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Production and decay properties of the lightest osmium isotopes
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The production of 13%160:1610g and 13-160-161Re was investigated in experiments performed at the Accelerator
Laboratory of the University of Jyviskyld. The nuclei of interest were produced using fusion-evaporation
reactions induced by beams of 275-353 MeV **Ni ions bombarding a '%°Cd target. The evaporation residues
were separated in flight using the recoil separator MARA and implanted into a double-sided silicon strip detector,
which was used to measure their decays. Cross sections for the production of these nuclides were measured and
the relative population of the 8% isomeric states and ground states of the N=84 isotones 'Hf, 3w, and 'Os
were deduced. New decay chains assigned to '°Os were identified at beam energies of 310 and 330 MeV.
These findings are compared with previous studies claiming the observation of '°°Os and '**W. The « decays
of 1'0Os were observed, confirming previous results for this nuclide and its S-decaying daughter, '¥7W. The
a-decay branch of '**Re was also confirmed, but no delayed decays of this nuclide were observed that would be
a signature of the 8 decays of the as yet unknown nuclide '*Os.
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I. INTRODUCTION

Understanding the properties of nuclei at the boundary of
the nuclear landscape is an important and topical challenge
in nuclear physics research [1,2]. Information on decay en-
ergies, half-lives, and branching ratios can be extracted, even
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in cases where only a small sample of the nuclide of interest
can be produced, providing that the levels of background are
sufficiently low. These measurements can be used to test the
validity of theoretical models in nuclei that are very distant
from the region of g stability.

A typical example is the observation of ground-state o de-
cays of the lightest known osmium isotope, '®°Os, which has
been claimed in two recent studies [3,4]. The reported decay
energies and half-lives appear to be consistent, but there are
striking differences between the observations. Most obvious
is the absence of o decays from the isomeric state in '®Os
in Fig. 2(b) in Ref. [4], which only presents spectra corre-
lated with subsequent proton emission from the ground state
of 3°Ta [see Fig. 1(a)]. In contrast, in Ref. [3], 14 a-decay
chains were assigned to the isomeric state in '®°Os, compared
with 4 to its ground state. Furthermore, only two correlations
were observed with ground-state proton decays of '*®Ta in
Ref. [3], while one chain was correlated with proton decays
of its isomeric state and the remaining chains were correlated
with °Hf « decays following *®Ta 8 decays. Details of these
decay chains were presented in Table 1 in Ref. [3].

Although both studies employed beams of **Ni ions
bombarding '%°Cd targets to produce the '®°Os nuclei in
fusion-evaporation reactions, different beam energies were
used. In this paper we build upon our results reported in
Ref. [3] by presenting measurements performed using the
same reaction over a wide range of beam energies and
comparing the production rates of a-decaying ground states
and isomeric states for the N = 84 isotones CHf, 58w,
and '%0s [5-8]. We confirm the decay properties of '%'Os
and '37W [9], and present a search for the B decays of the
unknown nuclide '>’Os. We also compare the measured cross
sections for !00-101Qg and !3:160.161Re with HIVAP model
calculations [10] and explore an alternative explanation for
the observations presented in Ref. [4].

II. EXPERIMENTAL DETAILS

The experiments were performed at the Accelerator Labo-
ratory of the University of Jyviskyld. The nuclei of interest
were produced in fusion-evaporation reactions induced by
38Ni ions of various energies bombarding a self-supporting
106Cqd target of 96.5% isotopic enrichment and 1mg/cm?
thickness. Details of the beam energies, average beam in-
tensities and irradiation times are presented in Table I and
compared with those of Ref. [4].

Light-charged particles emitted at the target position
during evaporation residue formation were detected using
JYTube [11], which enhanced the selectivity for weakly
produced evaporation channels involving zero or only one
charged particle. JYTube comprised 120 plastic scintillator
detectors arranged in a hexagonal-cylindrical geometry. Each
detector was 2 mm thick and was directly coupled to a sil-
icon photomultiplier. Evaporation residues recoiling out of
the target passed through a carbon foil of nominal thickness
50 ug/cm? mounted 10 cm downstream of the target and were
transported using the recoil mass separator MARA [11] to the
detector system installed at its focal plane. The ions passed
through a multiwire proportional counter (MWPC) and were
implanted into a double-sided silicon strip detector (DSSD).
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FIG. 1. Schematic diagram showing partial decay chains of
(a) '°0s and '“Re, (b) '°'Os and '*'Re, and (c) ’Re and possible
decay chains of °Os. Vertical arrows indicating proton decays and
diagonal arrows showing « decays are labeled with decay energies
in keV. Some are also labeled with branching ratios. Other branching
ratios are either close to 100% or can be deduced from the value
for the competing decay branch. Half-lives of levels are also given.
Decays of Os and Re nuclei are highlighted in green and blue,
respectively, while the decays used to identify them in the correlation
analysis are highlighted in red. Dashed lines and arrows indicate
decays and states that have not yet been observed. Data are taken
from Refs. [3,5,6,9,16,18,21,22] and the present work.

