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Properties of isomeric states and the deexcitation paths to the ground state have been observed in W
and '®W nuclei in experiments employing fusion-evaporation reactions at the Accelerator Laboratory of
the University of Jyviskyld, Finland. The (13/2%) isomeric state in '>W was measured to have a half-life
of 7.4(2) us and an excitation energy of 301.4(3) keV, while in '®*W, the J™ = (9/2%) isomeric state at
127.2(3) keV has t;, = 7.4(5) us. The observed hindrance factors are 6.9(2) for the M2 deexciting transition
in W and 2.29(15) x 10° for the E1 deexciting transition in '®W, of which the former is a typical value
in this region, while the latter is an order of magnitude larger than most other similar cases. The excited- and

,1-2 P. Rahkila®,! P. Ruotsalainen,' A. Tolosa-Delgado RE

ground-state spin assignments are discussed.

DOI: 10.1103/mxx4-sxv2

I. INTRODUCTION

Nuclei in the region between the N = 82 closed shell and
the neutron midshell span an evolution from near-spherical
to well-deformed prolate nuclear shapes. These structural
changes can occur rapidly with the change of only a few neu-
trons. They are reflected in the smooth, characteristic variation
of bandhead excitation energies built on the underlying single-
particle states, whose relative ordering shifts with deformation

“Contact author: henna.joukainen @chalmers.se

TPresent address: Department of Physics and Astronomy, Chalmers
University of Technology, SE-412 96 Gothenburg, Sweden.

Contact author: jan.saren@jyu.fi

$Contact author: juha.uusitalo@jyu.fi

IPresent address: Van Sweinderen Institute for Particle Physics
and Gravity, University of Groningen, Groningen 9747AA, The
Netherlands.

TPresent address: Grupo de Fisica Nuclear & CEI Moncloa, IPAR-
COS, Universidad Complutense de Madrid, E-28040 Madrid, Spain.

““Present address: European Organisation for Nuclear Research
(CERN), Geneva, Switzerland.

TPresent address: Department of Physics and Astronomy,
Louisiana State University, Louisiana 70803, USA.

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI. Funded
by Bibsam.

2469-9985/2026/114(2)/024320(9)

024320-1

in the Nilsson potential. Establishing the excitation energies
of the bandheads is therefore an essential prerequisite to sys-
tematically probing competition between single-particle and
collective degrees of freedom across this transitional region.
The value of these systematics is well established. The
comprehensive reviews of Bunker and Reich [1] and Jain et al.
[2] survey the bandhead energies of one-quasiparticle states
across the deformed rare-earth region and their interpretation
within the Nilsson model. Many of these bandheads are iso-
meric and their half-lives provide additional sensitivity to the
underlying configuration. Furthermore, the coupling mode of
the odd particle to the core is dependent on the configuration
and evolves with particle number and deformation, directly
determining the spin-parity of the bandhead and influencing
the character and degree of hindrance of the isomeric decay.
These considerations are particularly relevant for the
unique-parity i3/, intruder orbital. For example, the isomeric
vii3/, bandheads in the neighboring nuclei 163y, 1670s, and
1Pt were fixed relative to their respective ground states
by Scholey et al. [3], who established the decay paths and
isomer half-lives using recoil-isomer and recoil-decay tag-
ging methods and determined the ground-state spin-parities
of all three nuclei for the first time. The hindrance factor
values for the vijz;, — vhos, transitions were found to be
constant at approximately 5.3 across the chain, reflecting
the single-quasiparticle character of these states. Subsequent
recoil distance Doppler-shift measurements of the E2 transi-
tion strengths within the vij3/; yrast bands in '’Os [4] and
165 [5] have revealed anomalously low By, ratios, placing
these nuclei in a growing class of transitional W-Os-Pt nuclei

Published by the American Physical Society
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whose electromagnetic properties are not well-reproduced by
standard collective models, reinforcing the complexity of the
interplay between single-particle and collective degrees of
freedom in this mass region.

In the present work, we report on studies of decay paths
from the vi;3/, isomeric states in 165y and 19w, Previously,
four bands have been discovered in '>W by Simpson et al. [6],
though no transitions reaching the ground state were observed.
An a-decay study by Hild et al. [7] revealed additional excited
states in connection with the ground state, but their relation
to the previously observed structures remained elusive. Sim-
ilarly, in '°W, three “floating” bands have been observed by
Recht ef al. [8]. A study of B decay of '®'Re revealed several
transitions in "W [9], though a decay scheme could not be
constructed at the time. The advanced detector setup and the
use of the recoil-decay tagging method [10,11] allowed us
to link between the previously measured prompt y radiations
and the delayed y-rays following the isomeric states in W
and '®w.

II. EXPERIMENTAL DETAILS

The nuclei of interest, W and 'W, were studied
in two separate experiments at the Accelerator Labora-
tory of the University of Jyviskyld (JYFL), Finland. The
nuclei were produced via the >Mo(’®Kr, 4pln)'®W and
2Mo(®*Kr, la2pln) W fusion-evaporation reactions. The
8Kr ions were impinged on a 0.55-mg/cm? **Mo target at
an energy of 380 MeV, while the 3*Kr beam had an energy
of 402 MeV and the **Mo target was 0.6 mg/cm? thick. The
average beam currents and irradiation times were 4.6 pnA and
8 h for the "®Kr beam and 4.7 pnA and 16 h for the 34Kr
beam, respectively. Both targets were isotopically enriched
to a 97% purity. In both experiments, the recoiling reaction
products (“recoils”) passed through the vacuum mode separa-
tor MARA [12], which separated the recoils from the primary
beam and distributed them according to their mass-to-charge
(A/q) value at the focal plane. Carbon charge-reset foils of
400 and 48 ug/cm? thicknesses were situated at the entrance
of MARA for the studies of "W and '®W, respectively.
The JUROGAM 3 Ge detector array [13] was used to de-
tect prompt y-rays around the target. The array comprises
15 tapered and 24 clover Compton-suppressed Ge detectors.
However, in the 'W experiment, only the 15 tapered detec-
tors were present. In the '9>W experiment, the charge-particle
veto detector JYUTube [14] was installed, though it was not
used in the following analysis.

