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High-spin states of the odd-A 179Ir have been studied via heavy-ion fusion reaction. Bands built on five
different Nilsson states (ph9/2, p i 13/2, pd5/2, ph11/2, andp f 7/2) have been established, among which the
p f 7/2 (1/2

2@530#) band is identified for the first time in Ir isotopes. Experimental aligned angular momenta
band-crossing frequencies, and relative transition rates are analyzed and compared with the cranked
model and the particle-rotor model calculations. Effects of intruder states, particularlyph9/2 andp i 13/2, have
been discussed on three aspects: deformation driving, shape evolution, and quasiparticle alignment. It is fo
that thep i 13/2 orbital has a strong, positive-b2 driving effect on the shape of Ir nuclei, while the driving force
of theph9/2 orbital is minimized when the Fermi level reaches the shell. The total Routhian surface calcu
tions suggest that theph11/2 and pd5/2 configurations in 179Ir possess relatively largeb2 deformation
(;0.26), which is consistent with the particle-rotor calculations. The possible contribution of theph9/2 cross-
ing to the gradual alignment gains observed in theph11/2 andpd5/2 bands is discussed from the influence of
deformation and interaction strength.@S0556-2813~96!00805-9#

PACS number~s!: 23.20.Lv, 221.10.Re,221.10.Tg,227.70.1q
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I. INTRODUCTION

It is well known that high-j low-V orbitals play a very
important role in determining the underlying properties
nuclear structure. In the rare-earth region, the 1/2@541# ~from
ph9/2) and 1/2@660# ~from p i 13/2) Nilsson states are com-
monly referred to as intruder1 orbitals, since they emanate
from above theZ582 gap, rapidly lower in energy with
increasing quadrupoleb2 deformation, andintrude into the
lower oscillator shell. The occupation of these orbitals by
single proton is expected to have substantial effects on
nuclear shape. Analogously, it has been reported@1# that the
neutron i 13/2 intruder in theA5130 region demonstrates
large deformation driving effects. It is also commonly know
that the first band crossing occurring throughout the ra
earth region is due to the alignment of an i 13/2 pair resulting
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1The conventional meaning of ‘‘intruder’’ is slightly modified

here. It normally refers to the unique or abnormal parity state.
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from a strong Coriolis interaction. In the heavier Ir-Pt-A
region the alignableh9/2 proton pair is gradually coming into
play at low rotational frequencies.

In recent years, studies on the lighter Re and Ir nuc
have shown many interesting configuration dependent hig
spin phenomena, where bands built on thepd5/2, ph9/2,
ph11/2, and p i 13/2 states have been observed. One of t
more striking features is the very different pattern of th
aligned angular momentum as a function of rotational fr
quency for the observed bands. The available data in oddA
Re and Ir isotopes (1712175Re @2–4# and 1732177Ir @5–7#!,
and our new high-spin data in179Ir presented here illustrate a
p i 13/2 band with steadily increasing alignment in the ob
served frequency range~typically 0.1,\v,0.38 MeV!
when referred to theph9/2 band. However, in

177Re @8,9#
and in 181Ir @10,11# there are sets of positive parity band
that contain thep i 13/2 excitation but also other mixed con-
figurations. Gradual increases in aligned angular moment
have also been observed in theph11/2 andpd5/2 bands. In
the same frequency range, a sharp backbending is prese
theph9/2 band at\v'0.3 MeV.

The gradual increase of alignment in thep i 13/2, ph11/2,
and pd5/2 bands is very interesting and in need of a fu
explanation. One suggestion attributes this feature to a b
crossing with a very large interaction, but it is difficult to
explain the low-frequency occurrence of the band crossing
a configuration (p i 13/2) that is so strongly deformation driv-
ing. An alternative interpretation attributes this gradu
alignment gain to a ‘‘d band,’’ formed from a pair ofph9/2
coupled to spinJ50, crossing with the ground band a
higher rotational frequencies. This has been sugges
@6,11–14# to explain the anomalous alignments in the yra
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53 2107EFFECTS OF INTRUDER STATES IN179Ir
bands of Os and bands (ph11/2 and pd5/2) of Re and Ir
nuclei. The third suggestion could be that the smooth
crease could result from the inappropriate reference in
alignment plot, due to a substantially larger deformat
(b2) compared with other bands. The peculiar alignment
havior of thepd5/2 band in 183Ir was explained by Janze
et al. @15# as an i 13/2 crossing plus aph9/2 crossing. The
evidence of theph9/2 crossing was reported from the studi
of double-blocking experiments in odd-odd nuclei
Kreineret al. @16# and Janzenet al. @17#.

To address these issues, we have performed spectros
experiments and also a lifetime measurement on high-
states in179Ir ~Secs. II and III!, and have made systemat
analyses of band crossings and shape changes for bands
on different orbitals in this region~Sec. IV!. These studies
have been aimed at understanding better the effects o
truder states from three aspects: deformation driving, sh
evolution, and quasiparticle alignment. In addition, we ha
compared the experimental results with calculations usin
particle-rotor model for electromagnetic properties, the to
Routhian surface for nuclear shapes, and cranked shell m
for band crossings.

II. EXPERIMENTAL INFORMATION

The g-ray spectroscopic studies of179Ir were carried out
at the Oak Ridge National Laboratory. A27Al beam was
delivered from the tandem accelerator at the Holifi
Heavy-Ion Research Facility. The experiment was perform
on the spin spectrometer, consisting of 19 Compt
suppressed Ge counters2 and 52 NaI detectors. The NaI d
tectors were used as anH–K filter, allowing a gate on the
g-ray total energy and fold of each event to do channel
lection. The contributions from the Ge detectors and the a
Compton shields were taken into account for calculating
values ofH andK. Stacked x-ray absorbers of Sn, Cu, a
Ta were placed in front of mostly the forward-angle Ge
tectors to reduce the singles rates in the detectors. A t
lead collimator was added to the inner surface of each Co
ton shield to prevent targetg rays from directly entering the
shield.

Levels in 179Ir were populated by the156Gd(27Al, 4n)
reaction. A Gd target with thickness of 1 mg/cm2 and a
208Pb backing (;13 mg/cm2) was used to avoid Dopple
shifting in theg-ray energies at different detecting angle
The use of a backed target also enabled the extractio
lifetimes of some transitions by the Doppler shift attenuat
method~DSAM!. Priori to the main experiment, excitatio
function was measured at three energies of 134, 139, and
MeV in order to select the optimal beam energy for the
action channel of interest. A full measurement was p
formed at the beam energy of 134 MeV.

Data were recorded in an event-by-event mode, requi
the simultaneous firing of at least two Ge and four NaI
tectors. Theg-g coincidence data were sorted off line into
4k34k matrix so that the level scheme could be establis
from the coincidence relationship. The total detected ene

2During the experiment, two Ge counters were malfunction
and data from only 17 Ge detectors were used.
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H and foldK were properly gated~‘‘banana’’ gate! during
the creation of theg-g matrix to select mostly the 4n chan-
nel. With theH–K selection, about 803106 g-g coincidence
data were collected in the179Ir matrix. A full background
subtraction based on the method of Palameta-Wadding
@18# was performed on the matrix.

A method based on the observation of directional corr
lations ofg rays deexciting oriented states~DCO ratios! was
adopted to determine theg-ray multipolarities and spins of
the nuclear levels. For this purpose, a 1k31k DCO matrix
was created by sorting data with Ge counters at angle
24° on one axis compared to those at 63° on the other, a
the experimental DCO ratio is calculated by

RDCO5
I g2

u1~gateg1
u2!

I g2

u2~gateg1
u1!

,

whereI g2

u1(gateg1
u2) is the intensity ofg2 on angleu1 with the

energy gate ofg1 on angleu2 . Usually the gate is chosen to
set on a stretched quadrupole (E2) transition, then theoreti-
cally RDCO51.0 is expected for stretchedE2 transitions and
;0.6 forDI51 transitions.

The Ge detectors in the spin spectrometer can be grou
into five rings with angles relative to the beam axis a
u524°, 63°, 87°, 117°, and 156°. To facilitate the lifetime
analysis in179Ir, we sorted the events into five 2k32k ma-
trices, containing the coincidences ofg rays between the Ge
detectors at one of the rings on one axis and any other c
related Ge on the other axis. Line shapes were measu
from spectra gated on transitions lying below the levels f
which lifetimes are to be obtained.

III. EXPERIMENTAL RESULTS

This section is devoted to the discussion of the deduc
level scheme and band assignments in179Ir. An interesting
topic of interband transitions in179Ir will be discussed in
Sec. III C. The DSAM lifetime measurement is described
Sec. III D.

A. The level scheme of179Ir

From the analysis of theg-g matrix, intensities of transi-
tions, DCO ratios, andH–K distributions, we have estab-
lished the level scheme of179Ir, as shown in Fig. 1. Nine
decay sequences have been identified, labeled from band
band 7, among which bands 3 and 4 consist of two strong
coupled sequences. Theg rays identified with this nucleus
are summarized in Table I according to their energies, re
tive intensities, DCO ratios, spin and multipolarity assign
ments. The relative intensities ofg rays were mostly ob-
tained from fitting the total projection spectrum. For thos
contaminated peaks~doublets, triplets!, the gated spectra
were used and the results were then normalized to those fr
the total projection.

The ground state of179Ir has been identified@19# to be
5/22 from decay studies. This is the bandhead of th
1/22@541#ph9/2 sequence. Due to the large decoupling p
rameter of this configuration, usually the 9/22 and 5/22

states are separated only by several tens of keV and the
g
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FIG. 1. Level scheme of179Ir. The arrow width is proportional to the intensity of the corresponding transition. Transitions to the exp
5/22 ground state are not observed in the experiment and the 9/22 state is used as a reference for the whole level scheme.
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rectg transition between these two levels is rarely seen. T
5/22 level is not seen in our data, therefore, the 9/22 state is
the lowest level in the current level scheme and the energ
this level has been set to 0 keV as a reference for the en
level scheme.

