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Two-quasiparticle configurations, signature inversion, and thep i 13Õ2‹n i 13Õ2 band in 176Ir
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High-spin states have been populated in176Ir using the149Sm(31P,4n) reaction. Gamma-gamma coincidence
techniques have allowed numerous bands up to a maximum spin of 32 to be identified. Configurations have
been assigned based on spectroscopic properties such asB(M1)/B(E2) values and aligned angular momenta.
Signature inversions are observed in bands based on theph9/2^ n i 13/2 andp i 13/2^ n i 13/2 configurations. These
inversions are compared with particle-rotor model calculations and are qualitatively reproduced when a re-
sidual proton-neutron interaction is included. The shape evolution of the bands has been studied using diabatic
potential energy surface calculations. A strong configuration dependence is predicted.
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I. INTRODUCTION

In a deformed odd-odd nucleus, the Coriolis force is e
pected to favor the branch of a two-quasiparticle rotatio
band having a signature,a f , given by the proton and neutro
angular momenta j p and j n : a f5

1
2 @(21) j p21/2

1(21) j n21/2]. There is now a body of experimental ev
dence demonstrating that this rule is violated at low sp
giving rise to a ‘‘signature inversion,’’ for certain combina
tions of proton and neutron orbitals. A well-known config
ration exhibiting signature inversion in the rare-earth reg
is theph11/2^ n i 13/2 system. Explanations for this inversio
have included Coriolis effects@1#, triaxiality @2#, proton-
neutron (p-n) interactions@3,4# and mixing with theph9/2

^ n i 13/2 configuration@5#. The inclusion of quadrupole pair
ing in self-consistent mean-field calculations has also b
shown to generate signature inversions@6#.

Due to the absence of firm spin assignments in ear
works, it is only recently that signature inversion has be
discovered in theph9/2^ n i 13/2 bands of the rare-earth regio
@7#. In these cases, it has been shown that a residual
interaction can give a good qualitative account of the inv
sion @7–10#. A feature of the p-n interaction is that th
particle-hole interaction is repulsive while the particl
particle part is attractive. In the rare-earth region, theph9/2

orbital is predominantly of particle character, while then i 13/2

orbital has a quasiparticle character, since it is usually o
partially filled. Differences in the particle-hole content
odd and even spin states, due to Coriolis mixing, give rise
a staggering in the strength of the residual interaction,
ultimately affect the signature splitting. Therefore, in th
model, signature inversions are possible when a proton
ticle is coupled to ani 13/2 quasineutron.

In the rare-earth region, this condition is also expected
be fulfilled by thep i 13/2^ n i 13/2 configuration. Recently, evi
dence that signature inversion also occurs in this config
tion in 176Ir and 178Ir has been reported@11–13#. This work
extends the results on the odd-odd nucleus176Ir in an inves-
tigation of signature splitting in thep i 13/2^ n i 13/2 band.
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II. EXPERIMENT

A favorable region to search for ap i 13/2^ n i 13/2 band is
one in which the one-quasiparticlep i 13/2 bands are known to
be low in excitation energy. Systematics@14#, in agreement
with recent calculations@15#, show that thep i 13/2 configura-
tion minimizes in energy nearN598 in Re and Ir isotopes
and nearN5102 in Au isotopes. Indeed, thep i 13/2 bands
known to have the lowest bandhead energies are in175Ir and
181Au with N598 and 102, respectively@15–18#. Proton
i 13/2 bands are also known in Re nuclei, but here thep i 13/2
orbital lies further from the Fermi surface, and competi
positive-parity three-quasiparticle states can be mistaken
the p i 13/2 band@14#. The i 13/2 bands are yrast in Au and T
nuclei nearN598, but these nuclei have lower productio
cross sections due to competition with fission@15,16#.

Therefore the nucleus176Ir99 was chosen to search for
p i 13/2^ n i 13/2 band. The reaction149Sm(31P,4n)176Ir was
employed in two experiments. In the first, a 158 MeV bea
pulsed 1 ns on and 1.7ms off, impinged on a 6 mg/cm2

self-supporting target which was sufficiently thick to stop t
recoiling nuclei. In the second, a dc beam of 140 MeV i
pinged on a 0.9 mg/cm2 target, which allowed the nuclei to
recoil into vacuum, thereby minimizing Doppler broadeni
effects at high spin. Gamma rays from the reaction w
recorded ing-g coincidence mode using theCAESAR array,
comprising six Compton suppressed HpGe detectors and
low energy photon spectrometer~LEPS! detectors. Two of
the HPGe detectors are located at 97° to the beam axis,
at 48°, and two at 145°.

The data were sorted into two-dimensionalg-g matrices
subject to various time conditions, which were then analyz
to construct the decay scheme using theRADWARE package
@19#. DCO ratios were formed as described in Ref.@20#, as
the ratio of coincidence intensity for twog rays,g1 andg2,
detected at 48°/145° and 97°, respectively, to the coin
dence intensity ofg1 andg2 detected at 97° and 48°/145°
respectively.

For gates (g2) on stretched quadrupole transitions, t
DCO ratios are expected to be unity for stretched quadrup
transitions, (g1), and 0.6 for pure stretched dipole trans
©2003 The American Physical Society20-1
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FIG. 1. Level scheme of176Ir deduced in the present work.
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tions, (g1). For mixed dipole transitions, DCO ratios le
than 0.6 imply negative mixing ratios and those greater t
0.6, positive mixing ratios.

III. RESULTS

The level scheme determined in this work, with ban
labeled numerically, is shown in Fig. 1. The present le
scheme extends the work of Zhanget al. @13# with the ob-
servation of six new bands. Only bands 1, 4, 6, and 9 w
reported previously and these have been extended to hi
spins, and in the case of band 9, possibly also to lower sp
Gamma rays assigned to176Ir, and their properties, are liste
in Table I. The coincidence intensities listed in the table w
deduced from the recoil-into-vacuumg-g matrix, using the
code ESCL8R @19#. Because only a little of176Ir is known
from decay studies@21,22#, a discussion of the assignment
spins and parities is deferred to the next section, where
likely configuration assignments are considered. Where
level schemes overlap, the present assignments are in a
ment with Zhanget al. @13#.

