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High-spin states in doubly odd 176Re and signature inversion inph9/2^ n i 13/2 structures
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2Escuela de Ciencia y Tecnologı´a, Universidad de San Martı´n, 1650 San Martı´n, Argentina
3Departamento de Fı´sica, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Buenos Aires, Argentina

4CONICET, 1033 Buenos Aires, Argentina
5INFN, Laboratori Nazionali di Legnaro, Legnaro, Italy

6Dipartimento di Fisica, Sezione di Padova, Padova, Italy
7Dipartimento di Fisica and INFN, Sezione di Milano, Milano, Italy

~Received 17 August 1998!

High-spin states in doubly odd176Re were investigated by means of in-beamg-ray spectroscopy techniques
using the multidetector array GASP. Excited states of176Re were populated using the165Ho( 16O,5n) reaction
at a beam energy of 101 MeV. Seven rotational bands have been observed and their configurations have been
discussed. Alignments, band crossing frequencies, and electromagnetic properties have been analyzed in the
framework of the cranking model. Signature inversion phenomena in theph11/2^ n i 13/2 and ph9/2^ n i 13/2

structures are discussed. In the latter case signature inversion is traced to a large repulsive matrix element of
the p2n force acting in the maximally alignedJ511 state.@S0556-2813~99!04702-0#

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 abo
two decades now@1#, a fruitful ground for the discovery and
discussion of a number of interesting nuclear structure p
nomena. One recurrent theme@1–3# 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#. A particularly interesting phenomeno
discovered along the way was that of signature invers
@6,7#. The present study of the doubly odd nucleus176Re is
framed into the above context. It has been reexamined u
the GASP detector array at the Legnaro Tandem Fac
yielding a wealth of rotational structures where the abo
mentioned ideas can be tested. In particular a signature
version is found at high spins in theph9/2^ n i 13/2 semide-
coupled structure, a feature recently discovered in162,164Tm
and 174Ta @8,9# and its origin discussed in terms of the e
perimental proton-neutron force present in208Bi @10#.

A partial study concerning the doubly decoupled band
176Re has already been published@11# and preliminary re-
sults of the level scheme have been reported earlier@12#.

II. EXPERIMENTS AND RESULTS

A. Measurements

High-spin states of176Re were populated through th
165Ho( 16O,5n) reaction at 101 MeV. The target consisted
a 2 mg/cm2 Ho rolled foil, backed with a 1.5 mg/cm2

evaporated Bi layer. The beam was provided by the Tand
XTU accelerator of Legnaro andg-rays emitted by the
evaporation residues were detected using the GASP a
@13#, which consisted for this coincidence experiment of
Compton suppressed large volume Ge detectors, a plana
PRC 590556-2813/99/59~3!/1298~18!/$15.00
t

e-

g
o

n

ng
y
-

in-

n

f

m

ay

de-

tector and a multiplicity filter of 80 bismuth germana
~BGO! elements, providing the sum-energy andg-ray mul-
tiplicity used to select the different reaction channels. Eve
were collected when at least three suppressed Ge and
inner multiplicity filter detectors were fired. With this cond
tion a total of 109 events were recorded. The data corr
sponding to Ge energies (Eg) were sorted into fully symme-
trized matrices and cubes. The large number of tri
coincidences offered the possibility to generate matri
gated by transitions of the different bands of176Re and to
obtain very clean double-gated spectra. A nonsymmetri
matrix of the planar against all the large volume Ge detec
was very useful to examine the low-energy region of t
spectra with the high-energy resolution of the planar det
tor. Known bands in 176Re @14# were extended up to
'28–29\, and the assignment of new bands to176Re was
based on coincidence data, multiplicity distributions, coin
dences with ReK x rays and the knowledge of the neighbo
ing Re isotopes. The most intensely populated nuclei w
175,176,177Re @15–17#, 175,176W @15,16#, and 173Ta @18# corre-
sponding to the 6n, 5n, 4n, 5np, 4np, and a3n chan-
nels, respectively. In the off-line analysis of the data then
channel leading to176Re was enhanced by setting a prop
gate on the multiplicity spectrum of the BGO ball. A matr
of g-ray energy in the Ge detectors vs BGO multiplicity w
used to find assignments ofg transitions to different reaction
products. Figure 1 shows the BGO multiplicity spectra o
tained by setting gates on pure transitions belonging
177Re,176Re, and175Re. In the spectra the mean value of t
multiplicity distribution is indicated, the variation of the av
erage multiplicity with the number of evaporated neutrons
apparent. According to this analysis and to the coincide
with Re K x rays, the 320.3 and the 504.1 keV transitio
were assigned to176Re @Figs. 1~c! and 1~d!#. The Ge times
(tg) were measured with respect to the fast signal provid
by the multiplicity filter. For each Ge detector a matrixEg
1298 ©1999 The American Physical Society
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PRC 59 1299HIGH-SPIN STATES IN DOUBLY ODD176Re AND . . .
vs tg was constructed. The fast-time response obtained w
the small volume planar detector was useful to search
delayed transitions. In order to extract information on mu
polarity of g transitions, to aid the assignment of spins a

FIG. 1. Multiplicity distribution of neutron channels in the re
action 165Ho1 16O at 101 MeV, obtained by gating on strong an
clean lines: 4n, 304.2 keV~a! belonging to177Re; 5n, 122.4~b! of
176Re ~known from previous work, Ref.@14#! and 320.3~c! and
504.1 keV~d! also assigned to176Re; and 6n, 315.1 keV~e! be-
longing to 175Re. In each spectrum the average multiplicity is ind
cated.
th
r

-
d

parities to the level scheme, the data were sorted to allo
directional correlation orientation~DCO! analysis. For this
purpose a nonsymmetrized matrix using the detectors au2
590° with respect to the beam direction against those
u1531.7°, 36°, 144°, and148.3° was constructed. In th
GASP geometry, setting gates on stretched quadrupole t
sitions, leads to theoretical DCO ratio
Iggate5u2

(u1)/Iggate5u1
(u2)'1 for stretched quadrupole

transitions and'0.6 for pure dipole ones.

