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We report on a study of the a-decay fine structure and the associated E,-E, correlations in the decays
of 417205 and '741721741r In total, 13 new a-decay energy lines have been resolved, and three new y-ray
transitions have been observed following the new decay branches to '®*Re and '®’W. The weak a-decay branch
from the bandhead of the vi;3/, band in '”'Os observed in this work highlights an unusual competition between
«, B, and electromagnetic decays from this isomeric state. The nucleus '"'Os is therefore one of few nuclei
observed to exhibit three different decay modes from the same excited state. The nuclei of interest were produced
in Mo (®*Kr, xpyn) fusion-evaporation reactions at the Accelerator Laboratory of the University of Jyviskyli,
Finland. The fusion products were selected using the gas-filled ion separator RITU and their decays were
characterized using an array of detectors for charged particles and electromagnetic radiation known as GREAT.
Prompt y-ray transitions were detected and correlated with the decays using the JUROGAM II germanium
detector array surrounding the target position. Results obtained from total Routhian surface (TRS) calculations
suggest that o-decay fine structure and the associated hindrance factors may be a sensitive probe of even

relatively small shape changes between the final states in the daughter nucleus.

DOI: 10.1103/PhysRevC.107.014308

I. INTRODUCTION

Neutron-deficient nuclides in the transitional tungsten-
rhenium-osmium-iridium-platinum region exhibit interesting
nuclear phenomena such as shape coexistence [1] and the
recently discovered anomalous B(E?2) values at low excitation
energies [2—6]. The ground states in these nuclei are char-
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acterized by a competition between «, §, and, for the most
neutron deficient species, also proton emission. Additionally,
this applies to some long-lived isomeric states for which
heavy charged particle emission and B8 decay may compete
with the internal electromagnetic transitions. Shape changes
may favorably be probed by «-decay properties since the
hindrance degree of this decay process provides information
on the change in nuclear structure between the connected
states, in particular the associated shapes [7]. Nuclei in this
region of the nuclear chart are predicted to be characterized
by varying and moderately deformed shapes [8]. Their low-
lying excited states are dominated by configurations with the
valence neutrons occupying levels emanating from the v f72,
vhy,, or vij3,, spherical subshells while the proton Fermi
level is situated close to single-particle levels dominated by
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configurations with the ms1/,, mwds, and why;, parentage.
Large changes in angular momentum are required for internal
transitions between the states in odd-Z nuclei where the odd
proton populates an orbital dominated by the mhy/, parent-
age and those built on 7s;,; or mds/, configurations. This
generally leads to a corresponding high-spin or low-spin a-
decaying state, respectively, in odd-Z, even-N or in odd-odd
nuclei in the region. This paper reports on a study of the fine
structure in the o decay of !"!"1"2Qs and 171172174,

II. EXPERIMENTAL DETAILS

The experiment was performed at the Accelerator Labora-
tory of the University of Jyviskyld (JYFL), Finland. A 33Kr
beam was accelerated to 383 MeV by the K130 cyclotron
and used to bombard a 0.52 mg cm™? thick, isotopically
enriched, >Mo target foil with an average beam intensity
of &2 particle nA during 12 days. This experiment was pri-
marily aimed at measuring lifetimes of excited states [4,5]
using a differential plunger device for unbound nuclear states
[9]. Prompt y rays emitted at the target position were mea-
sured by the JUROGAM II germanium detector array (JGII),
which comprised 15 Eurogam Phase I-type [10] and 24
Euroball clover [11] Compton-suppressed high-purity germa-
nium (HPGe) detectors. Fusion-evaporation reaction products
were transported by the gas-filled ion separator RITU [12]
to its focal plane detector system, the GREAT spectrome-
ter [13]. At the focal plane, recoils were passed through a
multiwire proportional counter before being implanted into
two adjacently mounted double-sided silicon strip detectors
(DSSDs). Each DSSD was 300 um thick, with an active area
of 60 mm x 40 mm, and the strip pitch was 1 mm wide on
both faces, thus yielding 4800 independent pixels. Located
downstream of the DSSDs was a double-sided planar HPGe
detector [13,14], which was used to measure y rays and x
rays emitted during decay processes in the DSSDs. The data
streaming from the JGII and the GREAT spectrometers were
recorded and merged using the triggerless Total Data Readout
(TDR) data acquisition system with a global 100 MHz clock
[15,16].

III. DATA ANALYSIS AND RESULTS

In total, ~3.6 x 10® evaporation residues were implanted
into the DSSDs at an average rate of 350 Hz, with the most
abundant reaction products being '"?Os and '"'Os. Figure 1
shows the total «-decay energy spectrum obtained in the ex-
periment with a relatively long time window of 60 s applied
to the recoil-« correlations in order to study long-lived nuclei
such as '720s which has a known half-life of 19.2(9) s [17]. In
such cases, special care has to be taken as the implantation
rate limits the use of the RDT technique [18] to correlate
o decays with the true mother recoil. However, the recoil
implantation was not uniformly distributed in the DSSDs, as
shown in Fig. 2, showing the detected « distribution across the
horizontal strips of the DSSDs. Since the count rate in the tail
strips was more than an order of magnitude lower than that of
the central strips, it was possible to largely eliminate random
correlations in the study of long-lived nuclei by selecting
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FIG. 1. Total a-particle energy spectrum observed in the DSSDs.
Assignments to the main « decay lines are indicated.

