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Abstract

The radioactivity of 1930sgs and 3Wgy that lie at the two-proton drip line have been measured in an experiment

performed at the Accelerator Laboratory of the University of Jyvéskyld. The 5°Os nuclei were produced using fusion-
evaporation reactions induced by a beam of 310 MeV °®Ni ions bombarding a '°°Cd target. The '6°Os ions 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. The a decays of the ground state of 1%°0s (E, = 7092(15) keV, ¢,/ = 97197 us) and
its isomeric state (E, = 8890(10) keV, t;/o = 41:195 us) were measured, allowing the excitation energy of the isomer
to be determined as 1844(18) keV. These a-decay properties and the excitation energy of the isomer are compared
with systematics. The « decays were correlated with subsequent decays to investigate the 5 decays of the ground state
of 6W, revealing that unlike its isotones, both low-lying isomers were populated in its daughter nuclide, *6Ta. An
improved value for the half-life of the proton-decaying high-spin isomeric state in '25Tags of 333725 ms was obtained in
a separate experiment using the same experimental systems with a 192Pd target. This result was employed to improve
the precision of the half-life determined for "W, which was measured as 15713 ms.

1. Introduction odd-Z elements, the direct emission of a single proton gen-
erally determines the limits of observable nuclei [2] but for
even-Z nuclei, pairing interactions reduce the ) values for
proton emission. Consequently, o radioactivity is the prin-
cipal decay mode of the most neutron-deficient known iso-
topes of even-Z elements from plutonium (Z = 94) down
to osmium (Z = 76). The strong dependence of the a-

particle tunnelling probability on the @, value means that

The search for new nuclides has been an ongoing en-
deavour throughout the history of nuclear physics, result-
ing in the discovery of around 3000 species to date and
providing many insights into nuclear properties [1]. For
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half-lives drop rapidly with increasing neutron deficiency
at the limits of known nuclei. Prior to the present work the
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most neutron-deficient known Os isotope was ‘61 Os, which
a decays to "W with a half-life of 640(60) us [3]. The
next even-Z element below Os is tungsten (Z = 74). Its
lightest known isotopes are ®®Wg,, which is an o emitter
with a half-life of ~1 ms [4-6], and "W, which undergoes
B decay with a half-life of 275(40) ms [3]. For even lighter
elements, B decay continues as the dominant decay mode
of the most neutron-deficient even-Z isotopes until the is-
land of a-particle emission above 1°°Sn is reached. Here,
a decay again dominates for the lightest known isotopes
of xenon (Z = 54) and tellurium (Z = 52) [7-11].

The reason for this abrupt change in decay mode for
the W isotopes is that the emission of an « particle from
157W would involve the removal of a neutron from the N
= 82 core, which impacts on the @, value [12]. Simi-
lar decreases in @, values can be expected for its heav-
ier isotones. Consequently, 1%0Os is expected to be the
lightest osmium isotope for which a-particle emission is
the dominant ground-state decay mode [12]. Even more
neutron-deficient Os isotopes are expected to undergo [
decay, until the boundary of the nuclear landscape is ul-
timately reached with the advent of dominant two-proton
emission from nuclear ground states [13, 14].

The N = 84 isotones are also of interest because sev-
eral of them have a-decaying spin-gap isomers [4-6]. In-
beam spectroscopy experiments have shown that the yrast
Vfr/2hg/o 8" states in '"OHf and '"*W are at lower exci-
tation energies than their respective 6% states and as a
consequence they are isomeric [15, 16]. This lowering in
energy of the 8 states is also evident from systematics of
level excitation energies along isotopic chains [17]. Simi-
larly, the mhyy /2™ @ v f7/2h9/2 25/27 state in '"Lu is also
isomeric, lying below the 23/2~ state [18, 19]. In all 3
isotones, the occurrence of isomerism is attributed to the
lowering in energy of configurations involving neutrons in
the vhg o orbital relative to those in the v f7/, orbital as
the occupancy of the why; /o orbital increases with increas-
ing Z above Z = 64.

The excitation energies of the 8% isomers in Hf and
158W are 1959(1) keV [5] and 1888(8) keV [6], respectively,
and it is plausible that a similar isomer could also exist in
1600s. As well as decay by a-particle emission, there is
also the possibility of a two-proton decay branch from this
isomer, since the ground state of 1%°Os is predicted to be
unbound with @2, = 0.75 MeV [12]. From the empiri-
cal formula of Ref. [20], this value is probably too low for
2p emission to be observed from the ground state and the
osmium isotopes that are candidates for dominant 2p emis-
sion lie considerably further from stability [13]. The feasi-
bility of observing 2p decays from the isomer will depend
on how much its excitation energy adds to the @3, value,
balanced against the hindrance arising from the larger spin
change involved in the decay.