At the focal plane, the recoils passed through a multiwire
proportional counter (MWPC) and were stopped in a double-
sided silicon strip detector (DSSD). The DSSDs used in the
experiments were a BB20 type and had thicknesses of 150
and 300 um in the 'W and 'W experiments, respectively.
In both experiments three broad-energy Ge (BEGe) detectors
were arranged around the focal-plane vacuum chamber, with
an additional clover Ge detector in the '3W experiment. In
the "W experiment, there was a tunnel of 500-um-thick Si
detectors upstream of the DSSD and a position-sensitive plas-
tic scintillator detector Tuike [15] downstream of the DSSD,
although neither of these were used in the analysis. In the
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||
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FIG. 1. Partial level schemes of '3W and '®W.

latter case, the y-ray detection efficiency was smaller because
the focal plane Ge detectors were situated further away from
the DSSD due to the vacuum chamber used being larger than
the one used in the W experiment. In the '>W experiment,
two 1-mm-thick Si detectors were attached to the back of
the DSSD side-by-side to detect high-energy light-charged
particles that were not stopped in the DSSD. A general de-
scription of the focal plane setup at JYFL can be found in
Ref. [16]. Independently triggering data-acquisition channels
with a 100-MHz sample rate were used to digitize and time
stamp all detector events.

The original aim of both experiments laid in another nu-
cleus, albeit in the same part of the nuclear chart. What is
referred to as the “!%>W experiment” here was also the internal
proton calibration for another experiment. The W exper-
iment was part of a science outreach program and the goal
was to probe !"?Pt. The setups were not, therefore, optimized
with these tungsten isotopes in mind but were not so off as
to exclude these nuclei entirely. This does, however, have
consequences for the multiplicity assignment, as is further
explained in the next section.

III. RESULTS

The partial level schemes for W and '®*W constructed
in this work are shown in Fig. 1. The states are inferred using
the y-rays observed in the present experiments for the two
isotopes. The assigned spins and parities are based on the
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FIG. 2. Focal plane y-ray energy spectra for the *Kr 4+ **Mo reaction. Panel (a) shows the recoil-tagged spectrum. The spectrum in panel
(b) is recoil tagged, the y-rays have been observed within 1 s after the recoil implantation and background has been subtracted using a time
window of the same length, but before the recoil implantation. In the recoil-tagged spectrum of panel (c), the shown transitions are in delayed
coincidence with prompt y-rays from '®>W with energies of 277, 455, 572, and 648 keV. The origin of the peak marked with an asterisk is

explained in text.

multipolarities determined in the following and the ground-
state spins are justified using previous «-decay studies
discussed in Sec. IV.

The delayed y-ray energy spectrum measured at the
focal plane for the "Kr + %Mo reaction is shown in
Fig. 2(a). Several transitions can be observed, and they mainly
originate from long-lived nuclei. This is demonstrated in
Fig. 2(b), where a shorter searching-time window of 1 us and
a background subtraction have been applied. The background
subtraction was carried out using y-rays observed before the
recoil implantation for an equally wide time window. In this
case, the time window width was optimized to emphasize
submicrosecond activities, whereas in other cases a 25-us
search-time window was used. By tagging on the remaining
transitions and comparing the energies of both the delayed
and prompt y-rays, six transitions are easily identified as
belonging to '®*W and '®’Os [3]. The remaining three tran-
sitions have energies of 42.7(2), 92.4(2), and 166.4(2) keV,
and they can be identified as belonging to W by the prompt
y-rays correlated to the same recoil, shown in Fig. 3(a).
The energies of the prompt y-rays match those of the yrast
band identified by Simpson et al. [6] with a bandhead spin
of (13/2%1). Further proof that these transitions deexcite the
isomeric state is shown in Fig. 2(c), where a sum of gates
was set on prompt rotational band energies of 277, 455, 572,
and 648 keV. The resulting delayed y-ray spectrum clearly

shows the three aforementioned y-ray peaks. There is a small
peak at 118 keV in this spectrum, but this is assumed to be
the sum of two 59-keV tungsten K, x-rays. Additionally, a
43-keV transition was also observed in Ref. [7] feeding the
ground state of '>W. The y-y coincidence analysis confirms
that the 43-, 92-, and 166-keV transitions form a cascade.
The y-ray coincidence spectra for each transition are shown
in Fig. 4. All three are also in coincidence with the tungsten
x-rays, which also appear in Fig. 2(c), and this supports both
the original and current element assignment. Furthermore, al-
though not shown here, the mass-to-charge (A/q) distribution
of the recoils observed in the MWPC matches that of A = 165.
This was confirmed by a comparison to an A/q distribution
belonging to '®0s, which was identified by its « decay. The
small additional peaks in Figs. 4(b) and 4(c) are interpreted as
originating from the random background, since the energies
match the peaks seen in Fig. 2(a) that disappear in Fig. 2(b).
For the 3*Kr + %Mo reaction, two transitions of 26.2(2)
and 101.0(2) keV are observed at the focal plane [see
Fig. 5(a)]. These can be shown to belong to '°W as tagging on
them reveals the known prompt W transitions, as shown in
Fig. 3(b). These prompt transitions belong to the yrast band
and band 2 identified in Ref. [8]. The two peaks are more
clearly seen in Fig. 5(b) by tagging on the prompt y -rays with
JUROGAM 3. In addition, the two most intense x-ray peaks
belong to tungsten. Similarly to W, the A/g distribution
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FIG. 3. Recoil-isomer tagged JUROGAM 3 prompt y-ray en-
ergy spectra for the reactions (a) "*Kr 4+ *>Mo and (b) 3*Kr + **Mo
obtained by setting a sum of gates on delayed y-ray transitions as
indicated in the panels. The transitions written in gray and marked
with asterisks belong to '7'Os or '72Os.

was compared to that of '®Os, identified by its « decay, and
they were found to match. y-rays with similar energies have
been observed before in the 8 decay of '®Re [9], where 101-
and 27-keV y-rays were identified as the most intense, but a
reliable decay scheme could not be deduced.