B. Level scheme of176Re

The level scheme of176Re deduced from the data ob
tained here is shown in Fig. 2. Figures 3, 7, and 10 sh
summed coincidence spectra of the large volume Ge de
tors gated on pairs of transitions belonging to the same b
or to two different bands~to enhance the linking transition
between them!. In Fig. 3~a! the lines belonging to band A ar
indicated. The low-lying dipole transitions of band A hav
already been assigned to176Re @14#. In the present work we
extended this band up to 28\ and added theE2 crossover
transitions. The order of the 70.5 and the 99.5 keV lines
been changed as discussed below. Figure 4~a! shows a coin-
cidence spectrum of the planar detector obtained settin
gate on the 160.9 keVg ray. In this spectrum, assuming th
level scheme proposed in the present work, the intensity
the 99.5 keV compared with that of the 122.4 keV implies
total conversion coefficient,aT50.36(9), which agrees with
the theoretical valueaT50.39 expected for anE1 multipo-
larity @19#, confirming the 99.5 keV as an out-of-band tra
sition havingE1 character and depopulating the bandhe
level of band A which is an isomeric state. The time spe
trum obtained setting a gate on the 99.5 keV in the pla
detector is shown in Fig. 5, together with the best fit throu
the experimental points. The fit was made using an expon
tial decay folded with the prompt spectrum extracted fro
the 91.9 keV line~assigned to band E of176Re) and a half-
FIG. 2. Level scheme of176Re proposed in the present work.
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1300 PRC 59M. A. CARDONA et al.
life of T1/2530(3) ns was determined. Assuming the is
meric state to be fully depopulated through the 99.5 keVE1
transition a B(E1,99.5 keV)55.3(5)31026 W.u. ~cor-
rected by internal conversion! is estimated for this decay
The angular distribution of the 99.5 keV is probably atten
ated due to the isomeric lifetime and its DCO value
0.90~3! did not allow to discriminate between aDI 50 or
DI 51 transition. Figure 4~a! shows the 70.5 keV line, which
is in coincidence with transitions of band A and has a ti
spectrum showing only a prompt component. From inten
balance a total conversion coefficientaT53.0(4) was esti-
mated for the 70.5 keV, consistent with anM1(E2) multi-
polarity ~see Table I! with mixing ratio udu50.16(8). Due to
these facts the 70.5 keV line was placed in band A above
isomer. However, if the 70.5 keV belongs to band A, t
crossover transition, 122.4 keV170.5 keV5192.9 keV
should be present, but it was not observed. The expe
intensity of the 192.9 keV was estimated assuming for
(102) state of band A aB(M1)/B(E2) value equal to tha
of the (112) state and was found to be below the detect
limit of the experiment.

The coincidence spectrum of Fig. 3~b! shows transitions
belonging to band B. Around spin 12\ –15\, levels in bands
A and B lie very close in energy caused by accidental
generacies. This leads to the mixing of several states of b

FIG. 3. g-ray coincidence spectra of Ge detectors correspond
to the sum of several gates on pairs of transitions:~a! both belong-
ing to band A;~b! both belonging to band B;~c! one below the
(112) of band A and the other above the (122) of band B;~d! one
of band C and the other of band A below the (122) state.
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structures. Figure 3~c! shows a summed coincidence spe
trum gated on pairs of transitions, one below the (112) state
of band A and the other above the (122) of band B, to
emphasize the linking transitions from band B to band
The connections fix unambiguously spin and parity of o
band relative to the other. The low-lying 37.5, 56.2, and 6
keV transitions of band B are very well resolved in the sp
trum of the planar detector gated on some strong lines of
band @Fig. 4~b!#, and from the intensity balance an almo

g

FIG. 4. Planar coincidence spectra obtained with gate or sum
gates on selected transitions of bands A~a!, B ~b!, and E~c!.

FIG. 5. Time distribution of the 99.5 keV line corresponding
the decay of the (82) level, bandhead of band A, arising from th
BGO multiplicity filter and planar detector coincidence. The best
through the data points is also shown.
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PRC 59 1301HIGH-SPIN STATES IN DOUBLY ODD176Re AND . . .
pureM1 multipolarity was obtained for these transitions.
Lines assigned to band C are shown in Fig. 3~d! in addi-

tion to g rays which depopulate band C into band A, and
low-lying lines of band A. For the out-of-band transition
803.8 keV the DCO was evaluated setting a gate on
quadrupole transition (132) to (112) of 419.7 keV. A com-
parison of experimental and calculated DCO ratios es
lishes for the level depopulated by the 803.8 keV two p
sible spin values:I 512 andI 514 ~Fig. 6!.

States of band D below spin 171 have been reported pre
viously @11#. In the present work we show band D up to sp
291. In Fig. 7~a! lines assigned to the favored (a51) se-
quence are shown. In Fig. 7~b! lines of the unfavored (a
50) component and connections between the two signat
are indicated. The low-energy transitions of 56.0, 65.0, a
76.2 keV are shown in Fig. 8. For the low-energy high
converted transitions of176Re intensity balance was used
determine total conversion coefficients, Table I summari
the experimental values together with the theoretical ones
the total conversion coefficients@19# and the assigned mul
tipolarities. For the 61 to 51, 227.3 keV transition the
DCO ratio was used to determine theM1(E2) mixing ratio
~Fig. 9!.

No connection was found between bands E, F, and G
the other bands of176Re. The assignment of these bands
176Re was based on coincidence with ReK x rays and on
multiplicity distributions as mentioned above. In fact th

TABLE I. Total internal conversion coefficients for low-energ
transitions in 176Re. The experimental valuesaT

exp were obtained
from intensity balance and the theoretical valuesaT

th from Ref.@19#.

Eg(keV) Band aT
exp aT

th Assigned
E1 E2 M1 multipolarity

56.0 D 6~3! 0.36 53.4 5.07 M1(E2)
65.0 D 6.0~5! 0.24 26.0 3.28 M1(E2)
70.5 A 3.0~4! 0.17 18.0 3.62 M1(E2)
76.2 D 13~1! 0.78 13.2 11.9 E2
99.5 ~a! 0.36~9! 0.39 4.29 5.49 E1

aTransition depopulating band A.

FIG. 6. Comparison of experimental and calculated DCO ra
to determine possible spin values in band C.
e

e

b-
-

es
d

s
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d

320.3 and 504.1 keVg rays of bands E and G, respectivel
follow the multiplicity distribution of a five-particle channe
@Figs. 1~c! and 1~d!#, and besides they are in coinciden
with Re K x rays.

In Fig. 10~a! a coincidenceg-ray spectrum with double
gates on several pairs of transitions assigned to band

s

FIG. 7. g-ray coincidence spectra of Ge detectors correspond
to the sum of several gates on pairs of transitions:~a! of the favored
sequence of band D;~b! one of them belonging to the favored an
the other to the unfavored sequence of band D, also indicated s
of the connections between both sequences.

FIG. 8. Low-energy region of coincidence spectrum of the la
volume Ge detectors showing transitions of band D.
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1302 PRC 59M. A. CARDONA et al.
shown. From the data a rotational band withDI 51 and
crossover transitions was easily constructed up to theI 0
113 level ~see Fig. 2!. Above this point a number of line
have been observed~597, 611, 631, 640, 646, 662, and 67
keV! in coincidence withg rays of band E, as can be seen
Fig. 10~a!, however they were not indicated on the lev
scheme because of uncertainties in their placements.
low-energy transitions of 44.1 and 70.0 keV are indicated
the spectrum shown in Fig. 4~c!, where the events in the
planar detector in coincidence with the 149.1 and 320.4 k
lines have been added. From intensity balance considera
M1 multipolarity with the possibility of a smallE2 admix-
ture was obtained for the 44.1 and the 70.0 keV transitio
The 70.0 keV line is very close in energy to the ReKb x rays
~69.2 and 71.2 keV! and the peaks are not resolved with t
large volume Ge detectors@Fig. 10~a!#, however the presenc
of the 70.0 keV peak is evident in Fig. 10~a! from intensity
considerations, taking into account the intensity relations
between ReKa andKb x rays. Evidence for the weak cros
over transitions, 114.3 and 167.6 keV, is present in the d
confirming the 44.1 and 70.0 keV lines as members of b
E.

Bands F and G are strongly linked between them be
the (111) levels which lie very close in both bands. Band
depopulates strongly into band F. The 139.1 keV is an un
solved doublet, one of its members has been placed in b
G and the other one depopulates the same band G~not placed
in the level scheme!. Transitions of bands F and G and som

FIG. 9. Experimental and calculated DCO ratios for selec
transitions of band A, band B, the 227.3 keV linking both signatu
in band D and the 149.1 keV of band E.
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of the connections between them are shown in Figs. 10~b!
and 10~c!.