The energy signal in the DSSD and the time of flight between
the MWPC and the DSSD was used to distinguish evaporation
residues from beam-like particles. The DSSD was 300 um
thick and had an active area of 128 mm x 48 mm. The strips
on its front and back surfaces were orthogonal and the strip
pitch of 0.67 mm on both faces provided 13 824 independent
pixels. This high degree of segmentation allowed for clean
correlations even when decay chains involved comparatively
slow B decays, as well as long maximum correlation time
intervals, which are important when measuring half-lives. The
DSSD energy thresholds were set at ~100 keV to allow
the observation of B-decay and conversion-electron signals.
The DSSD was calibrated using the implanted « activities of
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TABLE I. Details of the front-of-target **Ni beam energies, av-
erage beam intensities in particle nA, %Cd target thicknesses and
irradiation times for the reactions studied in the present work. The
corresponding details from Ref. [4] are presented in the bottom line.

Energy Intensity Thickness Time
(MeV) (pnA) (mg/cm?) (h)
275 2.7 1.0 11
293 29 1.0 6
310 3.6 1.0 285
330 2.7 1.0 70
338 2.7 1.0 192
353 2.8 1.0 28
335 10 0.4 163

130,151y 152Ep 1551y, 158Hf, and '¥Ta nuclei. An energy
resolution of ~40 keV FWHM was obtained. The minimum
time difference between successive signals in a given strip was
8 us.

An array of eight detectors was mounted around the
perimeter of the DSSD in the upstream direction for the
data collected at 310 MeV. These detectors formed the walls
of a silicon “box” while the DSSD formed the base. These
box detectors were used to measure the residual energies of
a particles and protons emitted from within the DSSD in
the upstream direction, depositing only part of their energy.
The energies of these escaping particles could be recon-
structed by summing the energies registered in the DSSD
and box detectors, albeit with a reduced energy resolution of
~100 keV FWHM and a low-energy tail that extended more
than 1 MeV below the sum peak.

Six of the box detectors had active areas of 50 mm x
50 mm, segmented into four quadrants and were 500 um
thick. These were mounted in two groups of three around the
ends of the DSSD. To complete the array, the other two box
detectors were mounted centrally above and below the DSSD,
between the two groups of square box detectors. These two
detectors each measured 25 mm x 75 mm, were 500 wm thick
and segmented into two elements. The box detectors were
assembled on a frame to complete the four box walls with
their downstream edges aligned.

High-energy light ions arriving at the MARA focal plane
that “punched through” the DSSD were identified using two
500-um-thick silicon detectors mounted directly behind the
DSSD. These detectors had an active area of 50 mm x 70 mm
and allowed the background arising from these particles in the
DSSD to be suppressed, in addition to vetoing signals from
high-energy 8 decays from implanted nuclei.

All detector signals were passed to the triggerless data
acquisition system and time stamped with a precision of 10 ns
[12]. The data were analysed using the GRAIN [13] software
package.

II1. RESULTS
A. Decay of '°0s

The a-particle energy and half-life we previously reported
for the isomeric state in '°Os were 8890(10) keV and
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FIG. 2. Energies of « decays plotted against the natural log-
arithm of the time interval between the decay and the preceding
ion implantation into the same DSSD pixel. The number of signals
recorded in JYTube in association with the implanted ions was
restricted to be fewer than 2. The spectra were measured at front-
of-target beam energies of (a) 275 MeV, (b) 293 MeV, (c) 310 MeV,
(d) 330 MeV, (e) 338 MeV, and (f) 353 MeV. The red rectangles indi-
cate where o decays of the isomeric state in '°Os could appear. The
o decays of the the high-spin isomeric states in '3Lu, '°Hf, 58w,
and ®Ta are at energies of 7.4, 7.8, 8.3, and 8.6 MeV, respectively.

4135 us [3], while the corresponding values reported for its
ground state were 7092(15) keV and 971”2; us in Ref. [3],

