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Properties of the mhy;/; band in the stable nucleus **Ir
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Excited states in the stable nucleus '*Ir have been investigated through an in-beam y-ray spectroscopic
technique following the '*2Os("Li, a2n) reaction at a beam energy of 44 MeV. A level scheme built on the 7/
isomer has been extended to high-spin states using eleven newly observed y transitions. The wh;,, band is
proposed to be formed by coupling an £, proton to a core with large triaxial deformation. Three-quasiparticle
states are suggested in '**Ir on referring to the similar states in '®’Ir. The features of signature splitting in the
7h112 bands of 1% ]r are discussed with the help of total Routhian surface calculations.
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I. INTRODUCTION

Osmium and iridium isotopes locate in the transitional
region between the well-deformed rare-earth nuclei and the
spherical lead isotopes. These transitional nuclei show a rich
variety of structures associated with different shapes and
deformations. The osmium nuclei in the A = 190 mass region
are believed to be y-soft [1-3], and the y degree of freedom
plays an important role in describing these nuclei. When
adding one more proton to the y-soft even-even osmium
nuclei, the shape-polarizing effects of the single particle in
the high-j orbitals can be effectively reflected in the nuclear
structure properties in the odd-A iridium nuclei.

An interesting phenomenon observed in the odd-A iridium
nuclei is the signature splitting in the rotational bands built
on the high-K Nilsson orbitals originating from the why/»
spherical parentage. For the odd-A '"5-18!1r isotopes [4-7],
the small signature splitting was observed; this is consistent
with a near-prolate configuration. With the decrease of neutron
number, the signature splitting increases gradually from '"Ir
to 'Tr [4,8—-10]. This has been interpreted as the result
of increasing the shape asymmetry when approaching the
N = 82 neutron shell closure [8]. A similar trend has also
been observed in the heavier iridium isotopes from '83Ir to
Ol [11-13].

The mhyi/, bands in the stable or neutron-rich iridium
isotopes are usually difficult to study because no proper
heavy-ion-induced fusion-evaporation reactions are available
to populate the high-spin states. The excited states of the
stable nucleus '**Ir were studied previously using different
techniques including B decay of '°*Os [14], (n,y) reac-
tions [15,16], coulomb excitation [17], and the '*2Os(d,
ny)'BIr reaction [16]. However, one only observed the
rotational bands built on the low-j 3/2%[402] and 1/27[400]
configurations [13—17], and the band structure built on the
high-j mhy, intrinsic states (i.e., the 11/27 isomer) has not
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yet been established. Recently, high-spin states of nuclei in
this mass region have been investigated by employing multin-
ucleon transfer reactions, such as in the 82Se + 220s collision
system [18]. In this article we report on the mhy;/,, band
structure observed in '*3Ir using a ’Li-induced incomplete
fusion reaction [19]. Total Routhian surface calculations have
been made in order to understand the shape variations of odd-A
iridium isotopes from '"$"Ir to *3Ir.

II. EXPERIMENT AND RESULTS

A. Measurements

The nucleus '’Ir was produced in the '?Os(’Li,a2n)
reaction. The 'Li beam was provided by the HI-13 Tandem
Accelerator at the China Institute of Atomic Energy in Beijing
(CIAE). The target was an isotopically enriched '*>Os metallic
foil 1.7 mg/cm? thick with a 1.1 mg/cm? carbon backing
to stop the recoiling nuclei. An excitation function was
measured at beam energies of 34, 38, 42, 44, and 46 MeV
to choose the optimum beam energy for the production of
194,195 Ay, X-y-t and y-y-t coincidence measurements were
performed at a beam energy of 44 MeV with an array of
14 Compton-suppressed HPGe detectors. The energy and
efficiency calibrations were made using °°Co, '3*Ba, and '3?Eu
standard sources. Typical energy resolutions were about 2.0 ~
2.5keV at full width at half maximum for the 1332.5-keV line.
A total of 9 x 107 y-y-t events were accumulated and sorted
into a 4k x 4k matrix for offline analysis.