Unfortunately, the statistics collected during the present
experiments were insufficient for -y coincidence analysis.
However, it can be assumed that the two observed y -ray tran-
sitions form a cascade. If they were parallel, one might expect
the observation of a 75-keV transition, which is not present
in Fig. 5(b). This could indicate that it is merely highly con-
verted, but multipolarity considerations lead to conflicts with
other observations. The two transitions being in a cascade, as
well as their ordering, is also supported by other cases in this
mass region, as is discussed later.

The majority of delayed y-rays were observed in the BEGe
detectors, which do not have as good an intrinsic time reso-
lution in comparison to, for example, the clover Ge detector
[17]. Therefore, for an optimal half-life fit, one has to take
into account the effect of the finite time resolution, especially
for the fastest isomers visible in the data. The fitting model
used in this work was a convolution of the exponential decay,
the Gaussian-shaped time resolution, and the constant back-
ground, resulting in four parameters: the lifetime, the number

(a) Gate on 166 keV

Counts/0.25 keV

80 - —
- (b) Gate on 92 keV
E X rays _
Te] -
~ ©
e 2
i) i
<
= —
o
U -
1 | 1 | 1 | 1 | 1 | 1
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o _
~
Te] -
N
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: ° .
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Energy (keV)

FIG. 4. y-y coincidences at the focal plane for 'W. y-rays in
coincidence with the (a) 166-keV, (b) 92-keV, and (c) 43-keV transi-
tions are shown. Peaks written in gray and marked with asterisks are
from long-lived g activities.

of initial decaying species, the detector time resolution, and
the background counts per time unit. Additionally, precise
information on the time O is essential for the model, so the
energy-dependence of the time O of the BEGe detector relative
to the recoil implantation was determined by maximizing the
likelihood of the lifetime fits of observed isomeric transitions
in 18w, 19705, and 'W. In the fit, the optimal parameter
values were found using the method of maximum likelihood
with Poisson statistics. The model with the fitted parameters
was sampled to create a covariance matrix of the parameters.
Half-lives of ~210 and 740(30) ns were obtained for the
isomeric states in '©*W and '®’Os, respectively. The latter
agrees with the literature value of 700(10) ns from Ref. [3].
The larger deviation between the measured half-life and the
literature value of 154(3) ns [3] for '©W results from low
statistics and poor time resolution of the BEGe detectors used
in the current work combined with the short half-life. Lifetime
fits were made separately for each delayed transition in W
and '%W, and the extracted values indicate that there is only
one isomer in each of these isotopes. Example fits for the
166-keV transition in 'W and the 101-keV transition in
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FIG. 5. Focal plane y-ray energy spectra for the #Kr 4 °>Mo re-
action. Panel (a) shows the recoil-tagged y-rays and panel (b) shows
the recoil-tagged y-rays in delayed coincidence with 209-, 368-,
488-, or 576-keV transitions of "W observed in JUROGAM 3. Due
to the large overlap of peaks in the prompt y-ray spectrum, x-rays
belonging to elements other than tungsten are visible in panel (b).

169y are shown in Fig. 6. The final half-lives for the isomeric
states in 'W and '®*W are 7.4(2) and 7.4(5) us, respectively,
calculated as the weighted means of the delayed transitions.
By coincidence, these isomers seem to have similar half-lives.

In general, the multipolarity of the transition of interest
can be deduced by determining the K internal conversion
coefficient, ok, using the observed number of counts in the
K x-ray and y-ray peaks and known detection efficiencies.
Unfortunately, the latter was not available in either experiment
with sufficient accuracy. However, a maximum of the detec-
tion efficiency curve is estimated to appear in the energy range
of 100-200 keV, a fact that can be exploited. The detection
efficiency in the energy range of the x-rays (55-70 keV) is
in this case smaller than or equal to that in the y-ray energy
range of interest (92—-166 keV). Hence, calculating the ratio of
the observed peak areas from Figs. 4(a), 4(b), and 5(b) gives
a minimum value for the K conversion coefficient ag, as the
effect of the efficiency correction would be only to increase
this value.

In the case of the 92- and 166-keV transitions in W,
the ratio of the counts in the x-ray and y-ray peaks results in
ag 2 4. By comparing to values given by the BrICC database
[18], this excludes E'1 and E2 multipolarity assignments for
the 92-keV transition and E'1, M1, E2, and E3 assignments

300
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FIG. 6. Lifetime fits for the isomeric states in '>W and 'w.
The shown data are for the 166- and 101-keV transitions, respec-
tively. The insets show the negative logarithmic likelihood of the
resampled data (brown distribution) and the fit (red line).

for the 166-keV transition. Additionally, £3, M3, and higher
multipolarities can be ruled out as they would yield half-lives
longer than that measured for the isomeric state. Therefore,
the most probable assignments for the 92- and 166-keV transi-
tions are M1 and M2, respectively. This also sets the ordering
of the two transitions, as the 92-keV M1 transition can be
expected to be prompt. For the 43-keV transition, we adopt
the M1 multipolarity assignment from Ref. [7] as well as that
it populates the ground state.

Even though the above arguments point toward the 92-keV
transition being a pure M1 transition, M 1/E2 mixing cannot
be ruled out. In this case, the mixing ratio can be estimated
as there are only two transitions whose conversion produces
x-rays, and the multipolarity of the other can be assumed to be
fixed. Since the transitions are in a cascade, they have equal
numbers of actual emissions. With these assumptions, and us-
ing the definition for the conversion coefficient, the following
formula can be derived so that y-ray detection efficiencies
cancel out:

+agy 14 o, Nigs Nxes).g02 W
ay’ o Noy Ny92)e166

The full derivation of this equation can be found in the Ap-
pendix. Here, o and ag are the total and K conversion
coefficients for the transitions indicated in superscripts and
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the number of counts in the singles y-ray spectrum for the
166- and 92-keV transitions are marked by Njgs and Nop,
respectively. Nx(i66),¢92 is the number of x-rays in the y-y
spectrum with a gate on the 92-keV transition (i.e., x-rays
from the conversion of the 166-keV transition), and Ny(92),¢166
is the same quantity but obtained when gating on the 166-keV
transition. Now, using the values given by the BrICC database
[18] for a 166-keV M2 transition, Eq. (1) yields a value of
1.47(10). This corresponds to a mixing ratio of § = 0.251’8:;?
if the conversion coefficients for a 92-keV M1 and E?2 transi-
tion are adopted from the BrICC database.

