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B~ -delayed spectroscopy of neutron-rich tantalum nuclei: Shape evolution in
neutron-rich tungsten isotopes
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The low-lying structure of 83190192\ has been studied following 8 decays of the neutron-rich mother nuclei
188.190.192T3 produced following the projectile fragmentation of a 1-GeV-per-nucleon 2%Pb primary beam on a
natural beryllium target at the GSI Fragment Separator. The 8-decay half-lives of '83Ta, 1°°Ta, and '*>Ta have
been measured, with y-ray decays of low-lying states in their respective W daughter nuclei, using heavy-ion
B-y correlations and a position-sensitive silicon detector setup. The data provide information on the low-lying
excited states in '3¥W, W, and '>W, which highlight a change in nuclear shape at "W compared with that of
lighter W isotopes. This evolution of ground-state structure along the W isotopic chain is discussed as evidence

for a possible proton subshell effect for the A ~ 190 region and is consistent with maximization of the y-softness

of the nuclear potential around N ~ 116.
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I. INTRODUCTION

Nuclei with A ~ 190 for the elements between Hf (Z = 72)
and Pt (Z = 78) exhibit a wide variation of nuclear struc-
tural properties, including well-deformed prolate shapes with
rotational band structures [1], K-isomeric states associated
with axial symmetry in a deformed nuclear potential [2], and
shape transitions across isotopic and isotonic chains [3,4]. The
evolution from axially symmetric deformed prolate shapes
around the valence maximum nucleus at 170Dy [5] toward
spherical, single-particle-like excitations close to the doubly
magic nucleus 2%Pb is predicted to pass through a region
of triaxial y-soft and oblate nuclei [6-8]. Nuclei that are
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predicted to lie on the boundary between regions of prolate
and oblate deformation have been described by Jolie and
Linneman as prolate-oblate phase-transitional systems [9].
The phase-transitional region between axially symmetric,
deformed prolate and oblate shapes is also relevant to the
limits of geometric symmetry within the interacting boson
model (IBM) [10-13]. Platinum isotopes with N = 116 and
118 represent the best cases thus far for the experimental
realization of the O(6) symmetry limit of the IBM, which
can be associated with a nuclear potential that is flat in the
triaxial degree of freedom [14—16].

Evidence of increased y-softness in the nuclear potential
can be inferred from a number of simple experimental sig-
natures. These signatures include a decrease in the excitation
energy of the second I™ = 2% state [17] relative to the yrast
I™ = 2% state and a reduction in the ratio of the excitation
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TABLE I. Experimental parameters for the two FRS settings studied in the current work.

Setting Magnetic Magnetic S2 degrader S4 degrader Beam Spill Total
rigidity Bp, rigidity Bp, thickness thickness current repetition collection
(Tm) (Tm) (mg/cm?) (mg/cm?) (p/spill) (s) time (h)
190y 13.0805 9.5915 5050 3320 108 20 62
192Ta 13.2285 9.7479 5050 3450 10° 15 66

energies of the yrast I” = 41 and 2 states, R(4/2), compared
to the perfect axial rotor limit of 3.33. Evidence for such
behavior has been reported in a number of nuclei in this region,
including '°?Os [18] and 9+ 196Pt [15,19].

One focus of the current work is to extend the spectral
knowledge of heavy, neutron-rich nuclei, with the specific aim
of studying the predicted evolution from prolate-deformed,
through y-soft, to oblate-deformed shapes in neutron-rich
tungsten (Z = 74) isotopes [7].

The heaviest stable tungsten isotope is '¢W,,. Experi-
mental information on the neutron-rich isotopes of tungsten
with N > 116 is sparse because of the neutron-rich nature
of these systems. To investigate the change of structure
with increasing neutron number and the expected evolution
toward a more y-soft and possibly oblate shape, the nuclei
of interest must be studied by either deep-inelastic collisions
[20-22] or projectile fragmentation reactions. Prior to this
work, the heaviest even-N tungsten isotopes for which even
the most rudimentary spectral information had been reported
were '33W and '"°W. In-beam spectroscopy of '8W 4 was
studied previously using deep-inelastic [22] and two-nucleon
transfer reactions [23], which provided information on the
structure of the yrast sequence up to a spin of 8%. Transitions
populating the ground-state band of "W s were identified
via isomer-delayed y-ray spectroscopy following relativistic
projectile fragmentation of a 2°Pb beam [24—26]. The inferred
R(4/2) value for "W showed a sudden decrease in value
compared to the systematics in the region [24].

The present work primarily investigates the low-lying
nuclear structure of '8W, W, and '°>W following g-delayed
spectroscopy of their mother nuclei, '%3Ta, '°°Ta, and '9?Ta,
respectively. The data confirm the previously reported R(4/2)
value in '*°W and also provide evidence for the observation
of the second 2% state in this nucleus. The excitation energy
of the yrast 2% state in W is also reported for the first time
in the current work. Preliminary results from this study have
been reported in a series of conference papers [27-29]; this
article provides the complete analysis of this work.