events in these peripheral strips. The energy calibration of the
DSSDs was accomplished using a mixed-element radioactive
source (244Cm, 21 Am, and 239Pu) with its three dominant
a energy lines. On account of the well known pulse height
defect for heavy ions [19] and the dead layer at the front face
of the DSSD which is typically approximately 1 pum or less
[20], the measured o-decay energy using such a calibration
differs slightly from the total energy released during the decay
process. This effect was corrected using the known a-particle
kinetic energies (E,) of '%®0s, '7'Pt, and 7Pt [17,21] nu-
clides produced in the experiment. The energy calibration
of the planar HPGe detector was done using the standard
radioactive y-ray sources '**Ba and >?Eu, and the efficiency
calibration was taken from Monte Carlo simulations [14].

A. a decay of '*Os

The energy of the « particles (E,) from the o decay of the
ground state of '7>Os to the ground state of 'V, as can be
seen in Fig. 1, was measured from the present experiment to
be 5106(4) keV, which is in a good agreement with the previ-
ous measurements [17]. To extract its corresponding lifetime,
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FIG. 2. The distribution of detected « events in the horizontal
strips of the DSSDs accumulated during the entire experiment.
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FIG. 3. Prompt RDT y rays in JGII correlated with recoil im-
plantations in the DSSDs followed by the E, = 5106 keV « decay
of 120s within a maximum search time of 1 minute in the same
pixel. The inset shows the time difference spectrum of the correlated
recoil-a events within a search time of 10 minutes by gating on the
prompt 228 keV y rays. The fit to the logarithmic time distribution
was produced using the Schmidt formula [22] indicated by the red
line.

the low-counting horizontal DSSD strips with the strip num-
ber larger than 33 (Fig. 2) were used for the search of recoil-«
correlations. Figure 3 shows the energies of prompt y rays de-
tected in JGII in delayed coincidence with this o decay under
this condition, demonstrating that a clean selection of « recoil
can be obtained in this way. As shown in the inset of Fig. 3, the
time distribution of the E, = 5106 keV decay was obtained
by tagging on the prompt 228 keV y rays of !"?Os, and its
half-life was determined to be 17.1(2.2) s, consistent with the
previously reported values [23,24]. The determination of the
branching ratio of this o decay was performed by measuring
the ratio of the intensity of the prompt 228 keV 21 — 0 y-

ray transition in '"?Os detected by JGII for recoil-tagged and
recoil-o-tagged events. To suppress the contamination from
other reaction channels, we applied prompt y-y coincidence
cuts by gating on the higher-lying 378, 448, or 470 keV
transitions in the yrast cascade of "?Os in JGII. Assuming
a detection efficiency of 55(5)% for full o energy measured in
the DSSDs, a branching ratio b, = 1.2(3)% was obtained for
this o decay, which agrees well with the previously measured
value of b, = 1.1(2)% [24].

Figure 4 depicts a two-dimensional E,-E, spectrum with
a condition of 0 < Af(y-a) < 300 ns, where the y rays were
detected by the planar HPGe detector at the focal plane and
the o decays were measured using all DSSD strips. A few
known groups of «-y events and new weak «-decay branches
identified in the present work for '”!"!72Os are marked with
their corresponding energies. The long ridges passing through
the 92.1 and 162.1 keV y-ray energies are due to the tails of
the peaks of the 5919 and 5818 keV « particles from the decay
of "Ir and !"Ir, respectively. Such tails results from incom-
plete charge collection and « particles escaping the DSSDs.
The group at E,(4909 keV)-E,(199.2 keV) represents the
identification of a new « decay which we assign as the ground-
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FIG. 4. E,-E, coincidence spectrum selected from events with
the correlation time interval of < Af(y-a) < 300 ns. All energies
are given in keV. Each group is indicated with the corresponding
energies and the arrows indicate the positions of the associated o
particles and y rays; see details in the text.

state decay of "2Os to the first 2 excited state of '*W. The
assignment is based on the total Q value, Qq (ot = 5225(5) keV
extracted from E, = 4909(5) keV and E,, = 199.2 keV, which
agrees well with Qg = 5228(4) keV calculated from E,
= 5106(4) keV for the ground-state to ground-state @ decay.
A ratio of 0.0059(12)% was deduced for the new « branch
with an efficiency €(199.2) = 0.092(8) of the planar detector
at 199.2 keV, taken from simulations [14]. For the following
discussion, it is noteworthy that all y-ray and x-ray intensities
measured with the planar HPGe detector were corrected for
the respective efficiencies as derived from Monte Carlo sim-
ulations [14] when deriving internal conversion coefficients
and branching ratios as described below. Using the o events
associated with the delayed 199.2 keV y-ray transition and
detected at the low-counting horizontal DSSD strips (the same
as the aforementioned selection for the E, = 5106 keV decay
in the search of recoil-a correlations), a half-life of 18%." s
was achieved through a maximum likelihood analysis [22],
in agreement with the previously determined half-life from
the ground-state to ground-state a-decay of '7>Os [17]. The
results for '7?Os obtained from the present work are summa-
rized in Table I and the deduced decay scheme is shown in
Fig. 7.