Coincidence spectra obtained from the recoil-into-vacu
data, shown in Fig. 2, demonstrate the lines belonging to
most strongly populated bands. Transitions belonging
band 1 can be seen in Fig. 2~a!, obtained by gating on the 9
keV transition, which is placed depopulating the band. T
transition has an internal conversion coefficient@23#, de-
duced from the intensity balance at the (82) level in the 141
keV coincidence gate, of 0.51~14!, which is in good agree-
ment with the theoretical conversion coefficient for anE1
multipolarity (aE150.431,aM156.96,aE255.26). It de-
cays with a measured mean life of 4.160.5 ns, determined
from the thick target data, which can be judged from t
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centroid shift shown in Fig. 3. Although we attribute th
mean life to the head of band 1, it is possible that the ba
head actually decays by unobserved transitions to ano
level that emits the 97 keV gamma ray. In Fig. 2~a!, transi-
tions belonging to band 8 are also visible, but the path to
97 keV transition could not be determined. The 97 keV tra
sition is nevertheless tentatively assigned as the (82)
→(71) decay from the head of band 1 to the head of ban
as discussed further in Sec. IV C 4. Also visible in Fig. 2~a!
are gamma rays associated with the levels labeled as ba
which feed band 1. The ordering of the higher-lying levels
band 2 could not be confirmed.

The spectrum shown in Fig. 2~b! is formed by summing
the 482 and 447 keV coincidence gates together. Transit
of these energies are placed in band 4, which is linked
bands 3, 5, and 6. The transitions which link band 4 to ba
3 and 6 presumably arise due to mixing caused by the n
degeneracy of pairs of levels at (111) and (141). The link to
band 5 is uncertain due to insufficient statistics — the
keV transition, joining bands 4 and 5 together, might also,
alternatively, be placed at the bottom of band 5. Indeed,
to the low energy (,100 keV! of transitions placed near th
bottom of bands 3–5, and the accompanying high inter
conversion and low detection efficiency, it is not certa
whether transitions of even lower energy exist in these ba
and therefore that the heads of these bands have been
tified. In contrast, for band 6, the regular decrease in tra
tion energies below spin (131) implies that the next dipole
transition below the 150 keV line, if it existed, would hav
an energy near 130 keV. Because no such line is visible
the spectrum shown in Fig. 2~b!, the head of band 6 is re
garded as established.

Figure 2~c! is obtained by gating on the 296 keV line, an
0-2
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TABLE I. Gamma rays assigned to176Ir.

Eg
a ~keV! I g Ei

b ~keV! Ef
b ~keV! Ji

p(\) Jf
p(\) DCO

53.04~2! c

55.49~2! c

56.77~2! c

61.53~2! c

67.00~100! 247.6~6! 180.6 (61) (51)
69.17~5! ,5 447.3~3! d 377.4d (122) (112)
69.42~1! c

78.40~100! 348.1~7! 269.7 (61) (51)
78.45~100! 0.2~1! 1122.2~4! 1043.5 (121) (111)
95.12~4! 7.2~7! 342.8~5! 247.6 (71) (61)
97.26~3! 97.3~2! 0.0 (82) (71) 0.50~7!

99.30~10! 1.1~2! 1122.2~4! 1022.7 (121) (111)
102.13~4! 0.8~16! 450.2~7! 348.1 (71) (61)
108.92~5! 1.2~2! 1122.2~4! 1013.3 (121) (111)
120.74~3! 218.2~3! 97.3 (92) (82)
121.78~4! 5.6~7! 572.0~6! 450.2 (81) (71)
126.12~4! 8.6~6! 469.1~5! 342.8 (81) (71)
129.45~10! 2.5~3! 346.0~0! 218.2 (92)
131.00~3! 131.0~2! d 0.0d (92) (82) 0.35~7!

139.01~4! 5.9~5! 711.0~6! 572.0 (91) (81)
140.54~3! 34.7~11! 359.0~3! 218.2 (102) (92) 0.62~23!

140.97~4! 9.0~4! 1263.3~3! 1122.2 (131) (121) 0.35~16! e

141.87~4! 6.8~3! 1405.5~3! 1263.3 (141) (131) 0.35~16! e

150.18~3! 150.3~2! 0.0 (81) (71) 1.06~13!

151.95~4! 151.9~2! d 0.0d (102) (82) 1.10~20!

152.03~18! 1.2~2! 882.6~3! d 730.5d (142) (132)
154.47~4! 7.2~4! 865.5~6! 711.0 (101) (91)
156.15~4! 8.9~4! 625.6~5! 469.1 (91) (81)
157.17~6! 3.3~2! 1022.7~5! 865.5 (111) (101)
160.88~3! 32.1~10! 520.2~3! 359.0 (112) (102) 0.68~13!

168.84~3! 40.4~14! 319.4~2! 150.3 (91) (81) 0.98~12!

176.85~3! 16.8~6! 1768.0~3! 1591.0 (161) (151)
178.00~20! 3.9~3! 1043.5~13! 865.5 (111) (101)
185.19~3! 17.4~6! 1591.0~3! 1405.5 (151) (141)
185.26~5! 4.9~4! 811.1~5! 625.6 (101) (91) 0.39~14!

185.36~3! 29.5~10! 705.8~4! 520.2 (122) (112) 0.66~11!

187.03~3! 33.0~11! 506.6~2! 319.4 (101) (91) 1.13~15!

201.18~3! 24.6~8! 708.0~2! 506.6 (111) (101)
201.80~7! 4.5~2! 1591.0~3! 1389.0 (151) (141)
201.98~5! 5.3~3! 1013.3~5! 811.1 (111) (101)
206.27~3! 25.1~8! 912.3~4! 705.8 (132) (122) 0.80~18!

213.93~4! 11.6~4! 2214.5~3! 2000.4 (181) (171) 0.81~24!

215.18~3! 23.1~8! 923.3~2! 708.0 (121) (111) 1.03~17!

221.62~10! 3.3~4! 469.1~5! 247.6 (81) (61)
224.30~100! 0.9~3! 572.0~6! 348.1 (81) (61)
225.18~4! 12.1~7! 377.4~2! d 151.9d (112) (102) 0.71~46!

226.24~3! 19.7~6! 1138.8~4! 912.3 (142) (132)
228.04~4! 14.8~5! 1151.6~3! 923.3 (131) (121) 0.54~11!

232.20~3! 16.3~6! 2000.4~3! 1768.0 (171) (161) 0.42~16!

233.88~8! 3.5~3! 817.5~0! 583.5
237.17~12! 4.5~4! 583.5~0! 346.0
237.46~4! 8.6~3! 1389.0~3! 1151.6 (141) (131)
237.76~20! 1.5~2! 1055.1~0! 817.5
014320-3
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TABLE I. ~Continued!.