and 7080(26) keV and 201f§§ us in Ref. [4]. Figure 2 shows
a-particle energies plotted against the natural logarithm of
the time they were observed after the implantation of an ion
into the same DSSD pixel. The «-decay peaks of the high-
spin isomeric states in 155 u, PHf, and ®W are visible
in all spectra at energies of 7.4, 7.8, and 8.3 MeV, respec-
tively. As well as having larger maximum production cross
sections, these nuclides can all be produced at lower beam
energies by evaporation channels involving « particles, with
individual nucleon evaporation dominating at higher beam
energies. Consequently, they are observed over a wider range
of beam energies than '%°Os, which can only be produced by
neutron evaporation in this reaction. The 8.6-MeV « decays
of the 6 us isomeric state in 1589 [14,15] are also visible in
Figs. 2(c)-2(f). Their a-particle energy distribution is broad-
ened because they occurred so soon after the ions were
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TABLE II. Data recorded for additional candidate '°Os decay chains to those reported in Ref. [3]. E, is the energy of the nth signal in
the chain and ¢, is its time after the preceding signal in the same DSSD pixel. The times #, have not been corrected for the 8§ us minimum
observation time. However, the half-lives presented in the text have had a correction for this applied. The JYTube fold is the number of
coincident signals observed in JYTube in association with the evaporation residue for each chain and was required to be no more than one for
chains to be considered as candidates for '**Os, which was produced via the 4n evaporation channel. Reconstructed energies of « particles that
escaped the DSSD and were stopped in the box detectors are indicated by italics. The energies of signals below 500 keV were calibrated using
conversion electrons from an external 1**Ba source rather than implanted « activities. The superscript letters denote the assignments to decays
following '%°Os candidates where they could be identified. Chains one and three are interpreted as decays of the high-spin isomeric state in
158Ta [14,15), while the remaining chains with numbers in the first column in bold font are interpreted as decays of '®°Os.

Chain E] t Ez t Ez 3 E4 ty E5 ts JYTube Beam

# Assignment  (keV)  (us) (keV) (ms) (keV) (ms) (keV) (ms) (keV) (ms) Fold Energy
(MeV)

1 158mTy 8839 10 140 102 5323 103 4245 18043 — — 1 330

2 160m g 8850 27 225 190  1660° 708 237 56 4795¢ 17691 0 330

3 158mTy 8830 13 173 7689 52832 6 5107 8279 — — 1 338

4 160m (g 8905 76 233 556 58784 231 318 23393  4816° 10648 0 310

5 160m g 8885 75 469 200  5619° 820 — — — — 0 310

6 160m g 8886 65  5117' 642 4801° 10895 — — — — 0 310

7 160m (g 8855 13 77492 206 5091 5609 261 1175 — — 0 310

2 decay of **Yb.

b decay of '*Hf with partial energy deposition.
°q decay of *?Er.

do decay of 'S%¢Hf .

°q decay of 1**Hf with partial energy deposition, with 1499 and 4120 keV in the DSSD and box, respectively.
fa decay of '"**Hf with partial energy deposition, with 1223 and 3894 keV in the DSSD and box, respectively.
¢ decay of *S"Hf with partial energy deposition, with 1206 and 6543 keV in the DSSD and box, respectively.

implanted and the short half-life leads to a partial pile up with
the preceding implantation signal.

As can be seen in Figs. 2(a), 2(b), and 2(f), no « decays
of the 8.9-MeV isomeric state in '°Os were observed at 275,
293, or 353 MeV. The spectrum measured at 310 MeV shown
in Fig. 2(c) was obtained from the same data set that was
used in Ref. [3]. In addition to the 14 events at 310 MeV
we reported in Ref. [3], four new candidate events around
8.9 MeV were identified [see Fig. 2(c)], along with two at
330 MeV [Fig. 2(d)] and one at 338 MeV [Fig. 2(e)]. To de-
termine whether or not they are decays of '®°Os it is necessary
to analyse their subsequent decays. Figures 3(a)-3(c) show
energy-energy correlation matrices for successive decays in
the DSSD obtained at beam energies of 310, 330, and 338
MeV, respectively, and full details of the new candidate decay
chains are presented in Table II. Since "W, the daughter
of '90s « decays, undergoes 8 decay, correlations must be
sought with proton decays of *°Ta or o decays of the ground
state and isomeric state of '*Hf populated in the 8 decays of
156Ta; see Fig. 1(a).

Chains 1 and 3 are interpreted as « decays of the high-spin
isomeric state in '**Ta (E, = 8.6 MeV, tij2 = 6 us) [14,15],
because these o decays appear to be followed by a 8 decay,
then a 5331-keV « decay of 134Yb [17]. Chain 2 was measured
at beam energy of 330 MeV and is interpreted as an « decay
of the isomeric state in '°Os, followed by an « decay of '*Hf
that escaped the DSSD without depositing its full energy, then
a 4804-keV o decay of '>?Er [17]. One of the two intervening
B decays was detected between each pair of o decays. These
assignments are consistent with the number of charged parti-
cles registered in JYTube in each case.

Details of decay chains following the '®°Os isomer « de-
cays obtained at a beam energy of 310 MeV that were not
presented in Ref. [3] are also included in Table II. In chain
4 the ground-state @ decay of '°Hf occurred within 8 us of
a signal in the MWPC, which is why it was not included in
the analysis in Ref. [3]. However, the MWPC position was
outside the acceptance of the DSSD and therefore this signal
had no spatial correlation with the o decay. In chains 5-7,
one of the subsequent o decays was observed in coincidence
with a signal in a box detector. The full a-particle energies
reconstructed by adding the energy signals from the DSSD
and box detector allow these decays to be identified as those
of the ground state (chains 5 and 6) or isomeric state (chain
7) of PCHf. In chains 4 and 6, the '°Hf « decay was ob-
served to be followed by an o decay of '>?Er. These five
additional decay chains from Table II that were assigned to the
isomeric state of '°Os allow an updated value for its half-life
to be determined. Combining data for the new chains with
those already presented in Ref. [3] leads to a revised a-particle
energy of 8889(10) keV and half-life of 38ﬂ2 us. These more
precise values do not alter any conclusions of Ref. [3].