Transition energies, spin assignments,g-ray intensities,
branching ratios, DCO ratios, and the evaluat
B(M1)/B(E2) are listed in Table II grouped in sequenc
for each band.g-ray intensities were obtained from the tot
coincidence projection and from individual spectra in co
cidence with low spin transitions and were normalized to
99.5 keV line. The experimental branching ratio for a giv
state was obtained from relativeg-ray intensity in the spec-
trum in coincidence with transitions directly populating th
state. For selectedDI 51 transitions, mixing ratiosd were
estimated from angular correlation measurements. The D
calculations have been carried out for u1
534.6°(145.4°),u2590° and^f&569.7°(̂ f&) is the aver-
age relative angular position of the detectors atu1 andu2 in
the GASP geometry!. Values ofd were obtained for selecte
DI 51 transitions of bands A, B, D, and E~Fig. 9! the cal-
culations have been carried out using a width ofs/I 50.3 for
the substate population distribution. The experimen
B(M1)/B(E2) ratios were determined by the following ex
pression:

B~M1,I→I 21!

B~E2,I→I 22!
50.697

Eg2

5

Eg1

3

1

l~11d2!
F mN

2

~eb!2G ,

whereEg1 ,g2
are the energies~in MeV! corresponding to the

DI 51,2 transitions, respectively,l the g-ray intensity ratio
I (g2)/I (g1), andd is the mixing ratio of theDI 51 transi-

d
s

FIG. 10. g-ray coincidence spectra of Ge detectors correspo
ing to the sum of several gates on pairs of transitions:~a! of band E;
~b! of band F;~c! of band G.
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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 176Re.

El ~keV!a I i
p→I f

p I l
b Branching DCO ratiod B(M1)/B(E2)e

ratioc (mN
2 /e2b2)

99.5 (82)→(71) 1000 0.90~3!
Band A
70.5 (92)→(82)
122.4 (102)→(92) 516 0.87~4!
160.9 (112)→(102) 761 0.14~3! 0.86~4! 2.1~5!
282.7 (112)→(92) 99
197.2 (122)→(112) 627 0.28~5! 0.76~3! 1.9~3!
358.0 (122)→(102) 221 0.99~7!
222.6 (132)→(122) 371 0.56~8! 0.87~4! 1.5~2!
419.7 (132)→(112) 237 0.93~8!
252.6 (142)→(132) 354 0.64~9! 0.76~4! 1.6~2!
475.2 (142)→(122) 235 0.97~5!
274.3 (152)→(142) 263 0.93~13! 0.81~5! 1.5~2!
526.7 (152)→(132) 284 1.1~1!
294.2 (162)→(152) 192 1.2~2! 0.68~5! 1.3~2!
568.0 (162)→(142) 250 0.98~4!
313.4 (172)→(162) 161 1.9~3! 0.64~5! 0.98~16!
607.5 (172)→(152) 284 1.03~6!
325.5 (182)→(172) 95 3.0~5! 0.71~6! 0.71~12!
638.7 (182)→(162) 262 1.02~5!
342.8 (192)→(182) 71 3.2~5! 0.72~6! 0.72~11!
668.3 (192)→(172) 227 0.93~8!
346.8 (202)→(192) 77 2.6~4! 0.49~8! 1.00~15!
689.7 (202)→(182) 181 1.06~5!
363.5 (212)→(202) 29 5~2! 0.75~8! 0.5~2!
710.2 (212)→(192) 167 0.94~8!
364.0 (222)→(212) 19 8~3! 0.37~14!
727.5 (222)→(202) 139 1.1~1!
381.0 (232)→(222) 19 3.7~8! 0.8~2!
745.8 (232)→(212) 81
387.5 (242)→(232) 16 2.9~9! 1.1~3!
768.0 (242)→(222) 53
787.8 (252)→(232) 71
806.4 (262)→(242) 28
832.0 (272)→(252) 34
863 (282)→(262) 15
Band B
37.5 (62)→(52)
56.2 (72)→(62)
62.7 (82)→(72) 0.17~3! 0.39~7!
118.9 (82)→(62)
107.2 (92)→(82) 127 0.32~5! 0.69~6! 0.25~4!
169.7 (92)→(72) 42 0.87~15!
93.3 (102)→(92) 107 0.89~6! 0.7~1! 0.31~2!
200.2 (102)→(82) 89 1.1~1!
176.2 (112)→(102) 282 0.71~5! 0.38~6! 0.25~2!
269.4 (112)→(92) 210 0.92~7!
124.3 (122)→(112) 124 2.9~4! 0.50~6! 0.30~4!
300.4 (122)→(102) 336 1.04~6!
250.1 (132)→(122) 168 1.3~2! 0.44~6! 0.25~4!
374.2 (132)→(112) 255 1.0~4!
158.8 (142)→(132) 96 5.0~7! 0.49~6! 0.40~6!
408.8 (142)→(122) 390 1.06~7!
311.0 (152)→(142) 81 1.9~3! 0.41~5! 0.28~4!
469.8 (152)→(132) 176 0.96~5!
200.8 (162)→(152) 47 7.6~10! 0.39~5!
510.1 (162)→(142) 422 1.02~6!
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TABLE II. ~Continued.!

El ~keV!a I i
p→I f

p I l
b Branching DCO ratiod B(M1)/B(E2)e

ratioc (mN
2 /e2b2)

359.5 (172)→(162) 57 2.3~3! 0.40~6! 0.35~5!

558.4 (172)→(152) 154 0.96~5!

244.7 (182)→(172) 19 8.0~20! 0.7~2! 0.47~12!

603.7 (182)→(162) 193 1.0~1!

391.3 (192)→(182) 39 2.8~4! 0.43~6!

635.3 (192)→(172) 116 1.01~6!

296.9 (202)→(192) 16 10~2! 0.41~8!

687.3 (202)→(182) 146 1.04~6!

407.8 (212)→(202)
703.7 (212)→(192) 51 1.01~6!

350.3 (222)→(212)
760.9 (222)→(202) 109 0.97~7!

763.3 (232)→(212) 0.95~8!

823.0 (242)→(222)
820.5 (252)→(232)
870.4 (262)→(242)
868 (272)→(252)
899 (282)→(262)
Transitions from A to B
307.9 (122)→(102) 46
354.4 (132)→(112) 39
230 (132)→(122) 13 0.9~2!

483.2 (142)→(122) 11
232 (142)→(132) 3
346.2 (152)→(142) 3
Transitions from B to A
350.2 (122)→(102) 39 1.00~7!

189.5 (122)→(112) 187 0.78~6!

401.4 (142)→(122) 70 1.1~1!

179.4 (142)→(132) 17 0.87~7!

490.3 (152)→(132) 49
Band C
437.4 (12,14)→(10,12) 101
201.3 (13,15)→(12,14) 79 0.9~2!

234.9 (14,16)→(13,15) 85 0.26~6! 0.9~2! 3.3~8!

437.1 (14,16)→(12,14) 22
263.1 (15,17)→(14,16) 67 0.41~10! 2.9~7!

498.3 (15,17)→(13,15) 27
287.8 (16,18)→(15,17) 28 0.8~2! 1.9~5!

551.8 (16,18)→(14,16) 23
309.3 (17,19)→(16,18) 18 2.0~6! 0.9~3!

