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First identification of excited states in 169Ir
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Gamma rays populating the α-decaying isomeric state in 169Ir have been observed for the first time. The
experiment employed the recoil-decay tagging method using the JUROGAM γ -ray spectrometer, the RITU
gas-filled recoil separator and the GREAT spectrometer located at the RITU focal plane. The γ -ray cascade
feeding the isomeric α-decaying state exhibits a rotational structure consistent with a h11/2 proton coupled to a
triaxially deformed core. The experimental results are compared with predictions from total Routhian surface
calculations.
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I. INTRODUCTION

Neutron-deficient iridium isotopes lie between the de-
formed rare-earth nuclei and the near spherical closed proton
shell at Z = 82. Many of these nuclei are known to exhibit
collective structures reflecting a variety of shapes and shape
coexistence. Shape coexistence is well known for low-lying
spherical, oblate, triaxial and prolate deformed states in the
chains of neutron deficient isotopes near the Z = 82 shell
closure where proton 2p-2h excitations are important [1]. As
the N = 82 shell gap is approached from the neutron midshell
(N = 104) the positions of the proton and neutron Fermi
surfaces relative to the N,Z = 82 shell gaps make the nuclear
potential soft with respect to elongation (β2) and triaxiality
(γ ). A “classic” example of shape coexistence is the structure
of the ground-state band in 176Pt [2,3], which in experiment
was found to exhibit peculiar features. These features were
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interpreted as resulting from coexistence between a weakly
deformed triaxial structure and a moderately deformed prolate
intruder configuration. Similar behavior can be found in
neighboring neutron-deficient 78Pt and 76Os [4–6] isotopes
where intruder states create mixed configurations at the Fermi
surface, resulting in well-deformed states coexisting with less
deformed, triaxial states. With decreasing neutron number
weakly deformed triaxial shapes are increasingly favored
while the more deformed prolate states are pushed upward
in energy, at least at low spins.

Odd-A nuclei are of key interest for studies of nuclear
shapes since the coupling of the odd particle to the deformed
even-even core can lead to shape dependent effects on the
rotational spectra and their electromagnetic properties, hence
serving as a probe of the nuclear shape. Depending on the
nature and magnitude of the nuclear deformation, different
single-particle configurations are favored and their relative
energies, therefore also contain information on the nuclear
shape. Furthermore, the shape-polarizing effects of individual
single-particle orbitals can reveal important clues for under-
standing the mechanisms behind the onset of collectivity and
deformation near closed shells. Shape-polarization effects are
generally believed to be associated with two-particle two-hole
(2p-2h) excitations across a major shell gap and/or with the
occupation of specific shape-driving orbitals such as the high-j
unique parity (intruder) levels.

For the odd-even nuclei in this mass region, valence protons
occupying either the s1/2, d3/2, or h11/2 orbitals dominate
the structure at low spin and low excitation energy. Two
low-lying states are generally observed to decay by proton,
α or β emission. Depending on Z, these states are usually
associated with either an unpaired s1/2 or h11/2 proton, with
the s1/2 configuration forming the ground state [7]. Since
γ -ray transitions between these states would be very slow
due to the large spin difference, charged particle emission is
the dominating decay mode for these states.
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The heaviest neutron-deficient 187−189Ir isotopes show signs
of triaxiality and γ softness [8,9], which disappear near the
neutron midshell (N = 104) where prolate structures become
more prominent. From 173Ir to 181Ir rotational bands consistent
with configurations based on h11/2, h9/2, and i13/2 orbitals of
prolate shape have been observed up to high spins [10–14]. In
the lightest odd-mass isotopes, 171−175Ir, triaxiality again is an
important feature as the yrast bands show increasing signature
splitting with decreasing neutron number. In this transitional
region with N < 96 it has been suggested that a change from
a triaxial shape at low spin to a prolate deformation at higher
spins could be taking place in the h11/2 bands [10–12,15].
Two α-decaying states have previously been assigned to
169Ir and their properties examined by Poli et al. [16]. The
strongest α-decay branch was suggested to depopulate an
isomeric state based on the h11/2 configuration and the weaker
ground-state α-decay branch was assigned to emanate from
an s1/2 configuration. Both the isomeric and ground-state α

decays were identified and confirmed in this work, and an
excited structure is found to be based on the isomeric h11/2

state.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Accelerator Labo-
ratory of the University of Jyväskylä employing the K130
cyclotron. Excited states in 169Ir were populated using the
112Sn(60Ni, p2n) reaction at a bombarding energy of 266 MeV.
The 112Sn target consited of two stacked self-supporting foils
of a total thickness of 800 µg/cm2 and with ∼93% isotopic
enrichment. The average beam intensity was 4.7 pnA during
6 days of irradiation time. Prompt γ rays were detected at
the target position by the JUROGAM array consisting of
43 EUROGAM phase I [17] and GASP [18] type Compton-
suppressed high-purity germanium detectors. The germanium
detectors were distributed in six rings at six different angles
relative to the beam direction, with five detectors at 158◦, ten
at 134◦, ten at 108◦, five at 94◦, five at 86◦, and eight at 72◦. In
this configuration JUROGAM had a total photopeak efficiency
of 4.2% at 1.3 MeV.

