Ge counters fired! with more than
three hits in the inner multiplicity filter, were taken at abo
8 kHz for the reactions139La(29Si,4n) and 139La(30Si,5n) at
145 and 157 MeV bombarding energy, respectively. A to
of 1.63108 and 63107 threefold or higher coincidence
events were recorded during the experiment bombard
with 29Si and 30Si, respectively. The target consisted of a
mg/cm2 La, gold backed~4 mg/cm2) foil. The isotopic iden-
tification was based on coincidences with LuK x rays, pre-
vious knowledge of the neighboring Lu isotopes (163Lu @22#,
165Lu @23,24#!, and multiplicity distributions. Figure 3 show
projected planarg-ray spectra for the reactions induced b
the two projectiles (29Si and 30Si!. In the spectra@Figs. 3~a!
and 3~b!# the most important lines belonging to the know
reaction channels163Lu, 165Lu, and 164Yb @25# have been
indicated together with the lines assigned to164Lu ~93.1,
140.9, 162.1, 165.5, 237.0 keV, etc.!. Further confirmation of
this assignment was made through the study of the B
multiplicity spectra of strongg rays. Figures 4~a! and ~b!
show the BGO multiplicity spectra of the different reactio
channels obtained by gating on selected strong unconta
nated lines belonging to the neighboring known163,165Lu
isotopes and on the 237.0 keV line. From Fig. 4 it can
seen that the 237.0 keV transition, assigned to164Lu, shows
the correct fold corresponding to a four-particle and fiv
particle channel for the reactions with29Si and 30Si projec-
tiles, respectively.
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FIG. 3. Projectedg spectra of planar detector
for the two reactions139La 1 29Si at 145 MeV
and 139La 1 30Si at 157 MeV. The transitions
assigned to164Lu are indicated with a circle.
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C. Level scheme of162Lu

The level scheme for162Lu deduced from the data ob
tained here is shown in Fig. 5. Figure 6 shows summed
incidence spectra gated on pairs of transitions belonging
given band. The 97.8 keVg ray was proposed to belong t
band A by both coincidence evidence and systematics,

FIG. 4. Multiplicity distribution of neutron channels~a! in the
reaction139La 1 29Si at 145 MeV, obtained by gating on the stron
lines 3n, 159.1 keV belonging to165Lu, 4n, 237.0 keV assigned to
164Lu, and 5n, 470.6 keV belonging to163Lu. ~b! for the reaction
139La 1 30Si at 157 MeV, gating on the strong lines 4n, 180.1 keV
belonging to165Lu, 5n, 237.0 keV assigned to164Lu, and 6n, 197
keV belonging to163Lu.
o-
a

ut

the uncertainty in the presence of the 293.4 keV crosso
transition, due to low intensity and contaminations, made
difficult to confirm its placement. The yrast band~band A!,
decays through several transitions, some of which are sh
in Fig. 6~a!: 80.6, 108.2, 143.6, 164.4, 266.0, and 269.0 ke
These lines could not be placed unambiguosly into the le
scheme, however, from their coincidence relationships an
citation energy greater than 400 keV was estimated for
~102) state of the yrast band. Band B decays to band
through the 681.8, 788.4, and 908.2 keV transitions. For
strongest one, the 788.4 keV line, the measured DCO r
0.5460.14 is consistent with a stretched dipole for our g
ometry. In the neighboring161,163Lu isotopes @21,22#,
stretched dipole transitions with similar energy values ha
been observed connecting side bands with the yrast ba

FIG. 5. Level scheme of162Lu proposed in the present work.



m
i-

710 56M. A. CARDONA et al.
FIG. 6. g ray coincidence
spectra corresponding to the su
of several gates on pairs of trans
tions belonging to band A~a!,
band B ~b!, and band D~c! of
162Lu.
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From this analogy, the 788.4 keV transition was assume
be a stretchedE1, allowing the spin and parity of band B t
be fixed relative to band A. At spin greater than 20\ band B
becomes yrast. The 583.1 keV line indicated in Figs. 6~b!
and 6~c! in strong coincidence with members of band B a
D, depopulates these bands in a way which was not poss
to establish. Band D feeds a quadrupole cascade ofg rays,
420.8, 536.2, 621.6, and 644.3 keV~labeled in Fig. 5 as band
C!. Lines belonging to bands C and D are indicated in F
6~c!. Transition energies, spin assignments,g intensities,
branching ratios, DCO ratios, andB(M1)/B(E2) ratios in
162Lu are listed in Table I grouped in sequences for ea
band.

D. Level scheme of164Lu

The level scheme of164Lu obtained from the presen
work is shown in Fig. 7. Summed coincidence spectra
tained by setting gates on transitions belonging to bands
B, and C are shown in Figs. 8~a!, 8~b!, and 8~c!, respectively.
For bands A and C double gated spectra have been ad
Figure 8~d! shows ag-ray coincidence spectrum obtaine
with a gate on the 401.2 keV transition belonging to band
The yrast sequence indicated in Fig. 7 as band A is depo
lated by several transitions, which could not be placed in
level scheme. Some of the strongest lines are indicate
Fig. 8~a!: 143.0, 171.5, and 184.9 keV. The 162.1 keV tra
sition is an unresolved doublet; one component has b
placed in band A, while the other one depopulates the s
band A. Band B is connected to band C by the 647.8 and
252.0 keVg rays. The DCO ratio for the 647.8 keV line~1.1
60.2! is consistent with a stretched quadrupole transiti
Further connections between bands B and C are likely,
to
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could not be established because of intensity limitations
contamination of the linking lines. The 647.8 keV line fixe
the relative energy between bands B and C as well as s
and parities. From the spin assignments the two~191) states
in band B and C lie very close to each other~14 keV of
energy difference! and it is expected that their wave func
tions are largely admixed, favoring at this point the linka
between the bands. Band B depopulates into the yrast b
through the 864.9 and 964.6 keV transitions both of wh
have stretched dipole nature deduced from DCO ratios~see
Table II!. Based on the same arguments discussed abov
the 788.4 keV line in162Lu, E1 character was adopted fo
the 864.9 and 964.6 keV transitions.