There were five other short-lived events having energies
and time differences compatible with o decays of the isomeric
state in '%°0s. However, the subsequent decay events in these
chains involved « particles that escaped from the DSSD, de-
positing only part of their energy without being registered in
the box detectors. It was therefore not possible to reconstruct
their full energy and determine which decay path they fol-
lowed, so these five chains are not considered further below.

The region of the energy spectra around 7.1 MeV, where
the ground-state « decays of '°°Os should appear, is subject to

044317-4



PRODUCTION AND DECAY PROPERTIES OF THE ...

PHYSICAL REVIEW C 113, 044317 (2026)

= 1 Count

=4 Counts
=

310 MeV (a)
[i=I

= 2 Counts = 3 Counts

338 MeV (d)

5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0
Parent Energy (MeV)

FIG. 3. Energy-energy correlation matrices for two consecutive
decay events where the first decay occurred less than 1.1 ms after
an ion in the same detector pixel and was followed within 1.75 s by
the second decay. The spectra were measured at beam energies of
(a) 310 MeV, (b) 330 MeV, and (c) 338 MeV. Events observed in
coincidence with a signal in a box detector are excluded in (a). The
rectangles show regions where o decays of the ground state (purple)
and isomeric state (red) of '°°Os are expected from correlations with
o decays of °Hf at 5.9 and 7.8 MeV, or proton decays of '*°Ta at
1.0 and 1.1 MeV. The event highlighted by the blue rectangle is one
of the five chains that were excluded from the analysis because the
subsequent decays involve escaping o particles that could not be used
to provide a definitive assignment to '°Os. The orange and green
rectangles highlight the events from chains 1 and 2, respectively.
Note that the energy scales are valid only for o decays and give
apparent proton energies that are ~40 keV too low. (d) Energy
spectrum of o decays observed in the 338-MeV data within 700 us
of an ion implantation in the same DSSD pixel and followed by a
decay having an energy consistent with proton decay of the '*Ta
ground state within 1.2 s. In all spectra no more than one signal
was observed in JYTube in association with each evaporation residue
and the minimum energy threshold was set in the analysis to exclude
B-decay events from these correlations.

background from « particles from higher-energy decay lines
that do not register their full energy in the DSSD. It is there-
fore necessary to correlate with subsequent decays to extract
the '°0s « decays from this background. In Figs. 3(a)-3(c),
the first decay was required to occur within 1.1 ms after an ion
implantation and be followed within 1.75 s by the second de-
cay, with all signals in the same detector pixel. No additional
candidate decays to the four reported in Ref. [3] are visible in
Fig. 3 in any regions where correlations would be expected.

However, it can be seen in Fig. 3 that there is little or no
background in the regions of the matrices where the correlated
10005 ground-state o decays are expected, particularly for the
o decays of the isomeric state in 'S°Hf .

To provide a direct comparison with Fig. 2(b) in Ref. [4],
Fig. 3(d) shows the energy spectrum obtained from the
338-MeV data set of « decays observed within 700 us of an
ion implantation in the same DSSD pixel and followed within
1.2 s by adecay having an energy consistent with proton decay
of the 13°Ta ground state. There is less background evident in
Fig. 3(d) than in the spectrum in Ref. [4], which used the same
maximum time intervals. This reflects the cleaner correlations
that can be achieved with the more highly segmented silicon
detector used at the focal plane of MARA and the selection
provided by JYTube. In contrast to the 20 events claimed in
Ref. [4] there are no events observed around 7.1 MeV, despite
the similar beam energy and comparable beam dose.

The new '®°Os decay chains in Table IT can be used in
measuring the half-life of '3°W, provided that the subsequent
decay paths are unambiguous. The time differences between
the '°Os « decays and following '*Hf isomer o decays of
chains 2 and 7, taking into account the intervening § decays,
were combined with the data from Ref. [3] to obtain a more
precise value of 144“_“3‘8 ms.

B. Decay of 1%10s

The reported «-particle energy and half-life from the only
previous study of '*!Os were 6890(12) keV and 640(60) us
[9]. As with the ground-state « decays of 1600, correlations
with subsequent decays were required to extract '*'Os « de-
cays from the background. The correlation analysis in the
case of '°'Os is slightly simpler: its daughter, 7W, B decays
with a half-life of 275(40) ms [9], feeding both low-lying
a-decaying states in '3’Ta; see Fig. 1(b). Evidence for the
correlated o decays of '*'Os was observed in the data col-
lected at beam energies of 275, 293, and 310 MeV; see Fig. 4.
The events at 6894(13) keV were found to be correlated with
both the ground state of '3’Ta and its low-lying isomeric state,
confirming the previous assignment to '%'Os.