Fusion-evaporation products were separated in-flight from
fission products and scattered beam particles using the RITU
gas-filled recoil separator [19,20] and subsequently implanted
at the focal plane into the double-sided silicon strip detectors
(DSSD) of the GREAT spectrometer. The GREAT [21]
spectrometer is a composite detector system, which in addition
to the two DSSDs, comprises a multiwire proportional counter
(MWPC), an array of 28 Si PIN diode detectors and two
segmented germanium detectors. Each DSSD has an effective
area of 60 × 40 mm2, with 200 individual strips at a pitch of
1mm in both directions leading to 4800 independent pixels in
total. All detector signals were recorded independently by the
triggerless total data readout (TDR) acquisition system [22]
where they were given a time stamp of 10 ns precision. This
allowed for accurate temporal correlations between prompt
γ rays detected at the target position, recoil implants at the
RITU focal plane and their subsequent radioactive decays to
be performed. Spatial and temporal correlations in the recorded

data were analysed on and off-line using the GRAIN software
package [23].

Clean γ -ray spectra were obtained using the highly selec-
tive recoil decay tagging technique (RDT) [24,25]. An α decay
detected at the same position (pixel) as a previously implanted
recoiling residue provided identification for the residue using
its characteristic energy and decay time of the α decay. Prompt
γ rays at the target position could then be associated with the
implantation event. In the case of 169Ir the relatively short
α-decay half-life previously measured to be 323+90

−66 ms for the
isomeric state [16], ensured that the selection was clean with
respect to random correlations, since the beam intensity was
kept low in order to minimise the probability that a second
recoiling residue would strike the same pixel in the DSSD
before the former had time to α decay. The average count rate
of the DSSD was ∼350 Hz.

III. EXPERIMENTAL RESULTS

The reaction employed in this experiment was primarily
used to study the 2n fusion-evaporation channel populating the
neutron-deficient nucleus 170Pt [26]. In this work we present
data for the p2n exit channel leading to 169Ir with a cross
section of σ ∼ 120 µb. Two α-decaying states were identified.
The more strongly populated α-decaying state is an isomeric
state with measured decay energy of Eα = 6117(3) keV and a
measured half-life of t1/2 = 280(3) ms. The second α-decaying
state is thought to be the more weakly populated ground
state with measured decay energy of Eα = 6010(8) keV.
No accurate half-life could be extracted for the ground-state
α decay since the decay spectrum was too contaminated
with stronger competing channels with overlapping decay
properties. The low-lying isomeric state is 153(24) keV above
the ground state as established by Poli et al. [16] who studied
extended α-decay chains starting from the ground and isomeric
state decays of 177Tl. In that work, the observation of proton
decays of 177Tl allowed the ground state to be assigned to a s1/2

configuration and the isomeric state to a h11/2 configuration.
The γ -ray spectra correlated with the isomeric α decay in 169Ir
and the corresponding daughter α decay are shown in Fig. 1.
The γ -ray energies, relative intensities, angular distribution
ratios (R), and level spin assignments from the decays of
excited states built on the h11/2 isomeric state of 169Ir are
listed in Table I.

The results for the structure feeding the isomeric h11/2 state
for 169Ir were obtained from γ -γ coincidence events corre-
lated with its α decay [Eα = 6117(3) keV, t1/2 = 280(3) ms]
detected within 900 ms of a recoil implantation in the same
DSSD pixel. The data were sorted into a Eγ 1-Eγ 2 coincidence
matrix and analysed using the GRAIN [23] and RADWARE [27]
software packages. The 169Ir γ -γ matrix contained 2.16 × 105

pairs of γ rays. Since the neighboring isotope 170Ir was
populated via the pn-channel and has a similar α-decay energy
to 169Ir [Eα(170Ir) = 6083(11) keV and t1/2 = 830(300) ms
[7], there was some contamination from 170Ir in the α-tagged
169Ir γ -ray spectrum. Figure 1(a) shows a spectrum of γ

rays emitted during the deexcitation of excited states within
169Ir which is visibly contaminated by the three strongest
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TABLE I. Gamma rays assigned to 169Ir that were observed to
populate the isomeric h11/2 state. Intensities (Iγ ) are adjusted for
detector efficiencies and normalised to the strongest transition at
Eγ = 658 keV (statistical uncertainties are given in parentheses).
Transitions marked with an asterisk are assigned to 169Ir but not
placed into the level scheme.