597.2 (17,19)→(15,17) 35
327.8 (18,20)→(17,19) 26 0.8~2! 2.6~6!

636.7 (18,20)→(16,18) 22
339.8 (19,21)→(18,20) 17 1.2~3! 1.9~5!

667.4 (19,21)→(17,19) 20
370.3 (20,22)→(19,21) 8 1.1~3! 2.2~6!

710.4 (20,22)→(18,20) 9
Transitions from C to A
946.7 (10,12)→(102) 116 1.1~1!

786.2 (10,12)→(112) 125 0.48~8!

1026.4 (12,14)→(122) 1.0~1!

803.8 (12,14)→(132) 81 0.5~1!
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TABLE II. ~Continued.!

El ~keV!a I i
p→I f

p I l
b Branching DCO ratiod B(M1)/B(E2)e

ratioc (mN
2 /e2b2)

Band D favored sequence
76.2 51→31 58 1.1~1!
171.3 71→51 347 1.03~3!
267.8 91→71 500 0.97~5!
359.3 111→91 469 0.96~4!
441.3 131→111 442 0.93~5!
509.8 151→131 414 0.98~3!
553.0 171→151 303 1.01~4!
565.8 191→171 217 1.11~7!
600.8 211→191 186 0.9~1!
661.6 231→211 94 1.1~1!
725.2 251→231 62 1.0~1!
783.7 271→251 22
840.1 291→271 12
Band D unfavored sequence
162.4 61→41 105 1.17~13!
258.3 81→61 177 0.97~17!
349.3 101→81 146 0.98~13!
431.0 121→101 126 0.96~16!
500.5 141→121 119 1.2~2!
533.2 161→141 118 1.1~2!
Transitions from the unfavored into the favored sequence of band D
141.3 41→31 13
65.0 41→51 17
227.3 61→51 20 0.73~10!
56.0 61→71

314.3 81→71 11
46.5 81→91

396.0 101→91 7
467.6 121→111 6
Band E
44.1 I 011→I 0

70.0 I 012→I 011 0.05~2! 0.8~3!
114.3 I 012→I 0

97.4 I 013→I 012 27 0.19~5! 0.71~10! 0.52~14!
167.6 I 013→I 011
122.0 I 014→I 013 55 0.66~13! 0.73~10! 0.29~6!
219.3 I 014→I 012 29 1.0~1!
149.1 I 015→I 014 91 0.83~12! 0.51~5! 0.37~5!
270.7 I 015→I 013 76 1.2~2!
171.7 I 016→I 015 64 1.3~3! 0.48~5! 0.36~8!
320.3 I 016→I 014 110 0.97~5!
197.2 I 017→I 016 63 1.8~3! 0.6~1! 0.34~6!
368.7 I 017→I 015 136 1.03~7!
217.3 I 018→I 017 40 2.9~6! 0.43~6! 0.28~6!
414.3 I 018→I 016 137 1.1~1!
240.2 I 019→I 018 47 2.5~5! 0.49~7! 0.40~8!
457.2 I 019→I 017 118 1.0~1!
257.3 I 0110→I 019 19 4.3~11! 0.54~6! 0.29~7!
497.3 I 0110→I 018 138 1.0~1!
275 I 0111→I 0110 20 6.1~15! 0.5~1! 0.23~6!
532.4 I 0111→I 019 117 1.1~1!
291 I 0112→I 0111 21 4.8~11! 0.34~8!
566.0 I 0112→I 0110 103 0.97~7!
291 I 0113→I 0112 10 6.6~13! 0.29~6!
582.2 I 0113→I 0111 65 0.9~1!
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TABLE II. ~Continued.!

El ~keV!a I i
p→I f

p I l
b Branching DCO ratiod B(M1)/B(E2)e

ratioc (mN
2 /e2b2)

Band F
179.7 (81)→(71) 179 0.75~7!
200.0 (91)→(81) 87 0.41~4! 0.9~1! 1.7~2!
379.7 (91)→(71) 35 1.1~1!
226.9 (101)→(91) 43 0.85~7! 0.71~8! 1.0~1!
427.1 (101)→(81) 36 0.88~9!
231.5 (111)→(101) 53 1.1~1! 1.0~1!
458.8 (111)→(91) 54 0.9~1!
247.9 (121)→(111) 23 1.0~1! 0.8~2! 1.2~1!
479.9 (121)→(101) 23 1.1~2!
259.4 (131)→(121) 19 1.6~2! 0.9~1! 0.84~11!
507.7 (131)→(111) 34 0.9~2!
269.8 (141)→(131) 21 1.5~2! 0.98~13!
529.6 (141)→(121) 29 1.1~1!
277.3 (151)→(141) 15 1.9~3! 0.84~13!
547.5 (151)→(131) 29 0.9~1!
560.8 (161)→(141) 29
604.0 (171)→(151)
571.6 (181)→(161) 11
Band G
91.9 (81)→(71)
139.1 (91)→(81) 0.41~6! 0.78~6! 0.42~6!
231.9 (91)→(71)
162.6 (101)→(91) 21 0.82~7! 0.53~8! 0.49~4!
301.5 (101)→(81) 22 0.9~1!
201.3 (111)→(101) 110 0.50~7! 1.08~15!
363.5 (111)→(91) 41 0.9~1!
224.2 (121)→(111) 37 1.3~2! 0.9~1! 0.66~10!
425.6 (121)→(101) 49 0.97~5!
240.6 (131)→(121) 23 3.0~6! 0.9~1! 0.36~7!
465.7 (131)→(111) 58 1.07~6!
262.7 (141)→(131) 16 2.7~5! 0.82~6! 0.46~9!
504.1 (141)→(121) 41 1.07~7!
270.6 (151)→(141) 8 7.9~23! 0.84~7! 0.19~6!
533.2 (151)→(131) 52 0.99~6!
286.0 (161)→(151) 5 9~3! 0.18~6!
556.2 (161)→(141) 47 1.06~6!
291.0 (171)→(161) 4 6~3! 0.30~15!
577.3 (171)→(151) 26 1.2~2!
599.2 (181)→(161) 23
617.5 (191)→(171)
631.2 (201)→(181)
658.1 (211)→(191)
Transitions from F to G
181.5 (101)→(91) 8
250.9 (111)→(101) 23
Transitions from G to F
193.9 (71)→(71) 0.8~2!
407.6 (101)→(81) 32 1.1~1!
207.9 (101)→(91) 53 0.9~1!
409.1 (111)→(91) 15

aUncertainties between 0.1 and 0.3 keV.
bUncertainties between 5 and 30 %.
cBranching ratio:Ig(I→I 22)/Ig(I→I 21), Ig(I→I 22) andIg(I→I 21) are the relativeg intensities of
the DI 52 andDI 51 transitions depopulating the spinI level, respectively.
dDirectional correlation ratio:Iggate5u2

(u1)/Iggate5u1
(u2), (u1 5 31.7°, 36°, 144°, and 148.3° andu2

590°) determined from coincidence spectra, setting gates on stretchedE2 transitions on both axes of th
DCO matrix.
eDetermined assumingd250.
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tion. For theB(M1)/B(E2) reported in Table II we assume
d250 ~for udu,0.3 the errors produced with this assumpti
are less than 10%!.

