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Lifetime measurements in '>W and the spin evolution of E2 transition strength

T. Milanovi¢ ®,">" B. Cederwall®,! M. Doncel,? I. Zanon®,! H. Li®,! U. Jakobsson,"* K. Auranen®,> S. Bonig,°
M. C. Drummond,” T. Grahn®,’ P. T. Greenlees ®,°> A. Herzatii®,® D. T. Joss®,” R. Julin,? S. Juutinen,’ J. Konki®,]
T. Kr6ll®,° M. Leino®,> C. McPeake,” D. O’Donnell ®,” R. D. Page®,” J. Pakarinen®,’ J. Partanen,’>" P. Peura®,’
P. Rahkila®,’ P. Ruotsalainen,” M. Sandzelius,’ J. Sarén,’ B. Saygi JC. Scholey,5 J. Sorri®,19 S. Stolze,” M. J. Taylor J
A. Thornthwaite,’” and J. Uusitalo’
' Department of Physics, KTH Royal Institute of Technology, 10691 Stockholm, Sweden
Institute of Nuclear Sciences “Vinca”, University of Belgrade, National Institute of the Republic of Serbia, 11000 Belgrade, Serbia
3Department of Physics, Stockholm University, 10691 Stockholm, Sweden
4Laboratory of Radiochemistry, Department of Chemistry, P.O. Box 55, FI-00014 Univeristy of Helsinki, Finland
3Accelerator Laboratory, Department of Physics, University of Jyviskyld, FI-40014 Jyviskyld, Finland
®Institut fur Kernphysik, TU Darmstadt, D-64289 Darmstadt, Germany
"Department of Physics, Oliver Lodge Laboratory, University of Liverpool, Liverpool L69 7ZE, United Kingdom
8 Institute of Physics, Slovak Academy of Sciences, SK-84511 Bratislava, Slovakia
°Ege University, Department of Physics, 35100 Izmir;, Turkey
YRadiation and Nuclear Safety Authority in Finland (STUK), Jokiniemenkuja 1, 01370 Vantaa, Finland
" Division of Cancer Sciences, The University of Manchester, Oxford Rd, Manchester M13 9PL, United Kingdom

® (Received 8 July 2025; revised 26 October 2025; accepted 13 November 2025; published 5 February 2026)

Lifetimes of low-lying states in the yrast vi 3, band in 165y have been measured using the recoil distance
Doppler-shift (RDDS) method. The excited states of interest were populated in the **Mo(®Kr,4p1n)'Sw
fusion-evaporation reaction and their decays were investigated via y rays detected in the Jurogam II detector
array in coincidence with nuclei separated and detected using the RITU gas-filled separator. From the experi-
mental lifetimes, corresponding reduced transition strengths, B(E2) values, were deduced and an unusually low

B(E2:21/2t—=17/2%)

experimental value of the ratio BEL T T3/2F)

= 0.59(7) was extracted, similar to what has been observed in

neighboring nuclei in this mass region. The experimental results have been compared with Woods-Saxon-type
mean field and interacting boson-approximation (IBM-1) calculations.