The half-life of ''Os was measured from the present data
tobe 6107 ]2 us. A half-life of 360*4,° ms was determined for
157\ from the time differences between the o decays of '*'Os
and '¥"Ta, taking into account the half-lives of the °’Ta states.
These values are consistent with those reported in Ref. [9],
which also presented evidence for fine structure in the o decay
of 1®10s. A single event at an energy of 6582 keV was found in
the 310-MeV data to be correlated with a ground-state o decay
of '57Ta; see Fig. 4(c). This is in agreement with the energy
of 6580(30) keV reported for fine-structure o decays of '*'Os
and the number of counts is compatible with the previously
reported branching ratio of 5.53:; % [9].

C. Search for decays of 1¥0Os

The present data were searched for evidence of the un-
known nuclide '3°Os, which is expected mainly to undergo
decay with a predicted half-life of 145 ms, because Q values
for o decay drop for neutron numbers just below N = 84 [19].
Assuming its S-decay pattern resembles those of its isotones
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FIG. 4. Energy-energy correlation matrices for two consecutive
a-decay events where the first decay was a maximum of 6.4 ms after
an ion in the same detector pixel and followed within 2.8 s by the
second decay. An additional condition has been applied requiring
that no more than one signal was observed in JYTube in association
with the evaporation residue [3]. The spectra were measured at beam
energies of (a) 275 MeV, (b) 293 MeV, and (c) 310 MeV. Groups
identified as decays of '®-183Qs and 'S'Re correlated with their
respective subsequent @ decays are labeled. The dashed horizontal
lines indicate the expected energies of 1*'Ta o decays.

ISSHF [20] and 'S7W [9], one would expect both the 7/,
isomeric state and the 7sy/, ground state of "*’Re could be
populated via intermediate states in the 8 decay; see Fig. 1(c).
The isomeric state of '*’Re has been observed to undergo pro-
ton emission [21] and «-particle emission [22] with a half-life
of 21(4) us. Its ground state has yet to be observed, but has an
estimated proton-decay Q value of 1686(37) keV and half-life
of around 17 ns [23]. Whichever state in '°Re is populated, its
decay will appear to be delayed because of the comparatively
slow B decay of 1°°0s.

The decays of the isomeric state of '>’Re were observed
at beam energies of 310, 330, and 338 MeV. Proton decays
of '*Re were identified through correlations with subsequent
a decays of the ground state of %W [5-8]. Figure 5 shows
energy-energy correlation matrices of proton decays occurring
within 10 s of an ion being implanted into the same DSSD
pixel that were followed within 12.5 ms by an « decay. It
can be seen that there is a single group corresponding to the
1805-keV proton emission from the isomeric state in '*Re,
but no evidence for a second peak ~130 keV lower in energy
that could correspond to decays of its ground state. Owing
to the expected short half-life of the ground state of 'Re it is
likely that its proton-decay signals will pile up with the signals
from the B decays of 1*?Os and appear spread across a range
of higher energies. However, there is no clear sign of this in
the spectra either.

Figure 6 shows spectra featuring 6776(26)-keV '*Re « de-
cays followed by proton decays of '3 Ta (E » = 1444(15) keV,

«1 Count =2 Counts =3 Counts =4 Counts

7.0 310 MeV (a)
% 65-.-‘_- \x . lﬁ"
\% w - o .:
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Mesh..
[ by S
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FIG. 5. Energy-energy correlation matrices for two consecutive
decay events where the first decay occurred less than 10 s after
an ion implantation in the same detector pixel and was followed
within 12.5 ms by the second decay. No more than two signals
were observed in JY Tube in association with the evaporation residue.
The spectra were measured at beam energies of (a) 310 MeV,
(b) 330 MeV, and (c) 338 MeV. Groups identified as proton decays of
19Re and 'Re correlated with their daughter @ decays are labeled.

tiyp = 2.9f{f ms) [22]. Timing conditions requiring that the
first decay occurred within 10 s of an ion being implanted
into the same DSSD pixel and the second followed within a

=1 Count =2 Counts =3 Counts =4 Counts
.7 310 MeV (a)
S "
> 3
2 - T
> % 330 MeV (b)
5 s .
= 3.0 .. n
2R .
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9 Tk - Lal. . oy
£ 100 & .' b =
S T .} 338 MeV (o)
A 30 ) o
2.0 o .
1.0t L 159Re L " h| 1
6.75 7.25 7.75 8.25

Parent Energy (MeV)