The spin and parity assignments rely on the DCO ratios
well as the knowledge of band structures~Nilsson configu-
rations! and the systematic information of neighborin
nuclei, which will be discussed in the following subse
tions. The Nilsson configurations associated with ban
in 179Ir presumably are 1/22@541#, ph9/2 ~bands 1 and 5!;
1/21@660#, p i 13/2 ~band 2!; 5/21@402#, pd5/2 ~band 3!;
9/22@514#, ph11/2 ~band 4!; and 1/22@530#, p f 7/2 ~band 6!.
These assignments are also supported by the analysi
B(M1)/B(E2) branching ratios~see Sec. IV E 1!.

A preliminary report of our results was given earlier~Ref.
@20#!. TheB(M1)/B(E2) magnetic and electric quadrupo
properties of theh11/2 band in 179Ir were discussed by Dra
coulis et al. @12#. Lifetime measurements on some of th
low-lying states in 179Ir using the recoil distance metho
were reported by Mu¨ller et al. @21# and will be compared
with our DSAM results.
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1. Bands 1 and 1s

Band 1 is the strongest sequence populated in the re
tion, which can be seen from the intensities ofg rays listed
in Table I. A typical rotational spectrum is illustrated in Fig
2~a! from the 663.0-keV gate. The DCO ratios of transition
in the band are mostly around 1.0 and are in agreement w
theE2 assignments.

One of the important measurables used to determine
band configuration is the energy splitting between the tw
signatures of the band~signature splitting!. Band 1 has de-
coupled characteristics, which implies a low-K structure at
their bandheads. The favored-signature sequence is stron
populated in experiment, while the unfavored-signature s
quence lies higher in energy and is only weakly populate
Figure 3 shows the calculated single-proton levels arou
Z577 using the Woods-Saxon potential withg50° and
b450. There are four Nilsson orbitals of lowK on the
prolate-deformed side (b2;0.25) close to theZ577 Fermi
surface: 1/22@541# and 3/22@532# from theph9/2 subshell,
1/21@660# (p i 13/2), and 1/22@530# (p f 7/2).

The 1/22@541# state from theph9/2 subshell has been
identified as the ground configuration of light odd-A Au and
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TABLE I. g-ray energies, relative intensities, DCO ratios, and multipolarity assignments in179Ir.

Eg ~keV! a Band I g
b RDCO

c Ji
p → Jf

p Multipolarity

202.7 1 95.26 0.9 0.866 0.02 13/22 → 9/22 E2
350.3 1 100.06 1.0 1.086 0.03 17/22 → 13/22 E2
465.3 1 91.76 0.9 1.106 0.02 21/22 → 17/22 E2
550.2 1 80.26 0.8 0.906 0.02 25/22 → 21/22 E2
613.7 1 53.16 1.3 d 0.926 0.04 29/22 → 25/22 E2
663.0 1 30.56 0.4 0.906 0.05 33/22 → 29/22 E2
718.6 1 15.36 0.6 d 1.196 0.12 37/22 → 33/22 E2
753.7 1 7.66 0.3 0.926 0.15 41/22 → 37/22 E2
796 1 4.36 0.5 ~45/22) → 41/22 (E2!

475.2 1s 13.66 1.1 d 1.146 0.34 37/22 → 33/22 E2
555.6 1s→1 12.66 0.7 d 1.006 0.09 37/22 → 33/22 E2
585.2 1s 23.76 1.9 d 1.036 0.16 41/22 → 37/22 E2
669.7 1s 14.96 0.5 1.166 0.26 45/22 → 41/22 E2
742
743

1s
1s→1 J 7.460.3 1.226 0.38

~49/22) →45/22

33/22→ 29/22
(E2!
E2

803 1s ,5 ~53/22) →~49/22) (E2!

315.1 1s→4 9.96 0.7 d 0.736 0.17 33/22 → 31/22 M11E2
479.9 1s→4 17.56 1.2 d 1.316 0.31 37/22 → 33/22 E2
612.9 1s→4 19.36 2.1 d 0.926 0.10 33/22 →29/22 E2
263.0 2→3 29.56 0.3 0.986 0.03 21/21 → 17/21 E2
282.3 2 44.56 0.4 0.946 0.02 21/21 → 17/21 E2
361.6 2 91.96 0.9 1.066 0.03 25/21 → 21/21 E2
434.0 2 83.66 0.9 1.106 0.04 29/21 → 25/21 E2
497.5 2 78.66 0.8 0.986 0.04 33/21 → 29/21 E2
555.5 2 61.76 1.6 d 0.926 0.03 37/21 → 33/21 E2
611.2 2 42.66 0.6 0.946 0.04 41/21 → 37/21 E2
666.0 2 21.06 0.5 0.796 0.15 45/21 → 41/21 E2
719.8 2 13.06 1.4 d 0.876 0.13 49/21 → 45/21 E2
770 2 8.16 0.3 0.846 0.24 53/21 → 49/21 E2
817 2 ,5 ~57/21) →53/21 (E2!

195.1 2→3 18.16 0.2 0.646 0.03 17/21 → 15/21 M11E2
383.4 2→3 44.36 0.5 1.016 0.05 17/21 → 13/21 E2
206.1 2→5 1.26 0.2 d 0.686 0.18 21/21 →19/22 E1
378.9 2→1 3.96 0.3 d 1.546 0.32 21/21 →21/22 E1
102.1 3 12.26 0.2 0.366 0.03 7/21 → 5/21 M11E2
125.9 3 22.76 0.2 0.456 0.02 9/21 → 7/21 M11E2
148.8 3 37.76 0.4 0.646 0.03 11/21 → 9/21 M11E2
168.3 3 36.36 0.4 0.626 0.03 13/21 → 11/21 M11E2
188.2 3 35.16 0.4 0.636 0.04 15/21 → 13/21 M11E2
210.1 3 6.46 0.6 d 19/21 →17/21 M11E2
214.4 3 18.46 1.1 d 1.056 0.27 17/21 → 15/21 M11E2
228.0 3 9.36 0.2 1.036 0.19 9/21 → 5/21 E2
234.0 3 8.06 0.1 0.766 0.12 21/21 → 19/21 M11E2
246.9 3 7.86 0.9 d 0.696 0.15 23/21 → 21/21 M11E2
261.0 3 5.16 0.7 0.726 0.35 25/21 → 23/21 M11E2
274.7 3 14.66 0.2 0.956 0.08 11/21 → 7/21 E2
278.9 3 6.36 0.8 d 0.756 0.12 27/21 → 25/21 M11E2
317.1 3 43.76 0.4 1.006 0.06 13/21 → 9/21 E2
356.6 3 43.36 0.7 1.116 0.06 15/21 → 11/21 E2
402.6 3 21.36 0.3 1.136 0.08 17/21 → 13/21 E2
424.1 3 24.16 1.3 d 0.936 0.09 19/21 → 15/21 E2
443.8 3 11.96 0.2 d 1.056 0.19 21/21 → 17/21 E2
480.9 3 26.56 2.6 d 1.086 0.10 23/21 → 19/21 E2
508.2 3 16.76 1.8 d 1.386 0.27 25/21 → 21/21 E2
539.9 3 19.76 0.4 0.786 0.13 27/21 → 23/21 E2
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TABLE I. ~Continued.!

Eg ~keV! a Band I g
b RDCO

c Ji
p → Jf

p Multipolarity

228.9 3→2 7.36 0.7 d 19/21 → 17/21 M11E2
463.0 3→2 15.16 1.4 d 0.986 0.16 21/21 →17/21 E2
124.1 4 25.56 0.3 0.526 0.04 11/22 → 9/22 M11E2
163.4 4 48.76 0.5 0.626 0.03 13/22 → 11/22 M11E2
180.1 4 45.86 0.6 0.686 0.04 15/22 → 13/22 M11E2
200.1 4 45.36 0.5 0.636 0.05 17/22 → 15/22 M11E2
214.8 4 47.86 0.5 0.736 0.04 19/22 → 17/22 M11E2
231.1 4 40.86 0.4 0.806 0.06 21/22 → 19/22 M11E2
244.0 4 38.46 1.3 d 0.776 0.05 23/22 → 21/22 M11E2
258.6 4 28.26 0.3 0.866 0.05 25/22 → 23/22 M11E2
270.9 4 18.66 0.2 0.626 0.05 27/22 → 25/22 M11E2
285.5 4 19.66 0.2 1.006 0.15 29/22 → 27/22 M11E2
287.3 4 7.66 0.2 1.276 0.30 13/22 → 9/22 E2
297.6 4 16.96 0.4 0.646 0.10 31/22 → 29/22 M11E2
310.6 4 8.26 0.6 d 0.796 0.14 33/22 → 31/22 M11E2
324.6 4 5.36 0.6 d 0.746 0.26 35/22 → 33/22 M11E2
335.9 4 6.56 0.6 d 37/22 →35/22 M11E2
337.6 4 5.06 0.6 d 43/22 →41/22 M11E2
339.7 4 5.36 0.6 d 39/22 →37/22 M11E2
341.4 4 5.06 0.6 d 41/22 →39/22 M11E2
343.5 4 18.36 0.2 1.156 0.12 15/22 → 11/22 E2
380.3 4 28.16 0.7 d 1.006 0.10 17/22 → 13/22 E2
415.0 4 33.66 0.4 1.096 0.09 19/22 → 15/22 E2
446.0 4 48.66 0.5 1.066 0.09 21/22 → 17/22 E2
475.1 4 53.56 4.4 d 0.956 0.07 23/22 → 19/22 E2
502.7 4 56.66 4.6 d 0.946 0.08 25/22 → 21/22 E2
529.6 4 55.26 1.0 0.956 0.07 27/22 → 23/22 E2
556.4 4 50.16 3.0 d 0.886 0.06 29/22 → 25/22 E2
583.2 4 40.16 0.5 1.046 0.17 31/22 → 27/22 E2
608.3 4 33.26 2.2 0.946 0.15 33/22 → 29/22 E2
635.3 4 23.06 1.7 d 0.876 0.12 35/22 → 31/22 E2
660.3 4 11.76 2.0 d 1.236 0.36 37/22 → 33/22 E2
666 4 ,7 ~45/22) →41/22

675.6 4 13.36 0.4 1.186 0.19 39/22 → 35/22 E2
679.2 4 8.96 1.1 d 0.916 0.36 43/22 → 39/22 E2
681.2 4 7.86 1.1 d 0.886 0.33 41/22 → 37/22 E2
140.0 4→1 ,3 ~9/22 → 9/22) (M11E2!