DOI: 10.1103/2dtq-q465

I. INTRODUCTION

Reduced electromagnetic quadrupole transition strengths
of low-lying states, B(E2) values, are an important nuclear-
structure observable that is a direct indicator of a change in
nuclear structure between nuclear levels, for example, con-
cerning collective dynamics or deformation. They can be
measured directly via Coulomb excitation or deduced from
the measured excited-state lifetimes. Within an isotopic or
isotonic chain of nuclei, B(E2) values are typically at their
minimum for nuclei at a shell closure (i.e., with a “magic”
number of neutrons or protons), with an increasing trend
towards the midshell where they reach a maximum [1]. In
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addition, for collective excitations they normally increase
with increasing spin in a specific band structure, leading to
B(E2;4T — 2M)/B(E2;2" — 0%) > 1 in nuclei with even
numbers of neutrons and protons. For nuclei with an odd
number of neutrons or protons we use a generalized definition
of this “By, ratio” as By = B(E2;1 =K +4 - 1=K+
2)/B(E2;I = K +2 — [ = K), where K is the angular mo-
mentum of the single-particle configuration on which the band
structure is built. For an ideal collective-vibrational system
this ratio is B4/,=2, while for an ideal rotor, B4/,=1.43, which
is known as the Alaga rule. Deviations from the expectation
of B4, > 1 for collective excitations may appear in nuclei
close to magic numbers where the so-called seniority quantum
number (which refers to the number of unpaired nucleons, i.e.,
nucleons which are not pair coupled to angular momentum
J =0 as defined by Racah [2]) is approximately conserved.
Alternatively, nuclei exhibiting shape coexistence might con-
ceivably also exhibit such a decrease in E2 transition strength
with spin but such cases are, to our knowledge, not known
to date. Despite this, a relatively large number of cases of
“anomalous” (B4, < 1) ratios have been observed among the
neutron-deficient tungsten, osmium, and platinum nuclei with
neutron numbers around N < 94 [3-7], which cannot easily

Published by the American Physical Society
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be explained by the above mentioned exceptions. For W a
very low value of B4/, = 0.33(5) has been observed [5]. On
the other hand, in the neighboring odd-A %167y isotopes,
By, values close to those of a harmonic vibrator or rigid axial
rotor have been found [8,9]. For the osmium isotopic chain,
the odd-valence neutron seems not to significantly influence
the By, ratio in the odd-mass nuclei [7], even though a limited
odd-even staggering effect is observed [10].

In this work, lifetimes of the yrast 17/2% and 21/27 states
in W were measured for the first time and the correspond-
ing E2 transition strengths were extracted. The obtained value
of B4y = 0.59(7) is significantly below the predictions of col-
lective models and follows the trend observed in neighboring
isotopes.

II. EXPERIMENTAL SETUP

Excited states in 'W were populated via the
2Mo("®Kr,4p1n)'®W fusion-evaporation reaction, using
a 380 MeV "8Kr beam provided by the K130 cyclotron at
the Accelerator Laboratory of the University of Jyviskyla.
The ion beam impinged on a 0.6-mg/cm? thick **Mo target
mounted inside the DPUNS plunger [11] device for recoil
distance Doppler-shift (RDDS) measurements of nuclear
excited-state lifetimes. The initial velocity of the fusion
products after leaving the target was calculated from the
observed Doppler shift as v = 0.042(5)c, while a 1-mg/cm?
thick Mg degrader foil slowed down the recoiling fusion
products to 80% of their initial velocity. Nine different
target-degrader distances were used in the measurement,
ranging from 7.6(2) to 8000(24) um. The fusion-evaporation
reaction products passing through the degrader foil were
separated from the beam particles using the RITU gas-filled
separator [12], implanted and detected in double-sided
silicon strip detectors (DSSD) of the GREAT detector system
[13] at the focal plane of RITU. y rays emitted in the
reactions were detected in delayed coincidence with the
fusion products using the Jurogam II detector array consisting
of 15 escape-suppressed Phase-I GASP-type detectors [14]
placed at backward angles with respect to the beam axis, with
five of them at 157.6° (Ring 1) and ten at 133.6° (Ring2),
and 24 escape-suppressed Euroball segmented clover Ge
detectors [15]. The raw data were sorted using the GRAIN
data-analysis package [16], and the resulting y—y energy
coincidence matrices were analyzed using the RADWARE [17]
and ROOT [18] software packages.

III. DATA ANALYSIS AND RESULTS

The lifetimes of the levels of interest were measured using
the recoil distance Doppler-shift (RDDS) method [19], where
the use of a degrader foil after the target provides two y-ray
energy peaks for each transition, where the one due to the
y rays being emitted before the degrader (the fully shifted
peak) is Doppler shifted towards lower energies since the
germanium detectors used in the analysis are situated at angles
6 = 133.6° with respect to the beam. Lifetimes of excited
states were deduced via the differential-decay curve method
(DDCM) [20], based on the decay curves obtained as intensity
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FIG. 1. Partial-level scheme of W [22]. Excitation energy of
the (13/2%) band head above the (5/27) ground state is not known.