The energies, spin assignments, intensities, and DCO
tios for g rays assigned to164Lu are listed in Table II,
grouped in sequences for each band. In both cases162Lu and
164Lu g-ray intensities were obtained from the total coinc
dence projections and from individual spectra in coinciden
with low spin transitions. Theg-ray intensities in Table II
were extracted from the139La(29Si,4n) reaction at 145 MeV.

The DCOg-g matrices were created sorting on one a
the detectors lying atu1'34°, 36°, 144°, and 146° and o
the other those atu2590° with respect to the beam direction
In the GASP geometry, setting gates on stretched quadru
transitions, the theoretical DCO ratiosIggate5u2

(u1)/

Iggate5u1
(u2) are '1 for stretched quadrupole transition

and'0.5 for pure dipole ones.
The experimental branching ratios for a given state lis

in Tables I and II were obtained from relativeg-ray intensi-
ties in the spectrum in coincidence with transitions direc
populating that state, except for some of the higher lev
where the ratio of the intensities listed in the third column
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TABLE I. g-ray transition energies, spin assignments,g intensities, branching ratios, DCO ratios, an
B(M1)/B(E2) ratios in 162Lu.

Eg ~keV! a I i
p→I f

p b I g
c Branching DCO ratioe B(M1)/B(E2) f

ratio d (mN
2 /e2b2!

Band A
97.8 (112)→(102) 95
195.6 (122)→(112) 1000 0.7060.14
293.4 (122)→(102)
160.5 (132)→(122) 650 0.4560.05 0.7760.12 2.160.2
355.9 (132)→(112) 340 1.360.4
276.8 (142)→(132) 729 0.5060.06 0.7760.09 1.0560.13
437.5 (142)→(122) 310 1.260.2
234.4 (152)→(142) 416 1.2560.13 0.6960.10 1.5060.15
511.2 (152)→(132) 586 0.9560.14
326.5 (162)→(152) 406 0.8460.15 0.7860.12 1.360.2
560.9 (162)→(142) 345 0.9560.25
299.9 (172)→(162) 173 1.8560.15 0.7360.15 1.3460.11
626.3 (172)→(152) 277 0.9860.14
357.2 (182)→(172) 186 1.760.3 0.7360.21 1.160.2
657.1 (182)→(162) 313 1.260.2
352.4 (192)→(182) 130 2.260.4 0.8060.20 1.360.2
709.7 (192)→(172) 240 0.8360.25
374.0 (202)→(192) 113 1.760.3 1.660.3
726.2 (202)→(182) 192 0.8160.12
383.0 (212)→(202) 77 2.260.4 0.7660.16 1.460.2
757.0 (212)→(192) 152 0.9260.18
364.4 (222)→(212) 75 2.460.6 1.460.4
747.0 (222)→(202) 180
375.3 (232)→(222) 66 1.960.5 1.560.4
739.2 (232)→(212) 110 1.0560.16
340.4 (242)→(232) 90 1.560.3 0.6860.23 2.260.4
715.5 (242)→(222) 140 1.060.3
372.1 (252)→(242) 70 1.460.4 1.860.5
712.6 (252)→(232) 113 1.460.4
347.6 (262)→(252) 90 1.460.3 2.360.5
720.2 (262)→(242) 130 1.060.2
397.6 (272)→(262) 65 1.160.4 0.6760.13 1.960.7
745.6 (272)→(252) 74
371.6 (282)→(272) 45 1.360.4 2.860.9
769.2 (282)→(262) 67
434.7 (292)→(282) 42 1.460.5 2.160.7
805.9 (291)→(272) 62

Band B
206.2 (171)→(161) 197 0.8560.17
192.9 (181)→(171) 380 0.4260.04 0.8060.15 2.360.2
399.3 (181)→(161) 142
196.2 (191)→(181) 287 0.5060.10 1.660.3
389.3 (191)→(171) 143
231.0 (201)→(191) 253 0.4260.08 0.8660.20 1.960.3
427.5 (201)→(181) 110 1.360.3
260.7 (211)→(201) 210 0.5960.09 0.4860.12 2.360.3
491.9 (211)→(191) 106
283.1 (221)→(211) 234 0.7760.14 0.8060.14 1.960.3
543.7 (221)→(201) 131
317.9 (231)→(221) 145 0.8360.13 0.7060.20 2.060.3
601.1 (231)→(211) 143
338.8 (241)→(231) 106 0.9160.18 0.7060.14 2.460.5
657.1 (241)→(221) 128
365.0 (251)→(231) 92 1.160.2 2.260.4
704.1 (251)→(241) 125
396.0 (261)→(251) 83 1.060.3 2.960.9
761.7 (261)→(241) 85
403.7 (271)→(261) 49 2.960.5 1.260.2
800.0 (271)→(251) 100
441.1 (281)→(271) 46
844.6 (281)→(261)
443.0 (291)→(281) 33 1.560.4 2.960.8
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TABLE I. ~Continued!.

Eg ~keV! a I i
p→I f

p b I g
c Branching DCO ratioe B(M1)/B(E2) f

ratio d (mN
2 /e2b2!