739 4→1 ,4 ~33/22 → 29/22)
655.7 4→1s 7.36 1.1 1.266 0.38 37/22 → 33/22 E2
327.4 5 ,3 15/22 →11/22 E2
506.4 5 7.36 0.7 d 1.086 0.11 23/22 → 19/22 E2
593.1 5 9.36 0.5 d 1.066 0.13 27/22 → 23/22 E2
625.6 5 8.76 0.8 d 1.026 0.13 31/22 → 27/22 E2
661 5 5.06 1.4 d ~35/22) →31/22 (E2!

708 5 ,5 ~39/22) →~35/22) (E2!

431.3
432.6

5
5→1 J 8.16 1.0d

19/22 →15/22

11/22 →9/22
E2

M11E2

557.2 5→1 ,5 15/22 → 13/22 M11E2
638.1 5→1 10.16 0.6 d 0.406 0.06 19/22 →17/22 M11E2
679.5 5→1 9.96 1.1 d 0.236 0.10 23/22 →21/22 M11E2
722 5→1 ,5 ~27/22 → 25/22)
556.9 5→6 5.46 0.8 d 27/22 → 23/22 E2
380.8 6 3.36 0.4 d 1.386 0.32 19/22 → 15/22 E2
449.2 6 11.16 0.2 1.056 0.10 23/22 → 19/22 E2
480.4 6 5.76 0.6 d 1.066 0.11 27/22 → 23/22 E2
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TABLE 1. ~Continued.!

Eg ~keV! a Band I g
b RDCO

c Ji
p → Jf

p Multipolarity

551.0 6 6.96 1.1 d 0.996 0.16 31/22 → 27/22 E2
606.6 6 3.26 0.6 d 1.246 0.16 ~35/22) → 31/22 E2
631 6 ,4 1.046 0.20 ~39/22) →~35/22) (E2!

645 6→1 4.66 0.7 d 27/22 → 25/22 M11E2
701 6→1 2.96 0.5 d 15/22 → 13/22 M11E2
715 6→1 ,5 23/22 → 21/22 M11E2
731.3 6→1 8.76 0.3 0.446 0.14 19/22 → 17/22 M11E2
516.3 6→5 8.36 1.1 d 1.156 0.20 27/22 →23/22 E2
336.8 7 ,5 1.756 0.29 ?
423.7 7 6.16 0.7 d 1.156 0.10 ?
466.0 7 4.06 0.8 d 1.036 0.17 ?
502.6 7 8.06 0.9 d 1.036 0.10 ?
602 7→1 ,5 1.016 0.38 ~?→ 13/22)
804.6 7→1 ,5 ?→ 9/22

938.6 7→1 7.76 0.2 ?→13/22

1012 7→1 3.06 0.3 ?→17/22

aEnergy uncertainty for most of transitions; 0.2 keV, for those without decimal point; 0.5 keV.
b,dIntensities were obtained from the total projection spectrum and normalized with the transition 350.3 keV
However, for those contaminated peaks, as marked byd, the results were taken from gated spectra.
cBlank space in theRDCO column indicates that no DCO ratio was able to be extracted for the transition.
Ir isotopes ~see for example a summary by Nazarewic
et al. @22#!. The assignment of band 1 to the decouple
ph9/2 configuration agrees with the characteristics of th
ground state band in this mass region and is consistent w
the results in neighboring Ir isotopes@7,10,11,16#. The ex-
z
d
e
ith

pected ground state 5/22 is not observed in the experiment,
but should lie very close to the 9/22 state. Based on the
systematics~e.g., 44 keV in177Ir @7#, 25 keV in 181Ir @10#, 20
keV in 183Ir @16#!, this energy in179Ir should not exceed 40
keV.
FIG. 2. Gatedg-ray spectra in179Ir data: ~a!
on the 663.0-keV transition,~b! sum of 263.0 and
282.3 keV, and~c! on 200.1 keV.
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Band 1s forms the yrast sequence above spin 33/22 in
band 1. The main intensity of band 1s branches into band 1
through a 555.6 keV transition to level 33/22. The DCO
data show that both the 555.6~37/22 to 33/22) and 743
~33/22 to 29/22) keV transitions have quadrupole (E2)
character although the latter one is contaminated by a sim
transition at the top of band 1s. The transitions 718.6, 753.2
and 797 keV form the extension of the ground band, wh
band 1s was extended to spin~53/22), as the two branche
demonstrated in Fig. 2~a!. Similar features have been ob
served in the ground bands of many Os nuclei, for exam
178,180Os @23# where both the ground-band extension and
s band were observed. Normally the yrast sequence
strongly populated in experiment, but in the gate of Fig. 2~a!
this preference is not obvious. The phenomenon can be
tributed to the competition of another branch from bands
to band 4~see Sec. III A 3! as well as from band 2.

2. Bands 2 and 3

The second strongest decay sequence observed in179Ir is
band 2 in which the 361.6-keV transition has a 91.9% re
tive intensity. This band mainly feeds into a strongly coup
band 3 through a few intense transitions. Apparently the b
tom level in band 2 lies very close to one of the levels
band 3, resulting in two mixed levels at 1114.9 and 113
keV. The complicated crossing pattern between bands 2
3 ~see Sec. III C! can only occur if the two mixing levels
have the same spin and parity since DCO ratios in Tab
suggestE2 characteristics for the 263.0, 282.3, 443.8, a
463.0 keV transitions. The nice pattern of a rotational ba

FIG. 3. Single-proton level diagram aroundZ577 calculated
with the Woods-Saxon potential by assumingb45g50.
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@Fig. 2~b!# can be seen clearly up to 770 keV, while the la
transition of 817 keV is tentative.

Band 3 is a strongly coupled band, suggesting a highK
configuration. Only one signature is observed in band 2, s
gesting a low-K structure with a large signature splitting
similar to band 1. Since bands 2 and 3 have the same pa
the logical association of Nilsson state for band 2 is
1/21@660# (p i 13/2) orbital with its favored-signature se
quence observed, and for band 3 is the 5/21@402# (pd5/2)
configuration~Fig. 3!. The choice of negative parity orbital
is eliminated by the fact that only two weak transitio
~206.1 and 378.9 keV! are observed connecting band 2 wi
the p52 bands 1 and 5~band 5 is discussed in Sec
III A 4 !.

The current assignment leads to an initial spin of 5/21 for
band 3. The two mixing levels at 1114.9 and 1134.1 k
then have spin 17/21 and the 1397.2 keV level has spi
21/21 which is consistent with the decays from this level
the 21/22 in band 1 and 19/22 in band 5. The bandhead o
thep i 13/2 band should be 13/21 but is not seen in the dat
since the mixing of the two 17/21 states in bands 2 and
causes a major portion of the intensity in band 2 to feed i
band 3 before reaching its bandhead. The large popula
intensity allows us to measure the lifetimes of states in
p i 13/2 band by using the Doppler shift attenuation meth
~DSAM! as described in Sec. III D. The intriguing behavi
of thep i 13/2 band will be discussed in Sec. IV. The branc
ing ratio analysis from the particle-rotor model in Se
IV E 1 supports the assignment to band 3.

3. Band 4

Another strongly coupled structure, band 4, has been
served from spin 9/22 up to ~45/22). The determination of
spin and parity for this band comes from the intriguing d
generacy of the two 33/22 states in band 4 and band 1s. In
fact they are only separated by 4.5 keV, and the overlap
wave functions of the two states leads to the observation
several interband transitions, just as those between ban
and 3. Band 4 is strongly populated in the experiment a
shows no signature splitting. The most logical choice of
signment is the high-K ph11/2 band built on the 9/22@514#
orbital, which systematically appears in the Ir isotopes~and
is the ground structure in some Re nuclei!. The measure-
ments of interband transitions between bands 4 and 1s en-
sure the band assignment and particularly enable us to d
mine the bandhead energy which is very important in ter
of discussing the relative Routhians.

The ‘‘picket-fence’’ structure of band 4@Fig. 2~c!# en-
ables us to extract theB(M1;I→I21)/B(E2;I→I22) ra-
tios. These ratios are very sensitive to the intrinsic struct
of a band and the change due to band crossings. The re
of the B(M1)/B(E2) analysis and the application of th
particle-rotor model to these data presented in Sec. IV
confirm the above assignment to band 4. There is a poss
transition~very weak 739-keV line! connecting the 2920.9
keV level of band 4 with the 2182.2-keV level of band 1.
relies on the fact that the 660.3 and 675.6-keV peaks w
observed in the 613.7-keV gate of band 1. The top transi
~666 keV! is also uncertain.