ratios of the degraded, 1, and fully shifted, /;, components of
the transition depopulating each state of interest, as a function
of the target-degrader distance. In this analysis, the ample
statistics obtained for the reaction channel leading to 9w
made possible the use of prompt-correlated y — y coinci-
dences by means of gating on the fully shifted component of
the direct feeding transition. The partial level scheme of W
observed in this analysis is presented in Fig. 1. The lifetime of
the state of interest was determined using the formula

I;(x)
—, (1
o

T;(x) =

where I; and I; are the corresponding normalized intensities
of the degraded and fully Doppler-shifted components of the
investigated transition, respectively, v is the recoil velocity
before the degrader, and the index i corresponds to a cer-
tain distance in the sensitive region of the target-degrader
distances. Using this method the obtained lifetime is not in-
fluenced by side feeding or unobserved feeding transitions
which are usually the main source of systematic uncertainties
in measurements using single y-ray spectra. The measured
gated-energy spectra for the shifted and degraded components
of the 17/2% — 13/2% and 21/2* — 17/2% transitions for
a few of the target-degrader distances are presented in the
left and right panel of Fig. 2, respectively. Some contaminant
peaks from '®W appear in the spectra gated on the fully
shifted component of the 25/2% — 21/2% transition due to
its energy overlap with the 567.1 keV transition in %W [21].
However, none of the contaminant peaks coincide with or
influence the behavior of the peaks of interest.

In order to extract the lifetime of the 17/2% state, y-ray
coincident energy spectra obtained by gating on the fully
shifted component of the 21/2% — 17/2% transition were
used. Only the data from Jurogam II detectors Ring 1 and
Ring 2 placed at backward angles with respect to the beam
axis were used in order to avoid the degraded component
of the 21/2% — 17/2% transition shifted toward low ener-
gies while gating, since the y peaks are not well resolved
at low energies. Using only these data provides better selec-
tivity while still keeping good statistics and gives a result
compatible with that obtained from the data from all detec-
tors. The flight curve of the fully shifted component of the

024307-2



LIFETIME MEASUREMENTS IN 9w AND THE ...

PHYSICAL REVIEW C 113, 024307 (2026)

(=}
T

Counts/1 keV
s~}
<

10F
e 2000 pm
20- 8000 pm 10000

sooof W
s = Y0450 460 470

270 280 290
E, [keV]

E, [keV]

FIG. 2. Energy spectra of y rays gated on the shifted component
of the 21/2% — 17/2% (left) and 25/2% — 21/2% (right) transitions
in the prompt y—y matrix. The fitted fully shifted (purple) and
degraded (orange) components of 17/2% — 13/2% and 21/2% —
17/27 transitions are shown in the spectra.

observed 17/2% — 13/2" transition is presented in the top
part of Fig. 3, while lifetimes for several distances where
both components are observed are presented in the center
panel of Fig. 3. The resulting lifetime, T = 54(5) ps, was
deduced for the 17/2% state. In the same manner, the flight
curve and lifetime of the 21/27 state are presented in Fig. 3
(top and bottom panel, respectively), for which we used the
y-ray coincident energy spectra obtained by gating on the
fully shifted component of the 25/2% — 21/2% transition,
using the data from all the detectors. In this way, a lifetime
of 8.3(6) ps was deduced for the 21/2% state. The errors of
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FIG. 3. Observed flight curves (top) and deduced lifetimes for
the 17/2% (center) and 21/2* states (bottom) in 'SW.

TABLE I. Measured lifetimes for the 17/2% and 21/27 states in
165\ and their corresponding B(E2; |) values. The quoted uncer-
tainties include a systematic uncertainty from the determination of
the recoil velocity.

