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Deep-inelastic reactions have been used to populate high-spin states in the iridium isotopes. New results
include the identification of particularly long-lived three-quasiparticle isomers in 191Ir and 193Ir, with
mean-lives of 8.2(7) s and 180(3) μs respectively, decaying into newly identified states of the h11/2 proton
bands and into other structures. Spins and parities of Jπ = 31/2+ are suggested for both, consistent
with coupling of the 11/2−[505] proton to the 10− two-neutron excitations in the cores. These and
other configurations are discussed in the context of configuration constrained potential-energy-surface
calculations. All calculated intrinsic states are expected to be associated with triaxial shapes and the
extreme isomerism observed is attributed to spin-trapping rather than K -hindrance.

© 2012 Elsevier B.V. All rights reserved.
The iridium isotopes (Z = 77) near the stability line fall at the
perimeter of the region of well-deformed nuclei. Together with the
neighboring isotopes of osmium (Z = 76) and platinum (Z = 78),
they constitute a group that is of considerable interest in terms of
nuclear structure. This is partly because these nuclei are expected
to exhibit increasing gamma-softness [1,2], shape evolution [3–8],
and a predicted configuration-dependence and susceptibility to dy-
namic (rotation-induced) shape changes [9–11].

An implicit assumption of the move away from a well-defined
deformation with axial symmetry is that K , the quantum number
describing the projection of the total angular momentum on the
deformation axis, will not be conserved. The inhibition of nom-
inally forbidden γ -ray decays will thus be reduced, resulting in
relatively shorter lifetimes and fewer isomers [12–14]. This antici-
pated dilution of the K -quantum number due to dynamical effects
and the absence of a single deformation axis, is challenging to treat
quantitatively [15,16]. Nevertheless, the (perceived) absence of K -
isomers is regularly taken as an indication of γ -softness (see [17]).
Shell-model-type isomers are expected, of course, as shell closures
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are approached, and precursors to these are observed as relatively
short-lived isomers in the nearby platinum and mercury isotopes,
194Pt [18] and 196Hg [19].

The focus of the present work was the discovery and character-
ization of isomeric states in the stable isotopes 191Ir and 193Ir, with
the aim of elucidating the transitional character of the nuclear
structure in this region. Their stability, however, meant that they
could not be accessed with conventional nuclear reactions such as
heavy-ion induced, fusion-evaporation. Much of the previous in-
formation has thus come from Coulomb excitation and β-decay
studies, both of which are limited in terms of the states that can
be populated. Our studies draw on the demonstrated ability of so-
called “deep inelastic” heavy-ion reactions to populate high-spin
states in a broad range of nuclei through either inelastic excita-
tion, or transfer of a few particles between a particular projectile
and target nucleus [20]. The experimental configuration of thick-
target, stopped measurements is more effective for the population
and identification of states that are either long-lived, or are fed by
isomers, than for the identification of very short-lived states (ps
range) that is limited by Doppler broadening.

Surprisingly, long-lived isomers were found despite their asso-
ciation with triaxial configurations. As will be discussed in due
course, the isomerism apparently results because these configu-
rations form spin-traps, rather than because their decays are K -
inhibited.
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Fig. 1. Out-of-beam γ -ray spectra with double γ -ray coincidence gates in 191Ir (panels (a) and (b)) and in 193Ir (panel (c)). In these, known contaminants are indicated by
filled circles. Panel (d) gives the decay curves for the two paths in 191Ir (the weaker one being via the 309 keV transition) and panel (e) is a representative decay curve for
the isomer in 193Ir, as discussed in the text.
The measurements used 6.0 MeV/u 136Xe beams provided
by the ATLAS facility at Argonne National Laboratory. Nanosec-
ond pulses, separated by 825 ns, were incident on three tar-
gets, enriched metallic 186W and 187Re foils, ∼ 6 mg/cm2 thick
with 25 mg/cm2 gold foil directly behind them and a pressed
44 mg/cm2 enriched 192Os target with a 10 mg/cm2 gold foil be-
hind. Gamma rays were detected by Gammasphere [21], with 100
detectors in operation. Triple coincidence events were required and
the main data analysis was carried out with γ –γ –γ cubes, using
various time-difference conditions, and also with time constraints
relative to the pulsed beam, allowing selection of different out-of-
beam regimes.