FIG. 6. Energy-energy correlation matrices for two consecutive
decay events where the first decay occurred less than 10 s after an
ion implantation in the same detector pixel and was followed within
15 ms by the second decay. No more than two signals were observed
in JYTube in association with the evaporation residue. The spectra
were measured at beam energies of (a) 310 MeV, (b) 330 MeV,
and (c) 338 MeV. Groups identified as « decays of *’Re and '“Re
correlated with their daughter proton decays are labeled.
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FIG. 7. Natural logarithm of the time interval between the im-
plantation of an ion into a DSSD pixel and subsequent (a) '*Re
proton decays correlated with '**W « decays, and (b) 'Re o de-
cays correlated with '>3Ta proton decays. Time distributions for the
literature value of the half-life of '®Re [21,22] and the predicted
half-life of the 8 decay of *?Os [19] are shown by the solid red and
dashed blue curves, respectively. The vertical dashed lines show the
minimum time response of 8 us following ion implantation.

further 15 ms were applied. These spectra provide the first
confirmation of the o-decay branch of 1¥Re [22].

The natural logarithm of the time after ion implantation
of the 'Re decays observed at all beam energies is shown
in Fig. 7 and compared with the expected time distributions
for the decays of '"’Re and '°°Os. In total, the decays of 341
I59Re nuclei were identified in the present work, but all of
them occurred within 190 us and were therefore consistent
with the reported half-life of 21(4) us [21,22]. Furthermore, no
B-decay signals were observed between the ion implantation
and '"’Re decay events. On this basis we conclude that there
is no evidence in the present data for the observation of decays
of 1%°0s, presumably because the production cross section for
1590s is at least a factor of 100 lower than that for '*Re.

IV. DISCUSSION

In Ref. [3], the isomeric state in '°°Os was found to be
populated more strongly than the ground state. In the present
work, the additional chains assigned to '%°Os are all decays of
the isomeric state. This relative population in '®°Os is similar
to those of the corresponding states in its even-even N =
84 isotones 'S°Hf and '>®W in fusion-evaporation reactions
[5,7,8]. This can be seen in Fig. 8(a) which compares the
percentages of ions in the isomeric state measured for '°Os
at 310 MeV with those of '>°Hf and '*®W over a range of
beam energies. The isomeric ratio for '°0s was calculated
from the 23 isomer decays observed in Fig. 2(c) and the four
ground-state decays from Fig. 3(a), with corrections applied
for detection efficiency. A virtually identical isomeric ratio
was found using instead the number of correlated decay chains
and applying efficiency corrections. The isomeric ratios are
comparable for all three isotones with an average value of
around 80%. Yang et al. state that their '®°°Os peak comprised
~20 counts. The data point plotted in green in Fig. 8(a) is
based on this number and noting that there is a single count
close to 8.9 MeV in their Fig. 2(b) which could be a '®Os

100
80 #T %% Eps= ==
(@)
Yang et al.

| I | 1600S

158 160

201 o'°Hf o'*°W ' 0s

Isomeric ratio (%)
(o]
o

Yang et al.

160
Os

107°

107°

260 280 300

Energy (MeV)

FIG. 8. (a) Percentage of 'SHf, '®Ww, and '°Os nuclei im-
planted into the DSSD that were in the isomeric 8" state for the
different beam energies used in the present work. Measured cross
sections compared with values calculated using the statistical-model
code HIVAP [10] for the production of (b) '!Os and !*'Re, (c) '°Os
and '®Re, and (d) 1*°Os (calculations only) and '*Re in the fusion-
evaporation reaction **Ni + 1%Cd. Calculations and measurements
for Os (Re) isotopes are shown by the red (black) curves and sym-
bols, respectively. Statistical uncertainties are shown where they
are larger than the symbol size. Measured values are plotted at the
estimated beam energy at the center of the target and the horizontal
bar indicates the range of **Ni ion energies sampled in each mea-
surement as they passed through the target. The isomeric ratio and
cross section for '°0s deduced from the paper by Yang et al. [4] are
shown in green.

isomer « decay. Clearly the observations presented in Ref. [4]
implying an isomeric ratio at a beam energy of 335 MeV that
is close to 0% do not fit these systematics.

Total production cross sections for '0:1610s and '3*-16'Re
were estimated at each beam energy from the combined yields
of all observed proton- and «-decaying states for each nu-
clide and the results are shown in Figs. 8(b)-8(d). The cross
sections are plotted at the estimated beam energy at the centre
of the target, with the horizontal lines indicating the spread
of *Ni beam energies in the target. A MARA transmission
efficiency of 40(10) % was assumed in all cases and its uncer-
tainty generally dominated the overall uncertainty in the cross

044317-7



A.D. BRISCOE et al.

PHYSICAL REVIEW C 113, 044317 (2026)

sections. Corrections were applied for branching ratios, time
gates, and the fraction of decay events depositing their full
energy in the DSSD. The cross sections for the production of
16005 at 310 and 330 MeV were estimated to be 1.0(3) nb and
0.2703 nb, respectively.