Isotope E, (keV) L = I T (ps) B(E2;])(Wu)
165y 276.8(1) 17/2t — 13/2%  54(5) 155(16)
4543(1) 2172t - 17/2+  8.3(6) 91(7)

the individual lifetimes at each distance are derived as a root
of sum squares of statistical (including statistical uncertainties
of the intensities of the degraded and shifted components)
and systematic (target-degrader distance and recoil velocity)
uncertainties, while the final result includes the weighted
statistical uncertainties from the lifetime distribution over sev-
eral target-degrader distances. The results are presented in
Table I, together with the corresponding reduced E2 transition
strengths, deduced using the following equation [23]:

BR 817.66
14+ ac TES

B(E2; ) = [e*fm*], 2
where BR is the branching ratio and in this case BR = 1, ¢
is the electron-conversion coefficient calculated using Brlcc
[24], 7 is the experimental lifetime in ps and E, is the y-ray

transition energy in MeV. An unusually low value of By, ratio
of 0.59(7) is obtained.

IV. DISCUSSION

In Fig. 4, a comparison between E4+/E>+, B(E2), and
By values for both even-A and odd-A, W, and Os iso-
topes are shown. The E4+ /E,+ ratios correspond to the ratios

% in the odd-A isotopes, and they follow the
same trend with increasing neutron number, N, until N = 95
where the observed ratios drop for odd-A isotopes towards
the harmonic vibrational limit via a region characteristic of
y-soft rotors. On the other hand, for the even-even isotopes
these energy ratios continue to increase towards the rigid-rotor
(Alaga) limit beyond midshell. The observed bifurcation for
the W isotopes at N > 95 is likely explained by the strong
coupling of the odd ij3/, valence neutron to the even core,
similar to what has been observed for the osmium isotopes for
N <98 [7].

Experimentally ~ observed  B(E2;2t — 0%)  and
B(E2;17/2% — 13/2%) values for tungsten isotopes are
shown in the middle panel of Fig. 4. After a sharp increase,
the B(E2) values can be seen to vary little for the N > 90
isotopes, despite the fact that the observed E4+/E»+ and
(E(21/2)—E(13/2))
(E(17/2%)—=E(13/2%))
a structural change from a y-soft to an axially symmetric
rotational system in the same range of neutron numbers.

From the comparison between the observed By, values,
presented in the bottom panel of Fig. 4, similar trends in
the W and Os isotopes are found, with the By, values
close to the Alaga rotational limit for N > 94 but < 1 and
rapidly decreasing with the removal of neutrons below N =
94. This stands in contrast with the evolution of the E4+/E>+

ratios exhibit an evolution reminiscent of
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E transitions in the odd-A (even-A) isotopes.
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FIG. 4. Top: Comparison between energy ratios for first 4
and 2% levels in even-A W isotopes and the corresponding
% ratios in odd-A W isotopes. Center: Experimental
B(E2;2" — 0%) and B(E2;17/2%" — 13/2%) values in even-A and
odd-A W isotopes. Bottom: By, ratios for W and Os isotopes with
89 < N < 114. Results of the present work are indicated by filled

red squares.

EQ1/2H)—E(13/2* . .
and W energy ratios, which follow the same

overall trend as a function of neutron number for N < 96.
We note that both the W and Os isotopes appear to ex-
hibit an odd-even staggering in the By, ratios, even though,
given the experimental uncertainties, it is not conclusive.
The obtained experimental results are compared with cranked
Woods-Saxon-Bogoliubov-Strutinsky calculations, based on
the total Routhian surface (TRS) approach [26]. The result-
ing potential-energy surfaces (PES) are presented in Fig. 5.
The PES represent the total energy in the rotational refer-
ence frame as a function of the deformation parameters S,
and y, and are calculated for a given parity and signature
quantum number at different rotational frequencies with fixed
hexadecapole deformation parameter 84, = —0.0124. The cal-
culations were performed for the odd-A isotopes 163165167y,
as well as for the even-A isotopes 410w, For the odd-A
isotopes the configuration (7, o) = (+, +%), correspond-
ing to the yrast band built upon the ij3,, valence neutron,
was selected. The minima in the PES at fiw = 0.00 MeV
and fiw = 0.12 MeV correspond approximately to the de-
formation parameters for the 13/2% and 17/2% states and
are therefore attributed to the 17/2% — 13/2% and 21/2% —
17/2% transitions, respectively. The calculations predict PES

shape. Hartree-Fock-Bogoliubov calculations based on the
DIS Gogny effective nucleon-nucleon interaction [27] and
covariant density-functional theory calculations [28] predict
similar ground-state quadrupole deformations albeit some-
what varying with respect to the triaxiality parameter y. The
results of the PES calculations are presented in Table II,
together with deduced B(E2) values applying the collective
Bohr Hamiltonian: namely, for nonaxial shapes, reduced tran-
sition probabilities can be expressed in terms of a triaxial
deformation parameter y as [29]