Eg
a ~keV! I g Ei

b ~keV! Ef
b ~keV! Ji

p(\) Jf
p(\) DCO

240.98~10! 3.3~2! 1263.3~3! 1022.7 (131) (111)
243.53~12! 3.4~2! 1061.0~0! 817.5
244.16~3! 16.5~6! 1383.2~4! 1138.8 (152) (142)
246.15~6! 5.5~4! 377.4~2! d 131.0d (112) (92)
248.64~12! 3.5~4! 346.0~0! 97.3 (82)
250.38~4! 7.2~3! 2732.8~4! 2482.4 (201) (191)
253.82~4! 11.8~4! 1405.5~3! 1151.6 (141) (131)
259.42~4! 7.5~4! 1648.1~3! 1389.0 (151) (141)
260.80~20! 3.9~4! 711.0~6! 450.2 (91) (71)
260.92~4! 10.5~4! 1644.6~4! 1383.2 (162) (152)
261.97~5! 10.0~5! 359.0~3! 97.3 (102) (82)
265.15~5! 5.2~3! 1913.2~4! 1648.1 (161) (151)
267.82~4! 12.5~4! 2482.4~4! 2214.5 (191) (181) 0.29~10!

277.37~8! 3.3~2! 2190.8~4! 1913.2 (171) (161)
277.70~4! 8.4~3! 1922.6~4! 1644.6 (172) (162)
282.88~5! 0.1~10! 588.1~3! d 305.3d

283.11~4! 13.5~7! 625.6~5! 342.8 (91) (71)
283.18~4! 15.8~6! 730.5~3! d 447.3d (132) (122) 0.41~9!

283.58~30! 5.6~3! 1405.5~3! 1122.2 (141) (121)
284.76~5! 5.3~3! 3317.5~4! 3032.4 (221) (211)
288.43~6! 4.2~2! 2479.4~4! 2190.8 (181) (171)
293.30~5! 6.2~3! 2216.0~5! 1922.6 (182) (172)
294.23~32! 2.3~3! 865.5~6! 572.0 (101) (81)
295.64~3! 66.9~23! 447.3~3! d 151.9d (122) (102) 0.79~9!

295.88~9! 3.1~2! 2346.2~5! d 2050.9d (192) (182)
298.80~8! 3.7~2! 2778.5~4! 2479.4 (191) (181)
299.32~5! 6.5~3! 3032.4~4! 2732.8 (211) (201)
302.13~4! 10.8~4! 520.2~3! 218.2 (112) (92)
306.01~4! 8.9~4! 1288.7~3! 982.6 (152) (142) 0.42~12!

309.25~5! 5.5~3! 2525.4~5! 2216.0 (192) (182)
309.46~10! 2.2~2! 2360.7~5! d 2050.9d (192) (182)
309.63~8! 3.0~2! 3087.8~5! 2778.5 (201) (191)
311.79~5! 5.0~3! 1738.9~4! d 1427.0d (172) (162)
311.84~10! 4.9~3! 1022.7~5! 711.0 (111) (91)
319.62~9! 3.1~3! 3406.5~5! 3087.8 (211) (201)
319.69~4! 21.2~9! 319.4~2! 0.0 (91) (71)
323.48~6! 4.2~2! 2849.1~5! 2525.4 (202) (192)
327.98~4! 18.6~7! 1591.0~3! 1263.3 (151) (131) 1.09~46!

329.31~13! 1.9~2! 3734.8~7! 3406.5 (221) (211)
338.53~5! 5.0~2! 926.7~4! d 588.1d

339.20~9! 2.9~2! 3188.3~6! 2849.1 (212) (202)
341.99~7! 6.6~5! 811.1~5! 469.1 (101) (81)
346.79~4! 20.9~8! 705.8~4! 359.0 (122) (102)
353.38~7! 5.9~4! 730.5~3! d 377.4d (132) (112)
356.42~3! 33.3~11! 506.6~2! 150.3 (101) (81) 1.02~16!

362.49~3! 25.3~8! 1768.0~3! 1405.5 (161) (141) 1.20~24!

379.01~4! 13.1~5! 1768.0~3! 1389.0 (161) (141)
387.85~4! 11.9~6! 1013.3~5! 625.6 (111) (91)
388.76~3! 35.0~12! 708.0~2! 319.4 (111) (91) 0.74~12!

392.12~4! 21.3~7! 912.3~4! 520.2 (132) (112) 1.46~46!

395.35~6! 3.3~3! 1258.7~5! d 863.4d

397.23~4! 9.2~5! 1022.7~5! 625.6 (111) (91)
409.51~3! 28.6~10! 2000.4~3! 1591.0 (171) (151)
014320-4
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TABLE I. ~Continued!.

Eg
a ~keV! I g Ei

b ~keV! Ef
b ~keV! Ji

p(\) Jf
p(\) DCO

411.06~5! 12.8~6! 1337.7~5! d 926.7d

416.79~3! 43.5~14! 923.3~2! 506.6 (121) (101)
422.53~7! 4.6~4! 1681.2~5! d 1258.7d

433.00~3! 27.3~9! 1138.8~4! 705.8 (142) (122)
435.24~3! 47.9~16! 882.6~3! d 447.3d (142) (122) 1.28~15!

443.50~3! 36.0~12! 1151.6~3! 708.0 (131) (111)
446.65~3! 37.4~12! 2214.5~3! 1768.0 (181) (161) 0.88~17!

458.20~5! 12.8~5! 1188.7~3! d 730.5d (152) (132)
460.00~20! 9.6~4! 1797.7~13! d 1337.7d

465.72~3! 29.5~10! 1389.0~3! 923.3 (141) (121)
470.94~4! 27.4~9! 1383.2~4! 912.3 (152) (132)
474.71~7! 5.8~4! 2156.1~5! d 1681.2d

479.36~100! 9.7~5! 1026.7~4! d 547.3d (122) 0.86~30!

481.97~4! 25.9~9! 2482.4~4! 2000.4 (191) (171) 0.77~15!

482.33~4! 25.6~9! 1405.5~3! 923.3 (141) (121)
496.49~4! 17.4~7! 1648.1~3! 1151.6 (151) (131) 0.99~18!

505.95~4! 28.6~10! 1644.6~4! 1138.8 (162) (142) 0.84~20!