To obtain the multipolarity information of the emitting
y rays, the detectors were divided into three groups. Two
asymmetric matrices were constructed from the coincidence
data: one matrix with detectors at 6, = 90° and another one
with ; = 40° and 152° (the averaged angle is about 35°)
against those at all angles. From these two matrices, the
angular distribution asymmetry ratios, defined as Rapo(y) =
I,,(35°)/1,(90°), were extracted from the y-ray intensities
I,,(35°) and 1,,(90°) in the coincidence spectra gated by the
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y transitions (on the y axis) of any multipolarities. The
intensities of the y rays are corrected for the detection
efficiency of the corresponding group of detectors. In the
present geometry, stretched quadrupole transitions are adopted
if Rapo(y) values are larger than unity [an average value
of Rapo(y) = 1.20£0.15 is obtained for the known E2
transitions in 41> Au and '"*Pt], and dipole transitions are
assumed if Rapo(y) values are less than 1.0.

B. Level scheme

Prior to this work, three rotational sequences were identified
with the highest spin state of I™ = 21/2% [16]. All of those
bands are confirmed in the present study. For the negative-
parity levels, the 399-keV 15/27 — 11/27 and 389-keV
13/27 — 11/27 transitions were proposed to directly feed the
11/2~ isomer by Prokofev et al. [15], which was confirmed
later by Drissi [16] and Fotiades et al. [20]. This information
is used as a starting point for assigning the new transitions
o '931r on the basis of y-y coincidences. Figure 1 presents
coincidence spectra by setting gates on (a) 398.9- and
(b) 545.7-keV transitions. The Ir K x-ray and the new
transitions can be clearly identified in Fig. 1. The assignment
of the new y rays, as indicated in Fig. 1, to 1937 are
cross-checked by analyzing the y-y coincidence relationships
in the 8Se +!°2 Os reaction [18]; the 398.9-, 449.3-, 545.7-,
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FIG. 1. y-ray coincidence spectra by setting a gate on (a) 398.9-
keV, (b) 545.7-keV, and (c) the summed gates of 662.7- and 428.4-keV
transitions.
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FIG. 2. Partial level scheme of '*Ir deduced from the present
work. The widths of the arrows indicate the relative transition
intensities.

and 566.3-keV lines are found to be in strong coincidence
with the (5/2)~ — 3/27, 336-keV transition in 8 As [13]. In
e 32Se 4192 Os colliding system, a proton transfer reaction
populated the excited states of the reaction partners '**Ir and
81 As. The y rays from the excited states of '**Ir and 3! As are
simultaneously emitted and detected in coincidence.

Coincidence relationships have been analyzed yielding a
new level scheme as shown in Fig. 2. Eleven new transitions
and eight new levels are added to the level scheme of '*Ir.
The y-transition energies in the level scheme are within an
uncertainty of 0.5 keV, and the ordering of the transitions
in the band are established on the basis of y-y coincidence
relationships, the sum of the y-ray energies, and their relative
intensities. The relative spins in the level scheme are proposed
on the basis of the measured ADO ratios. The measured y-ray
energies, relative intensities, ADO ratios, and suggested spin
and parity assignments are summarized in Table 1.

We note that the previously reported [16] 451- and
461-keV y rays deexciting the (17/27) level correspond to
the 449.3- and 459.5-keV transitions in this work. In Fig. 1(c)
we show a summed coincidence spectrum from which the
449.3- and 459.5-keV transitions are clearly seen. Checking
carefully the known y rays from '°41%> Au and '%*Pt observed
in this experiment, we found that their energies as determined
in our work are consistent with the previously published values
within an uncertainty of 0.5 keV.