The bandhead 9/22 state in band 4 must be isomeric sin
no transition to the 5/22 ground state is observed, although
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53 2113EFFECTS OF INTRUDER STATES IN179Ir
weak transition~140 keV! from this state to the 9/22 state of
band 1 might exist@Fig. 2~c!#. The same situation occurs in
band 3 where no obvious decaying-out transition is observ
Kaczarowskiet al. @10# found that the corresponding 5/21

and 9/22 states in181Ir are isomeric witht1/250.33m s and
t1/250.13m s, respectively, while Dracouliset al. @11# mea-
sured 430 ns and 193 ns. Apparently the lifetimes exceed
coincidence time window (;100 ns! in our experiment.

4. Bands 5 and 6

Two relatively weak rotational sequences~about 10% in-
tensity level! were established as bands 5 and 6 in the lev
scheme of179Ir. Both bands show similar structures, whic
are indicated by the similar decaying-out pattern into t
lower levels of the groundh9/2 band. Small DCO ratios
~Table I! for the crossing transitions of 638.1, 679.5, an
731.3 keV suggest theM1 interband transition pattern~this
meansp52) although theE1 possibility cannot be elimi-
nated. An interlocking decay structure is observed betwe
the two bands at levels 1697.5 and 1733.5 keV, sugges
the same spin and parity for the two levels and ensuring
same parity for bands 5 and 6.

Signature splitting is another point to be examined. Ban
5 and 6 show a decoupled structure like band 1 or 2. T
low-K requirement excludes the likelihood ofp51 states
and leaves three possible candidates: 3/22@532#, the unfa-
vored signature of 1/22@541#, and 1/22@530# from the
p f 7/2 shell. Furthermore, the favored signature o
1/22@530# and the unfavored signature of 1/22@541# have
the same value ofa521/2 and therefore the same spin se
quence, while the favored sequence of 3/22@532# has the
opposite signature ofa51/2. The choice of the 3/22@532#
configuration is automatically eliminated due to the sam
spin and parity preference of bands 5 and 6. Thus, the un
vored signature of 1/22@541# is assigned to band 5 and th
favored signature of 1/22@530# to band 6. This assignmen
to band 6 fits very well into the signature-splitting systema
ics of the knownph9/2 bands in Ir and Au nuclei@24–27#, as
shown in Fig. 4. The decrease of signature splitting in A
isotopes can be understood by the fact that the decoup
1/2@541# state is further away from the Fermi surface.

The low-lyingp f 7/2 band is observed for the first time in
Ir nuclei. This f 7/2 structure has been identified in185Au by
Larabeeet al. @26#. It is quite surprising to notice that the
structures of thep f 7/2 bands in

179Ir and 185Au are so simi-
lar. For instance, in185Au this band decays into the favored
signature of the groundph9/2 band through a series ofM1
transitions, and there is the crossing transition pattern
tween thef 7/2 band and the unfavoredh9/2 band occurring
exactly at the same spin of 23/22 as in 179Ir. The initial spin
for the f 7/2 band is also 15/22 but the excitation energy is
less than that in179Ir ~776.1 keV versus 903.5 keV!, which is
understandable due to the two more protons in Au.

A systematic study of theoretically predicted bandhea
in the rare-earth region by Nazarewiczet al. @22# have
shown that the bandhead of thef 7/2 structure in odd-A Ir and
Au nuclei lowers in energy as the neutron number decreas
and reaches its lowest point aroundN5102,104. The calcu-
lated bandhead energy in179Ir using the Woods-Saxon po-
ed.
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tential is about 510 keV~7/22 state! in comparison with
;300 keV for 185Au. However, the calculations using th
Nilsson potential with the standard (k, m) parameters sug-
gested by Bengtsson and Ragnarsson@28# cannot reproduce
the data in this region very well, and particularly the pr
dicted excitation energies for thep f 7/2 andp i 13/2 orbitals are
too high in comparison with the experimental data. Zha
et al. @29# has suggested new sets of (k, m) for the Au-Pt
region based on the new experimental information fro
185Au. Although it results from only one piece of experimen
tal information, the new parameters do give better results
this region.

5. Band 7

The most uncertain assignment in the level scheme
band 7, which decays into the ground band via several tr
sitions. Spins and parities for this band could not be assig
but the three transitions~423.7, 502.6, and 466.0 keV! have
theE2 character from the DCO data. The DCO ratio~1.75
60.29! for the 336.8-keV line seems to have noE2 charac-
ter within the experimental error. No definite assignment
band 7 can be made from the current experiment but a cou
of speculations are discussed here. One possible config
tion might be a prolate band built on theph9/2 3/2

2 @532#
Nilsson state withIp sequence of 7/22, 9/22, . . . . This
needs the starting spin of band 7 to be measured. Ano
possible choice is an oblate band with theph9/2 orbital cou-
pling to an oblate shape, as reported in Au and Pt decay w
@30#. The oblate band in this case should be strongly coup
since the oblate core is coupled with a high-K orbital from
the h9/2 shell. However, in our179Ir experiment only one
signature is observed and we would have to assume tha
missing signature partner is due to its weak population.

FIG. 4. Energy signature splitting for the knownph9/2 bands in
odd-A Ir and Au nuclei at\v50.22 MeV. References are given i
the text.
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2114 53H.-Q. JINet al.
B. Absence of other positive parity bands

Band 2 in 179Ir clearly has features that lead to its ass
ciation with thep i 13/2 1/2@660# orbital, including the absence
of a signature partner, high initial quasiparticle alignme
and an enhanced transition quadrupole moment~see later
sections in this paper!. This is similar to the situation in the
lighter Ir isotopes. However, close lying sets of positive p
ity bands are seen in181Ir @11# and in 177Re @9#. This dif-
ference is illustrated in Fig. 5, which contains plots of t
energies of the observed bands in179Ir, 181Ir, and
177Re relative to a reference of a rigid rotor. In bo
181Ir and 177Re there are close-lying positive parity ban
in the 600 – 800 keV range~on the scale of Fig. 5! around
I 5 15 \, whereas in179Ir we observe a single such ban
lower in energy, around 400 keV. As discussed by Ba
et al. @9#, these multiple positive parity bands i
175Re result from the coupling ofph9/2 with negative parity
two-neutron configurations, mixed with the 1/2@660# proton
orbital. Only at higher spin in 177Re does the
p i 13/2 character become more pure as it~band 4! separates
from the other excitations and drops in energy. In179Ir, the
1/2@660# orbital apparently comes lower in energy~due to a

FIG. 5. Energies of levels relative to a rotating rigid core f
observed bands in179Ir ~this work!, 181Ir @11#, and 177Re @9#.
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larger ground state deformation! compared to181Ir, and thus
our band 2 lies at 400 keV on the scale of Fig. 5. Presumab
there exists another set of positive parity bands 300 ke
higher in energy, analogous to those seen in181Ir and
177Re. However, the 1/2@660# band in 179Ir is not signifi-
cantly mixed with those higher-lying bands, due to the e
ergy difference.

C. Two-level mixing analysis in 179Ir

It is worthwhile to extend our discussion to one speci
feature in the level scheme of179Ir — the interband transi-
tions among six different bands. Four interband transitio
~315.1, 479.8, 612.8, and 656 keV! have been observed be-
tween theh9/2 yrast sequence and the strongly couple
h11/2 band. It is surprising that the three 33/2

2 states in these
bands come so close in energy~different only by 80.4 and
4.5 keV, respectively!, such that the 33/22 in bands 1s and
4 are almost degenerate. The interaction matrix element c
roughly be estimated by a two-level mixing scheme.

The mixed statesuc1& and uc2& can be related to the two
unperturbed statesu1& and u2& by

uc1&5au1&1bu2&,

uc2&52bu1&1au2&, ~1!

where a and b satisfy the normalization condition
a21b251. The relationship between the interaction matr
elementV and the perturbed energies (E1 , E2) is then ex-
pressed as

uVu5ab~E12E2!5aA12a2~E12E2!. ~2!

The coefficientsa andb are directly related to the measured
transition rates:

B~E2,c0→c1!

B~E2,c0→c2!
5
a2

b2
, ~3!

whereuc0& is assumed to be a pure, unperturbed level.
The branching ratios can be extracted from the expe

mental data and the results are summarized in Table II.
one can see from the table, a very small interaction
uVu52.2 keV is obtained for the two 33/22 states of bands
1s and 4. This can be understood due to theK forbiddenness
between theK 5 1/2h9/2 andK 5 9/2h11/2 bands. However,
because of the near degeneracy of the two 33/22 levels, even
small mixing of the wave functions allows the interban
transitions to occur.

In 175Os, near degeneracy of rotational states at sp
25/22 and 29/22 in the 1/22@521# and 5/22@512# bands has
been reported~Ref. @31#! and a very small interaction matrix
element of about 4 keV has been suggested by a 25% diff
ence in deformation between the two configurations.
179Ir, the very small interaction between theh11/2 band and
three quasiparticles band could also indicate substantial dif
ference in deformation between them, whereas the grou
h9/2 band ands band show more closeness and stronger i
teraction (uVu;40 keV in Table II!. Jensenet al. @32# ob-
tained the shape information from the analysis of inte
action strength between theph11/27/2

2@523# and ph9/2
1/22@541# configurations in 163Tm and a ratio of

or



53 2115EFFECTS OF INTRUDER STATES IN179Ir
TABLE II. Interaction matrix elementuVu extracted from a two-level mixing analysis for the 33/22,
17/21 and 23/22 states in179Ir.

Level Energy Transition~keV! a2/b2 a b uVu
~keV! →E1 →E2 ~keV!