III. DISCUSSION

The identification of proton and neutron orbitals involv
in the rotational bands of176Re was done on the basis of th
coupling schemes proposed in Refs.@2,3,20#. The evolution
of Nilsson levels in the vicinity of176Re as a function of the
neutron number is shown in Fig. 11, where the bandh
energies have been plotted for the odd Os, Re, and W
topes@15,17,18,21–27#. For the doubly odd176Re we con-
structed the zero-order level scheme adding the experime
bandhead energies extracted from neighboring odd pro
and odd neutron isotopes and neglecting the residual inte
tion which can split theK65uVp6Vnu states according to
the Gallagher-Moszkowski coupling rules@28# ~see Table
III !. For the 176Re rotational bands found in the prese
work, the configuration assignment was based as said, on
classification of coupling schemes@2,3,20#, on systematics
and on the analysis of band properties such as rotation a
ments, band crossing frequencies,B(M1)/B(E2) values,
mixing ratios ofM1(E2) transitions, signature splitting, etc
The theoretical estimates of theB(M1)/B(E2) were ob-
tained from the semiclassical formula of the cranking mo
developed by Do¨nau and Frauendorf@29# ~see also Ref.

FIG. 11. Bandhead excitation energies for odd Os, Re, and
isotopes. The energy for thep1/22@541# orbital in 171Re corre-
sponds to the calculated value reported in Ref.@21#.
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@30#!. We used the following expressions:

B~E2,I→I 22!5
5

16p
^IK20uI 22K&2Q0

2

and

B~M1,I→I 21!5
3

8p
mT

2 ,

wheremT is the transverse magnetic moment given by

mT5~gVp
2gR!~VpA12K2/I 22 i pK/I !1~gVn

2gR!

3~VnA12K2/I 22 i nK/I !,

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

, gVn
, andgR50.3 are the proton, neutron, and colle

tive gyromagnetic factors, respectively. The quantitiesi p and
i n represent the aligned angular momenta of the proton
the neutron, respectively.

The mixing ratio d for DI 51 in-band transitions
was evaluated using the expression: d
50.93EgQ0KAI 22K2/(mTI 2), where Eg is the transition
energy in MeV,Q0 , and mT are in units of eb andmN ,
respectively.Q0 was taken as 6.4eb, a characteristic value
in this region. @For example, the value for the transitio
quadrupole moment of the 21 state of 174W extracted from
the experimental lifetime@31# is 6.3~2! eb.# For eachDI
52 rotational band the inertia parameters,J0 and J1 were
extracted fitting the level energies through a fourth-ord
cranking formula:

E5 1
2 ~J01 3

2 J1v2!v2,

where the rotational frequenciesv are obtained from the
third-order equation:

R5I x2 i 5A~ I 1 1
2 !22K22 i 5~J01J1v2!v,

TABLE III. Zero-order level scheme of176Re. Entries areK6

5uVp6Vnu values and zero-order energies in keV. Excitation e
ergies correspond to the average of175Re and177Re for protons and
to the average of175W and 177Os for neutrons.~The values corre-
sponding to proton and neutron intrinsic spins aligned have b
underlined.!

pVp
p@Nn3L# nVn

p@Nn3L# n1/22@521# n5/22@512# n7/21@633#

Ep(keV) En(keV) 0 128 268

p1/22@541# 01,11 21,31 32,42

0 0 128 268

p9/22@514# 41,51 21,71 12,82

58 58 186 326

p5/21@402# 22,32 02,52 11,61

105 105 233 375

p7/21@404# 32,42 12,62 01,71

361 361 489 629
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TABLE IV. Moments of inertia, alignments, calculated alignments (i calc5 i n1 i p), band-crossing frequen
cies, experimental and calculated deviations of the crossing frequencies with respect to the even-ev
~gsb, ground state band of174W). The calculated deviationsd\vc

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

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

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

174W gsb 0 25.8 187.0 0 0.300
175W 7/21@633# 1/2 38.3 38.1 2.80 .0.34 .0.04
175W 7/21@633# 21/2 32.7 67.0 2.87 .0.34 .0.04
175W 1/22@521# 1/2 35.0 169.1 0.42 0.257 20.043
175W 1/22@521# 21/2 34.8 163.3 20.35
175W 5/22@512# 1/2 34.4 141.8 0.20
175W 5/22@512# 21/2 31.9 169.3 0.46
177W 7/21@633# 1/2 39.0 46.7 2.52 0.368 0.068
177W 7/21@633# 21/2 33.9 54.3 2.77 0.368 0.068
175Re 9/22@514# 1/2 15.7 379.4 1.41 0.263 20.037
175Re 9/22@514# 21/2 3.54 476.4 2.99
175Re 1/22@541# 1/2 32.3 45.7 2.76 0.315 0.015
175Re 5/21@402# 1/2 25.8 405.9 0.16
175Re 5/21@402# 21/2 34.2 301.4 20.70
175Re 7/21@404# 1/2 36.8 181.5 20.27
175Re 7/21@404# 21/2 33.5 235.4 0.02
176Re A 0 33.9 97.4 3.67 4.28 0.335 0.035 0.031
176Re A 1 27.0 141.8 4.62 4.21 0.335 0.035 0.031
176Re B 0 33.9 42.8 6.02 5.63 '0.4 '0.1 0.083
176Re B 1 36.3 51.5 5.18 5.56 '0.4 '0.1 0.083
176Re D 0 38.6 84.7 2.32 2.41
176Re D 1 38.2 82.4 3.18 3.18 0.280 20.020 20.028
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where R is the collective andi is the particle contribution
~which is also set as a free parameter in the calculation! to
the total aligned angular momentumI x . Table IV summa-
rizes the results obtained using this procedure for the ine
parametersJ0 andJ1 together with the extracted alignmen
and crossing frequencies for bands A, B, and D of176Re and
for structures of interest in the odd neighbors175Re @15# and
175,177W @15,22# and the even-even core174W @31#. Proton
and neutrong factors (gVp

,gVn
) were calculated by the ex

pression @32#: gV5gl1(gs2gl)^s3&/V. The expectation
values of the spin projection on the symmetry axis,^s3&,
were evaluated using Nilsson-type wave functions obtai
from the diagonalization of the deformed harmonic oscilla
with b50.24, the parametersk andm were extracted from
Ref. @32#. For the orbital and sping factors we used:gl ,p
51; gs,p53.91; gl ,n50; and gs,n522.68. Alignments,
ia

d
r

^s3& andg factors for the proton and neutron intrinsic stat
used in the calculations are listed in Table V.

A. Band A

Band A is described by the configuratio
ph11/2(9/22@514#) ^ n i 13/2(7/21@633#). This structure corre-
sponds to the yrast band in most nuclei of the light rare-ea
region~Eu, Tb, Ho, Tm, and Lu@33–37#! . In all these bands
the phenomenon of signature inversion has systematic
been observed in the neighborhood ofA'160. At high spins,
namely above the signature inversion point, states with e
spin (a50) are favored, corresponding to the coupling b
tween the favored signatures in both proton (a f521/2) and
neutron (a f511/2) orbitals, while the signature splitting i
anomalous in the low-spin regime. The signature invers
m
TABLE V. Parameters used in the calculations ofB(M1) values. The alignments were extracted fro
175Re and175W for the proton and neutron orbitals, respectively. The expectation values^s3& were calculated
using Nilsson wave functions~see text!.