B. a-decay of "' Os

The sloped parallelogram region drawn in Fig. 4 highlights
the observed fine structure of the ground-state o decay of
17105 including the groups at E, (5168 keV)-E, (79.2 keV),
the new -y coincidence pair Eo (5115 keV)-E, (134.2 keV),
and « particles correlated with tungsten K x rays. The E, =
5168 keV decay was reported previously in Ref. [24] and an
M1 multipolarity was assigned to the subsequent 79.2 keV
y-ray transition. The K-shell internal-conversion coefficient
of the 79.2 keV transition was deduced to be 9.0(11) in this
work, consistent with the theoretical value of 7.8(2) for the
M1 multipolarity [25]. Careful scrutiny of Fig. 4 reveals that
the a-particle energies associated with tungsten K x rays are
affected by the known effect of « particle-conversion electron
energy summing in the DSSD [26]. A value of the K-shell
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TABLE I. Measured a-decay energies, E, (coincident E,, if observed), half-life values 7 ,, branching ratios b,, formation probabilities
|RF,(R)|?, reduced widths, relative hindrance factors (HF) (when possible) referenced to the & decay of °Os with E, = 5.407 MeV, tentative
spin and parity assignments as proposed from this work or quoted from the earlier studies, and the deduced internal conversion coefficients as
well as the multipolarities (when possible) for !"1!72Os and 11721741,

Jr Tip E, by IRF;(R)|? 8’ E,
Nucleus (s) (keV) (%) (fm™) (keV) HF J7 (keV) oy Multipolarity
1005 [17] o+ 7.37(18) 5407(2) 9.5(10) 0.012(1) 117(12) 1 ot
1205 0t 17.1(2.2) 5106(4) 1.2(3) 0.019(5)  182(51) 0.6(2) ot
1205 4909(5) 0.0059(12) 0.0017(4) 17(4) 7(2) 2+ 199.2(3) E2
710s (5/27)[28] 8.0(4) 5248(4) 1.68(18) [17] 0.011(1)  109(12) 1.1(1) (5/27)[17]
1710s 5168(4) 0.096(14)  0.0029(4) 28(4) 4.2(7) (7/27)[17] 79.2(3) 9.0(11) M1
M 0Os 5115(4) 0.037(11)  0.0021(6) 20(6) 6(2)  (9/27)  134.2(3) 0.39(8) E2
710s (13/2t)[28] 0.79(2) 5306(4) 0.21(5) 0.0076(18) 72(17) 1.6(4) (13/2%)
7y (11/27) [311 1.28(4) 5919(4) 53(5) [31] 0.0067(6) 61(6) 1.9(3) (11/27)[31] 92.1(2) 5.1(4) Ml
7y 6011(5) 9(1)? 0.0008(1) 7.8(9) 15(2)  (9/27)
1721y (7YY [33]1  1.89(5) 5818(4) 9.5(11)[33] 0.0020(2) 19(2) 6.2(9) (77)[33] 162.1(2) 0.69(6) M1/E2 [34]
1721y 5755(7) <0.004 224.0(6)
721y (37,47)[33] 4.1(2) 5547(5) 0.36(6)° 89.4(3) El°
121 5537(5) 0.153)® 102.8(3) El¢
1721 5517(5) 1.15(20)° 123.0(2) E1[34]
721y 5505(5) 0.34(6)° 136.0(2) El°
174y (BH[34]  7.1(22)F 5292(8) 0.23(3)° 193.1(4) E2f
1741¢ 5268(5) 0.17(2)¢ 224.0(6) E2f
174y (7TH)[34]  4.4(1.1)2 5499(8) 0.4(1)" 191(1) Eli
1741p 5476(5) 1.8(6)" 210.1(3) E2

#This value was obtained by assuming that the 53(5)% branching ratio reported in Ref. [31] corresponds to the 5919 keV line.
A total branching ratio b, = 2.0(2)% [34] is divided among the four o decays.
¢ Assumption based on the multipolarity assignment of the 123.0 keV transition in [34].

d4This was determined by gating on the 193.1or 224 keV transitions.

€A total branching ratio b, = 0.4% [34] is divided between the 5292 and 5268 keV « decays.

f Assumption based on the measurement in [34].
£This was determined by gating on the 191 or 210.1 keV transitions.

" A total branching ratio b, = 2.2(3)% [34] is divided between the 5476 and 5499 keV « decays.

iSuggested in [34].
iSuggested in [34].

internal-conversion coefficient for the 134.2 keV transition
which is associated with the new E, = 5115 keV decay
branch is determined to be 0.39(8), in good agreement with
the theoretical value of 0.47 for an E2 multipolarity [25].
The total deduced Q, o value agrees well with that of the
other observed decay branches within the experimental un-
certainties, i.e., Qy.1ot = 5372(5) keV for the E, = 5115(4)
keV decay, 5371(4) keV for the E, = 5168(4) keV decay,
and 5374(4) keV for the E, = 5248(4) keV decay. Based
on these arguments as well as on the obtained half-life as
shown below, we tentatively assign the new 5115(4) keV «
particles to be emitted in the decay of the (5/27) ground state
of 710s to a (9/27) excited state of '®’W. Its branching ratio
was determined to be 0.037(11)% by comparing its intensity
to that of the E, = 5248 keV decay with the known branching
ratio 1.68(18)% [17]. Similarly, the branching ratio of the
E, = 5168 keV decay was determined to be 0.096(14)%, in
agreement with the adopted value 0.117(14)% in the NNDC
database [17]. To extract the half-lives of these « decays, we
chose a relatively larger DSSD area compared to the case of
17205, with the strip number of the horizontal DSSD strips

larger than 28 or smaller than 6. The obtained half-lives are
8.0(4), 8.5(12), and 8.2(14) s for the E, = 5248(4), 5168(4),
and 5115(4) keV decays of the ground-state of !”!Os, respec-
tively, and the weighted average half-life value for this state
is 8.0(4) s in good agreement with the adopted value 71/, =
8.3(2) s [17].