III. DISCUSSION

In order to justify the present spin-parity assignments, the
level scheme of !*Ir is compared with those of its neighboring
odd-A iridium isotopes. We have performed the total Routhian
surface (TRS) calculations for the negative-parity bands in
187-193Ir and the ground-state bands in '8-1°20s which may
provide important information for understanding the band
properties in '*3Ir and the single-particle polarizing effect of
the A1y, proton.
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TABLE I. y-ray transition energies, relative intensities, ADO ratios, and their assignments in
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E,(keV)! 1,° Rapo E; — Ef(keV)° Jr— Jre
135.9 5(1) 1726.9 — 1591.1 (23/27) - (21/27)
178.9 6(1) 1.14(24) 1892.5 — 1713.6 (27/27) > 23/2°
200.8 9(1) 1.10(17) 1726.9 — 1526.1 (23/27) — (19/27)
389.1 469.3 — 80.2 13/27 — 11/2~
398.9 100(7) 1.17(11) 479.1 — 80.2 15/27 — 11/2-
428.4 11(1) 0.89(22) 1356.8 — 928.4 (19/27) — 17/2~
4493 43(3) 0.98(8) 928.4 — 479.1 17/27 — 15/2~
459.5 928.4 — 469.3 17/27 — 13/2°
501.3 16(2) 1.13(13) 1526.1 — 1024.8 (19/27) — 19/2-
545.7 62(5) 1.18(12) 1024.8 — 479.1 19/27 — 15/2~
566.3 23(2) 0.92(11) 1591.1 — 1024.8 21/27 — 19/2~
662.7 10(1) 1.10(23) 1591.1 — 928.4 21/27 — 17/2°
688.8 12(1) 1.10(16) 1713.6 — 1024.8 23/27 — 19/2~

2Uncertainties are within 0.5 keV.
YUncertainties are within 30%.
“Excitation energies of initial E; and final E; states.

4Proposed spin and parity assignments for the initial J7* and final J[ levels.

A. Systematics of negative-parity level structures in 8-1%*Ir

The excitation energies of the 7/ bands in 87131 [13]
are shown in Fig. 3, from which one can see that the energy
levels of the bands decrease with the increase of neutron
number. The excitation energies of the 7/, band in '*3Ir
fit well into the systematics if the proposed I™ values are
accepted. In addition, the relative excitation energies of the
mhi1/2 band heads decrease smoothly with increasing neutron
number. This can be attributed to a decrease in quadrupole
deformation while increasing the neutron number. This is
supported in the TRS calculations and will be discussed in
Sec. III C.

The energy difference between the 27/2~ and 23 /2~ states
in the mwhy;/; band (as shown in Fig. 2) is small, indicating
a structure change most likely associated with the breaking
of an hyy/, proton pair. This energy difference is similar to
those observed in '37Tr and in 37193 Au [11,21,22]. Modamio
etal. [11]have interpreted the 27/27 state at E, =2491keV in
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FIG. 3. Energy systematics of the /1, ,, bands in odd-A iridium
isotopes '87-1931r. Data are taken from Ref. [13] and the present work.

1871t as a three-quasiproton state. Such three-quasiproton states
have also been observed in 87193 Au isotopes, and the total
aligned spin of 27/2~ was interpreted as an /1y, proton-hole
coupled to the wh?, 1, state in the Hg core [21,22]. Analogous
to the cases in '%Ir and '87-1%3Au, the 27/2~ state in '*Ir
could be understood as the coupling of a whyi/, hole to the
10" isomer in the core nucleus '°*Pt [23].