Protons Neutrons
Orbital i (\) ^s3& gV Orbital i (\) ^s3& gV

p9/22@514# 1.41 0.45 1.29 n7/21@633# 2.80 0.33 20.25
p1/22@541# 2.76 20.03 0.84 n1/22@521# 0.42 20.13 0.71
p5/21@402# 0.16 0.49 1.57 n5/22@512# 0.46 0.29 20.31
p7/21@404# 0.02 20.44 0.63
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can be seen in a plot ofE(I )2E(I 21) vs I, whereE(I )
denotes the excitation energy of the level with spinI\. If the
signature splitting is small, the quantityS(I )5E(I )2E(I
21)2@E(I 11)2E(I )1E(I 21)2E(I 22)#/2 has a higher
sensitivity thanE(I )2E(I 21) @35,38#. Such a plot ofS(I )
vs I for band A of 176Re is shown in Fig. 12, the arrow
indicates the inversion point. For the adopted spin values
band A, favored states correspond to thea51(0) signature
at low ~high! spins, as it is expected for theph11/2^ n i 13/2
structure. The behavior of the signature inversion for diff
ent chains of isotopes and isotones has been recently
lyzed @39–41# and general trends have been found for nuc
with Z563273, N589295. Here we present a systema
study extended with the new experimental data available
plot the inversion point vsN2Z ~Fig. 13!. The data for the
ph11/2^ n i 13/2 band in 178Re @51# are also included, spin
have been changed adding one unit to the values assign
Ref. @51# to conform with the systematics of the staggeri
phase. The inversion point remains fairly constant for nuc
with the same value ofN2Z and decreases whenN2Z in-
creases. The phenomenon of anomalous signature spli
and the inversion observed in theph11/2^ n i 13/2 structures
has been extensively studied through a variety of theore
approaches. In the framework of the cranking shell mod
Bengtssonet al. @52# interpreted the signature inversion as
consequence of a triaxial deformation. The tw
quasiparticle- plus-rotor model was also used to investig
this phenomenon. Hamamoto@53# applied this model to the
ph11/2^ n i 13/2 structure of156Tb and showed that the anom
lous signature splitting at low spins is consistent with
axially symmetric shape~without residual proton-neutron in
teraction!. Semmes and Ragnarsson@54# included in the
particle-plus-rotor model a zero-range residual prot
neutron interaction with a spin-spin component and e
ployed it to study theph11/2^ n i 13/2 band of 152Eu, the ap-
plication reproduced successfully the angular momentum
which the signature inversion occurs. Other explanati
have been attempted using the angular-momentum projec
method@55# and the interacting boson-fermion model@56#.
In spite of these efforts, the essential mechanism for the
nature inversion in theph11/2^ n i 13/2 bands is still an open
question.

FIG. 12. Variation of the energy differenceS(I )5E(I )2E(I
21)2@E(I 11)2E(I )1E(I 21)2E(I 22)#/2 between levels of
the ph11/2^ n i 13/2 structure of176Re ~band A! as a function of the
angular momentum. The signature inversion is observed at 15\.
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The alignment of band A shown in Fig. 14~a! follows the
additivity rule in a large range of frequencies~Table IV! and
exhibits a gain at a relatively high frequency~with respect to
the even-even core!. The crossing frequency was extracte
from the Routhian@Fig. 14~b!#, and is consistent with the
breaking of a pair ofi 13/2 neutrons in the presence of th
ph11/2 and then i 13/2 orbitals. Then i 13/2 produces a delay in
the crossing frequency most likely due to blocking, while t
ph11/2 reduces the crossing frequency with respect to
even-even core. This shift of the crossing to lower frequen
in theph11/2 bands have been understood in terms of smab
and negative-g driving effects of this configuration@57#, thus
enhancing the action of the Coriolis force on the pair ofi 13/2
neutrons. The shift in the crossing frequency in band A is
very good agreement with the sum of the shifts in the o
neutron (177W) and odd proton (175Re) neighboring nuclei
~Table IV!.

As mentioned before, the 99.5 keV transition which d
populates band A has aB(E1,99.5 keV)55.3(5)
31026 W.u. corresponding to a hindrance factor with r
spect to the Weisskopt estimate of FW

E1'23105. This value
falls within the systematics@58# for a DK50 or 1 transition.
E1 transitions have been reported in the neighboring o
neutron nuclei (175,177W @59,22# and 177Os @60#! connecting

FIG. 13. Systematics of the inversion point in theph11/2

^ n i 13/2 structure of nuclei withZ563275 ~Eu, Tb, Ho, Tm, Lu,
Ta and Re! and N5892103. The data sources are:152Eu @33#,
154,156Tb @34#, 156

Ho @42#, 158Ho @43#, 160Ho @35,40#, 162Ho @44#,
160,162,164,166Tm @36#, 162,164,166Lu @37,39,30#, 170Lu @45#, 166Ta @46#,
168Ta @47#, 170Ta @48#, 172Ta @49#, 174Ta @8,9#, 176Ta @50#, 176Re
~this work!, and 178Re @51#. For 156Tb,158Ho, and 168Ta the new
spin assignments proposed in Ref.@41# have been adopted. Th
dotted line represents a linear fit through the data points.
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the 7/21 of the i 13/2 structure with the 5/22 and the 7/22

levels of the 5/22@512# band havingB(E1) in the range
0.1221531026 W.u. Based on these observations the
cay of band A through the 99.5E1 transition has been inter
preted as a change of the neutron configuration from
7/21@633# to the 5/22@512# orbital. This is indicated in the
level scheme~Fig. 2!, where we tentatively placed the 99
keV feeding the band head of band F having an assig
configuration ofp9/22@514# ^ n5/22@512# ~see the discus
sion of band F below!.

The in-band decay properties are consistent with the c
figuration assignment. For example the measu
B(M1)/B(E2) are in good agreement with the calculat
ones for thep9/22@514# ^ n7/21@633# configuration@Fig.
15~a!#. Furthermore the DCO ratios for theDI 51 transitions
in band A, which are around 0.720.9 imply positive sign for
d. As an example a mixing ratio,d50.31(3) was estimated
for the (112)→(102) 160.9 keV transition~Fig. 9!. This is

FIG. 14. Experimental alignments~a! and Routhians~b! as a
function of the rotational frequency for bands A and B of176Re.
The inertia parameters used for the reference configurations
reported in Table IV.
-

e

ed

n-
d

in agreement with the predictions obtained using the exp
sion for d indicated in the previous section ofd'10.3.

B. Band B

The configuration proposed for band B is th
ph9/2(1/22@541#) ^ n i 13/2(7/21@633#), where the orbitals in
parenthesis should be the largest components of the inter
ing ph9/2 and then i 13/2 multiplets. Similar bands have bee
observed in a number of doubly odd Tm@8#, Lu @45#, Ta
@9,50,61,62#, Re @51#, Ir @4,5#, and Tl @1,63# isotopes and
have been characterized as semidecoupled structures@1,4#.
The large alignment is consistent with the involvement of
ph9/2 and then i 13/2 orbitals, in Table IV the alignment is
shown in comparison with that predicted by the additiv
rule @4#. The inertia parametersJ0 , J1 have been extracted
using K53.5. Figure 14~a! shows the alignment vs fre
quency, thea50 signature has an alignmenti'6\ and it
begins to upbend at considerably higher frequency (\v
'0.4 MeV) than the ground-state band of the even-ev
core, as well as the other bands in the odd W, Re, and do
odd 176Re ~Table IV!. Such a delayed backbend is due to t
added effects of theph9/2 and then i 13/2 @64#. In Fig. 14~b!
the Routhian of band B is plotted vs the rotational frequen
The configuration assignment is also supported by the ag
ment between measured and calculatedB(M1)/B(E2) val-

re

FIG. 15. ExperimentalB(M1)/B(E2) values corresponding to
bands A ~a! and B ~b! of 176Re. The results of the calculation
obtained in the framework of the cranking model for the config
rations assigned to bands A and B are also shown. Solid and o
circles correspond to thea50 anda51 signature, respectively.
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FIG. 16. Systematics of the signature splittingS(I )5E(I )2E(I 21)2@E(I 11)2E(I )1E(I 21)2E(I 22)#/2 vs I of the ph9/2