Correspondingly in the case of the 101-keV transition in
169y the minimum value of the K internal conversion coef-
ficient is found to be approximately 3, which excludes E1,
E2, and E3 assignments. Additionally, M2 and higher multi-
polarities would mean half-lives longer than those observed.
Therefore, we assign an M1 multipolarity to the 101-keV
transition. In this case, it was not possible to determine the
mixing ratio due to lack of detection efficiency information.
The multipolarity of the 26-keV transition is most likely E'1,
because the conversion coefficient increases rapidly for higher
multipolarities (Ref. [18] gives ooy = 2.8 for E'1, 41 for M1,
2020 for E2, and so on), and in such a case, no y-ray peak
would have been observed.

IV. DISCUSSION

The ground-state spin and parity of '>W have been set as
5/2~ by Hild et al. [7], who cite a B-decay study in a mas-
ter’s thesis that is unavailable to us. Another reliable way of
determining the spins and parities of states is through chains
of favored o decays. In the following, o-decay chains down to
165y and W starting from Hg isotopes with known ground-
state spins and parities are presented. Hindrance factors for the
transitions were calculated using the Rasmussen method [19]
and information available in the references is presented in the
following text. All values varied around unity, pointing toward
favored o decays.

7THg, whose ground state has been assigned J* = 7/27 in
a laser spectroscopy measurement [20], has a favored ground-
state—to—ground-state a-decay branch to '*Pt [21,22]. 3Pt
undergoes a favored o decay to an excited state in '°Os,
followed by an M1 transition to the ground state, setting its
spin and parity as (5/27) [23]. This assignment by Peura
[23] differs from the assignments in Refs. [21,24], where the
summing of fast conversion-electron and «-particle signals
was neglected. For the final step, Hild et al. [7] have measured
a favored ground-state—to—ground-state o decay from '%°Os
to %W, which supports the assignment of J* = (5/27), and
thus the original ground-state J™ assignment is confirmed.
Combined with the current observations, this assignment sets
the spin-parity of the isomeric state as (13/2%), confirming
the original assignment by Simpson et al. [6]. The 43-keV
state was originally assigned a spin-parity of 3/2~ by Hild
et al. [7]. However, the current observations of three transi-
tions in a cascade, their multipolarity assignments, and the
aforementioned ground-state spin and parity suggest that the
43-keV state has a spin-parity of (7/27) instead.

The ground-state spin-parity of '©°W is most probably
5/27 based on the systematics of the N = 95 isotones and the
a-decay chain starting from '®'Hg. The ground state of '*'Hg
has been measured as J* = 1/27 by laser spectroscopy [20].
There is a favored o decay between the ground state of '*'Hg
and an excited state in '"’Pt [25], from which a transition
with an E2 character to the ground state has been observed
[26], resulting in the latter having a ground-state spin-parity
of 5/27. There are then favored o decays between the ground
states of !77Pt, 130s, and 19°W [7,25,27,28], confirming J* =
(5/27) for the ground state of '°W. It is worth noting that the
neighboring odd-mass tungsten isotopes '’W [7] and '7'W
[29] also have 5/2~ ground states.

With the J* = (5/27) assignment for the ground state of
169yy, the current observations of two transitions of M1 and
E1 types indicate that the spin-parity of the isomeric state is
(9/2%). The (5/2%) and (7/2") assignments can be excluded
because no transition directly to the 5/2~ ground state was
observed. The E1 transition can be assigned to deexcite the
isomeric state, as this is the case in many other 9/24- isomers
in this mass region (see, e.g., Refs. [30-34]).

A likely configuration for the ground states of '>W and
19W is v5/2[523] mixed with v5/2[512]. This has been as-
signed as the ground-state configuration for many nuclei in
this mass region, such as ' Yb [33], '°Hf [8], and '®*Hf [35].
The first-excited (7/27) state in either nucleus is unlikely to
be the v7/2[514] intrinsic Nilsson state, which is expected
to lie higher in excitation energy. In the case of '®*W, the
(7/27) state likely belongs to a strongly coupled band based
on the ground state, as is the case in the neighboring tungsten
isotopes '97W [7] and '"'W [36] as well as in the N =95
isotones '7'Os [34] and '°Hf [37,38]. The situation is more
complicated for the (7/27) state in '3W, as in the neighboring
163y [39] and '®7Os [40], the lowest 7/2" states are based
on a mixed hg/» ® f7,2 configuration. The (9/27) state seen
in W could be based on the same mixed configuration as
the (7/27) state. A similar situation occurs in '"'Os [41],
where a strong M1 branch is observed from the (9/27) to the
(7/27) state, while the E2 branch to the (5/27) ground state
is weak.

The lowest-lying positive-parity Nilsson configuration
above the ground state in '®*W is likely to be a 5/2[642] state.
The yrast i;3/» band can be interpreted as being built on this
configuration. As demonstrated by the prompt-delayed y -ray
coincidences observed in this work, the prompt transitions
of the yrast ij3,» band observed by Recht et al. [8] feed the
(9/21) state, which is potentially the lowest member of the
i;32 band. However, the lowest band member observed by
Recht ef al. has a spin-parity of 13/2%. An E?2 transition be-
tween the yrast 13/2% and (9/27) states has not been observed
in either work, possibly due to it being a highly converted
and slightly delayed low-energy transition. An upper limit
of roughly 100 keV for the potential E2 transition can be
inferred from the current work using the experimental y-ray
efficiency for JUROGAM 3 [13] and conversion coefficients
from Ref. [18]. A similar situation of an unobserved E2 tran-
sition to a 9/2% state followed by a delayed E1 transition
occurs in '73Os [34]. 9/2% isomers have been identified also
in "Dy, Er, '®1Er, and '9Yb [31-33,42]. In these cases,
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the low-energy E2 transitions between the 13/2% and 9/2%
states were observed.