A second new « decay of !"'Os was observed with E,
= 5306(4) keV, as indicated in Fig. 1. Although « particles
at the same energy were seen in the spectrum of Fig. 5.1 of
Ref. [27], they were not assigned to any nucleus. Here, with
the help of the prompt RDT y rays of !"!Os in JGII as shown
in Fig. 5, we could firmly assign this decay to '"'Os. It is
also clearly shown in Fig. 5 that there are no significant y-ray
transitions other than those belonging to the known i3/, band
of '"10s [28] present in the RDT-gated spectrum. Therefore,
we assign these 5306(4) keV « particles to be emitted in the
decay of the bandhead (13/27) state of the vij3/, band in
17105 to the bandhead (13/27%) state of '®”W. Moreover, its
half-life is determined to be 790(16) ms which is much shorter
than the half-life of the o decay of the (5/27) ground-state.
Following the a-decay energies of !"'Os, the (13/2%) state
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FIG. 5. Prompt RDT y rays in JGII associated with the 7! Os ion
implantation in the DSSDs followed by the « decay of E, = 5306
keV within a maximum search time of 10 s in the same pixel. The
inset shows the logarithmic time spectrum of the correlated recoil-o
events within a search time of 1 minute by gating on prompt 254
keV y rays. The time distribution was fitted using a two-component
Schmidt formula [22] as shown by the red line, and the component at
higher In(Ar) values corresponds to the random-correlated events. A
partial level scheme of the vij3/, band in '”'Os reproduced from the
NNDC database [17] is shown in the inset.

of W would lie at an excitation energy of 127(4) keV
above the (5/27) state. This confirms the previously tentative
assignment of the position of the (13/2%) state proposed in
Refs. [17,24], in which the bandhead (13/27) state is located
above the (5/27) state at an energy of 126 keV based on
the assumption that the 79.2 keV y-ray transition could be
described as built on the (5/27) a-decaying bandhead, even
though there was previously no direct evidence demonstrating
the 79.2 keV y-ray transition to be in coincidence with the
y-ray transitions in the cascade within the (5/27) band.

The branching ratio for this new « decay was obtained by
measuring the ratio of the recoil-tagged to the recoil-«-tagged
intensities of the 254 keV y-ray transition in coincidence with
the prompt 447, 567, or 628 keV y-ray transitions. An energy
spectrum of « particles in correlation with these recoil-y-y
events is shown in Fig. 6, in which the ratio of the events in the
5306 and 5248 keV «-particle peaks is 0.35(9). Considering
the branching ratio 1.68(18)% of the E, = 5248 keV decay
from the (5/27) ground state [17] as well as the detection
efficiency of 55(5)% for these « particles, the branching ratio
of the E, = 5306 keV decay from the (13/2%) isomeric
state is deduced to be 0.21(5)% and the branching ratio of
the isomeric transitions (IT) from the (13/2%) state to the
(5/27) ground-state is 36(6)%, which means this isomeric
state also has a ~ 64(6)% possibility to deexcite either by
B+ decay or electron capture to '7'Re. Since there were no
y-ray transitions observed in the internal decay from the
(13/2%) isomeric state to the (5/27) ground state of '"'Os,
it is assumed that the decay path might proceed via one or
several highly converted transitions. Assuming a single y-ray
transition Weisskopf estimates for multipolarities of M3 or E3
would give the respective partial half-lives of 8.5 and 0.13 s.

40+
> L
3
s |
E r 5248
g 20
[}
o r 5306
ol Hﬂﬂmﬂmwwﬂmﬂ ﬂﬁh m H I
5000 5500 6000
E, (keV)

FIG. 6. Energy spectrum of « decays in correlation with '"'Os
recoil implantations and requiring additionally prompt y-y coinci-
dences between the 254 keV y-ray transition and either the 447,
567, or 628 keV y-ray transitions of the vi;3, band. Only the low-
counting horizontal DSSD strips with the strip number larger than 28
or smaller than 6 were used for the analysis.

In the neighboring nucleus '%°Os, a similar (13/2%) state has
been assigned to decay via a tentative and unobserved 80 keV
M?2 transition to an intermediate 112 keV excited (9/27) state
[29]. The (13/27%) state in '®Os was determined to have a
half-life of T;,, = 17.3(12) us. If the electromagnetic decay
of the (13/2%) state in '7'Os proceeds in a similar fashion, an
M? transition depopulating this state would have a consider-
ably lower energy and/or the transition would be subject to
additional hindrance due to structural differences between the
initial and final states. The observed competition between «,
B, and electromagnetic decays from the same state is unusual
and may be used to constrain theoretical models. The results
derived from this work related to the o decay of '7'Os are
listed in Table I and also shown in the proposed decay scheme
in Fig. 7.