II. EXPERIMENTAL DETAILS

The nuclei of interest were produced following projec-
tile fragmentation reactions between a primary beam of
208Pb impinging on a natural beryllium target of thickness
2446 mg/cm?. The 1 GeV /nucleon beam was provided by the
SIS-18 heavy-ion synchrotron at GSI, Germany, with primary
beam intensities of up to 10° ions/spill. The duration of each
primary beam spill was approximately 1 s with a typical

repetition period of 15-20 s. The secondary fragmentation
reaction residues were separated and identified event-by-event
using the GSI Fragment Separator (FRS) [30], operated
in monochromatic mode with an aluminum wedge-shaped
degrader positioned in the intermediate focal plane. Two
specific FRS settings were used in the current work, one
centered on fully stripped (i.e., Q = Z) ions of '°°Ta and the
second centered on fully stripped '°>Ta ions. Table I gives a
summary of the experimental parameters for the FRS in these
two settings.

A. Detector configuration at the FRS focal plane

A schematic of the experimental configuration used in the
current work is shown in Fig. 1. The secondary ions were
implanted into the RISING active stopper, which consisted
of a series of double-sided silicon strip detectors (DSSSDs;
see Refs. [28,31] for details). In the current work, the stopper
configuration was positioned as shown in Fig. 1 and consisted
of three 5 cm x 5 cm x 1 mm DSSSDs [32], each with 16
individual 3-mm-width strips on the front and back faces. The
DSSSDs were used to determine the position of the implanted
ion and to correlate it with its subsequent 8~ decay detected
in the same or neighboring pixels of the DSSSD.

The correlation of low-energy (typically hundreds of keV)
B particles with significantly higher energy (typically a few
GeV) implanted ions was afforded by the use of Mesytec
semilogarithmic preamplifiers applied to the energy outputs
of the DSSSDs [31]. These preamplifiers allowed a linear
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FIG. 1. Schematic of the detector configuration at the final focus
of the GSI FRS for the current work. Three of the possible six
positions (black boxes) in the active stopper were occupied by
DSSSDs in this particular experiment. MW = multiwire position
detectors; Sci = plastic scintillator detectors; MUSIC = multiple
sampling ionization chamber detectors. The number 4 corresponds
to the detectors being placed at the final focus (i.e., after the fourth
dipole magnet) of the GSI FRS. The secondary ions are transmitted
from left to right on this schematic.
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amplification of the DSSSD signal for energies of up to
10 MeV, whereas a logarithmic amplification range was used
for implantation energies of between 10 MeV and 3 GeV.
The linear region of the preamplifier response was calibrated
using the monoenergetic internal conversion electrons emitted
using a standard 2°’Bi calibration source, which yielded a
measured energy full width at half maximum (FWHM) of
20 keV at 980 keV and a minimum detection threshold
of approximately 150 keV. This level of electron energy
resolution was used to select delayed internal conversion
electron lines following decays that were observed in other
FRS settings from the same experiment (for example, in the
internal conversion decay of a long-lived isomer in 2%>Au
[33]). For the logarithmic portion of the preamplifier energy
response, simulated signals from a pulser were used for
the initial energy calibration, which was then checked by
comparing the experimental data to simulations from the LISE3
code [34,35].

The active stopper was viewed by the stopped RISING
y-ray spectrometer array, which consists of 15 seven-element
germanium cluster detectors with a measured total photopeak
efficiency of ~15% at 662 keV [36,37]. Previously, the
RISING array has been used to detect y -ray transitions emitted
following the decay of isomeric states in secondary fragments
produced by projectile fragmentation and fission, using the
techniques described in Refs. [24,25,38—42]. This experiment
represents the first time that the RISING array was also used
to correlate y-ray transitions arising from the decays of states
populated following the B8 decay of secondary fragmentation
products.

B. Data reduction and particle identification process

The identification of the projectile fragments was based on
the time-of-flight (TOF) position and energy loss techniques
described in Ref. [43]. The TOF in the second stage of
the FRS was determined by measuring the time difference
between the ions passing between two plastic scintillators
mounted (i) before the degrader at the intermediate focal
plane (after region S2) and (ii) at the final focal plane (after
region S4). Two multiwire proportional chambers and two
multiple sampling ionization chambers (MUSICs) provided
position determination and energy loss information of the
fragments at the final focal plane, respectively. The secondary
ions of interest were then slowed down in a variable-thickness
aluminum degrader (see Table I) before coming to rest in the
RISING active stopper. Two plastic scintillators were placed
before and after the active stopper to act as veto detectors
for reactions in the final degrader and to remove events that
produced light particles from nuclear reactions in the final
degrader.