^ n i 13/2 bands in doubly odd nuclei:162,164Tm @8#, 170Lu @45#, 172Ta @49#, 174Ta @8#, 176Ta @50#, 176Re~this work!, and178Re@51#. The arrows
point at the signature inversion.
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ues for this configuration, with the two values ofK53 and
K54 @Fig. 15~b!#. The experimental DCO ratios for theDI
51 in-band transitions correspond to negative mixing rati
which are well reproduced using the expression ford given
previously. For example, a value ofd520.17(10) was ex-
tracted for the (142)→(132)158.8 keV transition of band B
~Fig. 9! vs d520.09 andd520.16 calculated usingK53
andK54, respectively. Another special feature of this stru
ture is that it shows a pronounced level staggering. In Fig
the signature splittingS(I ) ~as defined in the previous se
tion! is plotted vs angular momentumI for the ph9/2
^ n i 13/2 structures identified in162,164Tm @8#, 170Lu @45#,
172Ta @49#, 174Ta @8,9#, 176Ta @50#, 176Re ~this work!, and
178Re @51#. Spins in 178Re have been changed in one un
consistent with the change performed in theph11/2^ n i 13/2
band and in line with the determination made in Ref.@9#. As
can be seen in Fig. 16 favored states have even spinsa
50) up to high-spin values where a change of phase is
duced. This is contrary to the expected favored signatur
the odd-odd nucleus (ap2n

f ) corresponding to the couplin
between the favored signature of both proton (ap

f ) and neu-
tron (an

f ) orbitals, that for theph9/2^ n i 13/2 band would cor-
respond toap2n

f 5ap
f 1an

f 51/211/251 ~odd spin values!.
This phenomenon has been recently observed@8,9# and was
explained in terms of a residual proton-neutron interacti
This so-called semidecoupled structure has been studie
many years and, as said, was detected in many nu
throughout the rare-earth region and beyond, from Tm to
,
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@1,4,5,8,9,45,50,51,61–63#. Due to one of the special fea
tures of this structure, namely that it starts with a number
low-energy highly convertedM1 transitions, there always
remained some uncertainty from an experimental point
view concerning the exact number of these transitions
hence the phase of the staggering also remained uncerta
was assumed that the phase of the staggering conformed
the one predicted by the Coriolis interaction since no cha
of phase was observed in these bands until very rece
@8,9#. The solution to this question@8,9# came ‘‘from
above,’’ namely from the high-spin region of these ban
through the accidental degeneracy with levels of other str
tures of known spins and parities. On the other hand,
possible role of a proton-neutron force in this structure w
carefully analyzed many years ago@65# but the question re-
mained open. The force used in that work was essentially
one obtained from the particle-hole multipletph9/2
^ n21i 13/2 in 208Bi, renormalized by pairing correlations
This force has the following features. The matrix eleme
^( j pj n

21)JuVp2nu( j pj n
21)J&5VJ

21 display small deviations
(s'60 keV) around a mean of about 150 keV for theJ
55210 states, while the value forJ511, 886 keV is
strongly repulsive, lying approximately 740 keV above t
mean@10#. This number is large when compared to the e
ergy of the 21 state in an even-even core of the region, tak
as a measure of a typical collective rotational energy~at the
beginning of a rotational band!. So, the behavior of the sys
tem with p2n force included is very similar to the
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‘‘noninteracting’’ one except that theJ511 component is
practically excluded from the spectrum of intrinsic excit
tions. Only when the rotational energy required to go fro
one state to the next one starts to become comparable t
intrinsic (p2n interaction! energy required to maximally
align proton and neutron~to J511) will the change of phase
occur. In this case one returns to a regime dominated by
Coriolis interaction and the phase of the staggering will
come the ‘‘normal’’ one~namely here thea51, odd spin
sequence will become favored!. Figure 17 shows the resu
of a full two-quasiparticle-plus-rotor diagonalization with
the ph9/2^ n i 13/2, 70 element, configuration space (b
50.24, moment of inertiaJ/\2530 MeV21 and standard
Nilsson parameters@32#! with, part~a!, and without, part~b!,
p2n force ~the empirical208Bi force mentioned above!. The
ability of this calculation to reproduce the phenomenon
apparent, at least at a qualitative level. The point of the ph
change is very well reproduced while the magnitude of
oscillation is underestimated. A better agreement would h
to be considered fortuitous since thep2n force has been
treated in the single-j shell approximation. Only the matrix
elements within theph9/2^ n i 13/2 configuration space hav
been taken into account while those between other com
nents of the wave function have been neglected. In o
words, the spherical208Bi force has only been renormalize
by pairing correlations while the deformation effects we
only taken into account through the splitting of theph9/2 and
n i 13/2 multiplets. It should be pointed out, however, that t
dominant components of the Nilsson wave functions
ph9/2 and n i 13/2. In Ref. @8# a schematic central force o

FIG. 17. Results of the two-quasiparticle-plus-rotor calculatio
with ~a! and without~b! p2n force. The experimental and calcu
lated values S(I )5E(I )2E(I 21)2@E(I 11)2E(I )1E(I 21)
2E(I 22)#/2 are plotted as a function of the angular momentumI.
the

he
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spatial-d character with a spin-spin component was us
The relation between the purely spatial and spin-spin part
the force is in fact fitted to thep2n multiplets in spherical
odd-odd nuclei and the overall strength parameter adop
@8# is not far from that obtained from theph9/2^ n i 13/2 mul-
tiplet in 208Bi. Figure 18 shows the probabilityCJ

2 , of find-
ing the proton and neutron quasiparticles with intrinsic a
gular momentum coupled toJ510 or 11.~These calculations
require a transformation from the strong coupling to t
weak coupling basis, see Ref.@66#!. It is apparent how the
participation of theJ511 state is delayed in presence of t
p2n force. For high-spin states the structure of the favo
states (I 5odd) tends to be of the formI 5R1J5R
111 (R5even is the well defined, core angular mome
tum! both with and without thep2n force. For low-spin
states (I ,20 \) in presence of thep2n force the role of
theJ510 component is dominant, so that favored states c
respond toI 5even5R1J5R110 and unfavored states co
respond toI 215odd5R11021, namely the unstretche
coupling between the core angular momentum and the int
sic J. It is the interplay and competition between the Corio
force ~or the energy required to rotate! and the single~renor-
malized! J511 p2n matrix element which determines th
signature phase inversion point. The (21)I staggering is still
a quantal feature related to the reflection symmetry of
core~which implies only even values ofR) which translates
into the (21)I dependence of the Coriolis force acting, b
fore the inversion point, on a system withJmax510, and

s
FIG. 18. ProbabilityCJ

2 for J510 and J511 of finding the
proton and neutron quasiparticles with intrinsic angular momen
coupled toJ510 andJ511, calculated with the two-quasiparticle
plus-rotor model with~a! and without~b! p2n force as a function
of the angular momentumI.
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beyond the inversion point on a system withJmax511.
Within this scenario the delay in crossing frequency o
served inph9/2 bands of odd proton nuclei is understood
the following way. The crossing frequency at which t
ground band Routhian is crossed by the S-band one is sh
to higher values because not only the energy to break ani 13/2
neutron pair is required but also the repulsive energy ne
sary to align toJ511 the h9/2 quasiproton and onei 13/2
quasineutron has to be overcome.