C. «-decay fine structure of '"'Ir

The « decay of !"'Ir has been investigated in several
measurements [21,27,30-32] and the decay of the high-spin
isomeric (11/27) state is known to be followed by a 92 keV
M1 y-ray transition in 167Re. In these measurements, the half-
life values agree well within the experimental uncertainties,
with a weighted value of 1.4(1) s [17]. However, the measured
energy value E, varies considerably from 5920(4) to 5950(5)
keV. In the present work, the value E, = 5919(4) keV was
obtained by combining two different methods; one by tagging
on prompt y rays of "'Ir detected by JGII and the other
one by tagging on the delayed 92 keV y rays detected by
the planar HPGe detector at the focal plane. As shown in
Fig. 8, the measured E, energies are found to be offset from
each other by about 30 keV which represents the energy of
K-conversion electrons of the 92 keV M1 transition. It is
then readily concluded that the higher energy value obtained
in the previous measurements for this «-decay is because
of the @-e~ summing effect in the DSSD resulting from the
large K-shell conversion of the 92 keV y-ray transition. The
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FIG. 7. Decay schemes of '>Os and '"'Os deduced in this work apart from the branching ratio 1.68(18)% for the 5248 keV « decay, taken
from Ref. [17]. The energy of the (5/27) a-decaying bandhead of /W is not established experimentally, and thus is tentatively indicated by
X. The newly observed transitions are indicated in red. The determined half-life for each state from this work is shown above the state. See

text and Table I for details.

K-shell conversion coefficient that we derived is 5.1(4) which
is consistent with the theoretical value of 5.4 for an M1 mul-
tipolarity [25].

In addition, a new a-decay branch was observed for !7!Ir
with E, = 6011(5) keV, as indicated in the prompt JGII-y
tagged spectrum (blue) of Fig. 8. The total Qy ot = Qn +
E,(92.1) value for the E, = 5919(4) keV decay is 6153(4)
keV, which matches well with the Q, value 6155(5) keV for
the E, = 6011(5) keV decay. Following this as well as the
previous assignment for the E, = 5919(4) keV decay [31], it
is readily understood as the E, = 6011(5) keV decay from the
(11/27) state of '7'Ir to the (9/27) state of '®’Re. Referring

a decay of "r
200001
> _ Planar- y gated 5919 +92 - Re K-X
'; | — PromptJGII - y gated
= 5919
wn)
=
= |
o
O
5000 6011
0 1\\ |
5800 6000
E (keV)
o

FIG. 8. Energy spectra of alpha particles from the decay of
(11/27) state of "'Ir, the blue one tagged with prompt y rays from
the (11/27) band of '"'Ir and the red one tagged with delayed 92 keV
y rays from '®’Re. Only the low-counting horizontal DSSD strips
with the strip number larger than 25 or smaller than 10 were used for
the analysis.

to the previously measured 53(5)% branching ratio of the E,
= 5919(4) keV decay [31], the branching ratio of the new
E, = 6011(5) keV decay was determined to be 9(1)%. The
measured half-lives from the present work are 1280(45) ms
and 1255(70) ms as deduced from the E, = 5919(4) keV
and E, = 6011(5) keV decays, respectively. The weighted
average, 11> = 1.28(4) s, is given in Fig. 8 and Table I.

D. a-decay fine structure of "*Ir

The «-decaying low-spin isomeric state (3~ or 47) [33] of
121r was previously reported to decay to an excited state of
168Re through an E,, = 5.51(1) MeV decay with the branching
ratio of ~2%, followed by three y-ray transitions with ener-
gies 89.4(2), 123.0(1), and 136.0(1) keV feeding the low-spin
isomeric state of '®*Re [33,34]. It was found in the present
work that these y -ray transitions each correspond to their own
respective «-decay branch, as established from the a-y coin-
cidences in the parallelogram region of Fig. 9(a). Another new
y-ray transition of 102.8 keV was also observed in correlation
with its corresponding « decay. The « decays were detected
using all DSSD strips and the y rays were measured by the
planar HPGe detector at the RITU focal plane. The correlation
time condition on each -y event was 0 < Af(y-a) < 300 ns.
A few previously known groups of -y events are marked in
the two-dimensional spectrum with their corresponding y -ray
energies. It includes the groups at the y-ray energies of 92.1
and 162.1 keV associated with the respective !”!*!"2Ir isotopes
as indicated in Fig. 4, and the group at « (5666 keV)—y (136.1
keV) related to '"*Ir [34], as well as the groups at the y-ray
energies of 43 and 73.6 keV correlated with the « decays of
190s [24].