Observing 1%°0s o decays would also provide an op-
portunity to investigate for the first time the decay prop-
erties of the ground state of its daughter nuclide, W,
Although the ground state of 1°5W is also predicted to be

unbound to 2p emission, S decay is expected to dominate
[12]. The 3 decays of the lighter N = 82 isotones *8Dy,
150Fr and '52YDb are dominated by allowed Gamow-Teller
transitions to a single 17 state in their respective odd-
odd daughter nuclei, followed by E1 ~-ray transitions to
the 27 ground states [21-23]. These daughter nuclei also
have a -decaying high-spin 7hyy /o @ v f7/2 97 isomer, but
this has only been observed when populated directly in a
reaction.

The 17 states have been interpreted as being mhi1/2 ®
vhg /o configurations lying at excitation energies of ~0.5
MeV above md3 /5 ® v f7/2 ground states. For the interme-
diate isotone '54Hf, only the half-life has been determined
indirectly from the time differences between « decays of
I58W and °4Yb [24]. In the case of 1°°W, its daughter
156Ta has 2 low-lying isomers with the same configura-
tions as its isotones that are separated by only 0.1 MeV
[5] and could be populated through electromagnetic de-
cays following /3 decays to 1T states. There are distinct
differences in the decay properties of these states that can
provide unique signatures of their population.

This letter presents measurements of the a decays of
the ground state and spin-gap isomer of 1%°Os, the S-decay
properties of W and the result of a search for the com-
peting 2p-decay branches. Both nuclides lie at the proton-
rich limit of the nuclear landscape, being one proton heav-
ier than the proton emitters **Re [25] and '5°Ta [26],
which are the lightest known isotopes of these elements.

2. Experimental details

The experiments were performed at the Accelerator
Laboratory of the University of Jyvaskyli. The '6°0s
nuclei were produced in the fusion-evaporation reaction
106CA(58N1,4n)1%90s. The °8Ni beam provided by the
K130 cyclotron bombarded the self-supporting isotopically
enriched °6Cd target foil of thickness 1 mg/cm?. The
beam energy at the front of the target of 310 MeV was
used for a period of 292 hours. The average beam intensity
was 6.4 particle nA. The energy calibration for « particles
was based on the o decays of 129151 Dy, 152Ey 135y, 156Hf
and '%8Ta nuclei produced in the measurement [5, 27].

In separate experiments using the same setup, the pro-
ton emitter *®Ta was produced using the fusion-evaporation
reaction 192Pd(°®Ni,p3n)'56Ta. The self-supporting iso-
topically enriched 192Pd target had a thickness of 1 mg/cm?
and was bombarded with 294 MeV 58Ni ions. The irradia-
tion time and average beam intensity were 162 hours and
4.8 particle nA. These data were used to measure the half-
life of the isomeric state in %Ta with improved precision,
which in turn was used to extract the half-life of 156W.
Energy calibrations for proton emitters in all experiments
were obtained from proton decays of '4"Tm and '*'Lu nu-
clei produced in reactions on targets of “?Mo and ?°Ru.

Protons and « particles emitted at the target posi-
tion during evaporation residue formation were detected



using JYTube [28], which comprised 120 plastic scintilla-
tor detectors arranged in a hexagonal-cylindrical geome-
try. Each detector was 2 mm thick and was directly cou-
pled to a silicon photomultiplier on its back surface. The
efficiency of JYTube for detecting a single proton or «
particle was estimated to be ~70 %. However, JYTube
is also partly sensitive to other forms of radiation (such
as 7 rays), resulting in an extra signal occasionally be-
ing registered. Since the '°°Os nuclei would be produced
via the 4n evaporation channel, JYTube was used to se-
lect only evaporation residues with no more than 1 signal
detected in coincidence. The use of JYTube in this way al-
lowed nuclei produced via neutron evaporation channels to
be selected from the background of nuclei produced much
more strongly through evaporation channels involving the
emission of several protons and/or « particles.

The '°0s and *°Ta ions recoiled out of the target,
passed through a carbon foil of nominal thickness 50 ug/cm?
mounted ~10 cm downstream of the target to reset the
ionic charge-state distribution of the evaporation residues
and were transported using the recoil mass separator MARA
[29-31] to the detectors situated at its focal plane. The
flight time was estimated to be ~0.4 us. The ions passed
through a multi-wire proportional counter (MWPC) and
were implanted into a double-sided silicon strip detector
(DSSD). The energy signal in the DSSD and the time of
flight between the MWPC and the DSSD allowed evapora-
tion residues to be distinguished from beam-like particles.
The ion optics of MARA were tuned for a charge state of
27 for the reaction with the 196Cd target. For the '°2Pd
target, charge states of 27 and 25.5 were used. In each
instance this allowed for the simultaneous transmission of
a total of four different charge states to the implantation
detector.