The (9/27) state in W is depopulated by the E1 transi-
tion to the (7/27) state, rather than an E2 transition to a 5/2%
state based on the 5/2[642] Nilsson configuration. This could
indicate that the 5/27 state lies at an excitation energy higher
than that of the (9/2%) state. 9/2" bandheads can also be
found in 'Yb [33], 'Er [31], and '*'Er [32]. In the case of
165y, the Nilsson configuration of the lowest positive-parity
state is likely 3/2[651] [6].

Hindrance factors for the isomeric transitions can be calcu-
lated with Fy = 1]),/1)},, where 1], is the partial half-life for
the y-ray transition and t}% is the corresponding Weisskopf
estimate. For the calculation of Fy values for the transitions
observed in this work, 100% branching ratios and § = 0 mix-
ing ratios were assumed. The o, values were taken from the
Brlcc database [18]. The hindrance factor for the M2 166-keV
transition in 'W is 6.9(2), which is a typical value for single-
particle transitions between i3/, and hg,, orbitals. For exam-
ple, Fy values of 5.62(9), 5.9(3), 2.25(3), and 9.0(6) can be
found for isomeric M2 transitions in '¢’Qs, '°'Hf, ''Pt, and
I73Pt, respectively. These values were calculated using results
reported in Refs. [3,23,43]. The Fy value for the E'1 26-keV
transition in "W is calculated to be 2.29(15)x 10°. This is an
order of magnitude larger than the typical values for E'1 tran-
sitions, which have hindrances of the order of 10° [44]. For
example, delayed E1 transitions in '’Dy, '*’Er, '%'Er, and
165Yh have hindrance values of 2.0(4) x 10°, 1.37(14) x 10°,
4.6(2) x 10%, and 1.46(15) x 10°, respectively, which were
calculated from values given in Refs. [30,31,45,46]. Only an
estimate of “several microseconds” [34] has been given for the
half-life of the 9/27 isomeric state in 1730s, but using a lower
limit of 2 us yields a hindrance factor of 1.7 x 10°, which
is similar to that for '®>W measured in this work. The larger
values may indicate that the composition of the isomeric states
in 1w and '3Os differs from those in their neighboring
nuclei, leading to more strongly hindered transitions.

V. SUMMARY

The lifetimes of (13/2%) and (9/2%) isomeric states in
165y and "W, respectively, and their deexcitation paths have
been studied using fusion-evaporation reactions. The isomeric
state in W was confirmed to be the (13 /21) bandhead of
the yrast band, which was originally proposed in Ref. [6].
In the case of '®W, we suggest that the observed (9/2%)
isomeric state is a member of the ij3,, band and that there
is an unobserved E2 transition connecting it to the (13/2%)
state deduced in the study by Recht ez al. [8].

In this work, we have demonstrated that when delayed and
prompt spectroscopy are combined, decay paths of floating
bandheads to the ground states can be mapped. There remains
a few alike cases in the surrounding mass region that are worth
re-examining similarly as has been done in this study.
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APPENDIX: DERIVATION FOR EQ. (1)

The K internal conversion coefficient for the 166-keV
transition or}%°**V, knowing the detection efficiencies, can be
calculated using

166 _ Nx(166).292 €166

% = (A1)

b
&x  Nigsgo

where Ny(i66)g02 and Nigse9o are the number of counts in
the x-ray and the 166-keV peaks, respectively, in the y-ray
energy spectrum gated on the 92-keV transition of Fig. 4(b).
Their respective detection efficiencies are denoted with ¢. In
a similar manner, a similar formula can be written for a19{2 by
exchanging the labels for the transitions and using the peaks
in Fig. 4(a) instead. One can then write

166

o Nxe6).292 Nozgie €166 (A2)
2 N N

oy Nx©2),6166 N166,292 €92

where the x-ray detection efficiencies have canceled out. On
the other hand, as the 92-keV and 166-keV transitions are in

a cascade, one can then write the following for the gating 92-
keV transition in the case of Fig. 4(b):

166

Nigogoz (1 + etigt’)

Ngp = ,
€166

(A3)

where Ny, is the peak area of the 92-keV transition in the
y-ray singles spectrum. Again, the same formula can also
be written for the 166-keV transition by exchanging labels.
One can then solve Nigg g0z from Eq. (A3) and Noyg166 from
its equivalent and insert them into Eq. (A2). The detection
efficiencies cancel out and after rearranging, and one has

1+ agy 1+ 86 Nioo Nx(166),092 (Ad)
ay’ ap®®  Noy Ny92)g166

024320-7



H. JOUKAINEN et al.

PHYSICAL REVIEW C 114, 024320 (2026)

[1] M. E. Bunker and C. W. Reich, A survey of nonrotational states
of deformed odd-A nuclei (150 < A < 190), Rev. Mod. Phys.
43, 348 (1971).

[2] A. K. Jain, R. K. Sheline, P. C. Sood, and K. Jain, Intrinsic states
of deformed odd-A nuclei in the mass regions (151 < A < 193)
and (A > 221), Rev. Mod. Phys. 62, 393 (1990).

[3] C. Scholey, K. Andgren, L. Bianco, B. Cederwall, 1. G. Darby,
S. Eeckhaudt, S. Ertiirk, M. B. G. Hornillos, T. Grahn, P. T.
Greenlees, B. Hadinia, E. Ideguchi, P. Jones, D. T. Joss, R.
Julin, S. Juutinen, S. Ketelhut, M. Leino, A. P. Leppinen, et al.,
Isomeric and ground-state properties of 17'Pt, ¢’Os, and 1w,
Phys. Rev. C 81, 014306 (2010).