Figure 9(b) illustrates the energy spectra from the pro-
jections of the «-y matrix to the w-particle energy axis by
gating on the respective a-delayed y ray. This analysis al-
lowed us to identify these four groups of coincident a-y
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FIG. 9. (a) E,-E, coincidence spectrum with the time interval of
0 < At(y-a) < 300 ns. Each group is indicated with the correspond-
ing energies. The parallelogram region indicates « decays from the
low-spin isomeric state of "*Ir; see text for details. (b) Projections
on the E, axis of the events from the !7*Ir region of (a) by gating on
the respective delayed y rays. Relevant peaks are labeled with their
corresponding E, values. The intensity scales for the three weaker
spectra are adjusted for better visibility.

events unambiguously. The total Q, \x values for these four
groups agree well with each other within the experimental
uncertainties, i.e., Qy ot = 5.768(5) MeV for the 89.4 keV
y ray, 5.772(5) MeV for the 102.8 keV y ray, 5.771(5) MeV
for the 123 keV y ray, and 5.772(5) MeV for the 136 keV y
ray. We therefore conclude that these groups belong to the fine
structure of the o decay from the same state of !”*Ir. This was
further confirmed by the half-life for each case, which was
obtained by the low-counting horizontal DSSD strips with the
strip number larger than 28 or smaller than 6. As given in
Fig. 11 and Table I, the half-life values conform with each
other within experimental uncertainties and the final weighted
average half-life was determined to be 4.1(2) s for the low-
spin isomeric state of !7?Ir, which is consistent with previous
measurement [34]. However, for the four y-ray transitions, a
clear assignment of multipolarity cannot be determined due to
their very close a-particle energies and the tails of the 5919
keV peak of !7!'Ir and the 5818 keV peak of !"“Ir. Since these
events in Fig. 9 were observed within short time intervals and
no significant correlation with Re K,, g x rays was observed, it
is suggested that the multipolarity of these y -ray transitions is
limited to low multipolarity order. In Ref. [34], the strongest
123 keV y ray was designated as having an E'1 multipolarity.
For convenience, we tentatively assume that all the other three
y-ray transitions have the £'1 multipolarity, and based on this
each corresponding branching ratio is roughly obtained and
presented in Fig. 11 and Table I, sharing the 2.0(2)% total
branching ratio measured in Ref. [34]. The absence of firm
multipolarity assignments for the respective y decays prevents

240? 176 é 1720 0
Pt A r e
L 1741, - Hp 227.7 ) 175pg
| 224 . e PVIRG B %
[ Phalini - - —710‘
—~ 2207 gT "\:":A ‘% E
> LT o — - 210.5 3
S ol 21011 —
) i 174y & B c .
200(- -
> - - — o - B Ay S __102
[sa] L1031 1 _'._,l.l.i NG N P E
L RN 190.8 o E
a 1741, §T 1

5200

5400

5600
E, (keV)

5800

FIG. 10. E,-E, coincidence spectrum with the time interval of 0
< At(y-a) < 300 ns. Each group is annotated with the correspond-
ing energies and the original mother nucleus, of which the Pt and
176pt were due to the isotopic impurity in the target. The groups
labeled with A, B, and C are due to decays that could not be firmly
assigned to any nucleus.

us from drawing any conclusions on the hindrance factors
associated with the a-decay fine structure of '7?Ir as well as on
the nature of the excited states in the daughter nucleus '**Re.

The high-spin isomeric state (7%) of !"?Ir was previously
reported to decay to an excited state of '*Re through an E,
= 5.82(1) MeV decay followed by a 162.1(1) keV y-ray tran-
sition [33,34]. As mentioned, it was strongly populated in the
present measurement. In our work the energy E, = 5.818(4)
MeV was determined with an associated half-life of 1.89(5)
s, which is in good agreement with the previously reported
value of 2.0(1) s. [34]. In addition, a new «-decay branch was
observed for the high-spin isomeric-state of !7*Ir, as revealed
by the group E,(5755 keV)-E, (224 keV) in Fig. 10. The
calculated total Q, o value of 6.116(7) MeV for this branch
is within the uncertainty of the value of 6.119(4) MeV for the
E, (5818 keV)-E, (162.1 keV) branch. Due to its low intensity,
the corresponding «-decay half-life and multipolarity of the
224.0(5) keV y-ray transition could not be determined. By
assuming that the 224.0(5) keV y-ray transition has an M1
multipolarity and comparing its intensity to the intensity of the
162.1(1) keV y-ray transition, an upper limit of the branching
ratio, b, < 4 x 1073, for the E, = 5.755(7) MeV decay was
estimated, as given in Table I and Fig. 11.

E. a-decay fine structure of *Ir

An E, =5.275(10) MeV decay from the low-spin isomeric
state (37) of !"*Ir was observed by Schmidt-Ott et al. to popu-
late a 225 keV excited state of '"°Re, which then deexcites
either via a 224.6 keV y-ray transition or by a cascade of
31.4-193.5 keV y-ray transitions [34]. They also observed
another £, = 5.478 MeV decay from the high-spin isomeric
state (71) of Ir to a 210.4 keV excited state of '"Re
in coincidence with three y-ray transitions with energies of
210.3, 190.2, and 20.2 keV, where the 20.2 and 190.2 keV
y-ray transitions constitute a cascade. However, in the present
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FIG. 11. Decay schemes of 7"!"2174Ir deduced in this work. Some levels are labeled with the symbol X indicating that their excitation
energy relative to the ground state in the corresponding nuclide is unknown. The newly observed transitions are indicated in red. Half-lives
determined from this work are shown above the corresponding state. See text and Table I for details.