516.25~7! 4.1~3! 2672.4~6! d 2156.1d (202)
518.44~3! 36.0~12! 2732.8~4! 2214.5 (201) (181) 0.99~13!

521.16~6! 8.6~4! 2318.9~14! d 1797.7d

523.96~6! 10.0~4! 1913.2~4! 1389.0 (161) (141)
539.41~4! 23.6~8! 1922.6~4! 1383.2 (172) (152)
542.82~5! 14.8~6! 2190.8~4! 1648.1 (171) (151)
544.40~3! 30.1~10! 1427.0~4! d 882.6d (162) (142) 1.06~11!

544.69~21! 5.7~6! 891.1~10! 346.0
549.97~4! 22.7~8! 3032.4~4! 2482.4 (211) (191)
550.19~5! 12.3~5! 1738.9~4! d 1188.7d (172) (152)
566.04~6! 10.6~5! 2479.4~4! 1913.2 (181) (161)
571.34~4! 21.9~8! 2216.0~5! 1644.6 (182) (162)
573.34~7! 7.7~4! 2892.2~14! d 2318.9d

581.39~5! 8.6~4! 3253.8~6! d 2672.4d (222) (202)
584.90~4! 24.1~8! 3317.5~4! 2732.8 (221) (201)
587.88~6! 11.9~5! 2778.5~4! 2190.8 (191) (171)
602.73~4! 21.8~8! 2525.4~5! 1922.6 (192) (172)
606.88~9! 7.0~4! 2346.2~5! d 1738.9d (192) (172)
608.51~6! 11.3~5! 3087.8~5! 2479.4 (201) (181)
608.75~7! 9.1~5! 2955.0~7! d 2346.2d (212) (192)
612.16~12! 7.9~6! 1059.5~8! d 447.3d (122)
614.20~4! 18.1~7! 3646.6~5! 3032.4 (231) (211)
621.47~8! 5.9~4! 2672.4~6! d 2050.9d (202) (182)
621.95~6! 13.5~7! 2360.7~5! d 1738.9d (192) (172)
624.01~4! 21.2~8! 2050.9~4! d 1427.0d (182) (162) 0.92~9!

626.31~7! 7.3~4! 3518.5~15! d 2892.2d

627.70~7! 8.8~4! 3406.5~5! 2778.5 (211) (191)
629.80~6! 8.0~4! 3883.6~7! d 3253.8d (242) (222)
633.15~5! 15.0~6! 2849.1~5! 2216.0 (202) (182)
646.36~9! 6.3~4! 3734.8~7! 3087.8 (221) (201)
647.72~5! 13.3~5! 3965.3~5! 3317.5 (241) (221)
656.36~10! 3.8~3! 3611.3~9! d 2955.0d (232) (212)
663.36~7! 8.6~4! 3188.3~6! 2525.4 (212) (192)
663.51~22! 2.3~3! 4070.0~15! 3406.5 (231) (211)
676.29~8! 7.2~4! 4322.9~7! 3646.6 (251) (231)
678.98~12! 3.4~3! 4413.8~10! 3734.8 (241) (221)
014320-5
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TABLE I. ~Continued!.

Eg
a ~keV! I g Ei

b ~keV! Ef
b ~keV! Ji

p(\) Jf
p(\) DCO

679.22~11! 3.8~3! 4197.8~17! d 3518.5d

680.30~8! 4.4~3! 4563.9~9! d 3883.6d (262) (242)
689.74~10! 4.2~4! 3050.4~8! d 2360.7d (212) (192)
692.67~7! 7.8~4! 3541.7~7! 2849.1 (222) (202)
697.14~7! 6.8~4! 2748.1~6! d 2050.9d (202) (182)
707.46~18! 1.9~3! 4318.8~14! d 3611.3d (252) (232)
707.93~7! 7.7~4! 4673.2~7! 3965.3 (261) (241)
716.75~9! 4.8~3! 3767.2~10! d 3050.4d (232) (212)
721.23~8! 6.7~4! 3909.5~9! 3188.3 (232) (212)
730.52~14! 4.1~3! 5294.2~11! d 4563.9d (282) (262)
732.29~13! 2.6~2! 4930.0~19! d 4197.8d

733.65~9! 4.8~3! 3481.7~8! d 2748.1d (222) (202)
737.06~14! 3.8~3! 5059.9~11! 4322.9 (271) (251)
749.25~9! 5.0~3! 4290.9~10! 3541.7 (242) (222)
757.42~19! 1.8~2! 5076.2~18! d 4318.8d (272) (252)
766.74~13! 3.8~3! 5439.9~11! 4673.2 (281) (261)
776.71~14! 3.4~3! 4686.3~14! 3909.5 (252) (232)
785.42~29! 1.2~2! 5715.5~26! d 4930.0d

796.38~24! 1.9~2! 5856.3~19! 5059.9 (291) (271)
798.60~16! 2.7~3! 5089.6~16! 4290.9 (262) (242)
819.72~34! 1.1~2! 5505.7~23! 4686.3 (272) (252)
823.67~22! 2.1~2! 6263.6~17! 5439.9 (301) (281)
845.00~38! 0.4~2! 5934.6~31! 5089.6 (282) (262)
853.68~100! 0.1~2! 6710.0~0! 5856.3 (311) (291)
876.62~40! 7140.2~30! 6263.6 (321) (301)
883.00~22! 6817.6~35! 5934.6 (302) (282)