1. Charge-state selection of secondary ions

Charge-state anomalies in the transmitted secondary ions
can cause problems with particle identification and the subse-
quent tagging of a 8 decay from specific neutron-rich isotopes.
In particular, hydrogen-like (i.e., ¢ = Z — 1) ions of a given
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element can have a similar mass-to-charge ratio, A/q, as fully
stripped (¢ = Z) ions. Thus, heavier neutron-rich isotopes of
the same element can cause problems in the selection process.
Such so-called A/g anomalies can be partially resolved
using the technique described in Ref. [43]. The difference
in the magnetic rigidity of the ions, Bp, before and after the
intermediate focal plane degrader can be used to estimate the
energy loss of the transmitted ions. This value can be correlated
with the measured energy loss of the same ions in the two
MUSICs at the final focus of the FRS to give loci of ions
associated with different changes in charge state through the
first and second halves of the FRS [30,37]. Niobium foils
were placed after the target and the intermediate degrader
to improve the atomic electron stripping efficiency. The ions
transmitted through the FRS degrader were distributed into
three main charge-state groups: (i) The group in which Ag = 0
is assumed to include predominantly ions that are fully stripped
in both halves of the FRS. We note that there is a finite
probability that the Ag = 0 condition could be satisfied by
ions that are hydrogen-like in both halves of the FRS. However,
the expected charge-state distributions for the ions using the
GLOBAL code [44] suggest that the transmission of such events
is highly suppressed compared to the fully stripped species.
(i1) The group Ag = +1 is assumed to include predominantly
ions that are fully stripped in the first part of the FRS and
hydrogen-like ions (i.e., with one attached electron) in the
second half of the FRS (i.e., after the intermediate focal plane
degrader). (iii) The group Ag = +2 involves predominantly
helium-like ions (two electrons) in the second half of the FRS
and fully stripped in the first half. The GLOBAL code [44] gives
a prediction that 96.7% of the '°°Ta ions were fully stripped
in the first half of FRS and 81.7% in the second half. Figure 2
shows the charge-state change groups of the transmitted ions
by plotting the energy loss in a MUSIC detector versus energy
loss in the intermediate degrader.

AE MUSIC (arb. units)

2200 2400 2600
AE degrader (arb. units)

FIG. 2. (Color online) The identification of the three charge-state
change groups determined using the energy loss in the intermediate
degrader and the MUSIC detector at the final focal plane of the FRS.
These data are taken from both the '°°Ta- and '°Ta-centered settings.
The lower group of Ag = 0 corresponds predominantly to the fully
stripped charge-state transmitted through the FRS (i.e., fully stripped
ions in both the first and second halves of the FRS).
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TOF (arb. units)

FIG. 3. (Color online) Two-dimensional particle identification
plot associated with Ag = 0 (i.e., fully stripped) ions from both
190Ta- and ' Ta-centered settings.

2. Particle identification

The particle identification procedure was based on selecting
the ions with Ag = 0, as illustrated in Fig. 2. Figure 3 shows
the particle identification plot for Ag = 0 ions in terms of the
atomic number, Z, as derived from the measured energy loss
of the fragments in the MUSIC detector, versus the measured
TOF in the second half of the FRS, which is related via
the magnetic rigidity to the mass-over-charge ratio of the
transmitted ions.

PHYSICAL REVIEW C 80, 064308 (2009)

A two-dimensional matrix of detected y-ray energies, as
measured by the RISING array, versus their detection time
relative to the signal from the heavy ion passing through the
scintillation detector (Sci41) was created for all identified
species in Fig. 3. The germanium y-ray timing signal was
recorded using the XIA DGF modules for each germanium
channel, which gave an absolute time measurement with a
resolution of 25 ns (see Refs. [37—41] for details). y-rays from
decays of previously reported isomeric states were used as
internal checks on the particle identification procedure and to
provide an independent validation of the y-ray energy and
timing measurement calibrations. Figure 4 shows selected
y-ray energy spectra and associated decay curves correspond-
ing to y-ray decays from isomeric states identified in the
current work. Decays from the previously reported isomers
in 18 Ta, 19OW,! 192Re and 193Re [25] are all clearly identified.

The current data also show evidence for isomeric states in
187Hf, 189.190T3, and '°'W. Evidence for the decays in '%Ta and
191W was previously reported in a conference proceeding from
our Collaboration [45] following a survey of the region using
the projectile fragmentation of a 2 Pb beam with RISING and
a passive stopper. The current data confirm these observations.
In addition, previously unreported isomeric decays in '8"Hf

"We note that the data from the current work on the isomeric decay
in "W do not show any clear evidence for the 591 keV transition
reported in Refs. [24,25]. This is discussed further in Ref. [26].
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FIG. 4. (Color online) y-ray energy and decay-time spectra of delayed events associated with isomeric states identified in

188, 189,190'1'*a

(At=0.2 — 22,0.2 — 12, and 0.03— 0.55 us, respectively), °“1'W (At = 2 — 395 and 0.08— 3 us, respectively), 1°>1%Re (At =3 —

350 and 2 — 350 s, respectively), and 87Hf (At = 0.08 — 1.1 us).
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FIG. 5. (Color online) The implantion event maps for '83Ta (left), "W (center), and '°’Re (right) as measured in the front central DSSSD

from the '"°Ta setting.

and '%°Ta have been identified for the first time in the current
work.

C. Implant-decay correlation technique

The technique of correlating the implanted ions with their
subsequent B decay is based on the identification of the
implantation position in the active stopper and the time of
correlation between the implanted ion and subsequent S
particle in the same or neighboring pixels of the DSSSD.
The FRS was operated in monochromatic mode [46] in this
experiment, which had the effect of distributing the implanted
ions across a relatively wide area on the active stopper silicon
detectors. This approach was required so that the probability
of having multiple implantations of nuclei in the same pixel
within a typical correlation time would be minimized. The
use of the monochromatic mode also had the advantage of
minimizing the range distribution of ions of a given species
within the active stopper; thus, in general, selected isotopes of
interest were stopped in a single layer of a given DSSSD.
The radioactive ions were implanted in the DSSSD, with
the implantation strip positions determined and an absolute
measurement of the implantation time made via a digital,
absolute time stamp. A valid implanted event was selected
with the criterion that it produced a high-energy signal in the
active stopper (>10 MeV) using the logarithmic region of
the preamplifier response. Figure 5 shows two-dimensional
position histograms of the implantations within one of the
DSSSDs for '#Ta, %W, and '°’Re from the '°°Ta setting.