The DSSD had an active area of 128 mm x 48 mm and
was 300 pm thick. The strips on its front and back surfaces
were orthogonal and the strip pitch of 0.67 mm on both
faces provided 13824 independent pixels. The minimum
time for extracting energy information from successive sig-
nals in a given strip was 8 us. The DSSD energy thresholds
were set at ~100 keV to allow the observation of g-decay
signals. Two 500-pm thick silicon detectors, each with an
active area of 50 mm x 70 mm, were mounted directly be-
hind the DSSD and used to identify high-energy light ions
arriving at the MARA focal plane that “punched through”
the DSSD. These detectors allowed the background arising
from these particles in the DSSD to be suppressed.

An array of 8 detectors was mounted to surround the
DSSD in the upstream direction. These detectors formed
the walls of a silicon “box” while the DSSD formed the
base. Six of the box detectors had active areas of 50 mm
x 50 mm segmented into 4 quadrants and were 500 pm
thick. These were mounted in 2 groups of 3 around the
ends of the DSSD. The other 2 box detectors were mounted
centrally above and below the DSSD, between the 2 groups
of square box detectors, to complete the array. These 2
detectors each measured 25 mm x 75 mm and were also

500 pm thick and segmented into 2 elements. The box
detectors were assembled on a frame to complete the 4
box walls with their upstream edges aligned. These box
detectors were used to suppress the background from o
particles and protons emitted from within the DSSD in the
upstream direction, depositing only part of their energy.

All detector signals were passed to the triggerless data
acquisition system [32], where they were time stamped
with a precision of 10 ns. The data were analysed using
the GRAIN [33] software package.

3. Results

Searching for the new nuclide '°Os presents a number
of challenges. First, the most favourable compound nu-
cleus reaction to synthesise 1°Os involves the evaporation
of 4 neutrons. The cross section expected for this is likely
to be only ~1 nb, as was found for the synthesis of the
exotic nuclides Pt and '"Hg by the same evaporation
channel [34, 35]. Second, the daughter of 1%°Os « decays is
156W  which is expected to 3 decay with a predicted half-
life of ~130 ms [12]. In principle, both of the known states
in 1%6Ta could be populated following the 3 decay of %W
(see Figure 1). Since S decays result in the deposition in
the DSSD of a relatively small energy that unlike proton
or « decays is generally not characteristic of a nuclide’s de-
cay, they are usually disregarded in correlation analyses.
Therefore in order to identify '°Os « decays, correlations
must be sought with the a decays of either the ground
state or the 8T isomer of PSHf (populated via °6Ta
decays), or with proton decays from '56Ta [5, 36]. Corre-
lations with the proton decays could be subject to signif-
icant background levels because the proton-energy peaks
lie in the same region of the energy spectrum as « particles
that escape from the DSSD without depositing their full
energy. This problem is exacerbated by the relatively long
time interval expected between '°Os « decays and the
proton or « decays with which they are to be correlated.

The identification of o decays of the 8% isomeric state
in 1690s should be more straightforward than those from
its ground state owing to the expected high a-decay en-
ergy and consequently its short half-life. Figure 2(a) shows
part of the energy spectrum of o decays measured in the
DSSD within 250 us of an evaporation residue being im-
planted into the same pixel, with the additional condition
that no more than 1 signal was observed in JYTube. The
158 T3, peak is noticeably broadened because its short half-
life of 6.1 us means that its decays occur on the rapidly
falling tail of the pulse of the implanted ion event [37, 38].
In addition to these peaks, a new activity comprising 23
counts is visible at an energy of 8890(10) keV, which is in
the energy region where o decays of the '%°Os high-spin
isomer would be expected.