C. Band D

Band D is a doubly decoupled band@4#, of
ph9/2(1/22@541#) ^ n1/22@521# structure, having a 31 as
band head. Results of this band have been discussed in
vious work@11# in terms of the coupling between an aligne
proton (i p) to an aligned neutron pseudospin~of singlet type
@67#, i n51/2) which are coupled parallel (i np5 i p11/2, fa-
vored sequence! or antiparallel (i np5 i p21/2, unfavored se-
quence!. The neutron orbital 1/22@521# is well described as
a pseudospin singlet with quantum numbers: 1/2@420̃#. In
Table IV the inertia parameters for both signatures of ban
are listed, they were calculated usingK50.5 @11#. The val-
ues of the alignments before the backbending are also
ported in comparison with the calculated ones from the o
particles. Figure 19~a! shows the alignment of band D vs th
rotational frequency, the alignment of the core (174W
ground-state band!, the neutron 1/22@521#( 175W) and the

FIG. 19. Experimental alignments~a! and Routhians~b! as a
function of the rotational frequency for the following structure
ground-state band of174W,n1/22@521# of 175W,p1/22@541# of
175Re and band D,p1/22@541# ^ n1/22@521#, of 176Re. The inertia
parameters used for the reference configurations are reporte
Table IV.
-

ed

s-

re-

D

e-
d

proton 1/22@541# ( 175Re) bands are also plotted. The cros
ing frequency was extracted from the Routhian vs freque
plot @Fig. 19~b!#, this value can be understood by the com
bined effect of theph9/2(1/22@541#) which produces a delay
and then1/22@521# which in 175W decreases the crossin
frequency with respect to the even-even174W core ~Table
IV !.

D. Bands C, E, F and G

Band C can be interpreted as a four-quasiparticle ba
due to the uncertainties in spin and parity we were not a
to identify its configuration.

Band E is strongly compressed, and the value ofK ex-
tracted by the method described in Ref.@2# is K50.7. The
DCO values of theDI 51 transitions correspond to negativ
mixing ratios. For example ad520.10(7) was evaluated
for the 149.1 keV transition of band E~Fig. 9!. Among all
the possible configurations expected in176Re ~Table III! and
not assigned to the previous discussed bands, negative
ing ratios are predicted for theDI 51 transitions in the
ph9/2(1/22@541#) ^ n5/22@512# structure. Besides the
B(M1)/B(E2) calculated for this configuration give goo
fits to the experimental data for both values ofK52 andK
53 @Fig. 20~a!#. The presence ofph9/2 can explain the com-
pression and the low value extracted forK. This configura-

in

FIG. 20. ExperimentalB(M1)/B(E2) values corresponding to
bands E~a!, F ~b!, and G~c! of 176Re and the results of the calcu
lations obtained in the framework of the cranking model for t
indicated configurations. To plot the data for band E,I 055 was
used~see text!. Solid and open circles correspond to thea50 and
a51 signature, respectively.
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1314 PRC 59M. A. CARDONA et al.
tion has recently been assigned to a relatively strongly po
lated band in176Ta @50# which also has in-band transition
with negative mixing ratios, and measuredB(M1)/B(E2)
similar to those of band E. In174Ta a band with a sequenc
of very similar DI 51 lines has been reported@9# as the
p5/21@402# ^ n5/22@512# structure. For example the ene
gies are: 98, 121, 146, and 168 keV in174Ta compared with
97.4, 122.0, 149.1, and 171.7 keV in176Re. For band E we
discarded thep5/21@402# ^ n5/22@512# configuration be-
cause it has a positived and because it corresponds to
normal, highK(55) band. In 176Ta the lowest observed
state of thep1/22@541# ^ n5/22@512# structure has been as
signed as (41), while in the 174Lu @68# it is the 31 lying 19
keV below the 41. Difficulties were found in establishing
the bandhead and the low-spin structure of band E, due to
compression of the band and the possibility of missing lo
energy highly converted transitions. For the lowest obser
level we proposeI 0

p541 or 51, from similarities with the
bands in174Lu and 176Ta.

Bands F and G are strongly linked between them, in
way that fixes their relative spins and the same parity
both bands. The values ofK obtained by the method de
scribed in Ref.@2# areK57.85 andK50.95 for band F and
G, respectively~a normal highK and a highly compresse
band, respectively!. Such a large value ofK for band F sug-
gests the possibility of thep9/22@514# ^ n5/22@512# con-
figuration which moreover fits well the experimental in-ba
decay properties. The mixing ratios calculated with this c
figuration are positive~in agreement with the experimen!
and around 0.4. Such non-negligibled values were taken into
account and the quantitiesB(M1)/B(E2)(11d2) are com-
pared favorably with experiment@Fig. 20~b!#. With this as-
signment the bandhead is the 71 state mentioned before a
the level fed by the 99.5 keV which depopulates band
This is in agreement with the bandhead energies predicte
ti,

r,

e

M

nd

.K
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u-
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-
d
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-

.
by

the zero-order level scheme of176Re ~Table III! which es-
tablishes the 71,p9/22@514# ^ n5/22@512#, bandhead at 326
keV2186 keV5140 keV below the 82,p9/22@514#
^ n7/21@633# ~band A!.

For band G, from the zero-order level scheme~Table III!
we can select the positive parity configurations not yet
signed: ~i! p9/22@514# ^ n1/22@521#, ~ii ! p5/21@402#
^ n7/21@633#, and~iii ! p7/21@404# ^ n7/21@633#. Configu-
rations~i! and ~ii ! imply missing transitions in the low-spin
region since we assigned a (71) for the lowest observed
state of band G, besides configuration~i! is not compressed
From the B(M1)/B(E2) analysis, configurations~ii ! and
~iii ! are the possible candidates for band G@Fig. 20~c!#. For
the p7/21@404# ^ n7/21@633# the calculated mixing ratios
have large values and in this caseB(M1)/B(E2)(11d2)
was plotted. Taking into account the zero-order excitat
energy the best candidate is configuration~ii !.

IV. SUMMARY AND CONCLUSIONS

High-spin states in doubly odd176Re were investigated by
means of in-beamg-ray spectroscopy techniques using t
multidetector array GASP. A wealth of rotational structur
were identified and in most cases their structures~in terms of
valence proton and neutron quasiparticle excitations! unam-
biguously assigned on the basis of qualitative features
quantitative parameters@like B(M1)/B(E2)]. Six out of
nine predicted low-lying two-quasiparticle bands were s
nificantly populated~excluding thep7/21@404# excitation
which lies quite high in energy in Re!. Signature inversion
was established for bothph11/2^ n i 13/2 and ph9/2^ n i 13/2
structures. In particular the mechanism for this phenome
is elucidated for the semidecoupledph9/2^ n i 13/2 band on
the basis of an experimentalp2n force taken from208Bi and
utilized in the same structure in the Tl region.
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