Eγ (keV) Iγ (%) R J π
i →J π

f

101.4(1)∗ 6.1(5)
121.1(1)∗ 6.6(5)
130.5(1) 24.3(7) (25/2−) → (23/2−)
152.3(1) 23.6(7) 19/2− → 19/2−

159.5(2) 16.4(6) (27/2−) → (25/2−)
178.0(3) 12.0(5) 19/2− → 17/2−

190.6(3)∗ 5.5(4)
201.7(3) 31.5(8) 0.76(3) 15/2− → 13/2−

206.5(1) 14.3(6) (23/2−) → (21/2−)
223.6(2) 17.0(6) 23/2− → 21/2−

232.5(4)∗ 2.7(4)
242.5(4)a 26.8(7) 0.67(2) 19/2− → 17/2−

252.9(6) 14.0(5) (29/2−) → (27/2−)
256.6(4)b 28.0(8) (19/2−) → 17/2−

263.8(2) 4.7(5) (21/2−) → 21/2−

273.9(3)c 62.6(11) 0.87(3) 21/2− → 19/2−

290.6(3) <2.0d 23/2− → 21/2−

310.6(2) 5.8(5) (25/2−) → (23/2−)
317.6(4) 24.5(7) (23/2−) → 21/2−

323.6(2) 7.7(4) (33/2−) → (31/2−)
328.6(1)∗ 7.3(4)
335.1(2)∗ 6.5(4)
341.2(2)∗ 4.1(4)
353.2(2)∗ 8.0(4)
361.0(2)∗ 5.2(4)
383.7(2) 5.6(7) (25/2−) → (23/2−)
393.3(1) 40.7(9) 0.64(7) 19/2− → 17/2−

457.1(2) 96.5(12) 0.92(2) 13/2− → 11/2−

497.0(3)∗ 5.7(4)
515.1(3) 5.8(21) (23/2−) → (19/2−)
519.3(4) 46.6(10) 0.89(2) 17/2− → 15/2−

539.2(1) 18.4(8) (23/2−) → 19/2−

542.8(1) 8.1(8) 21/2− → 19/2−

559.9(2) 6.4(9) (17/2−) → (15/2−)
601.8(2)∗ 11.1(9)
610.5(3)∗ 5.3(10)
633.1(2) 13.6(6) (15/2−) → 13/2−

658.3(3) 100.0(13) 1.15(2) 15/2− → 11/2−

688.4(1) 19.0(6) (21/2−) → 19/2−

720.3(2) 29.6(9) 1.29(5) 17/2− → 13/2−

745.4(2) 12.4(7) (23/2−) → 19/2−

762.4(4) 47.6(10) 1.26(10) 19/2− → 15/2−

785.3(2) 6.7(5) 1.42(10) 21/2− → 17/2−

833.5(4) 11.0(5) 23/2− → 19/2−

937.3(3) 19.6(7) 17/2− → 13/2−

992.5(2) 9.9(6) (19/2−) → 15/2−

aTwo transitions separated by ∼1 keV where the intensity is shared
between the 242 and 243 keV transitions.
bThe 257 keV transition is a self-coincident doublet.
cTwo unresolved transitions at 273 and 274 keV. The bulk of the

intensity is carried by the 274 transition.
dToo weak to extract an accurate intensity.
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FIG. 1. (a) Recoil-α correlated 169Ir γ -ray spectrum. Lines
marked with a dot represent contamination from the three strongest
transitions in 170Ir, at 218, 267 and 370 keV, respectively [28]. (b) As
in (a), but requiring additional correlation with the isomeric (h11/2)
165Re daughter α decay [7].

170Ir γ -ray transitions [28]. This contamination is largely
removed in the mother-daughter correlated γ -ray spectrum
shown in Fig. 1(b). Although the α-decay properties are
very similar in the daughter nuclei of 169Ir and 170Ir,
with Eα(165Re) = 5518(5) keV, t1/2(165Re) = 1.9(3) s and
Eα(166Re) = 5533(10) keV, t1/2(166Re) = 2.1(4) s [7], the
mother-daughter correlated spectrum shows unambiguous γ -
ray identification of 169Ir due to the much weaker α-decay
branch in 166Re compared with that in 165Re.