Figure 2(b) shows the a-decay energies plotted against
the natural logarithm of the time difference between the
«a decay and the preceding evaporation residue implanted
into the same DSSD pixel. Short-lived decays appear as
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Figure 1: Schematic diagram showing the expected a-decay chain of
1600s. The labels g and m in the superscripts denote ground and
isomeric states, respectively. The a decays of both the ground state
and the isomeric state of 1690s are expected to populate the ground
state of the unknown nuclide %W, which is predicted to 8 decay
[12]. The red arrows denote the decays that were considered in the
search for the a decay of 16°0s, namely the proton-decay branches
of 1569,156m Ty and the o decays of 1969:156mHf The dashed arrows
indicate the o decays of 160Re and 169W, which would be expected
in correlated energy spectra together with 1600s a decays. The half-
life for the isomeric state in 1°6Ta is from the present work. Other
half-lives and branching ratios are taken from Refs. [5, 36].

groups towards the bottom of this plot. These include the
decays of the isomers in 1°8Ta and the N = 84 isotones
155 1, 5Hf and ®W. The group of events highlighted
in the ellipse are short-lived, high-energy decays that are
candidates for  decays of the spin-gap isomer in '6°Qs.
A half-life of 411'21)5 us was extracted for this distribution,
which passes the 90 % confidence test outlined in ref. [39],
confirming that the origin of these events is consistent with
the decay of a single activity. As with other half-life values
presented below, the 8 us dead-time period was subtracted
from the individual decay times when deducing this value.

In order to assign these candidate o decays to '°Os it
is necessary to correlate them with subsequent decays as
discussed above. Figure 2(c) shows that these decays are
correlated with the proton decays of '°Ta or the o decays
of either the ground state or isomeric state of °6Hf as
expected from Figure 1, confirming their assignment as «
decays of '°°0s. Removing the constraint on the number
of hits observed in JYTube does not increase the number of
events in this region of the spectrum, as would be expected
for a reaction channel involving only the evaporation of
neutrons. The event slightly to the right of the ellipse in
Fig. 2(b) is not assigned as a decay of 1°Os because no
subsequent decay event was observed in the same DSSD
pixel within 5 s of this event. Details of the measured decay
energies, time differences and number of observed JYTube
coincidences for the decay chains assigned to '®°Os are

presented in Table 1.

There are 3 15°0s a-decay events in Figure 2(c) corre-
lated with '°6Ta proton decays. Two of these have daugh-
ter decay energies that are consistent with proton emission
from the ground state of 1%6Ta that is also observed fol-
lowing o decays of *®*Re that are highlighted by the green
square. The energy of the third daughter event is more
than 100 keV higher, which would be consistent with pro-
ton emission from the high-spin isomeric state in '°6Ta
[5]. The next decay observed in the same DSSD pixel is
consistent with it being an a decay of '°°Lu, produced
via an unobserved 3 decay of »Hf, confirming that this
daughter event is a proton decay of *®Ta.

The observation of proton decays of the ground state
of %6 Ta following '%°Os o decays shows that the 3 decays
of 15W can lead to population of this state. This feed-
ing pattern is the one observed in lighter N = 84 isotones
[21-23]. The decays of the ground state of 1°Ta were
studied by Darby et al., who found that the competing
[B-decay branch led to feeding of only the ground state of
156Hf, with a branching ratio of 29(3) % [36]. The obser-
vation of correlations of 19Os a decays with those of the
isomeric state in "SHf therefore confirms that the 8 de-
cays of "W also lead to population of the isomeric state
in '%6Ta, as suggested by the highest-energy '°6Ta pro-
ton decay. The B-decay branches of both states in 1°6Ta
populate the ground state of *°Hf, so the 5 observed cor-
relations of 1%90s o decays with a decays of the ground
state of 159Hf could have passed through either state in
1563, As expected from Figure 1, correlations of o de-
cays of "W and '°Re with those of the ground state of
156Hf were observed and are highlighted by the magenta
squares in Figure 2(c).

The knowledge gained from the a decays of the iso-
meric state in 1°Os can be used to search for the o decays
of its ground state. A group of 3 events, highlighted by a
purple square, can be seen in Figure 2(c) with a daugh-
ter energy consistent with a decays of the »°Hf isomeric
state. These events are assigned as « decays of the ground
state of 9°0s and the half-life deduced from these 3 decays
is 107111%7 us. As can be seen from Table 1, the number
of observed JYTube coincidences for each of these events
is compatible with an evaporation channel involving only
neutrons. The other 2 purple squares indicate where the
other daughter decays might be expected to appear. No
events are visible where '°Ta, proton decays would be ex-
pected, but 1 event is seen where SHf ground-state «
decays should occur and the evaporation residue was ob-
served with no coincident signals in JYTube. This o de-
cay occurred 105 pus after the implantation of an ion into
the same DSSD pixel, a time difference which is consistent
with the half-life deduced for the other 3 o decays assigned
to the ground state of 1%°0Os. Combining the data for all 4
decays gives a half-life of 9757 s and an a-decay energy
of 7092(15) keV for the ground state of 15°0Os.