[4] 1. Zanon, M. Doncel, B. Cederwall, T. Grahn, A. Illana, G.
Appagere, K. Auranen, T. Biack, V. Bogdanoff, A. D. Briscoe,
E. A. Cederlof, G. Gonzalez-Briz, P. T. Greenlees, R. J.
Makwana, H. Joukainen, R. Julin, H. Jutila, D. KneZevié, J.
Luoko, M. Luoma, et al., Anomalous By, ratio in the yrast band
of '970s, Phys. Rev. C 111, 034323 (2025).

[5] T. Milanovi¢, B. Cederwall, M. Doncel, 1. Zanon, H. Li, U.
Jakobsson, K. Auranen, S. Bonig, M. C. Drummond, T. Grahn,
P. T. Greenlees, A. Herzan, D. T. Joss, R. Julin, S. Juutinen, J.
Konki, T. Kroll, M. Leino, C. McPeake, D. O’Donnell, et al.,
Lifetime measurements in 'W and the spin evolution of E2
transition strength, Phys. Rev. C 113, 024307 (2026).

[6] J. Simpson, F. Hanna, M. A. Riley, A. Alderson, M. A. Bentley,
A. M. Bruce, D. M. Cullen, P. Fallon, and L. Walker, High-spin
gamma-ray spectroscopy of '®W and %W, J. Phys. G: Nucl.
Part. Phys. 18, 1207 (1992).

[71 T. Hild, W.-D. Schmidt-Ott, V. Kunze, F. Meissner, C.
Wennemann, and H. Grawe, o and 8 decays of '®~130s and
the nuclear structure of the daughter isotopes, Phys. Rev. C 51,
1736 (1995).

[8] J. Recht, Y. Agarwal, K. Blume, M. Guttormsen, H. Hiibel, H.
Kluge, K. Maier, A. Maj, N. Roy, D. Decman, J. Dudek, and W.
Nazarewicz, High-spin structure in "W and '°W, Nucl. Phys.
A 440, 366 (1985).

[9] E. Meissner, H. Salewski, W.-D. Schmidt-Ott, U. Bosch-Wicke,

and R. Michaelsen, Revision of the decay data of '~'Re,

including new isomers '™1®MmRe, 7. Phys. A: Hadrons Nucl.

343, 283 (1992).

K.-H. Schmidt, R. S. Simon, J.-G. Keller, F. P. Hessberger, G.

Miinzenberg, B. Quint, H.-G. Clerc, W. Schwab, U. Gollerthan,

and C.-C. Sahm, Gamma-spectroscopic investigations in the

radiative fusion reaction *°Zr +%Zr, Phys. Lett. B 168, 39

(1986).

[11] R. S. Simon, K.-H. Schmidt, F. P. HeBberger, S. Hlavac, M.

Honusek, G. Miinzenberg, H. G. Clerc, U. Gollerthan, and

W. Schwab, Evidence for nuclear shape coexistence in '*°Hg,

Z. Phys. A 325, 197 (1986).

J. Uusitalo, J. Sarén, J. Partanen, and J. Hilton, Mass ana-

lyzing recoil apparatus, MARA, Acta Phys. Pol. B 50, 319

(2019).

J. Pakarinen, J. Ojala, P. Ruotsalainen, H. Tann, H. Badran, T.

Calverley, J. Hilton, T. Grahn, P. T. Greenlees, M. Hytonen, A.

Illana, A. Kauppinen, M. Luoma, P. Papadakis, J. Partanen, K.

Porras, M. Puskala, P. Rahkila, K. Ranttila, J. Sarén, et al., The

JUROGAM 3 spectrometer, Eur. Phys. J. A 56, 149 (2020).

[14] P. Ruotsalainen (unpublished).

[15] H. Joukainen, J. Sarén, and P. Ruotsalainen, Position sensitive

plastic scintillator for beta particle detection, Nucl. Instrum.
Methods Phys. Res. Sect. A 1027, 166253 (2022).

[10

—

[12

—

[13

—

[16] J. Sarén, J. Uusitalo, and H. Joukainen, In-flight recoil
separators RITU and MARA and the standard detector se-
tups, Nucl. Instrum. Methods Phys. Res. Sect. B 541, 33
(2023).

[17] D. Barrientos, A. Boston, H. Boston, B. Quintana, I. Sagrado,
C. Unsworth, S. Moon, and J. Cresswell, Characterisation of
a broad energy germanium (BEGe) detector, Nucl. Instrum.
Methods Phys. Res. Sect. A 648, S228 (2011).

[18] T. Kibédi, T. Burrows, M. Trzhaskovskaya, P. Davidson, and
C. Nestor, Jr., Evaluation of theoretical conversion coefficients
using Bricc, Nucl. Instrum. Methods Phys. Res. Sect. A 589,
202 (2008).

[19] J. O. Rasmussen, Alpha-decay barrier penetrabilities with an
exponential nuclear potential: Even-even nuclei, Phys. Rev.
113, 1593 (1959).

[20] S. Sels, T. D. Goodacre, B. A. Marsh, A. Pastore, W. Ryssens,
Y. Tsunoda, N. Althubiti, B. Andel, A. N. Andreyev, D.
Atanasov, A. E. Barzakh, M. Bender, J. Billowes, K. Blaum,
T. E. Cocolios, J. G. Cubiss, J. Dobaczewski, G. J. Faroog-
Smith, D. V. Fedorov, V. N. Fedosseev, et al., Shape staggering
of midshell mercury isotopes from in-source laser spec-
troscopy compared with density-functional-theory and Monte
Carlo shell-model calculations, Phys. Rev. C 99, 044306
(2019).

[21] T.-M. Goon, Alpha and gamma-ray spectroscopic studies of
Au, Pt, and Ir nuclei near the proton dripline, Ph.D. thesis,
University of Tennessee, 2004.

[22] A. N. Andreyev, S. Antalic, D. Ackermann, T. E. Cocolios,
V. E. Comas, J. Elseviers, S. Franchoo, S. Heinz, J. A. Heredia,
F. P. HeBBberger, S. Hofmann, M. Huyse, J. Khuyagbaatar, I.
Kojouharov, B. Kindler, B. Lommel, R. Mann, R. D. Page, S.
Rinta-Antilla, P. J. Sapple, et al., a decay of '**!3!Pb, Phys. Rev.
C 80, 054322 (2009).