The strip position, energy deposited, and time stamp for
B~ -decay signals in the DSSSD were correlated with the most
recent implantation signal in the same or near-neighboring
pixel. Figure 6 shows the energy spectrum of ions and S
particles taken from the sum of energies deposited in DSSSD 1
and 2 (see Fig. 1). For each secondary ion of interest implanted
in a well-defined DSSSD pixel, any energy above the threshold
identified in that or neighboring pixels was considered a
candidate for 8~ events from the implanted mother nucleus.
The time differences between the implanted events and their
correlated B particle were then used to generate the 8-decay
time curves.

III. RESULTS

A total of 4132, 8579, and 1722 implantation events were
identified for 1®Ta, '°OTa, and '°?Ta ions, respectively. The

B-delayed y rays associated with these events are shown in
Fig. 7, which provides spectral information on the daughter
nuclei, '88W, 1°W, and '°>W. Implant-8 time differences of
up to 100, 30, and 15 s for '8 Ta, 1°0Ta, and °>Ta, respectively,
were used in this analysis. These y-ray spectra have all had
random, normalized y -ray spectra subtracted from them, with
the random spectra generated from long correlation times
after the implantation and normalized to the time range of
the original time gate. The insets of Fig. 7 show the time
spectra associated with 8 decays of '88Ta, '°°Ta, and '°?Ta,
gated on discrete y -ray lines identified in the tungsten daughter
nuclei. The quoted decay half-lives were determined using a
single-component exponential decay with a least-squares-fit
minimization method and assuming a constant background
level. A summary of the results from this y-ray analysis for
the decays identified in '3¥W, W, and W in the present
work is given in Table II.

A. Decay of '%3Ta to 133W

Figure 7(a) shows discrete transitions at y-ray energies of
143,297, and 434 ke V following the 8 decay of '8 Ta to excited
states in '88W. A half-life of 19.6(20) s for this S~ -decaying

Decay
5000} © -
Electrons

4000

Fission Fragments

Projectile Fragments

0 2000 4000 6000 8000
Energy measured in the Si detector strips (arb. units)

FIG. 6. (Color online) Total energy implanted by the nuclei within
the silicon active stopper detector for the '**Ta and '°?Ta settings. The
double-peaked structure represents the energy deposited from both
the direct implantations and for fission fragments, which are also
transmitted through the FRS and pass through the active stopper. The
deposited energies of B particles is shown on the left-hand side of the
figure.
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TABLE II. Energies, relative intensities, total internal conversion coefficient (¢), B intensities, and deduced log ft values associated with

the y-ray transitions observed in the 8 decay of '3%:190.192 Ty,
Nucleus Eieve (keV) E, (keV) I, ot [47] Lo I — Iy 1 (%) log ft
188Tp — 188y 143 143 100(22) 1.03 203(44) 2t > 0F - -
Qp = 4854(196) keV 440 297 123(31) 0.09 134(35) 4t — 2* - -
874 434 80(26) 0.04 83(26) 6T — 4+ 53(20) 5.82(20)
207 207 100(19) 0.29 12024) 2 >0t 17(*% 6.3(5,
190y — 190w 454 247 60(14) 0.16% 69(16) 25 —2°f 61(19) 5.65(24)
Qg = 5634(466) keV 454 454 24(10) 0.03 25(11) 27 —0F 61(19) 5.65(24)
564 357 30(12) 0.05 32(13) 4t — 2* 22(8) 6.08(23)
192Tp — 192WW 219 219 100(26) 0.23 123(32) 2t — 0t 100 5.40

Qp = 6501 keV"

Calculated assuming the extremum of a pure £2 multipolarity for the 25 — 2 decay.

PExtrapolated value, taken from Ref. [48].

state in '8 Ta was deduced in the current work [see the inset in
Fig. 7(a)].

These y-ray energies correspond to previously observed
decays from the first three excited states in the ground-state
band of '%W, reported following in-beam studies using
both deep-inelastic reactions [22] and two-neutron transfer
reactions [23]. By contrast, the transition from the yrast 8"
state in "W (E, = 554 keV) as reported in Ref. [23] is not
apparent in this spectrum. y-ray energy peaks at 184, 204,
and 401 keV are also identified in the B-delayed spectrum.
These transitions were reported by Lane ef al. [49] following
the decay of an isomeric state in '88W, with a lifetime in
the 100-ns regime. The current work does not have sufficient

Note that this discussion assumes that a single S-decaying state is
observed in the present work. The presence of two parallel, low-lying,
B-decaying states in '$8Ta with similar half-lives cannot be ruled out
in the current work.

statistics for a y-y coincidence analysis of the decays from
this isomer.