The position sensitive MWPC allowed for an analysis
of the distribution of events across the MARA focal plane.
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Figure 2: (a) Energy spectrum of a decays measured in the DSSD within 250 us of an ion being implanted into the same pixel. Peaks are
labelled with their assignments. Note the expanded vertical scale to the right of the dot-dash line. (b) The energies of a decays plotted
against the natural logarithm of the time difference between the o decay and the preceding evaporation residue implanted into the same
DSSD pixel. The dashed lines are drawn to guide the eye to the o decays of the spin-gap isomers of 15°Lu, 156Hf, 158W, 158Ta and the events
in the ellipse that are assigned as a decays of the isomer in 16°0s. (c) Correlation matrix of “mother” a-decay events occurring within 400
us of an evaporation residue being implanted into the same DSSD pixel with “daughter” decays occurring within a further 1.75 s in the same
pixel. Note that the minimum energy threshold was set in software to exclude S-decay events from these correlations. The candidate 16°0s
o decays can be seen to fall within the 3 groups inside the red squares corresponding to daughter proton decays of 1°6Ta and the o decays
of the ground state and isomeric state of 1°6Hf. The corresponding correlations of the a decays of the ground state of 1600s are indicated
by the purple squares. The green square highlights o decays of 10Re correlated with proton decays of the ground state of 156Ta, while the
magenta squares highlight o decays of '56Hf that are preceded by the a decays of 169Re and 9W. Note that the energy scales are valid for
« decays and therefore give apparent proton energies that are ~40 keV too low.



Chain E1 t1 E2 to E3 t3 E4 ty E5 t5 JYTube
# (keV)  (ps) | (keV) (ms) | (keV) (ms) | (keV) (ms) | (keV) (ms) Fold
1 8911 27 | 5886* 1285 - - - - - - 0
2 8894 31 | 472" 43 165¢ 1498 | 5883* 55 | 4820° 1139 0
3 8868 31 | 180° 1605 | 7801° 1 - - - - 0
4 8878 205 | 1016° 256 - - - - - - 1
5 8850 15 | 341" 256 | 5904° 1285 - - - - 0
6 8888 28 | 156" 28 | 7741 923 - - - - 0
7 8891 166 | 867" 314 | 7716 48 - - - - 0
8 8852 14 | 218" 108 | 7811° 662 - - - - 0
9 8847 102 | 5839 864 - - - - - - 0
10 8888 181 | 204" 712 | 7791 307 | 1345 314 - - 0
11 8929 27 | 245h 48 | 7765° 578 - - - - 0
12 8851 52 | 4259 312 | 974¢ 226 | 215 840 - - 0
13 8871 57 | 5864¢ 800 - - - - - - 0
14 8856 13 | 1131¢ 916 | 5577/ 1096 - - - - 1
15 7108 112 | 878" 88 | 78128 70 - - - 0
16 7069 105 | 5879% 489 - - - - - - 0
17 7144 13 | 7756 82 | 1871 1414 | 4815° 4721 - - 0
18 7049 364 | 7767 481 - - - - - - 1

@ o decay of 190Hf ground state

b o decay of 156Hf isomeric state

¢ proton decay of 196Ta ground state
4 proton decay of 156 Ta isomeric state
¢ « decay of 152Er

f o decay of 155Lu

9 B decay of 156W feeding 196 Ta ground state
h B decay of 155W feeding 156Ta isomeric state
* B decay of 196 Ta isomeric state

Table 1: Data recorded for all of the decay chains assigned to 690s from the present work. Ej and t; are the energies and times after the
implantation of the preceding evaporation residue into the same DSSD pixel of the 1690s o decays. E, are the corresponding energies of the

nth

member of the decay chain and t,, are their time after the preceding decay event in the DSSD pixel. The times ¢, have not be corrected

for the 8 ps 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. Energies of decays
below 2 MeV have been calibrated using the proton decays of '47Tm and '®'Lu. The superscript letters denote the assignments to decays

following 1690s o decays where they could be identified.

It was found that the events assigned as « decays of the
ground state and isomeric state in 19Os were consistent
with a nuclide with A = 160, further supporting the assign-
ments. In addition, despite the low correlation efficiency
owing to the long half-lives and high implantation rate, 2
of the chains in Table 1 also include an a decay of °2Er
that is populated following 3 decays of 1°2Yb and '%2Tm.