aUncertainties in parentheses are statistical only. Systematic uncertainty is 0.2 keV.
bEnergies relative to the (71) head of band 6.
cTransitions placed below the (82) level of band 9.
dEnergies relative to the (82) level of band 9.
eCombined DCO of 140.97 and 141.87 keV transitions.
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shows lines associated with bands 7–10. Band 7 is lin
tentatively to band 9 via a 479 keV transition. Ambiguiti
arise due to a 462 keV line~not placed on the level scheme!,
which lies close in energy to the 460 keV transition in ba
7, and which is in coincidence with the 479 keV line a
members of band 9 below the (122) level. Band 8 is only
linked to band 9 via the 621 keV transition, although oth
paths linking the bands together must exist, since the 4
475, and 516 keV transitions are in coincidence with tran
tions placed near the head of band 9@cf. Fig. 2~c!#. Further-
more, the lowest four transitions of band 8 are in coincide
with the 97 keV transition that is placed below band
Again, the path by which intensity reaches the 97 keV tr
sition could not be determined. The present data for ban
disagrees with Zhanget al. @13# at high spins. A 705 keV
transition, placed as the (212)→(192) in Ref. @13#, was not
observed in this work. Instead, transitions of 690 and 7
keV are placed in the band. Five lines, of 53.0, 55.5, 56
61.5, and 69.4 keV energy, are in mutual coincidence
also in coincidence with transitions placed in band 9. Th
are clearly visible in the low energy photon~LEP! spectrum
shown in Fig. 4, formed by summing gates on transitions
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band 9. The theoretical total conversion coefficients
E1, M1, andE2 transitions of energies below 70 keV diffe
by orders of magnitude. For instance, at 56.8 keV, they
0.37, 5.89, and 58.8, respectively. If it is assumed that th
five transitions depopulate the (82) level of band 9 in a
cascade, their multipolarities can be deduced from the
1435 keV coincidence gate by balancing their intensity w
the sum of the 131 and 152 keV transition intensities. P
dominantly M1 multipolarity is indicated, suggesting tha
these lines may be transitions between low-spin levels of
band. However, they are not shown in the level scheme,
are listed in Table I, because their ordering and theref
placement could not be determined.

IV. DISCUSSION

A. Expected configurations

We first note that the one-quasiparticle configuratio
known to be nearest to the Fermi surface in the o
neighbors @17,24,25# are the neutron orbitals
n5/22@512#, n1/22@521#, andn7/21@633# and proton orbit-
0-6
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FIG. 2. Coincidence spectra
obtained by gating on~a! the 97
keV line, ~b! the 482 and 447 keV
lines, and~c! the 296 keV line.
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als based on theph9/2, pd5/2, pd3/2, andph11/2 configura-
tions. Slightly further from the Fermi surface lie thep f 7/2
andp i 13/2 orbitals. Two-quasiparticle configurations forme
by coupling the proton and neutron orbitals together
listed in Table II, along with an estimate of aligned angu
momenta and bandhead energies, based on averages ob
from observed one-quasiparticle bands in the neighbo
nuclei. The estimates of bandhead energies are for the h
K coupling only, and do not include contributions from th
Coriolis interaction, which may also compress the levels n
the bandhead and lead to a higher bandhead spin, nor do

FIG. 3. Time difference spectrum constructed with gates
transitions of band 1, detected in the Ge detectors as ‘‘start,’’
the 97 keVg ray detected in the LEPS detectors as ‘‘stop,’’ com
pared to the prompt response function for the corresponding e
gies. Time dispersion is 1 ns per channel.
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include Gallagher-Moszkowski splitting@26#. The energy es-
timates must also be tempered by the knowledge that
light Ir isotopes lie in a region of softness. Thus deformati
changes will also influence bandhead energies.

To assign configurations to the observed bands, we c
sider the observed properties of the bands including ali
ments, band crossings, and ratios of transition rates.

Aligned angular momenta for the bands in176Ir are plot-
ted in Fig. 5, using a reference which gives a relatively co
stant aligned angular momentum for theph9/2^ n i 13/2 band.
For comparison, alignments of neighboring nuclei are sho
in Fig. 6. The presence of alignment can also be dedu
from the plots of energy vs spin, shown in Fig. 7. Becau
the energy of an aligned band is given byE.E01A(I 2 i )
3(I 2 i 11), the alignmenti would normally shift the mini-
mum of energy to spinI min5 i 21/2, but since a rigid rotor
has been subtracted in Fig. 7, the relationship is modified
I min.2i .

Experimental values ofB(M1)/B(E2) for are shown in
Figs. 8 and 9. These were obtained by estimating the sq

n
d

r- FIG. 4. LEP spectrum formed by summing the 296 and 435 k
coincidence gates on the recoil-into-vacuum data.
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TABLE II. Zero order level scheme for176Ir.

p1/22@541#↓ p9/22@514#↑ p5/21@402#↑ p3/21@402#↓ p1/22@530#↑ p1/21@660#↑
E a 0 keV ;100 keV 117 keV ;150 keV ;350 keV 733 keV
i x

b 3\ 0\ 0\ 0\ 2.5\ 6\

n5/22@512#↑ 31 71 52 42 31 32

0 keV 0 keV ;100 keV 117 keV ;150 keV ;350 keV 733 keV
0\ 3\ 0\ 0\ 0\ 2.5\ 6\

n7/21@633#↑ 42 82 61 51 42 41

100 keV 100 keV ;200 keV 217 keV ;250 keV ;450 keV 833 keV
3\ 6\ 3\ 3\ 3\ 5.5\ 9\

n1/22@521#↓ 11 51 32 22 11 12

125 keV 125 keV ;225 keV 242 keV ;275 keV ;475 keV 858 keV
1\ 4\ 1\ 1\ 1\ 3.5\ 7\

aProton and neutron energies, averages of neighboring nuclei.
bAligned angular momenta.
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of the mixing ratio,d2, with the rotational model, using th
K value of the proposed configuration. Such values ofd2

were all less than 0.3, so a misassignedK value will intro-
duce an error of less than 30%.

The experimental values are compared with values ca
lated using the semiclassical expression for theB(M1) val-
ues@28#:

B~M1,I→I 21!5
3

8pI 2 HAI 22K2F(
j

~gj2gR!V j G
2KF(

j
~gj2gR!i j G J 2

mN
2 . ~1!

The collectiveg factorgR was fixed atZ/A while otherg
factors, listed in Ref.@14#, were estimated from the wav
functions of Chi @29#. The one-quasiparticle alignmentsi
were taken as 3\ for theph9/2 andn i 13/2 orbitals and 6\ for
thep i 13/2 orbital as seen in Fig. 6. Omega values were fix
at the values of the corresponding Nilsson orbital, except
the n i 13/2 orbital, andV was fixed at 3\ to approximately
account for Coriolis mixing.

FIG. 5. Aligned angular momenta for bands in176Ir. Reference
parameters:J0530 MeV21\2, J1545 MeV23\4.
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A further test of configuration is provided by the sign
d, which, for prolate systems, should equal the sign ofgK
2gR . In the presence of alignment the strong coupling f
mula for gK2gR should be replaced by one for an effectiv
gK , or ge f f since in generalge f f is spin dependent:

ge f f2gR5
(~gj2gR!K j

K
2

(~gj2gR!i j

AI 22K2
. ~2!

Table III lists average DCO ratios for sufficiently in
tensely populated bands, from which the sign of the mix
ratio is deduced. These are compared with average value
ge f f for the configurations proposed in Sec. IV C.