The log ft values were calculated assuming ground-state
mass values taken from Ref. [50]. For the '®8Ta decay, the
log ft value was estimated assuming a direct 8~ -feeding branch
to the yrast I™ = 6% in '8¥W. It should be noted, however,
that the observation of discrete transitions associated with
the isomer decay branch reported by Lane er al. suggests
some degree of competition in the direct feeding through a
parallel branch in '®¥W. From the observed y-ray intensities
in Fig. 7(a), an estimate of the direct 8 feeding to the yrast
I™ = 67 state has been made, which in turn has been used
to extract a value for logft for the decay of '83Ta to the
yrast 6 state in '8W, given in Table II.> There is no evidence

3Because the complete feeding intensity into the tungsten daughter
is not established in the current work, we note that the logft values
given in Table II should be regarded as lower limits rather than precise
values.
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in the current work that the decays from the reported isomer
feed the I™ = 6T yrast state in '88W. Accordingly, we assume
that the 8~ -decay feeding from the decay of '%¥Ta leads to two
parallel cascades of y rays with 53% of direct feeding to the
yrast I” = 67 state and the remainder feeding to the isomeric
state. Under these assumptions, it is possible to derive a lower
limit for the log ft value of 5.82(20) from the direct S~ -decay
transition to the /™ = 6% state from the measured half-life of
188Ta of 19.6(20) s.

B. Decay of "Ta to "'W

The B-delayed y-ray spectrum for transitions in "W is
shown in Fig. 7(b). The previously reported isomeric state
in W [24-26] was also directly populated via projectile
fragmentation in the current work, as shown in Fig. 4.
Following population by the 8~ decay of '°°Ta, two discrete
y-ray lines at energies of 207 and 357 keV are observed,
establishing these as the decays from the yrast states with
I™ =2% and 4%, respectively, in '"°W. A y-y coincidence
analysis was also performed with the data from this experiment
on the isomer-delayed transitions in '°°W, which confirmed the
mutually coincident nature of the 207- and 357-keV transitions
(see Fig. 8).

In addition to these previously reported transitions in
190W, a transition at 247 keV is also observed in the f-
delayed coincidence spectra following the decay of '°°Ta. This
transition is interpreted as arising from the decay of the 25
state in W, which feeds directly into the yrast I™ =2+
state. The limited statistics in the current B-delayed data
preclude a y-y coincidence analysis to prove the direct feeding
of the 247-keV line into the yrast /™ = 2" state; however,
this interpretation is made on the following basis: (i) There
are no other y-ray transitions of similar intensity present in
the '°°Ta correlated, B-delayed spectrum shown in Fig. 7(b);
(i1) The 485-keV transition (which is assumed to decay from
the 7™ = 61 member of the '°W ground-state band [24—26])
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FIG. 8. Isomer-delayed y-y coincidence gate on (upper panel)
the 207-keV transition in "W and (lower panel) the 357-keV
transition in '"°W. The time gate condition was selected from
2— 395 us following the ion implantation in the active stopper.
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is not apparent in the S-decay data. (Note that the population of
the yrast 67 state in !°°W is observed following the isomeric
decay of the same nucleus in the current work; see Fig. 8.)
Thus, itis suggested that /™ = 27 is the most likely spin-parity
assignment for this level. (iii) An I = 4 assignment would
make the 454-keV state yrast, in which case it would have been
expected to have been populated in the decay of the isomeric
state previously reported in '°W, which it is not. An I™ = 3%
assignment would imply that it is a collective state and built
on the I™ = 2% bandhead of the y-band, which can be ruled
out on the basis of a lack of observation of a candidate for
the required 3; — 27 transition. (iv) Assignments of either
17 or 17 at this energy in an even-even nucleus are inherently
unlikely. The assumption of a 2 assignment for this state is
further strengthened by the observation of a weak transition
at 454 keV energy in the B-delayed spectrum for transitions
in W [see inset in Fig. 7(b)], which would represent the
direct transition from the 27 state to the 0" ground state
in 10W.

The preceding arguments, together with the measured
intensities (see Table II) for the observed decays from the
4% and 2% yrast states at 564 and 207 keV, respectively,
in Fig. 7(b) imply a spin of 3% for the B-decaying state in
190Ta. The assumption of a spin of 37 for the B-decaying
state in '°°Ta is consistent (assuming direct population) with
the previously discussed I™ = 2% assignment for the 454-keV
level.

Figure 9 shows the systematics of the low-lying states in
even-even tungsten isotopes with A = 180 — 192 including
the proposed 27 state in 'W. Such states in deformed
nuclei usually are associated with the bandhead of the
K™ = 2%y-vibrational band. We note that the assumption
of the second 2% state in "W at an excitation energy of
454 keV is in line with the trend expected for this region,
with the ongoing, systematic decrease in the energy of the
27 state relative to the yrast 4" states in this isotopic chain
approaching the N = 116 isotone, '°W.

1400
= * g
= 22 - \\ |
1000 \\
\
| .‘\ -
‘-\ : T T
E el
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& 60“_— \“.\.».;---
1 4+ ] e e T
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L (}+,' d e S : ,
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FIG. 9. (Color online) Systematic behavior of the low-lying states
of even-A tungsten isotopes with A = 180 — 192. The dashed lines
correspond to the second /™ = 27" states. The data are taken from
Ref. [51] and the current work.
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If it is assumed that the 8~ decay of the '°°Ta ground state
feeds only the 207, 454 and 564 keV levels, then the logft
values for the 8~ feeding of these levels given in Table II can
be derived using the half-life measured in the present work
and a Qg- value of 5.634 MeV [50].