It is possible to determine the half-life of W with-
out observing its 8 decays directly, as has been done for
other nuclei [24, 40], provided that the decay path follow-
ing the %90s o decays is unambiguous. That means that
the chains involving the o decays of the '5SHf ground state
cannot be used for this purpose because it is populated
through the B decays of both states in '*®Ta. Although
the half-life of the ground state of 1°6Ta has been precisely
measured as ¢/, = 106(4) ms [36], the uncertainty on the
half-life of the '5®Ta isomer is rather large (t1 /2 = 375(54)
ms) [5]. Since the majority of 1°°W decays appear to feed
the isomeric state of ®°Ta, a measurement of the half-life
of this state with improved precision is desirable in order to
obtain a more precise half-life for 1*6W. Figure 3(a) shows
the energy spectrum from the experiment using the '°2Pd

target of events observed between 30 ms and 1875 ms of an
evaporation residue being implanted into the same DSSD
pixel that were then followed by a 1%°Lu « decay occur-
ring between 100 ms and 5 s later. A MWPC position
corresponding to a mass number of 156 was required in
order to optimise the purity of the spectrum. The proton-
decay peaks from the ground state and isomeric state of
156, are clearly visible. The inset shows the time dif-
ferences between the ion implantation and °°Ta isomer
proton-decay events, plotted on a logarithmic time axis.
The fitted curve is for the half-life of 333725 ms deduced
from these data using the method of Ref. [41].

The half-life of '*0W was determined to be 15355 ms
from the time differences between 1%°Os o decays and sub-
sequent '°6Ta proton decays or '°Hf isomer « decays,
taking into account the half-lives of the intermediate (-
decaying states. This half-life is in good agreement with
the value of 130 ms predicted in Ref. [12].

It is interesting to examine the (-decay signals pre-
sented in Table 1 with this knowledge of the »W half-
life. The assignments as 3 decays of *W or the ground
state or isomeric state of !°Ta are based on the energies
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Figure 3: Energy spectra of decays measured in the DSSD. Peaks
are labelled with their assignments. (a) Decays that were followed
by an « decay of 15°Lu in the same pixel in the measurements with
the 192Pd target. See text for details of the timing conditions. The
broad distribution extending to higher energies is from the decays of
159W nuclei in which the a particles escape from the DSSD with-
out depositing their full energy. The inset shows the distribution of
the time differences between ions being implanted and events in the
156m Ty proton-decay peak in the same DSSD pixel. The red curve
shows the fit to this time distribution. (b) Decays occurring within
370 ps of an ion being implanted into the same DSSD pixel that
were followed within a further 12.5 ms by an a decay of %W in
the measurement with the 1°6Cd target. The only clear peak below
3.5 MeV is from proton decays of 159Re. The inset shows a higher-
energy region of the spectrum, in which a few a decays of 1620s can
be seen.

observed in the decay chains and/or the time differences
between the signals. For example, in chains 7 and 15 the
time differences between the § decays and the following «
decays of the isomer in 1°6Hf are too long to be consistent
with them being decays of the *6Ta isomer, so they must
be decays of »W. The energy spectrum of the 3-decay
events presented in Table I is shown in Figure 4(a), with
assignments for the 8 decays they represent indicated by
their colour. This can be compared with the correspond-
ing spectrum measured for 5 decays of the ground state of
156Ta populated by « decays of 18°Re nuclei produced in
this experiment that is shown in Figure 4(b). The higher
energies measured for chains 7 and 15 can be understood
as pile-up of the energy signals of "W j particles with
conversion electrons emitted in low-energy electromagnetic
decays of excited states in '°Ta. Known transitions in
156Hf are not strongly converted, so 3 decays of *6Ta tend
to produce signals of lower energy. The fraction of S-decay
signals that were registered for '°6Ta 3 decays following
160Re o decays was 6(2) %, which is lower than appears
to be the case for 15W 3 decays. This observation is also
consistent with conversion-electron emission following 3
decays of 155W.

The assignments of the S-particle signals to the decays
of specific states allowed chains 2 and 5 also to be used
for determining the half-life of 1°°W, thereby reducing the
uncertainty compared with the value deduced above us-
ing the information only from proton- and a-decay signals.
Furthermore, the time differences for W 3 decays them-
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Figure 4: (Colour online) (a) Energy spectrum of the 3-decay events
presented in Table 1. The colours indicate the assignments to spe-
cific B-decaying states. (b) Energy spectrum of 8 particles observed
within 530 ms of an « decay of 16°Re and followed within 115 ms by
an « decay of the ground state of 156Hf,

selves were used where they had been measured. Chains 1,
9, 13 and 16 that terminate with an a decay of the ground
state of 19Hf without the measurement of any 3 decays
could not be used because these decay paths remained am-
biguous. After applying corrections for unobserved inter-
vening [ decays where appropriate, a more precise value
of 157757 ms was determined for the half-life of '>0W.