The partial level scheme for 169Ir deduced from the γ -γ
matrix tagged by the isomeric α-decay is shown in Fig. 2.
Several other α-tagged 169Ir γ rays were identified (see
Table I), but either poor statistics or ambiguous coincidence
relationships prevented them from being firmly placed in
the level scheme. The yrast γ -ray cascade is here assigned to
be built on the πh11/2 state and the γ -ray emission is followed
by the subsequent 6117(3) keV α decay of this state. This state
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FIG. 3. (Color online) Angular intensity ratios as a function of γ -ray transition energy in 169Ir (filled circles) defined through Eq. (1).
Diamonds represent reference values for stretched E2 (286 keV and 463 keV) transitions in 170Os and stretched M1 and E1 (246 keV and
947 keV) transitions in 169Re and 170Os, respectively.

is situated at an excitation energy of 153(24) keV above the
α-decaying ground state [16]. The level scheme has a very
similar structure to that of 171Ir, which also was assigned to be
built on a πh11/2 state [15]. The spin and parity assignments
in the level scheme follow the assumption of a 11/2− band
head, which is expected near the Fermi surface. Configuration
assignments are discussed in more detail in Sec. IV. In all,
37 γ -ray transitions were placed into the level scheme, which
reaches an excitation energy of Ex = 3439(24) keV above the
s1/2 ground state and a tentative spin and parity Iπ = 33/2−.
The yrast sequence at low spins in 169Ir (labeled as Band 1
in Fig. 2) forms a coupled band structure that extends to spin
Iπ = 23/2− at an excitation energy of Ex = 2406(24) keV
above the s1/2 ground state. It consists of in-band E2 transitions
together with M1 crossover transitions. The placement of
the transitions is based on relative γ -ray intensities and γ -γ
coincidence relationships.

Multipolarity assignments for Band 1 and for some of the
strongest γ -ray transitions feeding into this band were obtained
from intensity ratios considering γ rays measured at � = 158◦
and � = 86◦ and 94◦ angles relative to the beam direction in
the JUROGAM spectrometer. These angular distribution ratios
are calculated through the relation

R = N

[
Iγ (158◦)

Iγ (86◦) + Iγ (94◦)

]
, (1)

where N is a normalization constant to account for the
different number of detectors; in this case N = 2. In order
to obtain typical values of stretched quadrupole and stretched
dipole transitions, the R values were compared to those of γ

rays previously assigned to some of the stronger evaporation
channels in the experiment. The R values measured were
1.26(2) for the 4+ → 2+ 463 keV transition in 170Os [29]
and 0.87(6) for the 13/2− → 11/2−246 keV transition in
169Re [30], respectively. Therefore, assignment of stretched
quadrupole and stretched dipole transitions in 169Ir were made
for anisotropies around 1.2 and 0.8, respectively (see Table I
and Fig. 3).

Two side structures (labeled Band 2 and Band 3 in Fig. 2)
have been identified. Both of these bands feed into the yrast
band, with most of the intensity in Band 2 flowing through the
393 keV and 937 keV transitions, populating states in Band 1 at
17/2− and 13/2−. The 393 keV transition shows an anisotropy
consistent with a dipole transition and is therefore interpreted
as a �I = 1 transition depopulating a Iπ = 19/2− state.
Although tentative, this, together with the relative intensities
of the γ rays depopulating, e.g., the (19/2−) state of Band 2,
is consistent with the proposed spin and parity assignments of
the states in Band 2. A γ -ray coincidence spectrum produced
by putting a gate on the 393 keV transition is shown in
Fig. 4(a). It shows members of Band 2 and in addition, although
weakly, transitions associated with Band 3. The reason for
the relative weakness of transitions in Band 3 in this gate is
that a large fraction of the intensity bypasses the 393 keV
transition via the 745 and 992 keV transitions. Although the
in-band transitions of Band 3 can be placed in the level scheme
by their relative intensities and coincidence relationships firm
multipolarity assignments using angular distribution ratios are
not possible due to insufficient statistics. Therefore these spin
and parity assignments are tentative.
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FIG. 4. (Color online) Three γ -γ coincidence spectra generated
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Gating on the 762 keV transition in the yrast coupled band
structure [see Fig. 4(b)] reveals, in addition to all its members,
an additional structure feeding into Band 1 via the 688 keV
and Band 2 via the 264 keV transition, respectively. Spin and
parity assignments for these side bands feeding into the ground
state band are tentative.