To calculate theB(E2) values, quadrupole moments, o
tained from calculations outlined in the next section, we

FIG. 6. Aligned angular momenta for selected bands in176Ir
compared to those of neighboring nuclei. Reference parameter
as in Fig. 5. Data are from Refs.@17,24,25,27#.
0-8



rm

d

vi-
ix-

ed
te-
d, a

en

pro-

the

ta

tal

TWO-QUASIPARTICLE CONFIGURATIONS, SIGNATURE . . . PHYSICAL REVIEW C 67, 014320 ~2003!
employed. Like the bandhead energies, the nuclear defo
tion is expected to be configuration dependent.

B. Configuration dependent deformations

We consider the likely shapes to be encountered in176Ir
by beginning with an overview of the shapes encountere

FIG. 7. Energy vs spin for bands in176Ir. A rigid-rotor reference
has been subtracted.

FIG. 8. Comparison of theoretical and experimen
B(M1)/B(E2) values for bands 1, 4, and 6.
01432
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the neighboring nuclei. In the even-even Pt isotopes, e
dence is accumulating for a ground band perturbed by m
ing between weakly deformed triaxial and well-deform
prolate structures, in a manner reminiscent of the prola
oblate shape coexistence known in the Hg isotopes. Indee
well-defined band crossing occurs near spin 4\ in the nearby
nucleus176Pt @30–32#. Analogous band crossings have be
observed in theph11/2 bands of the lightest odd-Z Ir iso-
topes, 1712173Ir @33,34#. In these isotopes, although no firm
spin assignments have been made for these bands, it is
posed that a triaxialph11/2 band, based on an 11/22 state, is
crossed by a prolateph11/2 band based on a 9/22,
(9/22@514#) state. In 175Ir and heavier isotopes, the 9/22

band is proposed to lie lower than the 11/22 band and so the
crossing no longer occurs@17,34,35#, but evidence of mixing
persists in the form of a depressed first excited state of
9/22 band, taken to have a spin of 11/2. Thus in176Ir the

TABLE III. Comparison of average DCO ratios, signdexp, and
theoreticalge f f2gR values.

Band ^DCO& Sign dexp (ge f f2gR) th Configuration

1 0.68~7! ;0 1.0 ph11/2^ n i 13/2

4 0.38~6! ,0 20.7 p i 13/2^ n i 13/2

6 0.90~6! .0 0.4 ph11/2^ n5/22@512#
9 0.38~5! ,0 20.3 ph9/2^ n i 13/2l

FIG. 9. Comparison of theoretical and experimen
B(M1)/B(E2) values for bands 3 and 5.
0-9
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FIG. 10. Calculated deforma
tions for configurations in176Ir.
Letter labels: A, B—n i 13/2, a
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Fermi surface is taken to lie closer to theV59/2 orbital than
theV511/2 orbital at prolate deformation in theph11/2 sub-
shell. Furthermore, theB(M1)/B(E2) values of theph11/2
bands of1752181Ir have systematically low values, which ha
been described by a band-mixing model where aph11/2 band
of low deformation mixes with one of larger deformatio
giving rise toB(E2) values increasing with spin, and ther
fore to lowerB(M1)/B(E2) values@17,36,37#. The aligned
angular momenta of theph11/2 bands, compared to those o
theph9/2 bands, support either this scenario, or one in wh
the ph11/2 bands are more deformed than theph9/2 bands.
They increase gradually, when a reference is chosen
keeps the alignment of theph9/2 bands constant, implying a
larger moment of inertia. Although differences emerge in
details depending on the choice of potential, these con
sions are broadly supported by potential energy surface
culations based either on the Woods-Saxon or harmonic
cillator potentials@18,34,38–40#. For example, in175Ir, TRS
calculations predict a constant deformation ofb250.22 for
theph9/2 band, while predictions ofb2 increase from 0.17 to
0.25 before the alignment ofi 13/2 neutrons@18# for theph11/2
band. However, nearN598, the situation is complicated b
the strong interactions predicted by the cranked shell mo
@41# at the crossing with theSband, formed by the alignmen
of i 13/2 neutrons. This is expected to contribute significan
to the gradual upbending of the aligned angular moment
the bands shown in Fig. 6.

To understand the expected shapes in the doubly
nucleus176Ir, one must also take account of the shape dr
ing properties of the odd neutron. Ani 13/2 neutron, for ex-
ample, could be expected to drive towards negative value
the triaxiality parameterg and smaller values of«2 @42#.
Therefore, to account for competing polarization tendenc
potential energy surface calculations were carried out us
the Nilsson-Strutinsky code ‘‘ULTIMATE CRANKER’’ @43,44#,
using the parameter set of Zhanget al. @45#, which is opti-
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mized for the Pt region. Similar calculations for the od
proton Ir isotopes were carried out recently in Ref.@34#,
where a comparison of the results using the parameter
Zhanget al. @45# and the standard parameters@46# is made.
Predicted deformations, as a function of spin, for low-lyi
configurations formed by coupling ani 13/2 neutron to either
an h9/2, h11/2, or i 13/2 proton, are plotted in Fig. 10. The
ph11/2^ n i 13/2 and ph9/2^ n i 13/2 bands are predicted to
mimic the proposed shape evolution of the correspond
ph9/2 andph11/2 bands in the odd-Z Ir isotopes: theph11/2
^ n i 13/2 band is predicted to be triaxial and increase~or
stretch! in quadrupole deformation as a function of spi
while theph9/2^ n i 13/2 band is calculated to have a relative
stable deformation. Also predicted to stretch is thep i 13/2
^ n i 13/2 band, which mimics the predicted shape evolution
the one-quasiparticlep i 13/2 band@27,38#. Calculations were
also performed for couplings to negative-parity neutrons.
example, theph11/2^ n5/22@512# and ph11/2^ n1/22@521#
configurations were predicted to have stable prolate defor
tions with «2 between 0.25 and 0.26.