Another set of measurements was carried out using a macro-
scopically chopped beam with various (beam on)/(beam off) condi-
tions. In these, out-of-beam dual coincidence events were recorded
in reference to a precision clock and γ –γ matrices as a func-
tion of time were constructed in contiguous time regions, allow-
ing long lifetimes to be isolated by gating on specific cascades
within the nucleus of interest. Scans were made with different
conditions, progressing in steps of ten, from initial values in the
sub-millisecond range up to the region of a few seconds, the max-
imum that could be accommodated by the electronics. The scans
of most relevance here are the set with the 186W target cover-
ing a complete range from 10/40 μs, in steps of ten up to 1/4 s,
and also two measurements with the 192Os target and 100/400 μs
and 1/4 ms ranges. Results for the neutron-rich isotopes 188W and
190W from the same set of measurements were reported recently
[22] and studies of 190Os, 192Os and 194Os have also been com-
pleted [23,24].

The assignment of γ rays to specific isotopes depends partly
on prior knowledge of some transitions between low-lying states,
complemented by coincidences with the characteristic X rays that
follow internal conversion. An independent guide to isotopic as-
signment comes through evaluation of relative yields with the
same or different targets, each additional particle transfer usually
leading to about an order of magnitude lower population. While
spectroscopic information is often limited in such measurements,
in the present work, total conversion coefficients deduced from
(delayed) intensity balances and γ –γ angular correlations were
used, together with the usual considerations of γ -ray branching
and transition strengths, to constrain spin and parity assignments.
(See Ref. [25] for examples of the angular correlation technique.)

New results are reported here for 191Ir and 193Ir. Previously in
191Ir, delayed feeding from an unidentified isomer, indirectly pop-
ulating states in the rotational band based on the h11/2 proton (the
11/2−[505] Nilsson orbital) had been reported from studies using
the 192Os(d, 3n)191Ir reaction [26]. The h11/2 band had also been
identified in 193Ir [11], but no isomers were known.

Selected spectra obtained with double gates on delayed tran-
sitions in 191Ir and 193Ir are given in Fig. 1. The main delayed
transitions feeding the 19/2− state of the 11/2− band in 191Ir, are
evident in Fig. 1(a), the stronger path being from the cascade of
536-keV and 395-keV transitions located directly above. This was
the path identified previously [26], with a delayed component at-
tributed to an unobserved transition from a long-lived isomer with
T1/2 = 5.5(7) s, corresponding to a meanlife of 7.9(10) s, feeding a
state at 2047 keV.

The partial level scheme deduced for 191Ir from the present
work is given in Fig. 2.

Our angular correlation results show that the 395-keV transi-
tion is a mixed dipole, and therefore probably of E2/M1 character.
Together with the total conversion coefficient of 0.11(2) (see Fig. 3),
this leads to a Jπ = 25/2− assignment for the 2047-keV state.
Although it could be a candidate for the 25/2− member of the
11/2−[505] band, we do not observe the expected, but possibly
weak, E2 branch to the 21/2− member (see below), and the sign
of the A2 coefficient in the angular correlation obtained by gating
on stretched quadrupole transitions lower in the scheme is op-
posite to those of the measured correlations for the 472-keV and
446-keV transitions (see Fig. 2) obtained in an equivalent way. Al-
though, at face value, these properties are not consistent with the
395-keV transition being a band member, there is an alignment in
this region and, therefore, a change in structure that could alter
the sign of the mixing ratio is possible.
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Fig. 2. Partial level scheme for 191Ir, including the main decays from the isomer and the h11/2 band. Unobserved low-energy transitions implied by the γ –γ coincidences are
indicated by square brackets.
While our results confirm the main transitions and the 13/2− ,
17/2− states in the unfavored signature sequence, an additional
delayed path is evident from the coincidence spectra given in
Fig. 1(a) and 1(b). The sequence of 308.5-, 146.6- and 518.7-
keV transitions constitutes a parallel cascade, feeding through the
19/2− , 1128-keV level, implying a state at 2101 keV, 54 keV above
the 2047-keV, 25/2− state in the main cascade. (The ordering of
the 146.6-keV and 308.5-keV transitions is unambiguous since only
the former is promptly fed.) Our contention is that the 2101 keV
level is the isomeric state, with an unobserved (presumably highly
converted) 54-keV transition to the 2047 keV state. This is consis-
tent with the observation of both prompt and delayed feeding of
the 2047 keV state in the earlier work.