883.9 (291)→(271) 48
922.7 (301)→(281) 48

Transitions between A and B
681.8 (181)→(172) 31
788.4 (171)→(162) 132 0.5460.14
908.2 (161)→(152) 39

Band C
420.8 I 012→I 0 126 1.360.3
536.2 I 014→I 012 104 1.060.2
621.6 I 016→I 014 88 0.960.2
685.0 I 018→I 016 32

Band D
185.0 I 018→I 017 32
210.4 I 019→I 018 113 0.3360.07 0.6360.20 2.260.5
395.5 I 019→I 017 40
257.2 I 0110→I 019 104 0.2960.03 0.686020 3.260.3
467.8 I 0110→I 018 61
246.3 I 0111→I 0110 97 0.5660.11 0.3560.17 2.760.5
503.4 I 0111→I 019 51
320.5 I 0112→I 0111 94 0.5960.13 2.160.5
567.7 I 0112→I 0110 46
294.6 I 0113→I 0112 82 0.6560.15 0.5660.22 3.760.9
615.5 I 0113→I 0111 63
373.6 I 0114→I 0113 45 0.860.2 2.260.5
668.2 I 0114→I 0112 41
358.2 I 0115→I 0114 35 1.160.2 2.960.5
731.6 I 0115→I 0113 41
408.0 I 0116→I 0115 30 1.360.3 2.160.5
766.6 I 0116→I 0114 38
407.8 I 0117→I 0116 26 1.460.3 2.660.6
815.8 I 0117→I 0115 36
435.7 I 0118→I 0117
843.2 I 0118→I 0116 31

Transitions between C and D
644.3 I 0118→I 0116 41 0.960.3

Other transitions
285.0
502.2 90
524.1 38
583.1g 404
596.3 88
657.5 42

aUncertainties between 0.1 and 0.3 keV.
bSpin assignment based on systematics.
cUncertainties between 5 and 30 %.
dBranching ratio:Ig(I→I 22)/Ig(I→I 21), Ig(I→I 22) andIg(I→I 21) are the relativeg intensities of
the quadrupole and dipole transition depopulating the spinI level, respectively.
eDirectional correlation ratio:Iggate5u2

(u1)/Iggate5u1
(u2), (u1'32°, 36°, 144°, and 148° andu2590°)

determined from coincidence spectra, setting gates on stretchedE2 transitions on both axes of the DCO
matrix.
fDetermined assumingd250.
g583.1 keV transition, not placed in the level scheme, depopulates bands B and D.



56 713HIGH-SPIN STATES IN DOUBLY ODD162,164Lu
FIG. 7. Level scheme of164Lu proposed in
the present work.
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Tables I and II was evaluated. For low lyingDI 51 transi-
tions in the yrast band of162Lu, mixing ratiosd were esti-
mated from angular correlation measurements to be less
0.27, so it produces a small influence in theB(M1)/B(E2)
ratios. The experimentalB(M1)/B(E2) ratios, determined
assumingd250, and the branching ratios are included
Tables I and II for162Lu and 164Lu, respectively.

III. DISCUSSION

Proton and neutron orbitals involved in rotational ban
found in 162Lu and 164Lu can be identified on the basis of th
coupling schemes proposed by Kreiner and co-work
an

s

rs

@26–28#. For each odd-odd nucleus, the first step is the c
struction of a zero-order level scheme from experimen
bandhead energies in neighboring odd-A nuclei. Figure 9
shows the evolution of these energies as a function of
neutron number in odd Lu@22–24,29–32# and Yb @33–36#
isotopes. No experimental data concerning bandhead e
gies exist for161Lu (N590) @21#, but the tendency is quite
clear. In theh11/2 proton bands the Fermi level is located ne
V59/2 (9/22@514#) in 165Lu @23# and seems to be locate
between theV57/2 (7/22@523#) andV59/2 (9/22@514#) in
163Lu @22,29#. On the other hand, Rosenthal@37# and Wad-
dingtonet al. @38# proposedI p51/22 for the ground state of
163Lu. The only negative-parity proton orbital withV51/2
d-
e-

-
e-
FIG. 8. g-ray coincidence spectra correspon
ing to the sum of several gates on transitions b
longing to band A~a!, band B~b!, and band C~c!
of 164Lu. ~d! g-ray coincidence spectrum ob
tained with gate on the 401.2 keV transition b
longing to band D.
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TABLE II. g-ray transition energies, spin assignments,g intensities, branching ratios, DCO ratios, an
B(M1)/B(E2) ratios in 164Lu.

Eg ~keV! a I i
p→I f

p b I g
c Branching DCO ratioe B(M1)/B(E2) f

ratio d (mN
2 /e2b2!

Band A
93.1 (112)→(102) 219 0.7460.12
165.5 (122)→(112) 1000 0.1660.02 0.7160.06 1.1060.14
258.6 (122)→(102) 144
162.1 (132)→(122) 1100 0.3360.07 0.7460.06 1.960.4
327.6 (132)→(112) 330 1.260.2
237.0 (142)→(132) 1043 0.5060.08 1.0560.17
399.1 (142)→(122) 500 1.1060.20
226.3 (152)→(142) 821 1.060.1 0.6560.05 1.2860.13
463.2 (152)→(132) 894 1.1960.13
284.6 (162)→(152) 744 0.9160.11 0.7860.15 1.1560.14
510.9 (162)→(142) 790 0.9360.12
283.9 (172)→(162) 528 1.660.3 0.7460.10 1.1260.21
568.6 (172)→(152)- 785 0.9760.15
312.7 (182)→(172) 492 1.560.2 0.6860.10 1.1460.15
596.7 (182)→(162) 770 1.060.2
331.8 (192)→(182) 364 2.560.4 0.8460.14
644.5 (192)→(172) 727 1.0860.15
324.8 (202)→(182) 326 1.760.3 1.560.3
656.5 (202)→(192) 566 1.260.2
363.7 (212)→(202) 288 2.060.4 0.6960.17 1.1160.22
688.4 (212)→(192) 568 1.1060.18
323.0 (222)→(212) 306 2.460.6 1.360.3
687.0 (222)→(202) 597 1.360.2
377.3 (232)→(222) 159 2.260.4 0.6760.20 1.060.2
700.5 (232)→(212) 361
320.1 (242)→(232) 212 1.960.3 0.6060.12 1.860.3
697.0 (242)→(222) 394
388.3 (252)→(242) 154 1.560.3 0.7560.21 1.460.3
708.4 (252)→(232) 222
334.3 (262)→(252) 110 1.660.4 0.7960.25 2.360.6
722.9 (262)→(242) 199 1.260.2
413.2 (272)→(262) 94 1.160.3 2.160.6
747.8 (272)→(252) 107
361.5 (282)→(272) 70 1.760.6 2.460.8
774.6 (282)→(262) 144
449.0 (292)→(282) 40 1.460.5 1.960.7
810.6 (292)→(272) 54
841 (302)→(282)