33/22 E1: 2925.4 475.4 479.9 1.5960.15 0.79 0.62 2.2
E2: 2920.9 655.7 660.3 1.6460.21

33/22 E1: 2925.4 475.4 555.6 ;40
E2: 2845.2

17/21 E1: 1134.1 263.0 282.3 0.9460.02 0.70 0.72 9.6
E2: 1114.9

23/22 E1: 1733.5 480.4 516.3 0.9860.08 0.71 0.71 18.0
E2: 1697.5 556.9 593.1 1.0060.11
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Qt(@541#)/Qt(@523#);1.2 was given. In 179Ir the two
37/22 levels in bands 1s and 4 are far apart and relative
pure, thus no shape information for theph11/2 and ph9/2
configurations could be given by such an analysis.

There is also a noticeable interaction between the
17/21 states in bands 2 (K51/2) and 3 (K55/2). The ex-
tracted interaction strength is 9.6 keV, understandably in
mediate to the values mentioned in the two prior cases in
same level scheme. Another place where the level cross
occur is the two 27/22 and 23/22 states in bands 5 and 6
The relatively strong interaction (V518.0 keV! is observed
for the two 23/22 states, indicating close structures pr
served in the two configurations. This is consistent with
assignments ofp f 7/2 1/2

2@530# andph9/2 1/2
2@541# to the

two bands where both have the same signaturea521/2,
parity andK quantum number.

D. DSAM lifetime measurements in 179Ir

Due to the strong population of thep i 13/2 band and the
use of a backed target in the experiment, we were abl
perform the lifetime measurements for states in the band
DSAM. The experimental condition is discussed in Sec.
Line shapes were measured from spectra at five diffe
detector angles and gated on transitions lying below the
els for which lifetimes are to be obtained. The quadrup
moments were fitted according to the method described
Ref. @33#.

Monte Carlo simulated velocity distributions of the reco
nucleus in the target and backing were calculated for 3
histories under the current beam-target-backing combinat
During the calculation of line shapes from a given set
emitting and feeding states, the emitted yield at each t
step is evaluated from the Bateman equations@33# and then
the simulated shapes at each time step are added. The
step used in our analysis is 0.0075 ps which is small eno
that the difference in line shape from step to step can
negligible.

The final line shapes were fitted in a least-squares fit p
cedure. Such a task for the DSAM lifetime analysis of179Ir
data was performed by a program~DSAMFT! developed by
Gasconet al. @33#. There are several quantities that a
treated simultaneously in the fitting process:~1! the transi-
tion quadrupole momentQt , ~2! the transition quadrupole
y
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momentQts of the unobserved side feedings,~3! the inten-
sity of the fitted peaks,~4! the linear background below the
peaks, and~5! the intensity of contaminant stopped peaks.
The data from five angles were fitted simultaneously, startin
from the top of a band, and proceeding downward. The
adopted parameters are those that minimize thex2 of a fit-
ting.

In a rotational band, the intensity of a transition in the
band decreases as spin increases. This is due to the uno
served side-feeding transitions. The side-feeding cascad
was simulated for each state by a three-level model with a
effective moment of inertia of 60\2/MeV. Side-feeding in-
tensities were corrected according to the decrease of intens
ties in the band. The fitted results for the three state
~41/21, 45/21, and 49/21) in thep i 13/2 band are given in
Table III. The fitted line shapes together with the data for the
719.9-keV transition at five different angles are shown in
Fig. 6. The averaged quadrupole moment from the three fi
ted states isQt57.7421.35

11.98 e b. We also analyzed the life-
times of states in theph9/2 band, however, no obvious line
shapes could be seen. Only an upper limit of 6e b was
estimated in this case. These results are consistent with tho
obtained@21# from the recoil distance method for the lower-
spin states in both bands.

IV. DISCUSSION OF RESULTS

Our discussions start with the alignment features observe
in different configurations of the new data~Sec. IV A!. The
interpretation will concentrate on the role of intruder states
particularly the ph9/2 and p i 13/2 orbitals ~Secs. IV B–
IV D !. In Sec. IV E the applications of a particle-rotor
model to the electromagnetic properties of179Ir are pre-
sented.

TABLE III. Measured lifetimes and quadrupole moments for
three states in thep i 13/2 band of 179Ir.

Spin Eg ~keV! t ~ps! Qt (e b!

49/21 719.8 0.2020.06
10.07 7.7521.12

11.44

45/21 666.0 0.2620.10
10.14 8.1721.51

12.19

41/21 611.2 0.5120.20
10.32 7.3021.41

12.30
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A. Alignments in 179Ir

The alignment and backbending phenomenon in differ
bands can be seen from the usual plot@34# of aligned angular
momentumi as a function of rotational frequency\v in Fig.
7, where the collective rotational contribution is subtract
out. The Harris parametersJ 0 (522\2/MeV! and J 1
(590\4/MeV3) were chosen such that the alignment cur
of theph9/2 band before the band crossing is flat. The ob
ous observation is that a sharp backbending occurs

FIG. 6. The line shapes and the DSAM lifetime fitting resu
for the 719.2-keV transition in thep i 13/2 band in

179Ir. Spectra from
g-ray detectors in five different angle groups are shown.

FIG. 7. Aligned angular momentum as a function of rotation
frequency for bands in179Ir. The Harris parameters are chosen to
J 0520\2/MeV andJ 1590\4/MeV3 such that the rotating refer
ence for theph9/2 band is subtracted.
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\vc50.3 MeV in the h9/2 band. Backbending is usually
caused by the alignment of a broken pair of high-j quasipar-
ticles. In the rare-earth region, the first band crossing ha
been well understood due to then i 13/2 alignment~referred to
as theAB crossing!, although in the Ir-Pt-Au region evidence
of the ph9/2 alignment @15, 16# has been shown. The ob-
served backbending in theph9/2 band in Ir nuclei is naturally
associated with then i 13/2alignment, whereas theph9/2 align-
ment is blocked. The alignment gain is about 6.5\, consis-
tent with fact that the neutron Fermi surface is in the middle
of the i 13/2 shell and only half of the fulli 13/2 alignment is
present.

In contrast a smooth gain in alignment as a function o
frequency occurs in most other bands, when theh9/2 band is
used as a reference. Such a smooth aligning process exte
to relatively high spin in thep i 13/2 andph11/2 bands. The
same feature has been observed in other odd-A Ir nuclei
~e.g., Refs.@5–7, 10, 11, 15#!. There are several aspects to be
considered in the following subsections for the increase o
alignment: increase of moment of inertia due to larger defor
mation or pairing reduction, shape changing, and/or quas
particle aligning. An upbending around\v;0.31 MeV
seems forming at the last few points in theph11/2 band in
179Ir. As in Sec. IV E, the measuredB(M1)/B(E2) ratios
suggest that this upbending could be associated with
n i 13/2 alignment.

In Fig. 7~b! for 179Ir a ‘‘bump’’ occurs about\v;0.25
MeV ~spin 23/2 to 27/2! in the alignment curve of thef 7/2
band, while a ‘‘dip’’ happens in the curve of thea521/2
signature of theh9/2 band. Such a phenomenon is due to the
interaction between the two 23/22 states of the two bands
~Fig. 1!, which pushes the two levels away from each other
A similar interaction can be seen between thed5/2 band and
the i 13/2 band at spin 17/2 in Fig. 7~a!.

B. Deformation driving of intruder states

The deformation driving effect of an intruder can be
viewed as core polarization from a particle occupying the
orbital. Such a force is magnified when the orbital is fa
away from the Fermi surface. An example is the
n i 13/2 state inA5130 region where the Fermi surface for
neutrons is below thei 13/2 shell. Studies by the Stony Brook
group @1# show that in 137Sm (N575) the 1/2@660#
(n i 13/2) band has 50% larger moment of inertia than the yras
h11/2 band does and the potential energy surface calculatio
indicate a significantly larger deformation in thei 13/2 band.
This observation was confirmed@35# by lifetime measure-
ments. The role of proton intruders,ph9/2 and p i 13/2, is
similar in many aspects.

1. Theph9/2 bands

As an indirect measurement of nuclear deformation, w
can examine the frequency of then i 13/2 backbend occurring
in different bands. The band crossing frequency is directl
related to the quasiparticle energy atv50:

A~en2l!21D2,

whereen is the single particle energy,l is the Fermi level
energy, andD is the pairing gap. Clearly the pairing gap and
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53 2117EFFECTS OF INTRUDER STATES IN179Ir
Fermi surface location play crucial roles, the latter fac
depending directly on deformation. As the quadrupole def
mation increases, based on cranked shell model calculati
the band crossing shifts to higher rotational frequency,
illustrated in Fig. 8.

The intruder ph9/2 bands have been observed fro
Z567 ~Ho! up to many77Ir and 79Au nuclei. Analogous to
the case of then i 13/2 state in 137Sm, the proton Fermi sur-
face in Ho is below theph9/2 shell. Experimentally the de-
lay of then i 13/2 crossing inph9/2 bands has been reporte
in a series of odd-Z odd-A nuclei from Ho to Ta~see, e.g.,
@8, 33, 36, 37#!. One can at least qualitatively attribute th
shifts to the larger deformation of the nucleus in the intrud
ph9/2 band. However, Gasconet al. @33# have measured
lifetimes by the DSAM technique in157Ho and found that
there is not enough enhancement in theB(E2) value in the
ph9/2 band to totally account for the large delay in th
n i 13/2 crossing frequency. Recently Sunet al. @38# demon-
strated the importance of including quadrupole pairing
calculations for the delayed crossing frequency.

On the other hand, in Ir nuclei no shift of thi
n i 13/2 crossing frequency in theph9/2 bands is observed

FIG. 8. Calculatedn i 13/2 crossing frequency as a function o
b2 deformation forZ577,N5102,b45g50, andD50.92 MeV.
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relative to the average of the two adjacent even-even nuc
as shown in Fig. 9. Such a change can be understood
considering the single-particle diagram of Fig. 3. There is
rather large gap in the single-particle spectrum atZ576, and
the occupation of the 77th proton in the 1/2@541# orbital has
rather similar structure as the average of Os (Z576) and Pt
(Z578) cores. This is to say that the proton Fermi surfac
moves into theph9/2 shell, and the intruder characteristics o
core polarization of theh9/2 orbital is largely lost.