IV. DISCUSSION

The yrast band (Band 1) in 169Ir is interpreted as a de-
formed one-quasiparticle configuration primarily based on the
11
2

−
[505] Nilsson state originating from the πh11/2 spherical

subshell. 169Ir does not have multiple rotational bands, unlike
in heavier (A � 171) odd-mass iridium nuclei, for which
additional 5

2

+
[402] and 1

2
−

[541] band heads are found at low

excitation energies with the 1
2

−
[541] Nilsson state forming the

ground state. In 173−175Ir, structures built on the 1
2

+
[660] orbital

of i13/2 parentage are also observed as intruder bands of large

prolate deformation [10,11]. Furthermore, in 169Ir the 11
2

−
[505]

band quickly becomes unfavored, i.e., nonyrast (see Fig. 2),
and does not extend to high enough spin for the expected i13/2

neutron alignment to be observed.
In order to interpret the structures of the extremely neutron

deficient odd-A isotopes, and in particular that of 169Ir, we
have performed total Routhian surface (TRS) calculations [31].
For each rotational frequency, the total energy in the rotating
frame (Routhian) is minimized as a function of the deformation
parameters β2 and γ . Figure 5 displays the calculated TRSs
for the lowest negative parity, negative signature configuration
(corresponding to the α = −1/2 branch of Band 1) for
169,171,173Ir at a rotational frequency of h̄ω = 0.16 MeV. In
order to illustrate the effect of the odd proton on the nuclear
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FIG. 5. (Color online) Calculated TRSs for the even-N Pt-Ir-Os
N = 92–96 isotones showing the total energy in the rotating frame as
a function of the deformation parameters γ and β2 at a rotational
frequency h̄ω = 0.16 MeV. The top panels show the even-even
170−174Pt isotopes. The middle panels show the (π, α) = (−, −1/2)
configuration of the odd-A 169−173Ir isotopes and the bottom panels
display the even-even 168−172Os isotopes. The energy difference
between contour lines is 100 keV.

deformation, the vacuum configurations for the corresponding
Pt and Os isotones are also shown. Table II displays the
relevant deformation parameters (γ and β2) for the three
Pt-Ir-Os isotones shown in Fig. 5. The deformation parameters
correspond to the most favored collective energy minima of
the TRSs. The TRS plot for 169Ir in Fig. 5 shows a minimum at

TABLE II. Calculated deformation parameters
γ and β2 for the Pt-Ir-Os isotopes in Fig. 5
for the (π, α) = (−, −1/2) configuration at h̄ω =
0.16 MeV.

Isotone γ β2

N = 92 N = 94 N = 96

170Pt −21◦ 0.13
169Ir −16◦ 0.14
168Os −5◦ 0.16

172Pt −23◦ 0.15
171Ir −20◦ 0.16

170Os −9◦ 0.17
174Pt −24◦ 0.16
173Ir −23◦ 0.17

172Os −12◦ 0.20
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a triaxial deformation of β2 � 0.14 and γ = ±16◦. However,
the nucleus demonstrates pronounced γ softness indicating
that only a small increase in energy may easily change
the sign of the γ deformation to either extreme, in this
case from γ ≈ 16◦ to γ ≈ −16◦ with increasing rotational
frequency, since at higher rotational frequencies a negative
γ deformation is favored over a positive γ deformation. The
energy minimum in the lowest negative-parity TRS of 169Ir
is assigned to the one-proton πh11/2[505] 11

2
−

configuration
following the argument in [32,33]. Another minimum becomes
visible with increasing rotation and appears at a deformation
around β2 ≈ 0.15 and γ ≈ −105◦. This minimum is lower in
energy but is noncollective, and it might be associated with
one of the other band structures observed in 169Ir.

As can be seen in Fig. 5 and Table II, the position of the
proton Fermi level is predicted to significantly influence the
tendency toward triaxiality of the even-even core. The addition
of the high-j proton to 168Os drives the core from an almost
axially (albeit γ -soft) symmetric shape to one with a more
pronounced γ deformation. When adding two protons to the
168Os core the resulting TR surface for 170Pt reveals an even
larger degree of triaxiality than the 169Ir (π = −1, α = −1/2)
configuration. The predicted trend of increasing γ deformation
as a function of increasing proton number is coupled to a
parallel tendency toward smaller β2 deformation. However,
while there is a large increase in γ deformation between
Z = 76 and Z = 78, the triaxial minimum based on the h11/2

configuration for 169Ir is deeper than that of 170Pt. Hence,
a shape polarizing effect can be inferred for the odd h11/2

proton as well. A different shape dependence with the neutron
number is predicted: Increasing the neutron number results in
an increase in both γ and β2 deformation.