experiment, we found that each of the 193.5,224.6,210.4, and
190.2 keV y-ray transitions corresponds to its own « decay,
as shown by the four groups associated with "Ir in Fig. 10.
After checking the total O« values for each « decay, we
propose a new decay scheme for !"*Ir, as shown in Fig. 11,
whereby the 5.476(5) and 5.499(8) MeV « decays feed the
respective excited states at 210.1(3) and 191(1) keV of 170Re
from the high-spin isomeric state of '"*Ir, and the E,
5.292(8) and E, = 5.268(5) MeV « decays feed the respective
excited states at 193.1(4) and 224.0(6) keV of '""Re from
the low-spin isomeric state of '7*Ir. The previously reported
20.2 and 31.4 keV y-ray transitions were not observed in this
work, presumably due to the low detection efficiency of the
GREAT planar HPGe detector at these energies. Referring to
the w-decay branching ratio of each isomeric state measured
in Ref. [34], an approximate branching ratio was estimated for
each of the four o decays based on the tentative assumption
of E'1 multipolarity for the corresponding y-ray transition, as
given in Table I. A half-life of 7.1(2.2) s was determined in
this work for the low-spin isomeric state by tagging on the
193.1 or 224.0 keV y rays, while in a similar way the half-life
of the high-spin isomeric state was determined to be 4.4(11)
s, both consistent with the previous measurements [34].

IV. DISCUSSION

The results obtained from this work have been analyzed
within the framework of the universal decay law [35,36],
which starts from the microscopic Thomas expression pro-
vided by the residues of the R matrix [37]. The model is
designed to consistently describe half-lives related to all forms
of cluster radioactivity [35], expressed as

Rln2  In2 H (x, p)
r. RF(R)

where [ is the angular momentum carried by the emitted clus-
ter with the outgoing velocity v. H," is the Coulomb-Hankel

2

Ty = : M

v

function [38]. The solution to Eq. (1) is found by fixing the ra-
dial distance R at the nuclear surface where the wave function
describing the cluster in the mother nucleus is matched with
the outgoing cluster-daughter wave function. The penetrabil-
ity is proportional to |Hl+( X, )% and the quantity F;(R) is
the «-cluster formation amplitude. The calculated formation
probabilities |RF; (R)|?* are shown in Table I together with the
reduced a-decay widths 8% calculated using the Rasmussen
approach [39].

With the aim to shed light on the influence of the unpaired
valence nucleons on the «-clustering process, we choose the
E, = 5.407 MeV ground-state « decay of '"°Os leading to the
ground state of %W [17] as the reference transition (labeled
with the subscript “ref” in the following equation) and ana-
lyze the hindrance factors (HF) for the decays of 171og, 171y,
and '7*Ir as

_|Ea® ] S @
F(R) 82

The hindrance factor is independent of the «-decay energy and
can therefore be used to compare the intrinsic mechanisms
that induce the w-decay process. Both methods give almost
identical HF values which are listed in Table 1. The (5/27)
ground-state o decay of '"'Os with E, = 5.248 MeV, the
(13/2%) state decay of '"'Os with E, = 5.306 MeV as well
as the (11/27) state decay of '"'Ir with E, = 5.919 MeV,
have relatively small HF values. This indicates that for these
initial-state configurations the odd valence neutron/proton has
little effect on the a-clustering process, such as a light retar-
dation due to the pairing blocking effect of the odd valence
particle as discussed in Ref. [40], where the spin-dependent
blocking effect of the neutron i13,, and p3/, orbitals is sug-
gested to give rise to a hindrance factor of ~ 2-3 in the «
decays of 12*17Po relative to the decays in the neighboring
even-even Po isotopes. On the other hand, for the odd-odd
nucleus 7?Ir, a somewhat larger hindrance factor could then
be expected since blocking of pair correlations from both the
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valence neutron and proton might come into effect. Taking
this into account, the E, = 5818 keV « decay of 1721+ with an
observed hindrance factor of 6.2(9), is therefore considered to
be unhindered or only weakly hindered, similarly to the 6080
and 6114 keV « decays of '7°Au [41].

The low hindrance factors of the 5248, 5168, and 5115
keV « decays of !"'Os are consistent with that the ground
state and the 79.2 and 134.2 keV excited states of '’ W have
single-particle configurations similar to the (5/27) parent
state, which is assigned to the 5/27[523] Nilsson configura-
tion with mixed vf7,2/ho/> parentage [42]. Furthermore, the
slowly increasing hindrance factors of these o decays with
decreasing energy is consistent with the the trends observed
for the a-decay fine structures of '>Pt [43] and '7"Pt [17].
This could be an effect resulting from a shape evolution as
a function of increasing angular momentum in the daughter
nucleus.

The E, = 6011 keV (11/27) — (9/27) a decay of '"!Ir
is observed to be hindered by a factor of ~ 8§ relative to the
5919 keV (11/27) — (11/27) decay from the same initial
state. We note that triaxial shape differences between the
final-state signature configurations in '®’Re populated in these
o decays (a; = +1/2 and oy = —1/2, respectively) might
increase the relative hindrance on account of differences in
the associated K mixing. Joss et al. [44] studied the rota-
tional bands built on these states and noted the differences in
the triaxial shape-driving properties between the oy = +1/2
and oy = —1/2 signatures of the mwh/, orbital predicted by
cranked shell model calculations. They also noted that the
larger signature splitting in the /1> band structure of '’Re
compared with the heavier rhenium isotopes suggests that the
core-polarizing effect of the A;,/, proton drives 167Re further
from axial symmetry at low spin, consistent with the cranked
shell model calculations. In this transitional region, triaxiality
is a ubiquitous feature observed in several neighboring nuclei,
such as '7>176pg [45], 1691711731 [28 46], and '72Os [47] and
attributed to the occupation of core-polarizing valence orbitals
from high-j subshells, e.g., k9,2, h11/2, and 713, orbitals which
make the nuclear potential soft with respect to triaxial defor-
mation.