The 518.7-keV transition was also known from the (d, 3n) stud-
ies and assigned as a decay from a 1646 keV state. This level
was suggested to be the 21/2− member of the unfavored se-
quence of the h11/2 band [26]. However, we propose a new state
at 1599.6 keV as the 21/2− member, consistent with its decays
to other band members, the mixed dipole/quadrupole character of
the 472.2-keV transition to the 19/2− state (similar in character to
the 445.6- and 385.5-keV transitions) and the feeding via an un-
observed low-energy transition from the 1652-keV, 23/2− state. In
contrast, the present angular correlation results indicate that the
518.7-keV γ -ray is essentially a pure stretched dipole transition
(δ < 0.05), as was also found in the (d, 3n) study, in conflict with
the expectation from the triaxial rotor model calculations reported
in Ref. [26] that predicted a mixed transition with δ = 0.18. These
considerations and the absence of other branches, such as a pos-
sible 21/2− → 17/2− transition in the case of negative parity (as
is observed in 193Ir — see below) leads to the proposed 21/2(+)

assignment for the 1646-keV state.
Two additional pieces of evidence for parallel paths from a sin-

gle isomer are (i) that the measured lifetimes from both paths
agree as evidenced by the data and fits given in Fig. 1(d) (al-
though the weaker path is not as accurately determined) and both
are consistent with the value obtained from the (d, 3n) measure-
ments [26]; and (ii) that the 309-keV transition placed as a decay
directly from the isomer is strongly converted (Fig. 3), indicating a
high multipolarity (M3) and, therefore, the expectation of a long
lifetime. The angular correlation and total conversion results for
the 146.6- and 308.5-keV transitions then lead to the probable
Fig. 3. Total conversion coefficients deduced from various intensity balances in 191Ir
(filled symbols) and 193Ir (open symbols) compared with predicted values.

31/2+ assignment for the isomer. (The residual uncertainty in the
parity reflects the fact that the positive parity assignment to the
1646 keV state is favored but not definitive.) With the present
assignment, the (unobserved) 54-keV transition to the 2047-keV,
25/2− state would be of E3 character. The corresponding transi-
tion strengths are given in Table 1.

The E3 and M3 branches in 191Ir are hindered by factors of 100
and 1000 with respect to single-particle values. These hindrances
are not particularly large, although to interpret them in terms of
K -forbiddenness it is necessary to know the K -values of the final
states. It is not clear whether these are collective states of rela-
tively low-K , or intrinsic states with (nominally) high-K values.
For example, if the 25/2− state at 2047-keV is assumed to have
(mainly) K = 11/2, the reduced hindrance, fν = �K − λ, of the
54-keV E3 transition for ν = 7, is only 1.8, effectively unhindered.
This value is lower even than the E3 decays to the γ band from
the K π = 10− isomer in 192Os, which have fν ∼ 5 (see [24] for
a recent evaluation) and is consistent with the trend of low hin-
drances seen in the heavy tungsten isotopes [22].
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Fig. 4. Partial level scheme for 193Ir. Unobserved low-energy transitions are indicated by square brackets.
Table 1
Transition strengths and hindrances for the long-lived isomers in 191Ir and 193Ir.