C. Decay of *Ta to 1>W

The B-delayed y-ray spectrum showing transitions in '>W
following the decay of '°?Ta is shown in Fig. 7(c). A single
y-ray line at an energy of 219 keV is evident and is interpreted
as arising from the yrast 2¥ — 0T transition in '’W. The
decay half-life measurement for '*>Ta gated on the 219-keV
y-ray photopeak is 2.2 £ 0.7 s. We note that 219 keV is almost
the same energy as the 2T — 0% transition in the N = 118
isotone, 1%*0s [E(21) = 218 keV], and indeed the same, near-
isospectral behavior is also evident for the N = 116 isotonic
doublet "W and '°?0s [E(2%) & 207 keV]. The possibility
that the 219-keV transition observed in the present work is the
result of a misassignment of the B decay of '**Re into '**Os
can be discounted as this specific decay has also been studied
in the same data set, with multiple other transitions observed
resulting from decays from higher spin states in '**Os [27].

The likely spin of the decaying state in the '*>Ta parent
nucleus can be restricted to 1% or 27 on the basis of the expected
B~ -decay selection rules and the lack of any apparent line
associated with the 4t — 2% transition in '°*W. However,
it should be noted that, on the basis of the statistics in the
current work as shown in Fig. 7(c), the possible population
of higher spin states in the yrast cascade in '’W and thus
a higher spin for the B-decaying state cannot be ruled out.
From a comparison of the number of implants and associated
B~ -y-ray coincident event, there is no strong evidence of direct
feeding from the 8~ decay of '°?Ta to the ground state of '*>W,
although such a branch cannot be exclusively ruled out in the
current work. The lower limit for the log f# value for this decay
given in Table I assumes 100% feeding in the S~ decay to the
proposed yrast I™ = 27 state in '°>W.

IV. DISCUSSION

A. Subshell closure for the A ~ 190 region?

The systematics of the energy ratio R(4/2)=
E(4T)/E(2") is arguably the best indicator of changes in
low-lying nuclear structure [17]. However, for the most exotic
nuclei, often only the energy of the first 2% state is known.
In general, the energy of the first 2% state has been shown to
decrease as the number of the valence nucleons (and related
quadrupole collectivity) increases [52]. This general trend is
opposite to the magnitude of the energy ratio and, thus, the
1/E(2}) systematics should follow behavior similar to that for
the R(4/2) ratio. Cakirli and Casten [53] have recently used
these empirically derived observables to demonstrate evidence
for subshell closures in different regions of the nuclear chart.
They also noted that the behavior of the R(4/2) and 1/E(2])
observables appear to scale with each other in regions of shape
evolution and that evidence of subshell closures can be seen

PHYSICAL REVIEW C 80, 064308 (2009)
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FIG. 10. (Color online) Experimental ratio of the excitation
energies of the yrast I™ = 4% and 27 states [ R(4/2)] for the even-even
nuclei with (left) Z = 66 — 78 and for N > 98 and (right) similar
plot for Z = 56 — 72 and for N = 84 — 92, showing the effect of
the subshell closure in this region. These data are taken from Ref. [51]
and the present work.

in the appearance of a “bubble” in the evolution of such plots
as a function of proton or neutron number.

The energy ratios in Fig. 10 show a gradual, systematic
decrease in the value of R(4/2) with neutron number from
182W 08 [R(4/2) = 3.29] to '38W 14 [R(4/2) = 3.07]. This is
followed by a very dramatic decrease at the N = 116 isotone,
190\, for which the ratio drops to a value of R(4/2) = 2.7,
approaching the triaxial-rotor limit of R(4/2) = 2.5. This
gives rise to what appears to be the onset of the bubble
effect described by Cakirli and Casten. With the data point
for 192W from the current work, this behavior is even more
dramatically demonstrated by the behavior of the 1/E(2])
observable, as shown in Fig. 11, which shows the beginning of
a gap/bubble pattern for the A ~ 190 region. Evidence for such
a subshell effect or dramatic shape evolution with the addition
or removal of two nucleons can also be seen from the difference

0.012
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o0 e
Ak S=TH
[ 7=80] B
0008 4
< I [
]
=
~ 0.006 -1t
‘.E\‘,, | |l |
=
= 0.004 4t -
0.002 - L d
0 | T TR ST A | (" | L | L | ' | ' |
100 104 108 112 116 120 124 72 74 76 78 80

N Zz
FIG. 11. (Color online) The empirical 1/E(2]) values plotted
(left) against the proton number for the A ~ 190 region and (right) as

a function of neutron number, N, between 100 and 122. These data
are taken from Ref. [51] and the present work.
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FIG. 12. (Color online) Systematics of the difference in the
excitation energy ratio, § R(4/2), for heavy even-even neutron-rich
nuclei with N = 104 — 118. These data are taken from Ref. [51]
and the present work.

in R(4/2) between neighboring even-even isotopes; that is,
8R(4/2) = R(4/2)z.y — R(4/2)z n—2 [54]. Figure 12 shows
this quantity for the Hf, W, Os, and Pt isotopes with neutron
numbers ranging from the midshellat N = 104upto N = 118.
The value for 8 R(4/2) of greater than 0.3 between '%¥W and
190W represents one of the largest § R(4/2) differences in the
entire Segré chart. This provides compelling evidence for a
dramatic change in the ground-state structure for W isotopes
in going from N = 114 to N = 116.