Band B
184.9 (171)→(161) 33
206.4 (181)→(171) 98 0.4560.08 1.660.3
391.6 (181)→(161) 83
222.5 (191)→(181) 78 0.5960.09 0.8160.21 1.560.2
428.6 (191)→(171) 45
237.9 (201)→(191) 80 0.7760.15 1.460.3
460.1 (201)→(181) 64 0.9460.26
267.2 (211)→(201) 66 0.9460.15 1.360.2
505.0 (211)→(191) 64
283.9 (221)→(211) 90 0.6760.10 2.360.3
550.9 (221)→(201) 67
322.0 (231)→(221) 55 1.460.3 0.8460.25 1.260.3
605.9 (231)→(211) 82
337.9 (241)→(231) 44 1.760.3 1.360.2
659.7 (241)→(221) 52
368.5 (251)→(241) 27 2.560.6 0.9760.23
706.1 (251)→(231) 63
392.3 (261)→(251) 22 2.060.4 1.560.3
761.1 (261)→(241) 40
398.8 (271)→(261) 14 3.260.8 1.160.3
790.6 (271)→(251) 40
419.3 (281)→(271) 5 2.860.6 1.260.3
818.3 (281)→(261) 17
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TABLE II. ~Continued!.

Eg ~keV! a I i
p→I f

p b I g
c Branching DCO ratioe B(M1)/B(E2) f

ratio d (mN
2 /e2b2!

Transitions between A and B
864.9 (171)→(162) 61 <0.6
964.6 (161)→(152) 101 <0.7

Band C
104.1 (91)→(81) 87 0.6260.15
140.9 (101)→(91) 229 0.2160.05 0.6060.12 1.060.2
245.1 (101)→(81) 43
168.2 (111)→(101) 295 0.5660.07 0.6260.12 0.7460.09
309.3 (111)→(91) 160
210.3 (121)→(111) 338 0.8360.13 0.7260.14 0.7060.11
378.6 (121)→(101) 268 1.160.2
224.7 (131)→(121) 219 1.660.2 0.6060.07
435.2 (131)→(111) 298 1.1960.15
267.0 (141)→(131) 135 1.960.3 0.5660.20 0.5560.09
491.7 (141)→(121) 292 0.9660.19
267.0 (151)→(141) 140 2.460.7 0.7660.23 0.6660.19
534.0 (151)→(131) 371 0.9760.16
307.8 (161)→(151) 103 2.960.8 0.5160.14
574.6 (161)→(141) 325 0.860.3
298.0 (171)→(161) 80 6.361.8 0.3460.10
605.4 (171)→(151) 530
326.3 (181)→(171) 76 7.161.7 0.2760.06
624.3 (181)→(161) 285 1.360.3
307.1 (191)→(181) 72 3.160.7 0.7960.18
633.2 (191)→(171) 242 1.260.3
297.8 (201)→(191) 91 0.960.3 2.460.8
605.0 (201)→(181) 80
289.2 (211)→(201) 56 1.160.3 1.860.5
587.2 (211)→(191) 76
310.6 (221)→(211) 60 1.560.3 1.260.2
600.0 (221)→(201) 78
317.7 (231)→(221) 33 2.960.7 0.7360.18
628.3 (231)→(211) 99
346.1 (241)→(231) 33 5.061.2 0.4360.11
663.8 (241)→(221) 163
354.7 (251)→(241) 23 4.460.8 0.6060.12
700.5 (251)→(231) 119
383.3 (261)→(251) 21 3.560.6 0.7860.16
737.6 (261)→(241) 102
779.0 (271)→(251) 107
814 (281)→(261) 14
880 (291)→(271) 23

Transitions between B and C
647.8 (191)→(171) 118 1.160.2
252.0 (201)→(191) 30

Band D
401.2 160 1.260.2
505.6 145
585.8 116
633.1 76
648.7 54
672.7 15

aUncertainties between 0.1 and 0.3 keV.
bSpin assignment based on systematics.
cIntensities extracted from the139La(29Si,4n! reaction at 145 MeV. Uncertainties between 5 and 30 %.
dBranching ratio:Ig(I→I 22)/Ig(I→I 21), Ig(I→I 22), andIg(I→I 21) are the relativeg intensities of
the quadrupole and dipole transition depopulating the spinI level, respectively.
eDirectional correlation ratio:Iggate5u2

(u1)/Iggate5u1
(u2), (u1'32°, 36°, 144°, and 148°, andu2590°)

determined from coincidence spectra, setting gates on stretchedE2 transitions on both axes of the DCO
matrix.
fDetermined assumingd250.
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716 56M. A. CARDONA et al.
in this region is 1/22@541# but its energy increases as th
neutron number decreases, lying at about 350 keV
165Lu. In this context we agree with Rastikerdaret al. @39# in
assigning the 1/21@411# orbital to the ground state o
163Lu ~see Ref.@30#!. In addition, in neutroni 13/2 bands, the
Fermi level lies close toV55/2 (5/21@642#) in 163Yb and to
V53/2 (3/21@651#) in 161Yb. To a zero-order approxima
tion proton and neutron single-quasiparticle energies
added, neglecting the residual interaction which can split
K65uVp6Vnu states according to the Gallaghe
Moszkowski coupling rules@40#. Table III shows the results
obtained for 164Lu, which must be approximately valid fo
162Lu given the relatively smooth variation of quasipartic
energies with neutron number.