We turn now to the states at excitation energies of 1526.1
and 1726.9 keV. These two levels decay via the 501.3- and
135.9-keV transitions to the 19/2~ and 21/2~ states. ADO
ratios for the 501.3- and 200.8-keV lines were measured
to be 1.13(13) and 1.10(17), respectively. These values are
consistent with stretched Al = 2 or nonstretched Al =0
transitions. We assigned the former to be a nonstretched
AT = (transition, and the latter to be a stretched E2 transition
by comparing the level structure of '*3Ir with that of "¥Ir [11].
The (23/27) assignment for the 1726.9-keV level is supported
by the observation of the 135.9-keV transition. The energies
of the (19/27) and (23/27) states relative to the /> band
head are 1445.9 and 1646.7 keV, respectively, which are
consistent with the energies needed for a two-quasiparticle
excitation [24,25]. Therefore, it is probable that these two
states are formed by a three-quasiparticle configuration. In the
recent work of Modamio et al. [11], a number of three- and
even five-quasiparticle states in '87Ir have been identified. We
notice that the 200.8-keV, (23/27) — (19/27) and 501.3-keV,
(19/27) — 19/27 transitions (see Fig. 2) are similar to those
(226- and 511-keV transitions) in '¥7Ir (see Fig. 3in Ref. [11]).
In Ref. [11], the w11/27[505] ® v{9/27[505], 3/27[512]}
configuration was tentatively assigned to the 2261-keV 23 /2~
level in '#7Ir, and a strongly mixed configuration to the 19/2~
state at 2034 keV (see Table IIl in Ref. [11]). Given the similar
level structure of '*3Ir with that of '37Ir, the same configu-
rations could be assigned to the (23/27) and (19/27) states
in 1%3Ir.
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B. Signature splitting of the why;/, bands in ¥7-1Ir

The observed why;/, band in 19311 shows a large signature
splitting of ~200 keV. Figure 4 compares the signature
splitting of the mhy; 2 band in '°*Ir with those in the lighter
isotopes '87Ir [11], '*°Ir [12], and "°'Ir [13] using the energy-
staggering parameter S(/), defined as

S(I)=[E(I)— EI — 1] —1/2[E(I +1)— E()
+EU—-1)—EU -2)]. (1)
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This quantity, S(/), is directly proportional to the energy
difference of the two signatures, but magnified by approxi-
mately a factor of 2. As can be seen in Fig. 4, each isotope
exhibits a large signature splitting. The signature splitting can
be interpreted as arising from mixing of a K = 1/2 component
into the high-K £/, proton configuration. However, in the
iridium isotopes with a proton number of 77, the proton Fermi
surface locates at the upper part of the hj/, subshell, the
normal Coriolis mixing of the K = 1/2 component into the
wave function is expected to be small for an axially symmetric
nucleus. In order to reproduce the large signature splitting
observed in the high-K %11/, band, one has to introduce a
mechanism which can lead to an enhanced mixing with the
K = 1/2 orbital. In fact, large signature splitting has been
observed in the lighter 'Ir [8], '"'Ir [9], and '*Ir [10]
isotopes, which has been interpreted as resulting from a triaxial
deformation generated by the core polarization of the high-K
h11/2 proton.

C. TRS calculations and polarizing effects of the ,,, proton

We have performed total Routhian surface (TRS) calcu-
lations for the vacuum configurations of even-even '86-1920s
and for the lowest negative-parity bands in '¥"-1%3Ir using the
nonaxial deformed Woods-Saxon potential [26]. Collective
rotation was investigated in the frame of the cranked shell
model in the three-dimensional deformation space (8, B4,
and y) [27,28]. At a given frequency, the deformation of
a state is determined by minimizing the resulting total
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Routhian surfaces. Figure 5 presents the results for the vacuum
configurations of even-even '86-1920s and for the lowest
(, @) = (—, +1/2) configurations in '¥7-'%3Ir at a rotational
frequency of hw = 0.15 MeV.

These calculations yield an almost axially symmetric pro-
late shape with pronounced y softness in even-even osmium
(see the lower panel of Fig. 5). The negative-parity surfaces
of 871911 are very soft against y deformation, and two
shallow minima can be identified at moderate deformations
for each isotope. These shallow minima are susceptible to the
rotational frequencies, especially, for the (7, o) = (—, —1/2)
configuration. In the upper panel of Fig. 5, we present the
calculated TRSs for the (7, «) = (—, +1/2) configuration;
the two minima within 300 keV energy difference can be
found in the region of —40° <y < 30° and 0.15 < B, <
0.25. Our TRS calculations show that the minimum with
positive y deformation [labeled as (I)] has a low-K value,
and the minimum with negative y [labeled as (II)] has
a high-K value. Considering the negative-parity orbitals
closest to the proton Fermi surface, the former corresponds
presumably to the intruder 1/2[541](rr ho/2) configuration, and
the latter to the high-K mhy/, configuration. Experimentally,
the 1/2[541](whg/2) band-head energy in 1871 [11] has
been observed to be slightly lower than that of the why,
configuration, while only the /A, bands are observed in
1911931y, This is consistent with our TRS calculations where the
minima with positive y deformations are favored in '37-1%1Ir,
while the minima with negative y and smaller 8, deformations
are slightly deeper in '*1%1r,