1 3 — 2sin’ 3y
B(Ez)triax = B(Ez)axialz I+ —— (3)

V9 — 8sin’ 3y

while [30]
5
B(E2)aial = FQg (IK20|I —2K)> &*ftm*  (4)
T

where (IK20|I — 2K) represent Clebsch-Gordan coefficients
for a given transition and Qy is intrinsic the quadrupole mo-
ment calculated as

3
S

where the nuclear radius, R, is defined as R = 1.2 x A'/3
fm. Theoretical collective-model B(E2) values have been de-
termined using the calculated (8, y) values from the PES
minima and are compared with the corresponding experimen-
tal ones in Table II, while Qg values have been determined
from the experimental B(E2;|) values assuming K = 3/2
and are also presented in Table II. The calculated values
predict B4/, > 1 for even-mass isotopes, while for odd-mass
isotopes 163163167y they give a value of By, slightly be-
low 1. Recently, extended IBM-1 calculations including a

Qo = (ZeR’Br(1 + 0.168,)), &)
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FIG. 5. TRS calculations, resulting potential-energy surfaces (PES) for !93165167w jsotopes are shown (left to right, respectively),
corresponding to fiw = 0.00 MeV (top) and /iw = 0.12 MeV (bottom). Deformation parameters obtained for minimum PES are presetned

in Table II, together with the ones obtained for even-A isotopes 10wy,

SU(3) realization of a triaxial rotor have been reported
[31,32]. The calculations predict B(E2 : 41+ — 2?)/B(E2 :
2F - 0j,) < 1.0 and E(4)/EQ2{) > 2.0 in '*'°0s as a
result of a “realistic” finite-N effect. The predictions of
B4y» < 1 were limited to stable triaxial shapes or near-triaxial
shapes within a relatively narrow range around 30° in the
triaxiality parameter y. More recently, the calculations have
been extended to even-odd nuclei, in particular '%-!71Os
[33]. More recently, similar calculations based on the proton-
neutron interacting boson model (IBM-2) have successfully
reproduced anomalous By, < 1 values for 190wy, '08:1800g

and 2Pt [34]. For 'W the model predicts the energy ra-
tio (EEEIEE N = 2.9 and SERTE) = 0.79[35],
The fact that the IBM-1 realization of a triaxial rotor repro-
duces the unusually low By, < 1 values, while mean-field
and collective-model calculations do not, is an inconsistency
that points to underlying mechanisms beyond the rotational
excitations of triaxial-deformed nuclei. A possible explana-
tion is that other aspects of SU(3) symmetry included in
the IBM-mapping of a triaxial rotor are responsible for the
observed effect.

V. SUMMARY

Lifetimes of the yrast 17/2% and 21/2* states in 'W were

B(E2:21/2t—>17/27) _ .
measured. Notably, a low BELTT S T30T) = 0.59(7) ratio

was observed, fitting into the observed evolution of By, ratios

for the W-Os-Pt isotopes with neutron numbers 88 < N < 98.
Such low By, values are normally associated with seniority
symmetry and not expected significantly away from closed
shells. A striking feature of the observed electromagnetic E2
transition strengths is also that the concurrent energy level sys-
tematics is consistent with that expected of systems exhibiting
collective excitations. Self-consistent mean-field calculations
of the Woods-Saxon-Strutinsky type or beyond mean-field
calculations predict near-prolate shapes and roughly repro-
duce the absolute B(E2) strengths but not the B(E2) evolution
as a function of angular momentum. On the other hand, a new
type of IBM calculations including a triaxial rotor term seems
to correctly reproduce By, < 1, but with some limitations.
This inconsistency deserves further investigation.
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