A. Bands A, yrast bands

The most strongly populated bands in162Lu and 164Lu are
those labeled A in Figs. 5 and 7. These bands, already
ported in Ref.@14#, exhibit a pronounced level staggerin
and a signature inversion, characteristic of t
ph11/2^ n i 13/2 bands in this mass region. These bands can
described as semidecoupled, because the neutron is quit
coupled~relatively largeVn51/2 component! giving rise to
decoupled bands in odd neutron nuclei, while the proton

FIG. 9. Bandhead excitation energies for odd Lu and Yb i
topes.
in

re
e

e-

e
de-

is

more strongly coupled (Vp59/2,7/2) but Coriolis perturbed
A characteristic feature of these structures~extensively stud-
ied in ph9/2^ n i 13/2 systems@41#! is that they start with mul-
tiplets formed by low-energy highly convertedM1 transi-
tions. The lower transitions of this kind of band are oft
unobserved, possibly due to the compression caused by
neutron i 13/2 and the irregularity of the states withI , j in
h11/2 bands, leading generally to low-energy highly co
verted transitions. The band head spins are expected to
or 5 for 162Lu and 7 or 6 for 164Lu ~see Table III!, but in
order to assign spins to the lower observed states, we m
base these assignments on systematics. Figure 10 dis
the a 5 0 sequence ofph11/2^ n i 13/2 bands belonging to
1582164Tm @11# and 1602166Lu @1,42# isotopes. We use the
122 state (125Jmax5 j p1 j n) as reference. On this basis, th
most probable spin for the lower observed state of bands
10 in both cases. Only a change of two units of spin
possible, due to the fact that the even-spin sequences c
spond to the favored signature (a 5 0! for high spin states.

In the upper part of Figs. 11~a! and 11~b! we plot the
normalizedDI 51 transition energies as a function of sp

-

FIG. 10. Systematics of thea50 sequences for the
ph11/2^ n i 13/2 structure in1602166Lu and 1582164Tm.
s
TABLE III. Zero-order level scheme of164Lu. Entries areK65uVp6Vnu values and zero-order energie
in keV. Proton excitation energies correspond to the average between163Lu and 165Lu ~except for the
p1/2@541# orbital; the 345.3 keV value belongs to165Lu and for 163Lu is expected to be higher!. Neutron
excitation energies are from163Yb.

n i 13/2

nVn
p@Nn3L# n3/22@521# n5/22@523# n5/21@642#

pVp
p@Nn3L# En ~keV! 0.0 53.9 99.2

Ep ~keV!

p7/21@404# 52, 22 62, 12 61, 11

100.7 100.7 154.6 199.9
ph11/2

p9/22@514#(p7/22@523#) 6~5!1, 3~2!1 7~6!1, 2~1!1 7~6!2, 2~1!2

249.0 249.0 302.9 348.2

p1/21@411# 22, 12 32, 22 31, 21

0.0 0.0 53.9 99.2

p1/22@541# 21, 11 31, 21 32, 22

>345.3 >345.3 >399.2 >444.5
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56 717HIGH-SPIN STATES IN DOUBLY ODD162,164Lu
for bands A of162Lu and 164Lu, respectively. At high spins
namely, above the signature inversion point, states with e
spin are favored, corresponding to the coupling between
favored signatures in both proton (a f521/2) and neutron
(a f511/2) orbitals. This assumption is consistent with t
dominance of the Coriolis force over other possible ingre
ents@41#, such as thep-n residual force, for sufficiently high
spins. A similar behavior~staggering and signature inve
sion! can be observed for the experimentalB(M1)/B(E2)
ratios @lower part of Figs. 11~a! and 11~b!#. The uncertainty
in these values is important, but the effect seems to be q
clear. This behavior is mainly due to the level staggering
Fig. 11 the arrows indicate the point of the staggering ph
change. In Ref.@14# we have shown the systematic variatio
of the level staggering and signature inversion features fo
ph11/2^ n i 13/2 known bands in the light rare-earth regio
The evolution of the phase change in the level staggerin
plotted in Fig. 12. To avoid possible errors in the spin
signments often based on systematics, the frequency val
the signature inversion point was considered. Figure 12~a!
shows that for each isotopic chain the inversion freque
decreases with the neutron number. In Fig. 12~b! the behav-
ior of the isotones is presented, in this case for a fixed n
tron number the inversion frequency increases withZ. A
similar study has been undertaken in Ref.@43#. We have not

FIG. 11. Level staggering andB(M1)/B(E2) values as a func-
tion of the angular momentum for the yrast band of162Lu ~a! and
164Lu ~b!. Solid ~open! circles correspond toa50~1! states. The
arrows point at the position of the signature inversion. In the low
part the calculatedB(M1)/B(E2) values have been plotted with
solid line for theph11/2(7/22@523#) ^ n i 13/2(3/21@651#) configura-
tion in 162Lu ~a! and ph11/2(7/22@523#) ^ n i 13/2(5/21@642#) con-
figuration in 164Lu ~b!, and a dashed line for the
ph11/2(9/22@514#) ^ n i 13/2(3/21@651#) configuration in 162Lu ~a!
and ph11/2(9/22@514#) ^ n i 13/2(5/21@642#) configuration in 164Lu
~b!.
n
e

i-

ite
n
e

ll

is
-
at

y

u-

been able to come up with a plausible explanation of
trend observed for the signature inversion frequency. If
assume that the phase of the staggering beyond the inve
point corrresponds to a dominance of the signatu
dependent Coriolis interaction@44#, we would expect a de-
crease in the amplitude of the level staggering~beyond the
inversion point! as the deformation increases. However, ju
the opposite seems to be occurring~see Fig. 2 of Ref.@14#!.
For instance forN591, i.e., the series of nuclei162Lu,
160Tm, 158Ho, and 156Tb ~Fig. 13!, asZ decreases~and the
deformationb increases as can be seen from Fig. 14! the
amplitude of the signature oscillation~above the inversion
point! increases. On the other hand, the behavior of the
plitude of the oscillation before the inversion point is opp
site to the one beyond, suggesting perhaps a different or
for both phenomena. In Fig. 14 theb values were obtained
from experimental lifetimes of the 21 state in even-even
nuclei ~Refs.@25,45–53#!.