The estimated cross sections were compared with values
calculated using the statistical-model code HIVAP [10]. In
these calculations, the rotating liquid-drop model [24] con-
tribution of the total fission barrier was scaled down by a
factor of Cy = 0.53. Lowering the fission barrier height has
been found to improve the agreement of calculated cross
sections with measured values for neutron-deficient nuclei
[25]. The measured excitation functions appear to be slightly
broader than the calculated ones, although use of the thick
targets in the experiments makes direct comparisons difficult
because energy losses and scattering within the target leads to
broadening. In addition, isotopic impurities at the few % level
in the target could lead to enhanced production at higher beam
energies from their heavier, less fissile compound nuclei.

The cross section of 5.41“{:3 nb estimated for the ground

state of '°°Os in Ref. [4] is also plotted in Fig. 8(c). This value
appears to be anomalously high compared with the values
measured in the present work at beam energies of 310 and
330 MeV, and the trends of the HIVAP calculations. The cal-
culated excitation functions and the measured cross sections
for '%Re plotted in Fig. 8(c) suggest that the beam energy of
335 MeV employed in Ref. [4] was not optimal for producing
A = 160 isobars.

The nonobservation of any « decays assigned to '®°Os in
Fig. 2(e) or Fig. 3(c) leads to an upper limit on its production
cross section at 338 MeV of 0.2 nb for an 84% confidence
level [26]. The cross section reported in Ref. [4] is incom-
patible with this upper limit. At this beam energy, the **Ni
ions lost around 15 MeV traversing the target, so their spread
of energies fully covered the corresponding energy spread of
38Ni ions in the thinner target used in Ref. [4]. Furthermore,
the cross sections for producing the osmium isotopes shown
in Fig. 8 are systematically lower by at least a factor of 100
compared with their rhenium isobars at any given beam en-
ergy, except for the cross section reported in Ref. [4] for '°Os
which is comparable to the value measured here for '®*Re.

The number of ground-state '®Os « decays claimed in
Ref. [4] does not seem to be compatible with the absence of its
isomer « decays or the cross sections measured in the present
work. Below we show that the apparent peak attributed to the
ground state of '°Os can be understood as a statistical fluctu-
ation of the background, while the half-lives for '®°Os and its
daughter '3®W reported in Ref. [4] may be fully explained as
random correlations of events from longer-lived activities.

In Ref. [4] the analysis was restricted to correlations with
subsequent proton emission from the ground state of *°Ta. A
difficulty arises because the proton-decay peak is in a region
of the spectrum where there can be background originating
from « particles that do not deposit their full energy. In
Fig. 3(c) showing the data collected at a beam energy of 338
MeV, which is the closest match to that used in Ref. [4], it
can be seen that the escaping «-particle energy distributions
of events following « decays of the isomeric states in '>Lu,
156Hf, and '*8Ta extend below 1 MeV. This explains why in

TABLE III. Upper and lower limits for different confidence level
intervals for the Poisson signal mean p for a total of 20 observed
events with mean background levels b of 13 and 14 events. The
values are taken from Tables III, V, VII, and IX of Ref. [27].

Confidence Lower limit Upper limit

level (%) b=13 b=14 b=13 b=14
68 291 2.12 12.30 11.30
90 1.48 0.53 15.52 14.52
95 0.25 0.00 17.33 16.33
99 0.00 0.00 21.32 20.32

Ref. [4] it was necessary to compare with the background
spectrum shown in Fig. 2(c) of that work. Yang et al. state
that there was too much background in their spectra when
correlating with the o decays of the ground state of '>Hf that
is populated by the 29% B-decay branch of the 'Ta ground
state [16]. However, there is no discussion of correlations with
the o decays of the isomeric state of '>*Hf, which account for
half of the '%°Os decay chains presented in Table 1 in Ref. [3].
The experimental conditions for the reactions studied in
the present work were comparable to those given in Ref. [4],
although there is less background in our correlated energy
spectra shown in Fig. 3. The inconsistencies with the present
data raise the question: is the “peak” in Fig. 2(b) in Ref. [4]
real? The regions of that spectrum where 20 counts can be
identified have corresponding levels of 13 or 14 counts in the
background spectrum shown in Fig. 2(c) of Ref. [4]. With this
level of background, observing 20 counts could be an upward
statistical fluctuation within 2 standard deviations [26]. Al-
ternatively, one can use the calculated confidence intervals of
Ref. [27] presented in Table III, which are based on a unified
approach to the classical statistical analysis of small signal
levels in the presence of background. All 20 counts can be
considered to be compatible with a statistical fluctuation in
the background b when the lower limit on the Poisson signal
mean u becomes zero. This happens for a confidence level
between 95% and 99% for b = 13, and between 90% and 95%
for b = 14. The statistical significance of the peak claimed in
Ref. [4] therefore does not constitute conclusive proof of the
observation of '®°Os. The apparent agreement of the energy
with that reported in Ref. [3] could be purely coincidental.
With the observed level of background and using the
methodology of Ref. [27], one can also evaluate the probabil-
ity that all 20 events could really have been from the “peak”
activity and none of them were from the expected background.
In this case the upper limit on u needs to be at least 20, which
can be excluded with more than 95% confidence for both
b = 13 and 14 (see Table III). Even if some of the events
in the “peak” were genuine '°°Os ground-state o decays, this