2. Intruder p i 13/2 bands

Due to its larger angular momentum, thei 13/2 proton in-
truder state should have more profound shape-driving ch
acteristics than theph9/2 state. Bands built on the
p i 13/2 state have been established in a number of Au@24–
27#, Ir @5–7#, and Re@2–4# nuclei. The bands have been
observed down to the 13/2 bandhead in Au isotopes but on
to the 17/2 member in most Ir and Re nuclei.

Similarities of the observedp i 13/2 bands in Ir and Re
nuclei can be seen from the alignment diagram, as compa

f

FIG. 9. Measured crossing frequencies forn i 13/2 alignment for
ph9/2 bands in Ir isotopes~dotted line! compared to the values for
the even-even cores of these nuclei~solid line!.
a
d

n.
FIG. 10. Aligned angular momentum as
function of rotational frequency for the observe
p i 13/2 bands in Re~left! and Ir ~right! isotopes.
The ph9/2 bands are plotted as a compariso
References are given in the text.
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2118 53H.-Q. JINet al.
to the correspondingph9/2 bands in Fig. 10. A sharp back-
bending is present in all theph9/2 bands, while only a
smooth gradual gain in alignment is exhibited in th
p i 13/2 bands~up to the experimentally observed frequenc
limit !. The comparison between thep i 13/2 state and the
ph9/2 state in Ir nuclei is very much similar to the
n i 13/2 vs nh11/2 in A5130 region and theph9/2 vs
ph11/2 in the lighter rare-earth nuclei~e.g., 157Ho @33# and
Lu @36#!.

Evidence of large deformation in thep i 13/2 band has
been indicated by TRS calculations~next section!, which
predictb2;0.3 for this configuration andb2;0.23 for the
ph9/2 band in 179Ir. The more direct evidence of an en
hanced deformation comes from the measured quadrup
moments in 179Ir as discussed in Sec. III D. The averag
Qt measured for three states~41/21, 45/21, and 49/21) in
the 1/2@660# band is about 7.7e b. By comparison, there are
no observable line shapes on any transition in t
ph9/2 band in 179Ir, where only an upper limit of 6e b can
be given. The approximate relationship betweenQt and the
quadrupole deformationb2 of an axially symmetric nucleus
before band crossing is@39#

Qt50.0109ZA2/3b2~110.36b2!. ~4!

Therefore, for different bands in the same nucleus, the ra
of the quadrupole moments is roughly equal to the ratio
b2 values. In 179Ir, the deformation of the
p i 13/2 configuration is 20–30 % larger than that of th
ph9/2 band. The dominant cause of the smooth alignme
gain in thei 13/2 bands is the substantial difference of defo
mation between it and the band (ph9/2) used to define the
reference, i.e., improper Harris parameters (J 0 and J 1)
used in the plot for thep i 13/2 band. Lifetime measurements
with the recoil distance method on several low-spin states
181Ir by Kaczarowski et al. @40# and in 179Ir by Müller
et al. @21# have given a similar conclusion.

The large deformation in thep i 13/2 state also causes the
delay of then i 13/2 crossing in the band. Another conse
quence of largeb2 ~5 0.3! in the p i 13/2 band is that the
Z576 proton gap is no longer present in the single-partic
diagram in Fig. 3. In such a region the level density is lar
and the difference between Ir (Z577) and Re (Z575) nu-
clei is small, as indicated by the similarity of alignments
Fig. 10.

C. Configuration-dependent shapes

The influence of intruder states on nuclear shapes
been studied theoretically from the total Routhian surfac
~TRS’s!. These are deformation self-consistent Strutinsk
Bogolyubov cranking calculations using a nonaxial Wood
Saxon potential. Deformation parameters included are (b2 ,
g, b4) and the total Routhian~or energy! is minimized with
respect to the parameterb4 in a (b2 ,g) plane. For a thor-
ough description of TRS calculations in theA5180 region
one can refer to the work of Wysset al. @41#.

In the TRS calculations two quantum numbers, parityp
and signaturea, are used to label four different configuratio
groups: A(1,11/2), B(1,21/2), E(2,21/2), and
F(2,11/2). To determine a quasiparticle configuration a
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sociated with an energy minimum in the TRS map, one c
use the calculated deformation parameters to perform
standard cranked shell model~CSM! calculation and identify
the lowest quasiparticle state in the Routhian diagram.

Results of calculated deformations (b2 , g, b4) at three
different rotational frequencies for four one-quasiproton co
figurations in179Ir are listed in Table IV. For comparison the
calculated values for the yrast configuration in the even-ev
178Os core are also given in the table. A largeb2 5 0.3 is
shown for the (1,11/2) configuration, primarily the
i 13/2 state, in contrast tob2 5 0.23 for the (2,11/2)
h9/2 state. The deformations of the d5/2 and
h11/2 excitations in

179Ir ~see thea521/2 columns in Table
IV ! are nearly 20% larger than the value for theh9/2 state.

Largerb2 calculated for thed5/2 andh11/2 bands than for
theh9/2 band can be related to the fact that a pair of proto
occupy the downslopingph9/2 orbital, while a hole is
formed in an upsloping (d5/2 or h11/2) orbital, both serving to
increase the deformation. Comparison of the Irh9/2 state
with the Os core shows that the initial deformations
\v;0.05 MeV for both cases are similar. This is a cons
quence of the Fermi level in theh9/2 shell.

TRS calculations show a very large change ofb2 from
\v50.05 MeV to 0.21 MeV for178Os. The shape changing
is believed to be responsible for the anomalous increase
moments of inertia in the yrast bands of many even-even
nuclei. The physical origin of shape changes in Os nuclei

TABLE IV. Deformations (b2 , g, b4) predicted in TRS calcu-
lations for one-quasiparticle configurations in179Ir and the yrast
configuration in178Os at different rotational frequencies.

\v ~MeV! b2 g b4

179Ir p,a51,11/2

0.091 0.293 1.65 0.006
0.171 0.296 1.61 0.005
0.211 0.297 1.50 0.005

179Ir p,a51,21/2

0.091 0.258 20.01 20.007
0.171 0.266 20.21 20.006
0.211 0.271 21.49 20.003

179Ir p,a52,11/2

0.091 0.228 2.19 20.012
0.171 0.233 3.14 20.013
0.211 0.238 2.49 20.012

179Ir p,a52,21/2

0.091 0.254 24.43 20.008
0.171 0.257 23.28 20.003
0.211 0.263 22.50 20.004

178Os Yrast configuration

0.050 0.228 20.63 20.016
0.091 0.233 20.87 20.014
0.171 0.258 20.66 20.009
0.212 0.271 20.60 20.005
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53 2119EFFECTS OF INTRUDER STATES IN179Ir
due to the ‘‘scattering’’ of a pair of particles from an up
sloping orbital (h11/2) to an opened down-sloping orbita
(h9/2) with the increase of rotational frequency, as pointe
out by Dracouliset al. @13# and Bengtssonet al. @14#. The
probability of transferring or ‘‘pair scattering’’ to an opene
orbital is very much dependent on how close this orbital is
the Fermi surface. This feature has been discussed
171Re by Barket al. @2#.
The deformation driving effect from the neutron she

which influences the location of the Fermi level, will have
large impact on the probability of proton pair scattering
even-even and odd-A nuclei. In Ir nucleib2 reaches a maxi-
mum aroundN5102 in the middle of the shell, while to-
wards either side ofN the deformation is decreasing. Th
systematic study of shape changes from TRS calculatio
@41# demonstrates such a trend. In179Ir it is likely that the
largest contribution from the neutron shell leads to the fo
mation of a hole excitation in theph11/2 and pd5/2 states
even at very low rotational frequency.

It should be pointed out that in the lighter Pt nucle
(N<98) an irregular alignment pattern in the yrast band
176Pt (N598) has been attributed to shape coexisten
@42, 43#. This phenomenon corresponds to the initial occ
pation of the last two protons in the 11/22@505# orbital or in
the mixedd3/2 3/2

1@402# ands1/2 1/2
1@401# level ~Fig. 3!.

At higher rotational frequency, the probability to occupy th
h9/2 orbital becomes larger and a shape shift from small d
formation to large deformation is predicted@43# by the cal-
culation. A similar phenomenon has been reported in173Ir
(N596) by Juutinenet al. @5# and led to an assignment o
the 11/22@505# configuration to the observed band.

Bark, Bengtsson, and Carlson@44# have recently per-
formed calculations on the shape evolution in th
ph9/2 andp i 13/2 bands in Re and Ir nuclei. Using the ulti
mate cranker code~based on the Nilsson potential!, they
come to a different conclusion on deformations in th
p i 13/2 band compared to the results shown in Table I
They propose that the deformation in thep i 13/2 band begins
at a value similar to that for theph9/2 band (e2' 0.23! and
gradually increases to a value of 0.29 before t
n i 13/2 crossing decreases thee2 value to that found low in
the band. This corresponds to ab2 range of 0.24 – 0.30 as a
function of spin or rotational frequency, whereas our tot
Routhian surface calculations indicate a much more const
value ofb2'0.2920.30. As discussed by Barket al., this
difference is related to the probability of occupation of
proton pair in the 1/2@541# orbital over this frequency or spin
range using these two potentials~Woods-Saxon for the TRS
calculation and Nilsson for the ultimate cranker code!. In
their calculations, this orbital gains population only at th
higher values of spin, whereas in our TRS results a pair is
theph9/2 orbital at the lowest frequencies. Although the un
certainties on the measured lifetimes in thep i 13/2 band in
179Ir ~our results coupled with those of Mu¨ller et al. @21#!
are not small enough to conclude whether the transiti
quadrupole moment is constant as a function of spin or
creasing, the difference in the transition quadrupole mome
of theph9/2 andp i 13/2 bands is still evident.