r

FIG. 12. Evolution of the signature inversion frequency o
served in the level staggering of theph11/2^ n i 13/2 structure for the
isotopes~a! and isotones~b! belonging to the light rare-earth region

FIG. 13. Level staggering of theph11/2^ n i 13/2 structure in the
N591 isotone chain, the arrows point at the phase change.
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718 56M. A. CARDONA et al.
In the lower part of Fig. 11 the experiment
B(M1)/B(E2) ratios are compared with the values calc
lated in the framework of the cranking model, as discusse
Sec. IV. Calculations have been performed using two diff
ent values ofVp ~7/2 and 9/2! and the corresponding align
ments andg factors ~see Table IV!. Due to the degree o
precision of the method, no firm conclusion can be extrac
as to whichVp is predominantly involved in the structures
bands A. For the yrast band of162Lu the theoretical ratios for
the ph11/2(7/22@523#) ^ n i 13/2(3/21@651#) configuration are
in very good agreement with the experimental values
should be remarked, however, that the calculational appro
is semiclassical. For both nuclei the general trend of
variation ofB(M1)/B(E2) values as a function of the angu
lar momentum is very similar. These values are almost c
stant around '1.2mN

2 /e2b2 up to I'20\ (\v'0.340
–0.380 MeV! above this point a smooth increase is observ
The behavior of theB(M1)/B(E2) values has been dis
cussed recently for theph11/2^ n i 13/2 structures in 160Ho
@43,54# and 166Tm @55# as a function of frequency showing
characteristic parabolalike trend with the increase of the
tios above 0.25 and 0.20 MeV for160Ho and 166Tm, respec-
tively. These frequencies are quite smaller than the o
mentioned above for162Lu and 164Lu. In the odd-Z nuclei

FIG. 14. Evolution of quadrupole deformationb in the mass
region of interest. Theb values were obtained from experiment
lifetimes of the 21 state in the even-even nuclei.

TABLE IV. Parameters used in the calculations ofB(M1) val-
ues. The alignments are extracted from161(163)Lu and 161(163)Yb for
the proton and neutron orbital in162(164)Lu, respectively, and cor-
respond to the favored signature.

162Lu 162Lu 164Lu 164Lu
Orbital i (\) gV i (\) gV

p7/22@523# 3.0 1.31 2.7 1.32
p9/22@514# 2.2 1.29 2.2 1.29
p7/21@704# 0.52 0.634
n3/21@651# 5.8 -0.295
n5/21@642# 5.2 -0.279
n3/22@521# 1.5 -0.208
n5/22@523# 0.93 0.167
-
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-

es

161Lu and 163Lu more dramatic changes occur at the fr
quency of thei 13/2 neutron band crossing. In161Lu @21# an
increase from aB(M1)/B(E2) value around 0.5mN

2 /e2b2 at
low spin to 2.5 mN

2 /e2b2 after the band crossing was ob
served, which has been associated with the alignment
pair of i 13/2 neutrons.

Two additivity effects have been analyzed in these ban
The first one corrresponds to the crossing frequency sh
(d\vc) @6#. Figures 15~a! and 15~b! shows the experimenta
Routhians as a function of the rotational frequency for ba
A of 162,164Lu, the ph11/2 bands in161,163Lu, and then i 13/2
bands in161,163Yb @30,56#. The crossing frequencies assoc
ated with the alignment of a pair ofi 13/2 neutrons extracted
from the Routhians are reported in Table V along with t
moments of inertia used for the reference configuration
alignments. In order to extract appropriate single quasipa
cle parameters from a given band~such as alignment!, the
associated core~or the so-called reference! parameters have
to be determined in each band separately, since every
figuration can affect the core through blocking, polarizatio
etc., differently. The analysis has been performed using b
Vp57/2 and Vp59/2 for the orbital of the odd proton
While the occupation of thei 13/2 neutron orbital in
161,163Yb produces an important delay in the crossing f
quency with respect to the corresponding even-even c

FIG. 15. Experimental Routhians of theph11/2, n i 13/2, and
ph11/2^ n i 13/2 ~band A! structures in 161,163Lu, 161,163Yb, and
162,164Lu, respectively and of band C of164Lu as a function of the
rotational frequency. For these bands the moments of inertia u
for the reference configuration are reported in Table V, except
band C of 164Lu, for which the inertia parameters ar
J0 /\2526.7 MeV21 andJ1 /\45126.2 MeV23.
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TABLE V. Moments of inertia, alignments~for odd nuclei the reported values correspond to the favo
signature!, calculated alignment (i calc5 i n1 i p), band-crossing frequencies, experimental and calculated
viations of the crossing frequencies with respect to the even-even core@ground state~g.s.! band#. The
calculated deviationsd\vc

calc are obtained summing the deviations of the odd-N and odd-Z neighboring
nuclei.

Nucleus Band J0 /\2 J1 /\4 i i calc \vc d\vc d\vc
calc

~MeV21) ~MeV23) (\) (\) ~MeV! ~MeV! ~MeV!

160Yb g.s. band 9.7 186.2 0.270~5!
161Yb i 13/2(3/21@651#) 17.1 100.9 5.8 0.355~15! 10.085
161Lu h11/2(7/22@523#) 15.0 135.3 3.0 0.270~5! 0.0

h11/2(9/22@514#) 19.5 123.0 2.2 0.265~5! -0.005
162Lu AVp57/2 15.2 118.8 8.4 8.8 0.355~5! 10.085 10.085

AVp59/2 19.0 96.5 7.5 8.0 0.350~5! 10.080 10.080

162Yb g.s. band 16.8 177.2 0.270~5!
163Yb i 13/2(5/21@642#) 24.3 93.6 5.2 0.355~10! 10.085
163Lu h11/2(7/22@523#) 18.9 145.8 2.7 0.260~10! -0.010

h11/2(9/22@514#) 22.2 127.7 2.2 0.250~10! -0.020
164Lu AVp57/2 21.8 117.8 7.4 7.9 0.335~5! 10.065 10.075

AVp59/2 25.0 111.3 6.7 7.4 0.330~5! 10.060 10.065
t
e-
a

u

ts
s
u

m

fo
en

d
a
o

rre

se

in
i-

he

d

to

re
160,162Yb @50,51,57# ~0.085 MeV! most likely due to block-
ing, the presence of the odd proton has a negligible effec
161Lu and in 163Lu produces a reduction in the crossing fr
quency. In band A of162(164)Lu the crossing occurs at
frequency of\vc'0.35(0.33) MeV, and the shift in the
crossing frequency is in very good agreement with the s
of the shifts in the crossing frequencies for the oddN and
odd Z neighboring nuclei~Table V!.