Eγ

(keV)
Iγ
rel.

Final state σλ αT
a Strength

(W.u.)

191Ir [E = 2101 keV; K π = 31/2+; τ = 8.2(7) s]
54.0 2.20(2)b 25/2− E3 3800 1.62(14) × 10−2

308.5 380(18) 25/2+ M3 3.34 1.52(15) × 10−3

193Ir [E = 2278 keV; K π = 31/2+; τ = 180(3) μs]
47.2 406(12)b (29/2+) (M1) 9.65 4.1(2) × 10−8

334.5 4153(57) (25/2−)c (E3)c 0.303 2.33(6)
226.7 1715(51) 27/2− M2 2.81 1.27(5) × 10−3

385.0 389(44) 25/2− E3 0.179 8.1(9) × 10−2

a Ref. [27].
b γ -Ray intensity inferred from total intensity balance.
c The alternative M2 transition in the case of a 27/2− assignment to the

1943 keV state would have a strength of about 4 × 10−4 W.u.

Other isomers were searched for by projecting intermediate-
time spectra with γ -ray gates above and below each state of inter-
est. This technique is sensitive down to a region of about 1 ns for
strong lines in the present experiment. The only significant find-
ing was the lifetime of τ = 3.2(5) ns assigned to the 1652-keV
level.

The level scheme deduced for 193Ir is given in Fig. 4. The h11/2
band was recently extended up to a proposed 23/2− state at
1714 keV in studies using incomplete fusion reactions [11], but
no isomers were identified. We confirm the earlier work, but ob-
serve strong delayed population with a complex path, originating
from a long-lived state at 2278 keV. The main transitions are evi-
dent in Fig. 1(c). Four de-excitation pathways from the isomer have
been established with primary decays of 226.7-, 385.0-, 334.5- and
an unobserved 47-keV transition. Transition strengths are given in
Table 1 While the uppermost isomer has a meanlife of 180(3) μs,
evidence for which is found in Fig. 1(e), surprisingly perhaps, none
of the lower states have significant lifetimes. A conservative limit
of � 2 ns can be placed on these. Such short lifetimes imply that
essentially none of the γ rays observed can have a significant
proportion of M2 (or higher) multipolarity, hence mixed dipole
transitions must be of E2/M1 character.
Previous spectroscopic information on the 11/2− band was lim-
ited, but from the γ –γ correlation measurements we can confirm
the stretched quadrupole character of the 546- and 689-keV tran-
sitions, and mixed (E2/M1) character for the 566- and 449-keV
decays from states in the unfavored signature sequence. The 501-
keV γ -ray from the 1526 keV state is also a mixed dipole transi-
tion, with a weaker (presumably E2) branch to the 17/2− state,
consistent with the 21/2− assignment to the 1526 keV level. The
1727-keV state has a 136-keV decay to the 1591-keV, 21/2− state
with a conversion coefficient suggesting a mixed E2/M1 transi-
tion and a 201-keV decay to the 1526 keV, 21/2− level. Although
the conversion coefficient for the 201-keV transition is close to a
pure E2 value, its angular correlation is difficult to characterize
definitively, hence the possible 23/2− or 25/2− assignment for the
1727-keV level (Fig. 4).

The 1727-keV state is fed by a 165-keV transition with a con-
version coefficient characteristic of an M1 multipolarity, suggesting
Jπ = 25/2− for the 1893-keV level. This state’s main decay is via
the 179-keV transition to the 1714-keV, 23/2− level. The 179-
keV γ -ray was assigned as a stretched quadrupole in Ref. [11]
on the basis of a (marginal) DCO ratio and the total conversion
coefficient from the present delayed intensity balances suggests a
dominant E2 multipolarity. However, the angular correlation is in-
consistent with a stretched quadrupole nature, but it is consistent
with a � J = 1 transition with either a small, or a large mixing ra-
tio, the latter of which (δ(E2/M1) ∼ 14) corresponds to essentially
pure E2 character, evidence again for the 25/2− assignment to the
1893-keV state.