An inspection of Fig. 5 reveals that adding a high-j, A1/,
proton to the Os core will drive the nucleus from almost
axially symmetric (y ~ —3°) to a shape with pronounced
y deformation (or pronounced y softness). The polarizing
effect depends on the y softness of the even-even Os core.
This is reflected in our TRS calculations in that the increasing
y deformation for the odd-A iridium isotopes is parallel to
the tendency toward larger y softness in the corresponding
Os cores. The negative-y driving effect of the high-K, hyy/»
proton has been discussed extensively in Ref. [29]. Finally, it is
interesting to point out that a prolate super-deformed minimum
seems to exist in the TRS of Os isotopes of interest (see Fig. 5).
This supper-deformed minimum is enhanced by the polarizing

TABLE II. Calculated equilibrium deformations 8, and y for the
minima II of Fig. 5 and for the vacuum configurations in even-even
18619205 at liw = 0.15 MeV.

Nucleus y B

1871 >—13° ~0.200
1891 —26° 0.164
Ol —32° 0.156
1931y —35° 0.147
1860g -3° 0.200
18805 —3° 0.186
19005 -3¢ 0.169
19205 —3° 0.150
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effects of an odd proton. This theoretical prediction needs
further investigations.

Our TRS calculations may also be used to interpret, at least
qualitatively, the evolution behaviors of signature splitting
from '87Ir to '%*Ir. One can see in Fig. 4 that the amplitude
of signature splitting increases gradually from '"Ir to '*Ir.
This trend may be understood by considering the variations
of B, and y deformations from the TRS calculations. The
deformation parameters for Os isotopes and those results with
negative y for Ir isotopes at the corresponding TRS minima are
extracted and summarized in Table II. The gradual decrease
of B, and increase of negative y deformations are evident
from ¥7Ir to '%3Ir; this trend of shape variations could be
associated with the gradual increase of signature splitting
from '87Ir to '93Ir. The increasing signature splitting is thus
a consequence of increased shape asymmetry as the position
of the neutron Fermi level moves away from the neutron
midshell (N = 104) to the shell closure at N = 126. In this
context, we would mention that the /1> bands in '*-151r [8]
exhibit the same trend of increasing signature splitting but with
decreasing neutron number; this has been interpreted as due to
an increased shape asymmetry when the closed neutron shell
N = 82 is approached [8].

IV. SUMMARY

The high-spin states of '°*Ir have been studied using the
1920s("Li,a2n)'Ir reaction at a beam energy of 44 MeV.
A level scheme built on the whyy/;, 11/27 isomer has been
established. This result extends our knowledge of negative-
parity band structures to a neutron-rich iridium isotope.
The mh/, band exhibits a larger signature splitting among
the 7whyy2 bands in odd-A ""-1%Ir. Total Routhian surface
calculations have been made for the negative-parity bands in
187-1931r and for the ground-state bands in the corresponding
even-even '86-1920s. It has been shown that the triaxial shapes
in odd-A '"8-193Ir are owed to the strong core polarization of
the high-j hy;/, proton. The signature splitting in the why/»
bands of '87-193Ir has been discussed with the help of TRS
calculations. It seems that the increasing signature splitting
from '37Ir to '°*Ir could be understood, at least qualitatively,
as due to the decrease of quadrupole deformation and the
increase of shape asymmetry. This increased shape asymmetry
may occur when the position of the neutron Fermi level moves
away from the neutron midshell (N = 104).
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