The data were searched for evidence of 2p-decay branches
from 1590s and SW. Two-proton emission from '%°Os
would be followed by « decays of *W [6]. Figure 3(b)
shows the energy spectrum of decay events observed in the
same DSSD pixel within 370 us of an evaporation residue
being implanted that were followed within 12.5 ms by an
a decay of 158W. Peaks assigned as proton decays of 1°°Re
[25] and « decays of 1620s [6] are visible, but there is no
other statistically significant peak that could be attributed
to 2p decays from '6°Os.

If it were to occur, evidence for 2p radioactivity from
156W would appear in Figure 2(c), where there is a single
event with a daughter energy of around 4 MeV that has a
mother energy consistent with an o decay of the isomeric
state in 1%90s. This energy is much higher than the pre-
dicted Qs value of 0.43 MeV for W [12], so it is more
likely to be an « particle emitted from '*SHf that escaped
from the DSSD without depositing its full energy. There
is also no clear sign of a peak in Figure 2(c) in the energy
region where W 2p decays might be expected following
a decays of the ground state of ®°Os, although there are
some events that are assumed to be escaping « particles.

4. Discussion

The a-decay @Q value of 7274(15) keV measured in the
present work for the ground state of 6°Os fits in well with
the systematic variation of ), values with neutron number

for neutron-deficient even-even nuclides from Yb to Os.
The Q. value for '6°Os is slightly higher than would be



expected from a linear extrapolation of @, values from
heavier isotopes. Such increases are also evident for the
other N = 84 isotones and become larger with increasing
Z. Larger values are also found for N = 128 isotones
compared with extrapolations from their heavier isotopes
[42]. In contrast, ref. [12] predicts a lower @, value for
1600s than 1920s, although its predicted @, values appear
to be consistently overestimated for NV = 86 isotones.

The excitation energy of the a-decaying isomer in '6°Os
determined from the difference in measured @, values is
1844(18) keV. This value would be consistent with a con-
tinuing smooth trend in N = 84 isotones of decreasing
excitation energies of the yrast v fr/shg/o 8 states with
increasing Z that leads to the formation of the spin-gap
isomers. Extrapolating the trends of gradually increasing
excitation energy with Z of the lower-spin states suggests
that not only is the 8T state in '°°Os below the 6 state
but it could possibly even lie below the 4 state too.

The production cross section for the isomeric state in
16005 in this experiment was estimated from the yield of
« decays in Figure 2(a) to be ~0.5 nb, assuming a MARA
transport efficiency of 40 % and allowing for 41 % of the
« particles escaping from the DSSD without depositing
their full energy. The number of correlated decay chains
for the ground state of 1°Os was 3.5 times lower, so the
combined cross section was ~0.6 nb. This value is compa-
rable to the value estimated for "Hg [35], but is slightly
lower than the cross section estimated for the production of
166pt via the 4n evaporation channel [34]. Substantially
stronger population of the 8% isomers than the ground
states in fusion-evaporation reactions was also found for
the isotones PSHf [15] and 58W [16].

Reduced o widths were calculated for the decays of
the two states in '®°Os using the measured energies and
half-lives [43]. A value of 60(30) keV was deduced for the
ground state assuming A¢ = 0, which is compatible with
an unhindered « decay, while assuming A¢ = 8 yielded a
reduced alpha-decay width of 2.3(6) keV for the isomeric
state. The latter value is consistent with a hindrance factor
of ~20, as observed for the o decays of the other N = 84
spin-gap isomers [5].

Calculations were also performed with the Superfluid
Tunnelling Model (STM) as described in Ref. [44], which
has been successfully applied previously to the descrip-
tion of a decay including that of other N = 84 isotones
[45, 46]. The model involves the evolution of the parent
nucleus, under the action of the residual nuclear interac-
tion dominated by pairing, to a cluster-like configuration
of the daughter nucleus and « particle. The calculations of
the ground-state a decay require an estimate of the pair-
ing gap, A, and here we used the same parametrisation as
discussed in Ref. [46]. The calculated value of the half-life
of the ground-state decay is 55 s, which is to be compared
to our experimental value of 9737 us. For the isomeric
state the pair gap must be reduced and the angular mo-
mentum change between initial and final states taken into
account. These factors reflect the nature of the spin-gap

isomers in this region. Reducing the pairing gap to 60%
of the value for the ground state, and assuming Al = 8,
the calculated half-life is 13 s, which is to be compared
with our experimental value of 41:1)5 us. The pairing gap
for the isomer would need to be reduced to 55% of the
ground-state value to reproduce the half-life. This is con-
sistent with the systematics in Ref. [46] and reflects the
observed hindrance factors of the spin-gap isomers in the
N = 84 isotones [5].