[23] P. Peura, Spectroscopic studies of 173p¢ and '°Pt, Ph.D. thesis,
University of Jyviskyld, 2014.

[24] A. M. Thornthwaite, Structure of the neutron-deficient nuclei
173 Au and Pt and their a-decay descendants, Ph.D. thesis,
University of Liverpool, 2014.

[25] E. Hagberg, P. Hansen, P. Hornshgj, B. Jonson, S. Mattsson,
and P. Tidemand-Petersson, Alpha decay of neutron-deficient
mercury isotopes and their daughters, Nucl. Phys. A 318, 29
(1979).

[26] G. Dracoulis, B. Fabricius, R. Bark, A. Stuchbery, D. Popescu,
and T. Kibedi, Intrinsic states and rotational bands in '"’Pt,
Nucl. Phys. A 510, 533 (1990).

[27] J. D. Bowman, R. E. Eppley, and E. K. Hyde, Alpha spec-
troscopy of nuclides produced in the interaction of 5 GeV
protons with heavy element targets, Phys. Rev. C 25, 941
(1982).

[28] J. Borggreen and E. K. Hyde, Alpha decay of neutron-deficient
osmium isotopes, Nucl. Phys. A 162, 407 (1971).

[29] E. Runte, F. Meissner, V. Freystein, T. Hild, W.-D. Schmidt-Ott,
and R. Michaelsen, The decay of the new isotope '’'Re, Z. Phys.
A 328, 373 (1987).

[30] W. Andrejtscheff, P. Manfrass, K. Schilling, and W. Seidel,
Electromagnetic transitions in some odd-neutron deformed nu-
clei, Nucl. Phys. A 225, 300 (1974).

[31] H. Strusny, H. Tyrroff, E. Herrmann, G. Musiol, M. Baznat,
G. Beyer, K. Gromov, M. Honusek, T. Islamov, V. Kuznetsov,
and H.-U. Siebert, The decay of **Tm (9.0 min) to '*Er, Nucl.
Phys. A 242, 30 (1975).

024320-8


https://doi.org/10.1103/RevModPhys.43.348
https://doi.org/10.1103/RevModPhys.62.393
https://doi.org/10.1103/PhysRevC.81.014306
https://doi.org/10.1103/PhysRevC.111.034323
https://doi.org/10.1103/2dtq-q465
https://doi.org/10.1088/0954-3899/18/7/010
https://doi.org/10.1103/PhysRevC.51.1736
https://doi.org/10.1016/0375-9474(85)90345-8
https://doi.org/10.1007/BF01291527
https://doi.org/10.1016/0370-2693(86)91456-5
https://doi.org/10.1007/BF01289651
https://doi.org/10.5506/APhysPolB.50.319
https://doi.org/10.1140/epja/s10050-020-00144-6
https://doi.org/10.1016/j.nima.2021.166253
https://doi.org/10.1016/j.nimb.2023.04.040
https://doi.org/10.1016/j.nima.2010.11.129
https://doi.org/10.1016/j.nima.2008.02.051
https://doi.org/10.1103/PhysRev.113.1593
https://doi.org/10.1103/PhysRevC.99.044306
https://doi.org/10.1103/PhysRevC.80.054322
https://doi.org/10.1016/0375-9474(79)90467-6
https://doi.org/10.1016/0375-9474(90)90065-T
https://doi.org/10.1103/PhysRevC.25.941
https://doi.org/10.1016/0375-9474(71)90994-8
https://doi.org/10.1007/BF01290506
https://doi.org/10.1016/0375-9474(74)90543-0
https://doi.org/10.1016/0375-9474(75)90031-7

ISOMERIC STATES IN 'y AND '®w

PHYSICAL REVIEW C 114, 024320 (2026)

[32] S. Hjorth, H. Ryde, K. Hagemann, G. Lgvhgiden, and
J. Waddington, Strongly perturbed positive-parity bands
in odd-mass erbium isotopes, Nucl. Phys. A 144, 513
(1970).

[33] L. L. Riedinger, G. J. Smith, P. H. Stelson, E. Eichler, G. B.
Hagemann, D. C. Hensley, N. R. Johnson, R. L. Robinson, and
R. O. Sayer, Dominance of the i 13 neutron in Yb backbending,
Phys. Rev. Lett. 33, 1346 (1974).

[34] R. A. Bark, G. D. Dracoulis, and A. E. Stuchbery, Shape
coexistence or particle alignment in the light osmium iso-
topes 7'Os, 0s, and '"*0s, Nucl. Phys. A 514, 503
(1990).

[35] R. B. Yadav, W. C. Ma, J. C. Marsh, Q. A. [jaz, R. V. E.
Janssens, M. P. Carpenter, C. R. Hoffman, T. Lauritsen, S. Zhu,
F. G. Kondeyv, G. Giirdal, G. B. Hagemann, D. J. Hartley, L. L.
Riedinger, and S. Mukhopadhyay, Multiple excitation modes in
I63Hf, Phys. Rev. C 90, 054325 (2014).

[36] J. Espino, J. D. Garrett, G. B. Hagemann, P. O. Tjgm, C.-H. Yu,
M. Bergstrom, L. Carlén, L. P. Ekstrom, J. Lyttkens-Lindén, H.
Ryde, R. Bengtsson, T. Bengston, R. Chapman, D. Clarke, F.
Khazaie, J. C. Lisle, and J. N. Mo, Rotational band structures
in 17172y Aspects on signature partnership at high spin, Nucl.
Phys. A 567, 377 (1994).

[37] M. B. Smith, G. J. Campbell, R. Chapman, P. O. Tjgm, R. A.
Bark, G. B. Hagemann, N. Keeley, D. J. Middleton, H. Ryde,
and K.-M. Spohr, Rotational bands in '’Hf, Eur. Phys. J. A 6,
37 (1999).