B. Triaxial softness around N = 116

Evidence for triaxial (or y-soft) collective behavior in
nuclei can be obtained by using a number of basic experimental
observables. These include (i) R(2,/2;), the excitation energy
ratio between the second and first spin-parity 27 states;
(>ii) the R(4/2) ratio; and (iii) the ratio of the reduced matrix
probabilities between the second and the first 27 states and
B(E2:25 —27)
B(E2:25 —0])
[17]. The E(27) energy is expected to increase with increasing
neutron number as the N = 126 shell closure is approached.
This increase seems to be continued for the heavier tungsten
isotopes using the data for the 2 energy in the N = 118
isotone, '°>W, from the current work. This general behavior of
a reduction in the energy ratio R(4/2) and parallel increase in
the energy of the first 2% state in these isotopes is indicative
of the expected reduction in quadrupole collectivity as the
neutron number approaches the N = 126 closed shell.

The R(4/2) value in "W can be explained as a general
feature of a y-soft potential. Jolie and Linnemann [9] sug-
gested that the region of nuclei between '3°Hf and ?*°Hg ex-
hibits prolate-oblate deformations and phase-shape transitions
between these two shapes. There have also been theoretical
predictions of a ground-state/low-lying shape transition from
prolate to oblate shapes in this mass region using a variety
of mean-field models (see Ref. [7] and references therein).
This phase transition occurs at the O(6) symmetry in the

from the second 27 state to the ground state, Ry =

PHYSICAL REVIEW C 80, 064308 (2009)

interacting boson approximation (IBA) [10-13]. It is useful
to apply the IBA model to "W, because it allows one to
investigate the ¥ dependence of the potential appropriate for
this nucleus. To study '°W, we used a simple, two-parameter
IBA-1 Hamiltonian suitable for most collective nuclei. This
Hamiltonian can be written as [55,56]

H(c>=c[(1 — Oig — %Qx : QX] (D

where N is the number of valence bosons, Ay = d' - d, and
0% = (std + dfs) + x(dtd).

This Hamiltonian has two parameters, { and y, with an
overall scaling factor. In this Hamiltonian, ¢ = 0 gives a U(5)
or a quadrupole vibrator spectrum (the 7, term) while { = 1

gives a rotor (the 0 - O term). In this latter case, one has

an axial rotor for y = —4 = —1.32 and a y-soft [O(6)] for

x = 0. Intermediate values of ¢ and x allow one to span a
wide range of collective structures.

Touse Eq. (1), atechnique was used based on the orthogonal
cross-contour method [57]. In this approach, one can place
a nucleus in the symmetry triangle for the IBA by using a
contour of constant values of a pair of observables. With
the data available, we used R(4/2) and E (2;). In the O(6)
limit, E(2J) = E(4]) due to their common membership
in the T =2, O(5) multiplet. For any other situation, the
IBA-1 Hamiltonian [55,56] of Eq. (1) gives E(ZQL) > E(4T).
Therefore, it is impossible to obtain a precise fit for the "W
data, because the experimental values have E(2)) < E(4)).

Experimentally, R(4/2) = 2.72 for ”W. The contour for
this value for N =9 is shown in the inset of Fig. 13.
To investigate the structure further, another observable is
required, and so the E (2;) values are calculated along the
R(4/2) = 2.72 contour. The results for E (2;) are compared
with experimental value, as shown in Fig. 13.

The experimental value of R(4/2) is consistent with a y-soft
[R(4/2) = 2.5] structure but does not establish it because a

1200

1000

800

E(2,") keV

400 — -

200 — -

-1.2 -1 0.8 -0.6 -0.4 -0.2 0

FIG. 13. (Color online) IBA-1 calculations for E(25) W along
the contour in the IBA-1 symmetry triangle (dotted-line contour in
the triangle) corresponding to R(4/2) = 2.72. The closest calculated
result to the experimental E(2]) value is the one near the O(6)
geometrically limit.
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FIG. 14. Results of IBA-1 calculations for W and comparison
with the experimentally measured low-lying energy levels for this
nucleus.

value of 2.7 can also be obtained for an axially symmetric
quasirotor, as seen the inset of Fig. 13. Because the two
parameters of the IBA-1 Hamiltonian of Eq. (1) cannot fit
a 27 energy as low as observed experimentally, the best
fit is obtained for a y-soft structure very close to O(6).
The theoretical-level scheme obtained from this procedure is
compared with the experimental data in Fig. 14.

From a consideration of O(6) and also of the IBA cal-
culations on the right-hand side of Fig. 14, one characteristic
feature is a staggering in the y -band energies, and in particular
a near degeneracy of the 3 and 47 levels. Experimentally
identifying these levels would provide a good future test of
these ideas.

The identification of a weakly populated peak at 454 keV
energy in '"°W suggests a direct transition from the 27 state to
the ground state 0% in '"W. In the pure, idealized O(6) limit,
such a transition is forbidden [10-13]; however, in realistic,
finite nuclear systems, such hindered transitions have been
observed. The statistics in the current work preclude an angular
distribution analysis to establish the M 1/E?2 mixing ratio of
the proposed, unstretched (23’) — ZT transition in W (E, =
247 keV).

_ &—& Hf (Z=72)
| s o W i(Z=74) i

¢ =—E Os (Z=76)
12 A—A PL(Z=78) —

Hg (#=80)

+A_

g T )
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FIG. 15. (Color online) The ratio of the excitation energies of the
I™ =27 and I™ = 27 states for heavy even-even neutron-rich nuclei
with N = 104 — 120. These data are taken from Ref. [51] and the
current work for °W.