still raises questions regarding the half-life of 201J_r§§ us re-

ported for 16005 in Ref. [4]. This value was obtained using the
maximum likelihood method [26], which estimates the mean
lifetime as the arithmetic mean of the individual decay times
t, at which events were observed, provided the observation
period is not restricted. From the uncertainties in the reported
half-life one can deduce that 20 events were used in the
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analysis, which matches the number of '®°Os events claimed
in the energy spectrum that contained events occurring be-
tween 30 and 700 ps after the implantation of an ion [4].
Assuming this time interval without correcting for its finite
duration, a half-life of 230 us is expected for any activity
having a long half-life. The half-life reported in Ref. [4] is
consistent with this expected value for background.

A likely source of longer-lived background activity is from
higher-energy « emitters, where some of the charge was not
collected, resulting in a tail of lower-amplitude signals. The
a-decaying isomeric states of ' Lu and '>°Hf are plausible
candidates for this, being strongly produced in this reaction;
see Fig. 2. Applying the maximum likelihood method without
any correction to events in the '>Lu peak occurring 30 -
700 us after an ion implantation in the data collected at 310
MeV gives apparent half-lives of 231(2) us for '*Lu and
219(2) us for I56Hf . These values are consistent within uncer-
tainties with 201735 us reported for '°Os in Ref. [4] but are
in clear disagreement with the accepted values of 2.71(3) ms
for >Lu and 520(10) us for I56Hf that have been measured
independently at several laboratories [5]. The slightly shorter
apparent half-life for °Hf compared with '>Lu reflects the
shorter actual half-life of this nuclide.

Yang et al. do not provide details of whether any correction
was applied for the finite measurement interval, or how any
correction was made for the random background component
that would be expected from Fig. 2(c) in Ref. [4].

If the '%°0s peak claimed in Ref. [4] is a fluctuation in the
background from higher-energy o decays, then its “daughter”
decays are likely to be randomly correlated escaping o par-
ticles, rather than proton decays of '>®Ta. It follows that the
half-life reported there for the B decay of W will not be
correct either. The maximum time difference between '°Os
decay candidates and '°Ta proton decays used to produce
the spectra in Ref. [4] was 1.2 s. If this time interval was
used to determine the half-life of '>*W and the decay chains
were from background, then one would expect a value of
310 ms using the method of Ref. [26], after adjusting for
the 106-ms half-life of the '*Ta ground state. This value
from background is compatible with the half-life of 29175
ms reported in Ref. [4]. Although one cannot be sure from
the information provided whether this was actually done, it
does serve to illustrate how such a half-life could result from
random correlations of the background. For comparison, the
updated half-life combining data from Ref. [3] and the present
work is 144733 ms for '5®Ww. This half-life was deduced from
decay chains with much longer maximum correlation times
than 1.2 s, with some chains spanning tens of seconds (see
Table II and Table 1 in Ref. [3]).

Finally, in our previous paper [3] we reported a reduced
a-decay width for the ground state of '°Os of 60(30) keV
using the method of Ref. [28]. This value is consistent within
uncertainties with the systematic trends for N = 84 isotones
and does not support the claim in Ref. [4] of enhanced stability
of the N = 82 shell closure for heavier elements. Future exper-
iments with low-background spectra having higher statistics
are required to determine whether any such effect really exists
and to improve upon the present unsuccessful search for 8
decays of °°0s.

V. SUMMARY

The production of '9%1910s and '**-''Re in fusion-
evaporation reactions induced by beams of *®Ni ions
bombarding isotopically enriched '"°Cd targets has been in-
vestigated. The production and o decays of '®°Os nuclei cast
doubt on the claims made in Ref. [4] regarding the decay of
its ground state. In particular, the observation of only ground-
state o decays of '°°Os would be at odds with measured
isomeric ratios; the cross section reported is anomalously
high when compared with excitation functions for the light-
est Os and Re isotopes; and the half-life is consistent with
what would be expected for longer-lived background. It seems
likely that the observed “peak” was a fluctuation in the back-
ground.

If the assignment to 1600 in Ref. [4] was incorrect, then so
too was the identification of its daughter, 13®W. The half-life
reported for the B decay of "W is also consistent with ex-
pectations from a plausible background scenario. In contrast,
additional '®°Os decay chains to those we reported in Ref. [3]
were presented in this paper and support the conclusions of
our earlier study.

The decay properties of '®'Os and 7W were confirmed,
but no decay chains that could be assigned as  decays origi-
nating from '3°Os were identified. However, '*Os should be
observable using the methods employed in this work, which
also provide a possible approach for identifying proton emis-
sion from the very short-lived ground state of *’Re.
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