[38] M. Cromaz, J. DeGraaf, T. E. Drake, D. Ward, A. Galindo-
Uribarri, V. P. Janzen, D. C. Radford, S. Flibotte, S. M. Mullins,
J. Rodriguez, and S. Pilotte, High spin spectroscopy of '®’HIf,
Phys. Rev. C 59, 2406 (1999).

[39] J. Thomson, D. T. Joss, E. S. Paul, C. Scholey, J. Simpson,
S. Ertiirk, L. Bianco, B. Cederwall, I. G. Darby, S. Eeckhaudt,
M. B. Gémez-Hornillos, T. Grahn, P. T. Greenlees, B. Hadinia,
P. Jones, R. Julin, S. Juutinen, S. Ketelhut, M. Leino, M.
Nyman, et al., Competing quasiparticle configurations in '9w,
Phys. Rev. C 81, 014307 (2010).

[40] D. O’Donnell, T. Grahn, D. T. Joss, J. Simpson, C. Scholey, K.
Andgren, L. Bianco, B. Cederwall, D. M. Cullen, A. Dewald, E.
Ganioglu, M. B. G. Hornillos, P. T. Greenlees, B. Hadinia, H.
Iwasaki, U. Jakobsson, J. Jolie, P. Jones, D. S. Judson, R. Julin,
et al., Spectroscopy of the neutron-deficient nucleus '*’Osoy,
Phys. Rev. C 79, 064309 (2009).

[41] R. A. Bark, S. Torménen, T. Bick, B. Cederwall, S. W.
@degard, J. F. C. Cocks, K. Helariutta, P. Jones, R. Julin,
S. Juutinen, H. Kankaanpéd, H. Kettunen, P. Kuusiniemi, M.
Leino, M. Muikku, P. Rahkila, and A. Savelius, Bandcrossings
in 1710s, Nucl. Phys. A 646, 399 (1999).

[42] W. Klamra, S. A. Hjorth, J. Boutet, S. Andre, and D. Barnéoud,
High-spin rotational states in '*’Dy, Nucl. Phys. A 199, 81
(1973).

[43] P.J. R. Mason, J. Simpson, E. S. Paul, M. A. Riley, K. Auranen,
H. Badran, J. S. Baron, A. J. Boston, T. Davis-Merry, T. Grahn,
P. T. Greenlees, A. Herzan, U. Jakobsson, D. T. Joss, R. Julin, S.
Juutinen, J. Konki, M. Leino, C. McPeake, S. L. Miller, et al.,
Spectroscopy of '*'Hf from low to high spin, Phys. Rev. C 90,
054331 (2014).

[44] G. D. Dracoulis, P. M. Walker, and F. G. Kondev, Review of
metastable states in heavy nuclei, Rep. Prog. Phys. 79, 076301
(2016).

[45] B. A. Alikov, W. Andrejtscheff, V. V. Kuznetsov, G. I. Lizurei,
N. Z. Marupov, K. M. Muminov, T. M. Muminov, U. S.
Salikhbaev, R. R. Usmanov, and E. G. Tsoi, Study of the life
times of excited states of "’Er and '®'Er (1979), No. P6-12220,
Ob’edin. Inst. Yad. Issled., Dubna, USSR (unpublished).

[46] 1. Adam, B. A. Alikov, W. Andrejtscheff, R. D. Babadzhanov,
Z. Gons, G. Y. Korovin, V. V. Kuznetsov, G. I. Lizurei, N. E.
Marupov, K. M. Muminov, T. M. Muminov, U. S. Salikhbaev,
and R. R. Usmanov, Results of the study of half-life periods of
excited states of ' Yb (1980), No. P6-80-207, Ob’edin. Inst.
Yad. Issled., Dubna, USSR (unpublished).

[47] A. Briscoe, J. Uusitalo, P. Greenlees, M. Leino, R. Julin, T.
Grahn, J. Pakarinen, P. Rahkila, P. Ruotsalainen, J. Saren,
K. Auranen, A. Illana Sison, A. Tolosa Delgado, J. Ojala,
M. Luoma, H. Joukainen, H. Jutila, J. Louko, G. Zimba, V.
Bogdanoff, et al., JYFL-ACCLAB-M22 completing the proton
drip line with promethium (2025), doi:10.23729/d0f3fd69-
4bcc-4277-b2£3-7819e25160cb.

[48] P.-A. Aden, K. Auranen, V. Bogdanoff, T. Grahn, P. Greenlees,
H. Joukainen, R. Julin, H. Kokkonen, M. Leino, J. Pakarinen,
P. Rahkila, P. Ruotsalainen, J. Saren, E. Uusikyld, J. Uusitalo,
J. Louko, J. Chadderton, A. McCarter, J. Kantoluoto, M.
Kylmilid, er al., JYFL-ACCLAB-NSGO002 producing radioac-
tive isotopes with #Kr on **?Mo fusion-evaporation reaction
for the Kiihdytin hiukkasen high-school competition (2025),
doi:10.23729/3fec21be-b001-4dca-b7d6-419bf765{693.

024320-9


https://doi.org/10.1016/0375-9474(70)90342-8
https://doi.org/10.1103/PhysRevLett.33.1346
https://doi.org/10.1016/0375-9474(90)90154-E
https://doi.org/10.1103/PhysRevC.90.054325
https://doi.org/10.1016/0375-9474(94)90155-4
https://doi.org/10.1007/s100500050314
https://doi.org/10.1103/PhysRevC.59.2406
https://doi.org/10.1103/PhysRevC.81.014307
https://doi.org/10.1103/PhysRevC.79.064309
https://doi.org/10.1016/S0375-9474(98)00645-9
https://doi.org/10.1016/0375-9474(73)90335-7
https://doi.org/10.1103/PhysRevC.90.054331
https://doi.org/10.1088/0034-4885/79/7/076301
https://doi.org/10.23729/d0f3fd69-4bcc-4277-b2f3-7819e25160cb
https://doi.org/10.23729/3fec21be-b001-4dca-b7d6-419bf765f693