PHYSICAL REVIEW C 80, 064308 (2009)

¥ (degrees)
2
|
|

A—A Hf(Z=72)
o8 W(Z=T4)
B Os(Z=76) |
& Pt(Z=78) | —

Hg(Z=80)| |

10—

104 108 112 116 120
N

FIG. 16. (Color online) Empirically deduced y values for heavy
Hf — Hg even-even neutron-rich nuclei with N = 104 — 120 using
Egs. (2) and (3) of the Davydov model (see text for details).

Another empirical quantity, which has been used to infer
the prolate-oblate shape-transition regions, is the energy ratio
E (2;r )/ E (2;“) [58]. Figure 15 shows a systematic of this ratio
versus the neutron number of even-even Hf — Hg (Z =72 —
80) isotopes N = 104 — 120. The figure shows an apparent
maximization of the y softness for Os, Pt, and Hg at neutron
number N = 116 in which the new data point for '°W from
the current work is consistent with this trend.

An estimate of the value of the static or average triaxial
deformation parameter, y, can be extracted from the Davydov
model [59] using the energy ratio E(23)/E(2}). Although the
Davydov model represents an asymmetric nucleus with a rigid
shape, this parameter can provide a simple prediction of a
static y value that can be compared with the average y value
associated with y -soft potentials. The expression described in
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FIG. 17. (Color online) Systematics of the excitation energy
difference between the I™ = 27 and I™ = 4" states for the even-even
Hf — Hg nuclei as a function of the neutron numbers for N = 104 —
120. These data are taken from Ref. [51] and the present work.

064308-10



B~-DELAYED SPECTROSCOPY OF NEUTRON-RICH ...

0.4 ——
03fF—_ \\\
= NN
0.2/ '
£ o DA
@ 2 A
£-00 41/(' o
g\‘ —.}{.\ , J\}/}. |
S
&0 "__)(/ &
o2l S
-03f i
2l : N2
2

04—
?),0 01 02 030400 01 02 03 0400 01 0O
X = B,cos(y+30°)

FIG. 18. (Color online) TRS calculations for the ground-state
configurations of (left) '*W with 8, = 0.178 and y = 1.3°, (middle)
190W with B, =0.158 and y = —120.0°, and (right) '>W with
B> =0.136 and y = —24.1°. The energy contours in this figure are
separated by 200 keV.

Ref. [17] is used to extract the y value as follows:

EQ2))  [1+X]
EQ)) [1-XT

X=,1- gsinz(By). 3)

Therefore, when X =1 (i.e,, for y =0°), the energy
ratio E(25)/E(2]) — oo, whereas for X = 1/3, y = 30°.For
190W the ratio of E(Z;)/E(ZT) is equal to 2.19, leading to a
value of y =~ 27°. Figure 16 shows the y values extracted for
the even-even Hf — Hg isotopes with N = 104 — 120 using
Egs. (2) and (3). The maximum y -value appears to be reached
at N = 116 for W, Os, and Hg.

A second quantity used to infer prolate-oblate shape-
transition regions is the energy difference between the E(27)
and E(4") levels [58]. According to Kumar [60], a negative
value of E(2)) — E(4") (i.e., the second 2+ state lying lower
in energy than the yrast 4% state) is a good indicator of a
region of prolate-oblate phase transition. Figure 17 shows this
energy difference versus the neutron number for the region
of interest. These systematics display similar characteristics
to the E(27)/E(2]) systematics shown in Fig. 15. The
neutron number N = 116 again appears to be associated with
maximum y softness for the low-lying states in the Os, Hg,
and possibly W isotopic chains.

In their recent theoretical studies of this region using a
Skyrme Hartree-Fock plus BCS pairing approach, Sarriguren
et al. [7,61] predicted that '°W lies on the near-critical point

2

where
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between prolate and oblate shapes in this region, with a
prediction of a very shallow triaxial minimum for the ground-
state shape with a predicted y = 25°. These authors also point
out that neutron number N = 116 appears to be a “saddle
point” for the the Yb, Hf, W, and Os isotopes with respect
to maximum y softness at the transition between axially
symmetric prolate and oblate ground states for N < 114 and
N > 118, respectively.

Total Routhian surface (TRS) calculations using the pre-
scription described in Ref. [62] for the ground-state configura-
tions of 188:190.192\ have been performed as shown in Fig. 18.
The calculations predict an evolution from a prolate (albeit)
y-soft potential in '8¥W to a very y-soft potential for "W
and '22W. Indeed, the very flat energy change associated with
the y degree of freedom for 8, ~ 0.15 can be linked to a clear
predicted region of prolate/oblate shape coexistence associated
with an O(6)-like potential.

V. CONCLUSIONS

The low-lying states of '8¥W, 1%0W, and W have been
investigated following the 8~ decay of their tantalum mother
nuclei populated in relativistic projectile fragmentation reac-
tions. The results support the previously reported assignments
for the first 2% and 47 states in "W and provide candidates
for decays from the second 27" state in this nucleus and the
first 27 state in '°2W. The results are consistent with the
fact that N = 116 represents a maximum value of y softness
in this region at the intersection between prolate and oblate
deformations for lighter and heavier isotopes, respectively.
A direct link between the emergence of a localized proton
subshell closure at Z < 74 for N > 116 and the apparent
maximum values of y softness around N ~ 116 is not clear at
the present time.
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