The decay chains of 15°Os observed in the present work
allow insights to be gleaned on the SB-decay of W, see
Fig. 1. Of the 18 chains presented in Table 1, 2 involved
proton decays of 7ds /o ground state of 156Ta, Since the 3
decay of this state only leads to significant population of
the ground state of 56Hf [36], the 9 chains that involved
a decays of the 8t isomer in 'Hf must have proceeded
through the 7hq; /o isomer in '*Ta [5]. In addition, there
was 1 chain with proton decay from the isomer in °6Ta.
The remaining 6 chains involved o decays of the 'SSHf
ground state, which is fed in the § decays of both states
in '%%Ta [5]. The measured time intervals in the decay
chains indicate that 2 of these proceed through the iso-
meric state in 1°9Ta, but the paths of the other 4 chains
remain uncertain.

The present results for the 8 decay of W indicate
strong feeding of the mhyy o isomer in '®6Ta. This be-
haviour is different to °2Yb and its lighter isotones, for
which § decays lead predominantly to population of the
mds o ground state [21-23]. Multiplets of states formed
by coupling the odd proton and neutron are likely to ex-
ist at low excitation energies in '*°Ta and may open up
favourable y-decay paths from the 17 state to the mhi1/2
isomer. Something akin to this has been observed in 1°Re,
where a y-decay path from the 7hy; /3 isomer to the mds /o
ground state exists [47]. It would be interesting to inves-
tigate the 8 decays of the intermediate isotone '54Hf to
see which decay pattern it follows and the insights this
offers into the evolving structure of nuclei at the N = 82
shell closure as Z increases. The statistics that could be
obtained in such a study should be much higher than was
possible for "W in the present work and may allow the
identification of v rays emitted from states in '**Lu pop-
ulated in *Hf 3 decays.

The empirical formula for 2p-decay half-lives proposed
in ref. [20] was used in that work to estimate values for
superheavy nuclei. Using it for the states of interest in the
present work with the ()2, values from ref. [12] yields val-
ues of ~10% s and ~10%® s for the ground states of "W
and 1690s, respectively. The corresponding values for the
isomeric state in 1%°Os decaying to the ground state and
isomeric state in 1°8W are ~10%2 s and ~10*® s, respec-
tively. Although one should be cautious regarding the ac-
curacy of the predicted values, in all cases they are many
orders of magnitude longer than the measured half-lives.
This is consistent with the expectation that 2p radioactiv-
ity from ground states will only compete with other decay
modes in much lighter isotopes of these elements [13, 14].



However, it is interesting to note that the predicted 2p-
decay half-life for the isomer in '%°Os to the ground state
of 8W is by far the shortest of these values, suggesting
that isomers may yet provide candidates for this decay
mode in heavy nuclei that could be more easily accessed
experimentally.

The calculations of ref. [12] predict a drop of ~2 MeV
in the Q, value moving to **Os and that 3 decay will
dominate. It might be possible to measure 3-decay prop-
erties of 31%90s using a similar approach to that in the
present work to measure *W decays, populating the Os
isotopes via the expected o decays of 162163Pt. This ap-
pears to be very challenging, given that the lightest cur-
rently known Pt isotope is 15°Pt [35]. Nevertheless, a mea-
surement of 152Pt would be very interesting as it is the next
even-even N = 84 isotone above %90s. The @ value for
2p emission from 62Pt is likely to be higher than those of
156W and '°0s, but 2p emission from both its ground and
isomeric states will still have to compete with o decay.

5. Summary

The radioactive decays of '®°Os and '*W have been
observed for the first time. When compared with their
respective lighter isotones, the a-decay properties of the
ground state and isomeric state in '®°Os exhibit similar
behaviour, whereas the 3 decay of "*W follows a different
pattern of populating isomeric states in its daughter. The
measurements for '°Os extend the knowledge of excited
states in even-even isotopes across a wide range of neu-
tron numbers, extending from N = 84 to N = 122 [48].
The reduced excitation energy of the isomeric 8 state in
16005 compared with its isotones points to the continuing
importance of the interaction of hg/, neutrons with hy /o
protons approaching the Z = 82 shell closure. With the
expected limit of a-decaying osmium isotopes having been
reached and the low production cross sections, it will be
very challenging to extend decay spectroscopy measure-
ments to even lighter osmium and tungsten isotopes.
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