The second additivity effect corresponds to alignmen
Figures 16~a! and 16~b! show the alignments of the band
mentioned before~the values of bands B are also plotted b
discussed below!. For 161,163Yb and band A of162,164Lu the
data are referred to a reference configuration having the
ments of inertia listed in Table V. For161,163Lu two sets of
inertia parameters were used, the one listed in Table V
the region below the backbending and above the backb
ing we used: J0 /\2533.8(27.0) MeV21 and
J1 /\4531.4(45.2) MeV23 for 161(163)Lu. For the odd nuclei
161,163Lu and 161,163Yb the alignment values of the favore
signature sequence are reported in Table V. A very sm
signature splitting effect is observed in the alignment
bands A for both nuclei162,164Lu, and this value below the
backbending is very close to the sum of the values co
sponding to the neighboring odd nuclei (i calc) ~see Table V!.
Above the backbending the alignment gains are 6.3\ and
4.8\ for 162Lu and 164Lu, respectively: these values are clo
to the corresponding ones found in thei 13/2 bands of161Yb
and 163Yb ~6.2\ and 4.2\, respectively!.

B. Bands B

Proton 7/21@404# bands have been reported
161,163Lu @21,22#. While in 163Lu the band has been ident
fied from the bandhead, in161Lu only states above thei 13/2
quasineutron band crossing have been established.
in
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FIG. 16. Experimental alignments of theph11/2, n i 13/2, and
ph11/2^ n i 13/2 ~band A! structures in 161,163Lu, 161,163Yb, and
162,164Lu, respectively as a function of the rotational frequency. T
moments of inertia used for then i 13/2 band of 161,163Yb, the
ph11/2 band of 161,163Lu ~below the backbending!, and band A of
162,164Lu are reported in Table V. For161(163)Lu the parameters use
above the backbending areJ0 /\2533.8(27.0) MeV21 and
J1 /\4531.4(45.2) MeV23. The alignment values corresponding
band B of 162(164)Lu determined usingJ0 /\2532.7(33.6) MeV21

and J1 /\4523.1(31.0) MeV23 as reference core parameters a
also shown.



ck

u
d

If

to

he
or

on

he
he
ay
v
r

a

-

-

n
l-
lay
ss-
of

n-
de

the
for

ob-

he

-

del

t,
e

ton
ex-

he
u

720 56M. A. CARDONA et al.
In addition, in both nuclei the first states above the ba
bending are linked to theh11/2 band throughE1 transitions.
The analogy with bands B of162,164Lu seems clear. The
lower observed states of bands B decay to bands A thro
E1 transitions of very similar energies. In doubly od
166Lu the intrinsic state ofp7/21@404# coupled ton i 13/2 was
identified at an excitation energy of 190 keV@1#. This con-
figuration is also expected in162,164Lu ~see Table III!. The
experimental alignments of bands B in162(164)Lu were deter-
mined using J0 /\2532.7(33.6) MeV21 and
J1 /\4523.1(31.0) MeV23 as reference core parameters.
we compare the alignments obtained for bands B (i B) ~see
Fig. 16! with the addition of those corresponding
p7/21@404# ( i p), estimated from165,167Lu and then i 13/2
bands (i n), and the alignment gain in bands A above t
backbending (i nn), we obtain a very good agreement, i.e., f
162Lu,

i p1 i n1 i nn50.5\15.8\16.3\512.6\ vs i B511.9\,

and

i p1 i n1 i nn50.5\15.2\14.8\

510.5\ vs i B510.9\ for 164Lu.

On this basis we identified the band B in162,164Lu as a four-
quasiparticle band probably involving the configurati
p7/21@404# ^ n i 13/2^ (n i 13/2)

2.

C. Band C of 164Lu

As has been already pointed out in this work the stretc
E2 character of the 647.8 keV linking transition fixes t
spin and parity of band C relative to band B. In this w
positive parity and a spin sequence as shown in the le
scheme~Fig. 7! has been assigned to band C, which diffe
by one unit from that reported by Junejaet al. @18#. Because
of the positive parity of band C only three configurations c
be associated to this band:~a! ph11/2^ n3/22@521#, ~b!
ph11/2^ n5/22@523#, and~c! p7/21@404# ^ n i 13/2. Figure 17

FIG. 17. ExperimentalB(M1)/B(E2) values corresponding to
band C of164Lu and the results of the calculations obtained in t
framework of the cranking model for the possible positive config
rations. For thep11/2 the orbital 7/22@523# was considered.
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shows the experimentalB(M1)/B(E2) values correspond
ing to band C compared with the calculated ones~see Sec.
IV and Table IV! for the possible positive parity configura
tions. Good agreement is obtained for the configurations~a!
and ~b! mentioned above. The configuratio
p7/21@404# ^ n i 13/2, which, on the other hand, has been a
ready assigned to bands B, must involve an important de
in the crossing frequency. However, if we compare the cro
ing frequencies extracted from Routhians for band C
164Lu, \vc50.290 MeV @Fig. 15~c!# and for the ground-
state band of the even-even core (162Yb!, \vc50.270 MeV
~Table V!, the observed delay is inconsistent with this co
figuration. From this analysis no conclusion can be ma
about which neutron orbital, 3/22@521# or 5/22@523#, is in-
volved in the structure of band C.