D. Band crossings and CSM calculations

One way to explain a gradual alignment gain~such as in
bandspd5/2 and ph11/2 of

179Ir! is a band crossing with
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large interaction strength. In the Ir-Pt-Au region it is a fa
that the Fermi surface enters the protonh9/2 shell and the
competition of the (ph9/2)

2 alignment is expected. The
question is how much this process contributes to the beh
ior of alignment in Ir nuclei. Evidence suggests@26, 45# that
alignment features in185Au and 184Pt result from the exist-
ence of two band crossings (n i 13/2 andph9/2) at nearly de-
generate frequencies. Furthermore, Janzenet al. @15# pre-
sented even stronger spectroscopic eviden
@B(M1)/B(E2) ratios# that both of these alignment pro-
cesses occur below\v 5 0.30 MeV in 183Ir and 185Pt, al-
though a different scenario has been suggested by Carpe
et al. @45#. Kreineret al. @16# also pointed out the possibil-
ity of the ph9/2 crossing from study of odd-odd nuclei.

To test the scenario of band crossings, we performed st
dard cranked shell model~CSM! calculations. As already
known for some time, there are discrepancies between
predicted crossing frequencies and experimental data. No
theless we can at least obtain a general view about the s
tematic deviations of theory in comparison with the data.

The CSM calculations were performed with Woods
Saxon potential at a given deformation and pairing gap. D
formation parameters were taken from TRS calculations
\v;0.17 MeV ~before the first band crossing!. This is ap-
propriate to reflect the nuclear shape in the crossing region
long as the deformation does not change too much bef
and after the band crossing. The full pairing gaps (D0) were
chosen to be the empirical odd-even mass differences. T
choice ensures only systematic errors but not random. In
calculation, 80% of the full pairing was used for a syste
with an even number of nucleons since we are dealing w
vacuum and two-quasiparticle states; 70% was used for
odd nucleon system to count the extra reduction from t
unpaired nucleon. A better treatment of the pairing gap cou
be to perform pairing self-consistent calculations with pa
ticle number projection.

1. Results of (n i 13/2) crossings

Experimentally then i 13/2 crossing points are well-defined
in ph9/2 bands and both experimental crossing frequenc
\vc and interaction strengthVexpt can be determined. For a
qualitative or pattern comparison a crude estimation of e
perimentalVexpt is obtained by the slopeDv/D i in the align-
ment diagram around the crossing point. ThenVexpt,0 indi-
cates a sharp backbending or small interaction streng
while Vexpt.0 corresponds to a smooth aligning process
large interaction strength.

The theoretical crossing frequency\vc and the interac-
tion strengthV are obtained from the quasiparticle Routhia
diagram, as illustrated in Fig. 11 for the case of theph11/2
configuration in179Ir. The interaction strength is taken to b
half of the distance between crossing Routhians, as illu
trated by the arrows in the figure. Figure 12~a! shows the
calculated and measured\vc for n i 13/2 crossing in the
ph9/2 andph11/2 bands in Ir nuclei. The largerb2 for the
ph11/2 compared toph9/2 band in 179Ir results in a pre-
dicted 0.011 MeV delay in then i 13/2 frequency. The mea-
surements on179Ir indicate a 0.025 MeV delay, which mus
be considered as good agreement. The CSM calculati
generally underestimate the neutron crossing frequencies
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30–60 keV in comparison with the experimental obser
tions in this region, however the overall trend is correc
shown. The experimental and theoretical interact
strengths are qualitatively compared in Fig. 12~b!. The pre-
dicted pattern of interaction strength matches well with
data. For example, both theoretical and experimentalV val-
ues show a peak atN598 and a dip atN596,102. It is
important to notice that the calculatedV values are small,
around 150 keV, indicating backbendings in experiment.

2. Results of„ph9/2) crossings

The experimentalph9/2 crossing has not been well esta
lished, only clear evidence of this crossing having been

FIG. 11. Quasiparticle Routhians calculated from the cran
shell model. Deformation parameters are taken from the TRS
sults for theph11/2 configuration in179Ir.
va-
tly
ion

the
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ported in 187Au @27#. It results from a fact that the expected
n i 13/2 crossing does not occur in theph9/2 band until possi-
bly \v50.38 MeV, while a sharp backbending shows a
\v50.23 MeV in thep i 13/2 band of 187Au.

In order to make a comparison with the experiment, w
included a series of Au isotopes in our calculations as well
Ir isotopes. The calculatedph9/2 crossing frequencies and
interaction strengths are plotted in Fig. 13. Note that th
ph9/2 crossing frequency (\v50.30 MeV! is lowest in the
Au isotopes for A5187, and the interaction strength
(V5140 keV! is smallest~i.e., a backbend!. The correspond-
ing neutron crossing occurs at a higher frequency
\v50.35 MeV. This agrees very well with what observed i
the data for187Au. As discussed by Carpenteret al. @45# the
conditions for a low-frequencyph9/2 crossing are just right
in 187Au. The proton pairing is reduced by blocking in an
odd-Z nucleus; thep i 13/2 orbit drives the nucleus to larger
b2 and positive values ofg, both of which lower theph9/2
crossing frequency; theb4 value is most negative for
187Au.
Although the calculations give the right order of crossin

frequencies, it is clear that the theory underestimates\vc for

ked
re-

FIG. 13. Predicted crossing frequencies and interaction stren
from the CSM calculations for theph9/2 alignment in Au~a! and
~b! and Ir ~c! and ~d! nuclei.
FIG. 12. ~a! Crossing frequencies forn i 13/2
alignment plotted vsN for the ph9/2 andph11/2
bands in Ir nuclei. The calculated values are
shown with a filled symbol, the measured with an
open symbol.~b! Comparison of the pattern of
Vexpt with those calculated from the cranked shell
model.
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53 2121EFFECTS OF INTRUDER STATES IN179Ir
neutron crossings and overestimates it for proton crossin
in this case by 50–70 keV. On the other hand, the calcula
interaction strength~140 keV! is very much in agreemen
with the pattern in thep i 13/2 band of 187Au.

In Ir isotopes the calculation indicates aph9/2 crossing of
higher frequency~0.35 MeV! and much larger interaction
strength~0.4–0.5 MeV! in the pd5/2 andph11/2 bands, as
shown in Figs. 13~c! and ~d!. This large interactionV for a
ph9/2 crossing in179Ir is demonstrated in Fig. 11~b!. The i
vs \v diagram for 179Ir ~Fig. 7! indicates a gradual rise in
alignment in these two bands, an effect which is not pres
in the ph9/2 band. If we take into account the\vc shifts
between theory and experiment in187Au, the proton crossing
could happen as early as\v;0.3 MeV in 179Ir with a large
interaction strength. Therefore, the protonh9/2 crossing may
have a profound influence on the alignment pattern of
d5/2 andh11/2 bands in

179Ir.
CSM calculations also indicate that in the heavier Ir is

topes (N;106) the ph9/2 crossing frequency in the
d5/2 band reduces slightly to 0.33 MeV and the interacti
strength decreases quickly to about 0.2 MeV. The neut
crossing is predicted about 0.3 MeV with interaction stren
of 0.14 MeV in this case, which is very close to theph9/2
crossing. Janzenet al. @15# has reported a low-frequenc
ph9/2 crossing in thed5/2 band of 183Ir based on the
B(M1)/B(E2) measurements. This agrees with our conc
sion.

Deformation plays a very important role in determinin
the proton h9/2 crossing. Figure 14 illustrates calculate
\vc for theph9/2 crossing as a function ofb2 in 179Ir. At
b2;0.25, the crossing frequency reaches the lowest p
~0.35 MeV! and the interaction strength becomes very lar
at small or largeb2 , \vc increases andVc decreases. In
179Ir, b2 is 0.25 – 0.26 forh11/2 or d5/2 bands, which is just
in the proper range of deformation for a lowph9/2 crossing
frequency. Positiveg and negativeb4 values can also bring
down the proton crossing frequency as well as interact
strength, as shown in the case of187Au. The blocking of

FIG. 14. Calculated crossing frequency and interaction stren
for ph9/2 alignment as a function of quadrupole deformationb2 in
179Ir.
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proton pairingDp from the extra proton can reduce th
h9/2 crossing frequency.

E. Branching ratios and particle-rotor model

The pattern of transitions established in the stron
coupled bands in 179Ir enables us to measure th
B(M1)/B(E2) branching ratios within the bands. The
rates are very sensitive to the single-particle configura
~reflected in thegK factor! and the quadrupole momen
(Q0) associated with a band. Theoretically within the fram
work of a particle-rotor model~PRM! we can test the spin
and parity assignments in our newly observed data by c
paring level structures and transition rates. Evidence
shape coexistence or an alignment process that is assoc
with the smooth increases in alignment in theph11/2 and
pd5/2 bands may be addressed from such a model.

We adopted the approach of the PRM described in R
@46,47#. The Woods-Saxon potential was used in our cal
lations and deformation parameters for single-particle st
were taken from the TRS calculations.

The experimentalB(M1;I→I21)/B(E2;I→I22) ra-
tios were extracted according to

B~M1;I→I21!

B~E2;I→I22!
50.693

Eg
5~ I→I22!

Eg
3~ I→I21!