TRS plots for the (π = +, α = +1/2) configuration of 169Ir
are shown in Fig. 6 for h̄ω = 0 and h̄ω = 0.160 MeV. The TRS
calculation predicts a deformation β2 ≈ 0.15 and γ ≈ −16◦
for this configuration. The deformation of the ground state is
thus very similar to that of the isomeric h11/2 state. This is the

X=β2cos(γ+30)

0 0.1 0.2 0.3 0.4

Y
=

β 2
si

n(
γ+

30
)

S1/2

169 Ir−A 169 Ir−A

0 0.2 0.3 0.4
−0.2

−0.1

0

0.1

0.2

0.3

0.1

FIG. 6. (Color online) Calculated TRSs for the (π, α) =
(+,+1/2) A-configuration of 169Ir showing deformation parameters
γ and β2 at rotational frequency h̄ω = 0.0 (left panel) and h̄ω =
0.16 MeV (right panel). The energy difference between contour lines
is 100 keV.

−40 −20 0 20 40
−2

−1

0

1

2

h11/2

Fermi level

s1/2 d3/2

d3/2s1/2

γ =−16

[deg]

e’
 [

M
eV

]

γ

FIG. 7. Proton single-particle levels (e′) as a function of the
triaxiality parameter γ . The single-particle levels are labeled with
their spherical subshell origin as described in the text. The plot is
made with β2 = 0.142 and h̄ω = 0.0 MeV, using a universal Woods-
Saxon potential. The solid lines show levels with (π, α) = (+,+1/2)
and (+, −1/2), and the dashed lines those of (π, α) = (−,+1/2)
and (−, −1/2). The vertical dashed line indicate the relevant γ

deformation for 169Ir.

lowest single-proton configuration in 169Ir and corresponds to
a mixed (d3/2, s1/2) ground state.

In order to elucidate the triaxial shape-driving properties
of different proton configurations in 169Ir, Fig. 7 shows the
calculated single-particle levels (labeled by the corresponding
spherical subshell) as a function of the triaxiality parameter, γ .
The 11

2
−

[505] proton orbital originating from the h11/2 subshell
is energetically favored by an increase in γ deformation.
However, the slope is rather small, indicating that its shape
polarizing effect is limited. From Fig. 7 it is also clear that
the mixed (d3/2, s1/2) ground state, formed by the Nilsson
1
2

+
[400] and 3

2
+

[402] orbitals, is indeed lower in energy than

the isomeric orbital 11
2

−
[505] from the h11/2 spherical subshell

at the relevant γ deformation of −16◦. This prediction is in
agreement with the experimental result where the isomeric
h11/2 state is situated at an excitation energy of ∼150 keV
above the s1/2 ground state. This interpretation is also
consistent with the full TRS calculation where the lowest
minimum for the h11/2 state is situated ∼30 keV above the
lowest minimum for the s1/2 ground state. However, cranked
shell model calculations show that at this γ deformation the
ground state is an approximately equal mixture of the states
emanating from the s1/2 and d3/2 spherical subshells.

The observed h11/2 band in 169Ir shows a large signature
splitting of �150 keV at low spins. This signature splitting is
compared in Fig. 8 with that of the corresponding bands in the
heavier iridium isotopes 171Ir [15], 173Ir [10], and 175Ir [11],
using the staggering parameter S(I) [34] defined as

S(I ) = E(I ) − E(I − 1) − 1
2 [E(I + 1) − E(I )

+E(I − 1) − E(I − 2)]. (2)

The signature splitting in 169Ir indicates a triaxial deformation
(γ < 0) and is expected to arise from the influence on the
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FIG. 8. Staggering parameter S(I) as a function of spin I for the
[505]11/2− bands in the neutron-deficient odd-A iridium isotopes
169−175Ir. The filled (open) symbols represent the α = +1/2 (α =
−1/2) signature.

mixing of low-K components into the high-K h11/2 proton
configuration. Figure 8 shows that the signature splitting, as
reflected by the staggering parameter, first increases rapidly
as N decreases from 175Ir to 171Ir. The following increase
from N = 94 (171Ir) to N = 92 (169Ir) is then significantly
smaller. The iridium isotopes exhibit, at low spin (I < 12h̄),
the same trend of increasing signature splitting as in the
odd-mass 167−173Re isotopes [34] with decreasing neutron
number, indicating a general trend of increasing shape asym-
metry as the closed neutron shell N = 82 is approached.
Interestingly, these observations seem not to be consistent
with the results of the TRS calculations, which predict the
oppostite trend, i.e., a less pronounced γ deformation as a
function of decreasing neutron number in the range N =
98 → N = 92.