Directly above the 1893-keV level, the 158.3-keV γ -ray is
assigned as a stretched M1 transition,while the 226.7-keV de-
cay from the isomer has a large conversion coefficient con-
sistent with an M2 character (see Fig. 3). This leads to the
proposed Jπ = 31/2+ assignment for the 2277.5-keV isomeric
state. The spectroscopic information from the other main de-
cay path, considering both the angular correlation and total
conversion data (Fig. 3), is less certain because the extrac-
tion of total conversion coefficients is complicated by multiple
branches and the fact that the transitions below (such as the
501- and 566-keV γ -rays) are mixed dipoles, introducing more
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Table 2
Selected three-quasiparticle configurations in 191Ir and 193Ir together with calculated energies and deformations.

K π Configuration 191Ir 193Ir

β2 γ
(deg.)

β4 Ecal.

(keV)
β2 γ

(deg.)
β4 Ecal.

(keV)

21/2− ν11/2+[615], 7/2−[503] ⊗ π3/2+[402] 0.149 19 −0.048 1938 0.141 18 −0.055 2635
23/2+ ν11/2+[615], 1/2−[510] ⊗ π11/2−[505] 0.147 36 −0.024 2008 0.131 30 −0.023 2289
23/2− ν11/2+[615], 9/2−[505] ⊗ π3/2+[402] 0.157 24 −0.044 2014 0.138 18 −0.039 2435
25/2+ ν11/2+[615], 3/2−[512] ⊗ π11/2−[505] 0.147 22 −0.045 2140 0.148 30 −0.077 2487
27/2+ ν11/2+[615], 13/2+[606] ⊗ π3/2+[402] 0.147 33 −0.034 2536 0.137 33 −0.037 2060
29/2+ ν11/2+[615], 7/2−[503] ⊗ π11/2−[505] 0.149 24 −0.035 2511 0.138 26 −0.034 2860
31/2− ν9/2+[624], 11/2+[615] ⊗ π11/2−[505] 0.147 32 −0.026 2086 0.130 25 −0.050 2460
31/2+ ν11/2+[615], 9/2−[505] ⊗ π11/2−[505] 0.157 27 −0.040 2210 0.135 14 −0.039 2583
33/2− ν11/2+[615], 13/2+[606] ⊗ π9/2−[514] 0.155 39 −0.026 2853 0.138 34 −0.027 2432
35/2− ν11/2+[615], 13/2+[606] ⊗ π11/2−[505] 0.145 33 −0.043 2639 0.134 33 −0.046 2119
ambiguity into the correlation analysis. Nevertheless, the sug-
gested mixed E2/M1 character for the 215.7-keV transition from
both the correlation and the total conversion coefficient leads to
25/2− or 27/2− for the 1943-keV state, dependent on the spin
choice for the lower 1727-keV state. The conversion coefficient
(Fig. 3) of the 334.5-keV transition feeding the 1943-keV level
is close to the calculated E3 value although the resultant E3
strength of about 2 W.u. (Table 1) implies specific configuration
changes that are not expected on the basis of the available or-
bitals.

The two main decay paths are also connected via the 323.9-
keV transition from the 2051-keV, 27/2− state to the 1727-keV,
23/2− level. Its conversion coefficient is not precisely determined
(due mainly to contaminant issues), but is consistent with an E2
character.

The 2230.3-keV state, whose main decay proceeds via the
337.8-keV transition to the 1893-keV, 25/2− level, is shown as
being fed by an unobserved 47-keV transition from the 180-μs
isomer. This is consistent with the fact that some prompt popu-
lation is observed for this state. However, we cannot discount the
possibility that the 2230-keV state also has a lifetime (given the
M2 character suggested by the conversion coefficient), although it
would have to be in the intermediate range of a few microseconds
for it not to have been evident in either the pulsed data, or in the
long-chopping experiment.