C. Configuration and spin assignments

1. Band 4 —p i 13Õ2‹n i 13Õ2 band

Due to the loss of intensity to bands 3, 5, and 6, it is like
that the head of band 4 has not been observed, but the lo
state observed puts an upper limit of approximately 10
keV on its bandhead. Such an excitation energy is too
for a four-quasiparticle band, which would be expected to
closer to 2D.2000 keV. The strong population of the ban
is consistent with it being yrast at high spins, implying
band with a large aligned angular momentum, and it is thu
prime candidate for thep i 13/2^ n i 13/2 band. This assignmen
@47# is supported by the good agreement found for
B(M1)/B(E2) values, as shown in Fig. 8, and the sign
the mixing ratio, listed in Table III. With the present sp
0-10
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assignments to the band, which follow from the assignme
made to band 6 in the next section, the aligned angular
mentum of the band near\v5250 keV, 9\, is in good
agreement with the alignment expected for the proposed
figuration. The gradual upbending is likely to be due par
to the choice of reference, which flattens the alignment cu
of band 8, and due to the predicted increase in deformat
It is qualitatively consistent with a large moment of iner
associated with thep i 13/2^ n i 13/2 band.

2. Band 6 —p9Õ2À[514]‹n5Õ2À[512] band

The parity of band 6 is positive, as implied by the tran
tions which link it to band 4, presumed to be due to mixi
of the nearly degenerate (141) states. Furthermore, at low
frequency, it has the lowest aligned angular momentum
any of the observed bands, close to 2\. This rules out any
configurations involvingh9/2, f 7/2, and i 13/2 protons, or the
i 13/2 neutron. Thus anh11/2 proton must be coupled to
negative-parity neutron. Following the discussion in Sec.
B, the proton Fermi surface is taken to lie closer to theV
59/2 orbital of theh11/2 subshell, rather than theV511/2
orbital, giving two low-lying configurations as cand
dates, the p9/22@514# ^ n1/22@521# and p9/22@514#
^ n5/22@512# configurations. While both would have pos
tive mixing ratios, the latter is in good agreement with t
measuredB(M1)/B(E2) values while the former overest
mates the values by up to a factor of 5. ThusKp571 is
assigned@47# to the bandhead, thereby also fixing the sp
of band 4. The rise in the experimentalB(M1)/B(E2) val-
ues above spin 14 is qualitatively consistent with a grad
alignment ofi 13/2 neutrons, although no correction has be
made in the data for mixing with band 4 at spin 14.

3. Bands 3 and 5

Bands 3 and 5 are linked to band 4, presumably due to
mixing of levels near spins 11 and 12, and are thus assig
positive parity. Due to the low intensity and low energy tra
sitions, identification of their bandheads is uncertain, but
per limits of 51 and 61, respectively, are placed on the
spins. Comparison of experimentalB(M1)/B(E2) ratios
with theoretical ratios of candidate configurations is made
Fig. 9. The increase of theB(M1)/B(E2) values of band 3
at low spins favors a tentativep1/22@541# ^ n5/22@512# as-
signment, which is consistent with the observed aligned
gular momentum. For band 5, theB(M1)/B(E2) values are
inconclusive, but the alignment pattern favors a tentat
p9/22@514# ^ n1/22@521# assignment: Band 5 has approx
mately 1\ more aligned angular momentum than band
corresponding to the replacement of the 5/22@512# neutron
by a 1/22@521# neutron.

4. Band 1 —p9Õ2À[514]‹n7Õ2¿[633] band

Band 1, a strongly coupled structure populated to h
excitation energy, presumably lies close to the yrast li
Two configurations,p9/22@514# ^ n7/21@633#Kp582 and
p5/21@402# ^ n7/21@633#Kp561, are candidates for this
band. The former would be expected to lie closest to
yrast line due to its higher-K value. Indeed, in the odd-proto
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Ir isotopes, thep9/22@514# band is populated more strongl
and to higher spin than thep5/21@402# band@17,40#. How-
ever, as shown in Fig. 8, theB(M1)/B(E2) values fit the
Kp561 calculation better. The problem with aKp561 as-
signment is that the nonobservation of theKp582 band
would need to be explained. In the odd-proton isotopes,
B(M1)/B(E2) values of thep9/22@514# band are consis-
tently low unless a relatively large deformation,Qt
58.0e b, is assumed in the calculation. In176Ir, the calcu-
latedB(M1)/B(E2) values, using transition quadrupole m
ments corresponding to the predicted deformations, wh
reach a maximum of 7.3e b by spin 19, are still overesti
mated. Surprisingly, Zhanget al. @47# found good agreemen
between calculated and measuredB(M1)/B(E2) values in
178Ir by ignoring alignment and assuming only the stro
coupling expression for thegK value.

However, good agreement can also be found if it is
sumed that the 9/22@514# proton is slightly Fermi aligned,
~justified if indeed the band is associated with the predic
triaxial shape!, with V54\ and i x51\, as shown in Fig. 8.
Band 1 is therefore assigned to theKp582, p9/22@514#
^ n7/21@633# configuration, in agreement with Ref.@13#.

It is interesting to note that the relative size of the splitti
in B(M1)/B(E2) values~Fig. 8! has no correspondence i
the energy signature splitting of the band. Such a misma
is also possible evidence of triaxiality@48#.

If Kp582 is assigned to the head of band 1, the 97 k
E1 transition depopulating the band could be a decay to
head of band 6, which is the only available intrinsic sta
with Kp571 ~see Table II!. Its 4.1 nsec mean life would
then correspond to aB(E1) value of 5.75(70)31025 W.u.
for a n7/21@633#→n5/22@512# transition. This is slightly
higher than the strengths reported for this transition atN
599 in the literature@49#, which are typically below 3
31025 W.u.

5. Band 9 —ph9Õ2‹ni13Õ2 band and bands 7, 8, and 10

Band 8 is assigned@13# to theph9/2^ n i 13/2 configuration,
which is similar in structure to those reported in heavier
isotopes@47#. A negative mixing ratio is found for this ban
as expected. The spins were estimated by using additivit
aligned angular momentum, and by requiring a signature
version at low spin, as observed for this band in other nu
@7–10#.

In the odd-proton Ir isotopes, the favored signature of
ph9/2 band is fed by its unfavored signature, and also by
p f 7/2 band@17,18,40#. Bands 7, 8, and 10 feed into band
and it is therefore natural to think of these as being can
dates for structures formed by coupling ani 13/2 neutron to the
corresponding bands of the odd-Z neighbors. Another possi
bility, since the multipolarities of the linking transition
are unknown, is the doubly decoupledp1/22@541#
^ n1/22@521# band. However, inspection of Fig. 7 revea
that the situation is likely to be more complicated. Bands
and 8 have an irregular dependence on energy, which c
indicate crossings with other bands whose levels could
be observed due to low or fragmented intensity. Certainly
the highest frequencies, the bands reach alignments of u
0-11
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14\, which would imply four-quasiparticle character, pr
sumably due to the alignment of furtheri 13/2 neutrons.