1

l~11d2!
~m/eb!2,

~5!

whereEg are g-ray energies in MeV,l is theE2 to M1
branching ratio@5T(I→I22)/T(I→I21)#, and d is the
E2/M1 mixing ratio in theDI51 transition. The mixing
ratiod requires more detailed measurements, normally de
mined from the angular distribution data. Although the m
ing ratio could be measured from the DCO ratios, the res
are usually not very reliable due to large experimental un
tainties. Therefore, in the following discussions, we assu
d50 when extractingB(M1)/B(E2) values. Thed values
for the d5/2 band in 183Ir @15# were measured ranging from
0.07 to 0.30, and their effect (11d2) on the
B(M1)/B(E2) ratios is less than 10%. Therefore,d50 in
our discussions is a reasonable assumption.

1. B(M1…/B„E2) ratios

The experimentalB(M1)/B(E2) ratios for the two
strongly coupled bands (h11/2 andd5/2) in

179Ir are plotted
as symbol points in Figs. 15~a! and ~b!, respectively. The
interactions between thed5/2 and i 13/2 bands at spin 17/21

and between theh11/2 andh9/2 bands at spin 33/2
2 ~see the

level scheme in Fig. 1! were corrected in calculating
B(M1)/B(E2) ratios.

It appears that at low spin the magnitude
B(M1)/B(E2) is about 1.7 for theh11/2 band and about 0.8
for the d5/2 band. Qualitatively this is consistent with th
fact that theh11/2 band has a largerj value andK value at its
bandhead, thus a largerg factor. The ratios gradually de
crease as spin increases, and become roughly constan
quite some spin values where the alignment plots show c
stant increases. Thed5/2 band does not go much higher
spin, whereas theB(M1)/B(E2) ratios of theh11/2 band
suddenly increase at the last two points~although with large
error-bars!.

gth



e

s
s

e
t
e

h

p

p

h

d

he
nd

at

s

-
he
he

e-

in
-
ne

ot-

a-
d

ta
he
d

in

er

r

e
lar

e
s

re
ory

n

on
wn

2122 53H.-Q. JINet al.
In the PRM calculation, the deformation parameters w
taken to be the largerb2 set (b250.26, b4520.004,
g50) suggested by Bengtsson@14#. The even-even core wa
treated as an effective rotor with its moments of inertia e
mated from the deformation by the Grodzins’ relation@39#.
Pairing was treated in the standard BCS approach and ga
pairing gap ofDBCS51.187 MeV. All Nilsson orbitals within
2.5 MeV of the Fermi level were included in the mod
space, and no Coriolis attenuation was used. The effec
gs factor of the odd proton was taken as 70% of the fr
nucleon value, and the simple estimate ofZ/A was adopted
for the core value, gR . The calculated
B(M1)/B(E2) ratios are shown as solid lines for th
ph11/2 band in Fig. 15~a! and for thepd5/2 band in Fig.
15~b!.

The theoretical results agree very well with the expe
mentalB(M1)/B(E2) values in both cases up to fairly hig
spins. The sudden increase of theB(M1)/B(E2) values at
the last two points in theh11/2 band coincides with the shar
upbend seen in the alignment plot@Fig. 7~a!#. Qualitatively,
an increase in theB(M1) values is consistent with an align
ment of i 13/2 neutrons@48#, and such a core rearrangement
not included in the particle-rotor model. In addition, a sha
change to smallerb and some triaxiality is predicted to ac
company the neutron alignment~see Ref.@14#!, which would
decrease theB(E2) values and thus also increase t
B(M1)/B(E2) ratios.

For thep5/2@402# band, part of the drop in the calculate
B(M1)/B(E2) ratios is due to the Coriolis mixing with the
7/2@404# band which is expected to lie rather close in energ
Although the 7/2@404# band has not been located in179Ir, it

FIG. 15. ExtractedB(M1)/B(E2) ratios as symbol points for
~a! the ph11/2 band, ~b! the pd5/2 band in 179Ir. The results of
particle-rotor model calculations are plotted as lines.
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has been identified recently in175Re @4#, where the impor-
tance of this mixing was pointed out and the strength of t
mixing could be fitted to observed interband and intraba
transitions. In the present calculations, the 7/2@404# compo-
nent accounts for approximately 10% of the wave function
low spins, and about 28% atI523/2, which is nearly iden-
tical to the fitted mixings reported in Ref.@4#. Thus, if the
7/2@404# band can be located in179Ir, strong interband tran-
sitions ~7/2@404# → 5/2@402#! should be expected here a
well.

2. Test of different shapes in179Ir

In 179Ir, there have been suggested@14# two possible pro-
late deformations for the negative parityh11/2 band: one at
smaller b2;0.19 and one at largerb2;0.26. Such small
deformation has led to an assignment@6# of the
11/22@505# configuration to a strongly coupled band ob
served in175Ir, and consequently the shape change from t
small deformation to the large one has contributed to t
gradual gain of alignment in the band.

To test the two deformation conditions in179Ir, we also
performed the particle-rotor calculations with a smaller d
formation parameter set (b250.19,g50,b4520.02). The
predicted level structures for the negative parity states
179Ir are shown in Fig. 16~the upper one for the large defor
mation as given in the previous subsection and the lower o
for the small deformation!. The calculatedB(M1)/B(E2)
values under the smaller deformation condition are also pl
ted in Fig. 15~a! as dashed line.

The calculations show that in the case of large deform
tion the decoupled 1/22@541# band is present as the groun
configuration and the 9/22@514# state is excited at about 130
keV, which gives the right order in comparison with the da
~Fig. 1!. On the other hand, for the second deformation, t
11/22@505# is predicted to be the lowest configuration an
both 1/22@541# and 9/22@514# are higher in energy, which is
completely different from the experimental observation
Fig. 1. In particular, theB(M1)/B(E2) ratios from the small
deformation start with a value above 5 units, much larg
than the extracted value (;1.7). Clearly the model calcula-
tions support the assignment of the 9/22@514# hole state to
band 4 in179Ir, possessing large deformation (b250.26).

The currentB(M1)/B(E2) data cannot show any clea
evidence of theph9/2 crossing, which in contrast to the
n i 13/2 crossing should decrease theB(M1) value. However,
if there is any crossing with large interaction strength, th
gR factor gets renormalized over a large range of angu
frequency and the contribution toB(M1)/B(E2) should be
very small. One last point: the PRM calculation shows th
existence of the 1/22@530# band and the calculated energie
are very close to those experimentally observed in179Ir.

The above applications of the particle-rotor model we
demonstrated at the Hands-on Nuclear Structure The
Workshop at Oak Ridge@49#. Similar calculations with
Woods-Saxon potential were reported for theph11/2 band in
181Ir in Ref. @50#. Their results are consistent with ours i
179Ir.

V. CONCLUSION

In summary, rotational bands built on various quasiprot
states have been established for the previously unkno
nucleus179Ir.
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FIG. 16. Predicted level structure for the
negative parity bands in179Ir under two different
deformation conditions, as deduced from particle
rotor model calculations.
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The p f 7/2 (1/2
2@530#) band in 179Ir was identified for

the first time in Ir nuclei. The primary focus of our study ha
been on the alignment feature observed in different config
rations. This has further led us to investigate the role
intruder states in terms of three manifestations that a
Fermi-surface dependent.

~1! Deformation driving. If the Fermi surface is low com-
pared to the high-j intruder state, then the excited band bu
on this orbital will exhibit significantly larger deformation o
core polarization than other quasiparticle excitations in t
same nucleus. It is found that theh9/2 orbital retains its core
polarization in the rare-earth region while in Ir nuclei th
effect vanishes. In contrast thep i 13/2 orbital in Ir nuclei ex-
hibits large deformation driving, indicated both from the life
time measurements and the TRS calculations.

~2! Shape changing. If the Fermi surface is near the in
truder state, then pairs of nucleons may be ‘‘scattered’’ in
these orbitals, leading to larger deformations for many ex
tations in the nucleus or perhaps a shape change. It is lik
that in 179Ir the largest deformation driving from the neu
trons at middle shell (N5102) favors a hole configuration in
both theph11/2 andpd5/2 bands with a pair of protons in the
down-slopingph9/2 orbital, resulting in larger deformation
s
u-
of
re

lt

he

e

-

to
ci-
ely
-

than that of theph9/2 band. The assumption of large defor
mation is supported by the particle-rotor model calculation

~3! Quasiparticle alignment. If the Fermi surface is within
the intruder shell, then rotational alignment of pairs of qu
siparticles in the intruder orbitals is expected. It has be
illustrated that the cranked shell model calculations under
timate then i 13/2 crossing frequencies by 30–50 keV in com
parison with the experimental data, and overestimate t
ph9/2 crossings by the same amount. The calculated inter
tion strength for theph9/2 crossing in

179Ir is about 450 keV
in contrast to only;100 keV for then i 13/2 crossing. Under
these observations it is possible that both the (n i 13/2)

2 and
(ph9/2)

2 alignments contribute to the large range of align
ment gain in theph11/2 andpd5/2 bands in

179Ir.
The existence of a protonh9/2 crossing is still a contro-

versial issue. The systematic discrepancy of crossing f
quencies is apparent between the experimental data and
conventional CSM calculations. This could be due to
CSM ~1! inadequate parameters used to calculate the sing
particle levels;~2! a necessity of including the quadrupole
pairing. In fact, Sunet al. @38# have included the quadrupole
pairing in the angular momentum projection theory and su
cessfully explained the anomalous neutron crossing f
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quency in odd proton rare-earth nuclei. Experimentally
would be very useful in future measurements:~1! to push the
levels in 179Ir to even higher spin so that one could resolv
the puzzle of band crossings in both thep i 13/2 andph11/2
bands;~2! to perform accurate lifetime org-factor measure-
ments on the states in different bands~particularly pd5/2,
ph11/2, andp i 13/2), which would give direct information on
nuclear shapes and band crossings.
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