D. Band C of 162Lu and bands D of 162,164Lu

For band C of162Lu and band D of164Lu only one sig-
nature sequence is observed. In analogy to166Lu these bands
probably correspond to the favored signature of
p1/22@541# ^ n i 13/2. No spin assignment has been made
164Lu, while in 162Lu the I 0 value~see Fig. 5! lies between 9
and 12. Band D in162Lu is probably a four-quasiparticle
band.

IV. ELECTROMAGNETIC PROPERTIES

From the experimental data the reduced transition pr
abilities can be determined by the expression

B~M1,I→I 21!

B~E2,I→I 22!
50.697

Eg
5

2

Eg
3

1

1

l~11d2!
F mN

2

~eb!2G,
whereEg1,g2 are the energies in MeV corresponding to t
DI 51,2 transitions, respectively,l the g-ray intensity ratio
I (g2)/I (g1), and d the mixing ratio. The theoretical esti
mates of theB(M1,I→I 21)/B(E2,I→I 22) were obtained
using the semiclassical formula of the cranked shell mo
developed by Do¨nau and Frauendorf@58# ~see also Ref.@1#!.
We used the expressions

B~E2,I→I 22!5
5

16p
^IK20uI 22K&2Q0

2

and

B~M1,I→I 21!5
3

8p
@~gVp

2gR!~VpA12K2/I 22 i pK/I !

1~gVn
2gR!~VnA12K2/I 22 i nK/I !#2,

in units of mN
2 . Q0 is the intrinsic quadrupole momen

gVp
, gVn

, andgR50.3 are the proton, neutron, and collectiv

gyromagnetic factors, respectively. The quantitiesi p and i n
representing the aligned angular momentum of the pro
and the neutron, respectively, were determined from the
perimental data of the neighboring odd mass nuclei161Lu
and 161Yb for 162Lu and 163Lu and 163Yb for 164Lu. The g
factorsgVp

andgVn
were calculated by the expression@59#

gV5gl1~gs2gl !^s3&/V.

-
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56 721HIGH-SPIN STATES IN DOUBLY ODD162,164Lu
The expectation value of the spin projection on the symme
axis ^s3& was evaluated using Nilsson-type wave functio
obtained from the diagonalization of the deformed harmo
oscillator with b50.210 for 162Lu and b50.233 for 164Lu
and the parametersk andm were extracted from Ref.@59#.
For the orbital and sping factors we usedgl ,p51,
gs,p53.91,gl ,n50, andgs,n522.68. For162Lu (164Lu! the
adoptedQ055.0(5.6)eb corresponds to the average over t
quadrupole moments of the neighboring even-even nuc
The B(E2,2→0) values extracted from the experimen
lifetimes of neighboring even-even nuclei were used to
tain the quadrupole moments. Alignments andg factors for
the proton and neutron intrinsic states used in the calc
tions are listed in Table IV. The moments of inertia a
alignments were first roughly fitted from a cranking analy
from the experimentalDI 52 transitions energies. The ob
tained values were subsequently used as a starting point
more accurate calculation minimizing the difference betwe
the experimental transitions and those expected from
VMI model. The theoretical estimates of theB(M1)/B(E2)
ratios obtained with this method for the possible configu
tions of the rotational bands were used to reproduce the
perimentalB(M1)/B(E2) values below the band crossin
~Figs. 11 and 17!. The mixing ratiod was evaluated from the
expression

udu50.832Eg~DI 51!AB~E2,I→I 21!/B~M1,I→I 21!,
.
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whereEg(DI 51) is the transition energy in MeV and th
ratio B(E2)/B(M1) is in units of (eb)2/mN

2 . For most of the
configurations thed value was negligible and hence n
taken into account. Only for the configuratio
p7/21@404# ^ n i 13/2 mentioned in the discussion of band
of 164Lu the mixing ratio was appreciable and in this ca
B(M1)/B(E2)(11d2) values were plotted~Fig. 17!.

V. SUMMARY AND CONCLUSIONS

High-spin level schemes have been obtained for162Lu
and 164Lu comprising several rotational sequences. T
bands have been identified on the basis of the coupling
tematics for doubly odd nuclei belonging to the rare-ea
region. For this purpose alignments, crossing frequenc
andB(M1)/B(E2) ratios have been extracted and analyz
in the framework of the cranking model. The level stagg
ing and signature inversion have been reviewed. The syst
atic behavior of signature-related oscillations in the yr
bands cannot be understood in the framework of
signature-dependent component of the Coriolis interactio

Note added: At the time this work was being sent fo
publication, an article by the same principal investigators
Ref. @17# was just published reporting a complete study
164Lu @19#.
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@43# S. Drissi, Ziping Li, M. Délèze, J. Kern, and J. P. Vorlet, Nuc
Phys.A600, 63 ~1996!.

@44# A. J. Kreiner, D. E. DiGregorio, A. J. Fendrik, J. Davidso
and M. Davidson, Phys. Rev. C29, R1572~1984!; Nucl. Phys.
A432, 451 ~1985!.

@45# E. der Mateosian, Nucl. Data Sheets48, 345 ~1986!.
@46# L. K. Peker, Nucl. Data Sheets58, 93 ~1989!.
@47# R. G. Helmer, Nucl. Data Sheets69, 507 ~1993!.
@48# R. G. Helmer, Nucl. Data Sheets65, 65 ~1992!.
@49# R. G. Helmer, Nucl. Data Sheets77, 471 ~1996!.
@50# C. W. Reich, Nucl. Data Sheets78, 547 ~1996!.
@51# R. G. Helmer, Nucl. Data Sheets64, 79 ~1991!.
@52# E. N. Shurshikov and N. V. Timofeeva, Nucl. Data Sheets67,

45 ~1992!.
@53# V. S. Shirley, Nucl. Data Sheets53, 223 ~1988!.
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