The trend of signature splitting tailing off with increasing
spin observed in heavier iridium isotopes (see Fig. 8) cannot
be confirmed in 169Ir, as Band 1 in Fig. 2 only extends to
spin I = 23/2. It also does not extend to high enough spins
for any sign of a paired (νi13/2)2 band crossing to be visible
as in 171−175Ir (see Fig. 9). In 169Ir the characteristic “back-
bending” for the alignment is not observed. The corresponding
alignment plot for 171Ir indicates for 169Ir either a delay in the
crossing frequency or a significant difference in the interaction
strength between the 1qp band and the S-band. The former
is an expected result of the lowering of the neutron Fermi
level below the i13/2 shell. CSM calculations predict this shift
to be ∼50 keV. In addition, a reduced interaction strength
for N = 92 as compared to N = 94 can delay the onset of
the alignment. Differences in the shapes between the two
isotopes may also affect the band crossing frequency. This
is the same trend that can be observed in 169Re and 167Re
[30,34], where the alignment is delayed by ∼50 keV to higher
frequencies when the neutron number changes from N = 94 to
N = 92.

Considering the γ -soft nature of these neutron-deficient
nuclides it is still not clear whether the large values of the
staggering parameter observed in 169Ir and 171Ir is evidence
of a correspondingly large rigid triaxial deformation. Based

0.1 0.15 0.2 0.25 0.3 0.35 0.4
0

2

4

6

8

10
     Ir (   =+1/2)
     Ir (   =-1/2)
     Ir (   =+1/2)
     Ir (   =-1/2)

i  
(h

)
x

hω (MeV)

171

169
169
171

α

α
α

α

FIG. 9. (Color online) Experimental aligned angular momentum
ix as a function of rotational frequency h̄ω for the h11/2 band in 169Ir
and 171Ir. The filled (open) symbols represent the α = +1/2 (α =
−1/2) signature. The same Harris parameters J0 = 10h̄2 MeV−1 and
J1 = 50h̄4 MeV−3 [15] have been used for both nuclides.

on the increased experimental signature splitting as a function
of decreasing neutron number in these isotopes, one would
expect that this should reflect an increased shape asymmetry.
This expectation is not confirmed by the TRS calculations.
Notably, the calculated γ deformations of 169Ir (γ ≈ −16◦)
and 175Ir (γ ≈ −14◦) [11] are roughly the same while at
the same time the former exhibits an experimental signature
splitting of �150 keV and the latter shows virtually no
signature splitting at all. On the other hand the γ -softness of
the calculated energy minima tends to increase with increasing
neutron number as can be seen in Fig. 5. Taking this into
account, the effective γ deformation may be different from
that in a given minimum point. It is also noteworthy that
although the signature splitting of the h11/2 band is expected
to be associated with a pronounced triaxial shape, CSM
calculations show that such a large signature splitting is only
expected for γ < −40◦ and that negligible signature splitting
is predicted at the deformation γ ≈ −20◦ [12]. Also, for
171Ir [15] particle-rotor calculations using the predicted γ

deformation obtained by TRS calculations (γ ≈ −20◦) do not
fully reproduce the observed signature splitting. The particle-
rotor model calculation is also sensitive to the moment-of-
inertia and Coriolis attenuation parameters in addition to
its deformation parameters and is therefore not optimized
for signature splitting estimates. Nevertheless, the observed
band in 169Ir is best described to be associated with a
significant triaxial deformation and the predicted h11/2 band
head.

Additional light on the assigned h11/2 configuration of
the yrast band in 169Ir can be shed with help of the de-
duced B(M1; I → I − 1)/B(E2; I → I − 2) ratios, which
are sensitive to the single-particle configuration as well as
to the nuclear quadrupole deformation. Figure 10 displays a
comparison of theoretical and experimental deduced B(M1)/
B(E2) values. Theoretical estimates are obtained through the
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semi-classical formalism of Dönau and Frauendorf [36,37]:

B(M1; I → I − 1)

B(E2; I → I − 2)

= 12

5Q2
0 cos2(γ + 30◦)

[
1 − K2

(I − 1/2)2

]−2

× K2

I 2

[
1 ± �e′

h̄ω

]2

{(g1 − gR)[(I 2 − K2)1/2 − i1]