The newly observed 4909 keV o decay of !"?Os has
a hindrance factor of 10(4) relative to the ground-state to
ground-state 5106 keV « decay, as shown in Fig. 12(a). This
HF value is much higher than the theoretically predicted value
of 1.7 by Peltonen er al. [48] using the stationary coupled
channels approach, although their calculations could repro-
duce the decay widths to the first 2% states fairly well in
the even-even deformed emitters with Z > 90 and A > 226.
In their calculation, the collective 2* state of the daughter
nucleus was described within the rigid rotor model and the «-
daughter interaction was given by a double folding procedure
(see Ref. [48] for details). The discrepancy observed in the
present work suggests the need for further theoretical model
development as well as more experimental data on «-decay
fine structure in this shape-transitional region of the nuclear
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FIG. 12. (a) a-decay chain from '8°Hg to '9*W. The relative HF
value for the fine structure member to the first excited 2* state of
each decay is shown to the left of each arrow, where the data are
taken from Ref. [55] and the present measurement on "2Os. Results
of TRS calculations are shown for the ground-state configuration of
180Hg [labeled (b)] and the ground-state and first excited 2+ states of
176pt [(c) and (d), respectively], 1"2Os [(e) and (f), respectively], and
168w [(g) and (h), respectively]. The potential energy surfaces (PES)
for the ground 07 states and the first excited 2% states were calculated
at iw = 0 and 0.15 MeV, respectively. The energy difference between
contour lines in the PES is 100 keV. Minima in the PES are indicated
by red dots with the corresponding deformation parameters shown in
each panel. See text for details.
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chart. Attempts have been made to calculate the dependence
of a-decay widths on nuclear shape parameters within a
microscopic theoretical framework; see, e.g., Refs. [49-51].
Hindrance factors for the o decays of Rn and Po isotopes were
explained to be associated with the potential energy surface
calculations, suggesting that moderate changes in deformation
might result in a significant change in the hindrance factor
[50]. In order to investigate the sensitivity of the observed
a-decay hindrance factors to small shape differences, a sys-
tematic analysis of relative hindrance factors for the a-decay
chain of '®Hg to '%*W was carried out and compared with the
results of total Routhian surface (TRS) calculations [52,53];
see Fig. 12. The relative HF values shown in Fig. 12(a) were
calculated by comparing the reduced o-decay widths to the
first 2% states in the daughter nuclei with those of the respec-
tive decays to the ground states. In the TRS calculations, we
assume /fiw = 0 and 0.15 MeV to be representative for the
0" ground states and the first excited 27" state for each nu-
cleus, respectively. The energy minima of the potential energy
surfaces (PES) are marked by red dots and the corresponding
deformation parameters 8, and y are labeled in each panel.
Overall, a rough correlation between the deduced relative HF
and the calculated shape change can be seen for this decay
chain. As classic examples of shape coexistence, the ground
state of '*Hg is known to have a weakly deformed oblate
shape [54] while the ground state of 7Pt is known to have
a triaxial shape [45], both coexisting with a deformed prolate
shape. The large HF value of 88 for the o decay of '8’Hg
to the first 21 state of '"°Pt [55] can be related to the shape
change from a triaxial shape in the ground state to a more
prolate deformation in the 27" state. The HF value of 22 for the
o decay of "°Pt [55] corresponds to a calculated Ay ~ 12°
triaxial shape difference in the daughter nucleus '">Os, while
the HF value of 10 for the o decay of '">Os corresponds to a
calculated Ay = 4° triaxial shape difference in the daughter
nucleus '®®W. This suggests that even subtle changes in the
nuclear shape parameters, particularly the triaxial degree of
freedom, play an important role for o decay rates. In addi-
tion, it is noteworthy that the measured 2]L — Og+s reduced
electric quadrupole transition probabilities, B(E2), are 87(8)
[56], 115(7) [57], and 117(6) W.u. [58] for the daughter nu-
clides '7°Pt, '720s, and '%*W, respectively. This supports the
evidence that a-decay fine structure is a sensitive probe of

relatively small changes in the nuclear deformation, providing
a valuable complement to measurements of electromagnetic
transition rates.

V. CONCLUSIONS

New and improved data on complex fine-structure o de-
cays have been established for the neutron-deficient nuclei
11120 and 71:1721741r, providing insights into the low-lying
levels in the daughter nuclei. It was found that these o decays
are largely unhindered or weakly hindered, suggesting similar
configurations in the corresponding states of the mother and
daughter nuclei. Correlations between «-decay hindrance fac-
tors and shape changes are discussed and investigated for the
case of the newly observed a-decay fine structure in '">Os us-
ing total Routhian mean field calculations. The results indicate
that small differences in the nuclear shape parameters might
significantly affect the «-decay hindrance factors and hence
may serve as a sensitive experimental tool for investigating
nuclear deformations. The newly identified «-decay branch
from the bandhead of the vij3,, band in 17105 is the only
one, to date, found in the Os-Pt region, resulting in an unusual
competition between «, 8, and electromagnetic decays from
this isomeric state.
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