D. Residual interactions and signature inversion

The bands which show substantial signature splitting
which both signature branches have been observed,
bands 4 and 9, which are assigned to theph9/2^ n i 13/2 and
n i 13/2^ n i 13/2 configurations. These are both expected to h
the signaturea51 favored by the Coriolis interaction. How
ever, with the present spin assignments, this is not the
experimentally. The signature splitting of the bands is de
onstrated in the staggering plots of Figs. 11 and 12, in wh
the favored signature lies lowest.

Although firm spins could not be assigned to theph9/2
^ n i 13/2 band, it is nevertheless clear from the staggering p
in Fig. 11 that a change in phase in the signature splitt
occurs near spin 17. Thus a signature inversion occurs i
least a spin interval either above or below spin 17. Note t
this change in phase cannot be attributed to a band cros
in one signature partner and not the other, since a crossin
only evident in the alignment curve~Fig. 6!, at the highest of
spins~near 350 keV!, and occurs in both branches. In co
trast, with the present spin assignments, thep i 13/2^ n i 13/2

FIG. 11. Staggering in theph9/2^ n i 13/2 band compared with
predictions of the particle-rotor model with and without the resid
interactionVpn .
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band is inverted over the entire observed spin ran
~Fig. 12!.

To account for these inversions, we employ the partic
rotor model, specifically, the code of Semmes and Ragn
son @3,4#, to test whether these signature splitting effe
could be accounted for by the standard particle-rotor mo
or whether they could be explained by the inclusion o
residual interaction. In these calculations, a variable mom
of inertia @50# was used to describe the behavior of the co
Since the occupation of theh9/2 proton orbital results in a
substantially different moment of inertia to the remaini
bands~cf. Fig. 6!, different moment of inertia parameter
were employed for the two bands. The moment of inertia
the ph9/2^ n i 13/2 band was obtained from a fit to theh9/2
band of 177Ir, while the moment of inertia for thep i 13/2
^ n i 13/2 band was obtained from a fit to the ground band
174Os. In both calculations the Coriolis interaction was
tenuated by a factor of 0.8.

The calculations were performed both with, and witho
a residual proton-neutron interaction having the form

Vpn5A8p3S \

mv D 3/2

d~r p2rn!~u01u1sp•sn!. ~3!

l FIG. 12. Staggering in thep i 13/2^ n i 13/2 band compared with
predictions of the particle-rotor model with and without the resid
interactionVpn .
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TWO-QUASIPARTICLE CONFIGURATIONS, SIGNATURE . . . PHYSICAL REVIEW C 67, 014320 ~2003!
The values of the parametersu0 and u1 were fixed at
24.95 MeV and20.55 MeV, respectively, which are opt
mized for the rare-earth region@10#. The standard Nilsson
parameters of Bengtsson and Ragnarsson@46# were used.

1. ph9Õ2‹ni13Õ2 band

To calculate theph9/2^ n i 13/2 band, the orbitals selecte
for the Coriolis diagonalization included all those from t
neutroni 13/2 subshell, and as in Refs.@7,8#, the lowV orbit-
als from the protonf 7/2 and h9/2 subshells,V51/2,3/2 and
1/2, 3/2, 5/2, and 7/2, respectively. The deformati
(«2 ,g)5~0.21,0! was chosen to be consistent with the calc
lated values.

The results are compared with experiment on the stag
ing plots of Fig. 11. The calculations withoutVpn predict a
change in phase of the staggering at low spin, but clear
does not reproduce the observed change in phase near
17. The predicted phase change is due to an angular mom
tum recoupling forI , j p1 j n , as discussed, e.g., by Ham
moto @1#. The inclusion ofVpn , however, reproduces th
observed phase change near spin 17 rather well. Altho
firm spins have not been assigned to the band, the obse
tion of the high-spin phase change argues strongly for
necessity of including residual proton-neutron interactio
as observed in the lighter, rare-earth nuclei. No attempt
been made to optimize the amplitude of the calculated s
gering, but this also depends on other parameters such a
moment of inertia and Coriolis attenuation.

2. pi13Õ2‹ni13Õ2 band

The Coriolis diagonalization for thep i 13/2^ n i 13/2 band
included all orbitals in bothi 13/2 subshells at a deformatio
of («2 ,g)5~0.25,0!. The results are shown in Fig. 12. Esse
tially, neither calculation predicts a change in phase ab
spin 12. But the calculations are opposite in phase, with
calculations includingVpn giving agreement with the data
Furthermore, the calculations withVpn are of nearly constan
amplitude, also in agreement with the data, whereas with
Vpn the amplitude is predicted to increase.
d

o
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s
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It should be remembered that the present spin assignm
can be regarded as reasonably firm, since they depend
on the assumption that the proton Fermi level for t
p9/22@514# ^ n5/22@512# band lies nearest the 9/22@514#
orbital at a prolate shape, a fact which is supported by
systematic evidence discussed in Sec. IV B.

It is also interesting to note that in odd-proton nuclei, t
alignment ofi 13/2 neutrons, when coupled to anh9/2 proton,
is delayed to a higher rotational frequency compared to
value found in the even-even neighbors of the odd-pro
nucleus~see, e.g., Ref.@52#!. It has been shown on a phe
nomenological level that theph9/22n i 13/2 interaction can ac-
count for the increase in crossing frequency@8–10#. It fol-
lows that if the p-n interaction is responsible for th
signature inversion ofp i 13/2^ n i 13/2 bands, a delay in the
alignment of i 13/2 neutrons should also be expected in t
p i 13/2 bands. Indeed, in the cases where the band cros
has been unambigously observed in Re and Ir nuclei, a
layed backbending is reported@14,51#.

V. CONCLUSION

It is clear from the present observations that in general
signature splitting of a band in doubly odd nuclei cannot
predicted from the properties of the Coriolis force alone.
the model, which includes a residual proton-neutron inter
tion, the qualitative understanding of the occurrence of s
nature inversion — that it occurs when a particle is coup
to a quasiparticle — has been borne out by the present
servations.

However, it is also clear that further experimental work
necessary, particularly for thep i 13/2^ n i 13/2 band, both to
provide firm spin assignments and to map the system
behavior of the signature splitting as a function of proton a
neutron numbers.
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