− (g2 − gR)i2}2

[
µ2

N

e2b2

]
, (3)

where the +(−) sign in the signature splitting term is for
transitions from unfavored(favored) to favored(unfavored)
signature. The expression takes into account the effect of
the triaxiality parameter γ . The suffixes 1 and 2 refer to the
strongly coupled and decoupled quasiparticles respectively.
In this case, there is no decoupled particle present since
the configuration only involves a single strongly coupled
quasiproton. Also the alignment i1 is set to zero. The single-
particle gyro-magnetic g1 factor was obtained through the
Schmidt relation [38]

g1 = gl ± 1

2l + 1
(gs − gl) for j = l ± 1

2
, (4)

where gl = 1 and gs = 0.6gfree
s (gfree

s = 5.5856) for the proton.
The plus sign in Eq. (4) is for the l + 1

2 h11/2 proton
orbital leading to a single-particle g-factor calculated to be
g1 = 1.21. The rotational gyromagnetic factor gR was taken
to be Z/A = 0.456. A band head K-value of 11/2 was used
and the quadrupole moment was set to Q0 = 5.6 eb based on
the TRS calculations. The ratio of the experimental reduced
magnetic dipole [B(M1)] and stretched electric qudrupole
[B(E2)] transition probabilities have been extracted using the
formula [10]

B(M1; I → I − 1)

B(E2; I → I − 2)

= 0.697
[Eγ (I → I − 2)]5

[Eγ (I → I − 1)]3

1

λ

1

1 + δ2

[
µ2

N

e2b2

]
, (5)

where the transition energies Eγ (I → I − 1) and Eγ (I →
I − 2) are given in units of MeV and represent �I = 1
and �I = 2 transitions, respectively. The experimental γ -ray
branching ratios λ are taken as the ratio of the measured γ -ray
intensities of the �I = 2 and �I = 1 transitions defined as

λ = Tγ (I → I − 2)

Tγ (I → I − 1)
. (6)

The E2/M1 multipolarity mixing ratio δ deduced from
angular-correlation coefficients in heavier odd-A iridium
isotopes 171−173Ir have values δ < 0.2 [10,15]. Such small
δ values would have negligible effect on the extracted
B(M1; I → I − 1)/B(E2; I → I − 2) values and therefore
a constant mixing ratio of δ = 0 has been used in the analysis.
Figure 10 supports the assumption of a one-quasiparticle
proton residing in the [505]11/2− Nilsson orbital coupled
to an even-even core of moderate quadrupole deformation

7 8 9 10 11 12 13
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Data (δ=0)
β=0.14  γ=−16
β=0.14  γ=0
β=0.14  γ=16

B
(M

1)
/B

(E
2)

 (
   

/e
b)

Nµ
2

Initial Spin I   (  )i h

169Ir

FIG. 10. (Color online) Experimental B(M1; I → I − 1)/
B(E2; I → I − 2) values as a function of initial spin Ii for the
[505]11/2− band in 169Ir. The measured values are compared with
the predictions of the semiclassical model of Dönau and Frauendorf,
shown here both for positive and negative γ deformation as described
in the text. The slight staggering of the experimental values is
due to favored (α = +1/2) and unfavored (α = −1/2) signature of
the strongly-coupled band, represented by filled and open symbols,
respectively. A γ deformation of γ ≈ −16◦ agrees best to the data.

β2 = 0.14 with negative triaxiality parameter γ = −16◦. The
theoretical B(M1)/B(E2) values reproduce the experimen-
tally deduced values with increasing spin even when the band
head K-value at K = 11/2 and the deformation parameters
from the TRS calculation are left unchanged. Hence, no use of
an effective K-value is necessary at the observed spins which
otherwise could point to a decrease in K from the band-head K
with increasing frequency and taken as evidence for K-mixing.
Up to the observed spin Iπ = 23/2− in the yrast [505]11/2−
band no smooth increase for the quadrupole moment, from
the band-head value Q0 = 5.6 eb used in the calculation,
is needed in order to fit the experimental data points. With
a higher γ value and similar β2 deformation the theoretical
values overestimate the strength of the B(M1)/B(E2) ratios.
Thus, the calculated values for the relevant πh11/2 orbital are
in good agreement with the assumed configuration and its
calculated deformation parameters.

V. SUMMARY

Gamma-ray transitions have for the first time been assigned
to the neutron-deficient nucleus 169Ir using the recoil-decay
tagging technique. A level structure has been established
comprising one yrast coupled band based on the α-decaying
11/2− state, and several other bands feeding into it. The yrast
structure has been assigned a single-quasiproton configuration
based on the [505]11/2− Nilsson state of h11/2 shell model
parentage. This state is predicted by TRS calculations to have a
small prolate deformation of β2 = 0.14 and to possess a triaxial
shape with γ = −16◦. This prediction is in agreement with
the deduced B(M1)/B(E2) ratios. The trend of increasing
signature splitting in the h11/2 bands of the light iridium
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isotopes as a function decreasing neutron number is carried
through into 169Ir. This experimental trend is, however, not
consistent with the TRS calculations which predict an opposite
trend in shape asymmetry. On the other hand, the softness of
the predicted shapes adds complexity to the interpretation of
these results.
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