Turning now to the nuclear structure of these long-lived states,
multi-quasiparticle calculations, carried out with fixed deforma-
tions, normally provide a reasonable guide to the intrinsic states
that might give rise to isomers. However, in the present case,
configuration-dependent deformations that differ significantly from
those associated with the one-quasiparticle configurations are
likely to occur. Of direct interest here, for example, is the pre-
dicted 31/2+ state obtained by coupling the 11/2−[505] proton
to the 10− , two-quasineutron isomers found at 1705 keV in 190Os
and 2015 keV in 192Os. The proton configuration is known to fa-
vor a triaxial deformation (as evidenced by the large signature
splitting in its rotational band), whereas the 10− configuration is
predicted to be essentially prolate [10]. (Note that the predicted
ground-state deformations calculated by Moller et al. [28] do not
specify the configuration.)

To address these issues, calculations allowing for self-consistent
shape changes were carried out for a range of odd-A iridium iso-
topes. The most likely 3-quasiparticle configurations were com-
puted using the method of K -constrained diabatic potential-energy
surfaces [29,30] with a non-axial deformed Woods–Saxon potential
and approximate particle-number projection achieved through the
Lipkin–Nogami prescription. The results for selected states (mainly
the highest-spin, lowest-energy states predicted) are listed in Ta-
ble 2.
Key high-spin states involve the coupling of a proton to either
the (core) 10− states from the 11/2+[615], 9/2−[505] two-neutron
configuration, or the 10+ and 12+ states formed from a pair
of i13/2 neutron orbitals, specifically the 9/2+[624], 11/2+[615]
and 11/2+[615], 13/2+[606] configurations. The predicted energy
of the 12+ configuration is predicted to drop rapidly with neu-
tron number, hence, the 35/2− state obtained by adding to it the
11/2−[505] proton is expected to be significantly lower in energy
than the predicted 31/2+ and 31/2− levels in 193Ir. This may be
somewhat artificial since there is minimal experimental informa-
tion on single-particle levels in this region. Related predictions
of low-lying 12+ isomers in the osmium isotopes have yet to be
borne out [22]. Alternatively, a very low energy could result in
long-lived states that would preferentially β decay, and thus be
missed.

As can be seen from Table 2, both 31/2− and 31/2+ intrin-
sic states are predicted, fairly close to the excitation energies of
the observed isomers. Although the calculations place the 31/2−
level lower in both isotopes, they do not include the residual inter-
actions that favor the 31/2+ configuration. With an experimental
assignment of 31/2+ , an association in both nuclei with the pre-
dicted 31/2+ configuration is natural, but a 31/2− state should
also be expected.

All of the states predicted are associated with significant tri-
axiality, even in the cases which involve the 10− two-neutron
component that is calculated to be symmetric in the even–even
cores [10]. This presumably reflects the shape-driving effect of the
additional proton. There are no obvious theoretical candidates to
match the 25/2− and 27/2− states observed near 2 MeV. These
are probably collective excitations (consistent also with the ab-
sence of significant lifetimes) which will be numerous because of
the triaxiality. Two other types of structure which may be present
are negative parity states associated with the 11/2−[505] configu-
ration and alignment of the h9/2 protons, and corresponding levels
arising from rotation alignment of the i13/2 neutrons at oblate de-
formation analogous to those predicted for the even–even neigh-
bors [10] and observed (near 2.8 MeV) in 192Os [23].

While the transition strengths cannot be evaluated in detail
because of the uncertainty in the final configurations, it seems
that the long-lived isomers occur largely because the decays pro-
ceed by relatively low-energy, high-multipolarity transitions rather
than because of significant K -hindrance. They are in effect spin-
traps rather than K -isomers [13]. In this regard, the absence
of any other isomers in the decay path, particularly in 193Ir,
is also pertinent as a possible indication of the absence of K -
hindrance. The calculations also indicate that even longer-lived
β-decaying isomers should occur, providing a challenge for fu-
ture studies and in effect, a test of the reliability of the mod-
els.
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