Lifetime measurements of excited states in '*W and '**W
and the evolution of collectivity in rare earth nuclei
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Lifetimes of the first excited 2" states in the extremely neutron-deficient 152 an

d '%*W nuclei

have been measured using the recoil distance Doppler shift technique. Experimental B(E2) data
for the isotopic chains of hafnium, tungsten and osmium, from the mid-shell region near the beta-
stability line towards the N = 82 closed shell and the most neutron-deficient nuclides, are compared
with predictions of nuclear deformations and 2 — 0; reduced transition strengths from different
classes of state-of-the-art theoretical model calculations. The results reveal striking differences and
deficiencies in the predictive power of current nuclear structure models.

I. INTRODUCTION

Two properties of the first excited 27 state in atomic
nuclei with even numbers of neutrons and protons; the
excitation energy and lifetime (a measure of the elec-
tric quadrupole transition strength to the ground state),
are fundamental observables in nuclear structure physics.
These quantities are often used as a measure of the nu-
clear ground-state deformation and the degree of collec-
tive strength at low excitation energies. Both are impor-
tant benchmarks for nuclear models. In particular the re-
duced electric quadrupole transition probability, B(E2),
directly probes the wave functions of the lowest-lying ex-
cited states and the ground state.

In general, several nucleons or more away from the
“magic” neutron and proton numbers (which reflect ma-
jor gaps in the energy level spectrum), an emergence of
“collectivity”, is observed. This signals that the wave
function spreads to multiple coherent particle-hole com-
ponents that open, e.g., vibrational or rotational degrees
of freedom and is normally associated with a lowering of
the first excited 21+ state energy accompanied by an in-
crease in the 2] — Ogs reduced transition strength. A
gradual evolution of such B(E2:2" — 0™) values is then
naively expected along an isotopic chain: from spheri-
cal systems near closed shells where the B(E2) strength

is at a minimum and governed by the individual single-
particle degrees of freedom, via quadrupole surface vibra-
tions around spherical symmetry, to the gradual devel-
opment of deformation towards well developed axially-
symmetric shapes with their associated rotational exci-
tations and maximal B(E2) values when the Fermi level
is in the middle between major shell gaps. Raman et
al. [1, 2] and earlier Grodzins [3] investigated the global
distributions of experimental B(E2:2% — 07) values and
proposed well-known empirical formulae relating the life-
times of the first excited 27 states in even-even nuclei to
their excitation energies. Such global fits describe rea-
sonably well the general trends across the Segré chart
albeit with large individual variations, presumably due
to detailed nuclear structure effects which must be con-
sidered using “microscopic” models. Raman et al. also
investigated the predictive power of a selection of nuclear
structure models available around the year 2000 [2].

It has since then been noticed that the B(E2) values
in the rare earth nuclei around the neutron mid-shell ex-
hibit a saturating behavior as a function of the neutron
number, and it was discussed using a phenomenologi-
cal approach within the interacting boson approximation
(IBA) framework [4]. This saturation effect has been
confirmed by recent measurements on the B(E2) values
of neutron-deficient Hf and W isotopes [5].



We here present new lifetime measurements that ex-
tend the B(E2:2" — 07) systematics in the W isotopic
chain to the extremely neutron-deficient isotopes 162y
and %W and compare the available data for the neutron-
deficient region (88 < N < 104) of the Hf, W, and Os
isotopic chains with the predictions from current state-
of-the art nuclear structure theories.

II. EXPERIMENTAL DETAILS

Excited states in highly neutron-deficient species of
primarily the tantalum, tungsten, rhenium, and osmium
isotopic chains were pospulated in fusion-evaporation re-
actions induced by a "Kr beam at 380 MeV bombard-
ing energy impinging on a thin, self-supporting, isotopi-
cally enriched 92Mo metallic target foil. The beam was
produced by the K-130 cyclotron at the University of
Jyviskyld (JYFL), Finland. The '*W and "W nu-
clides studied in this work were produced in the (“*Kr,2a)
and (78Kr,a2p) reaction channels, respectively. The ex-
perimental setup consisted of the Jurogam II high-purity
germanium detector array [6, 7] coupled to the RITU gas-
filled recoil separator [8] and the Differential Plunger for
Unbound Nuclear States (DPUNS) [9]. The DPUNS de-
vice was equipped with an isotopically enriched 92 Mo tar-
get foil of areal density 0.6 mg/cm® and a 1 mg/cm® thick
Mg degrader foil which decreased the average velocity of
the recoiling fusion residues by approximately 20%. The
RITU separator was used to discriminate the beam parti-
cles from recoils by measuring both the energy deposited
in the multiwire proportional counter (MWPC) and the
time-of-flight of recoils measured between the MWPC gas
detector and the two double-sided silicon strip detectors
(DSSSD) of the focal plane detector system GREAT [10],
in which the fusion residues were implanted. The prompt
gamma rays emitted in delayed coincidence with the re-
coiling fusion products were measured with Jurogam II,
which consisted of 15 Phase-I type and 24 segmented
clover detectors from the former Euroball detector ar-
ray [11] arranged in four rings, resulting in a photo-peak
efficiency of ~6% at 1.3 MeV ~-ray energy. Nine different
target-to-degrader distances, ranging from 5 pm to 8000
pm, were used for the lifetime analysis.

IIT. METHOD AND ANALYSIS

The lifetime analysis was performed following the
principles of the recoil distance Doppler shift (RDDS)
technique [12-14] and the differential decay curve
method [15]. The data were analyzed for each target-
to-degrader distance using the GRAIN software pack-
age [16]. Two different approaches have been considered
depending on the statistics that could be obtained for the
analysis. In the case of 164w a v-v coincidence analysis
could be performed by considering recoil-gated asymmet-

ric £ -FE.-matrices in which all detectors were considered
for the energy cuts (on the X axis) while only the 10 ta-
pered coaxial detectors from the ring located at 133.6°
with respect to the beam direction were considered when
producing the spectra of interest (cuts projected onto the
Y axis). The lifetime of the first excited 27 state has been
extracted using the following equation:
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where we are considering a v-ray cascade from I, —

I3 i ly i> I, and I; represents the different levels
being I, the level of interest in this particular case, C,
stands for the gating transition while B, and A, stand
for the feeding and depopulating transitions, respectively.
{C5°, B{*} and {Cj°, A{°} are the intensities of ~-rays
emitted after the degrader from the B, and A, transi-
tions, respectively, where a gate on both components of
the C transition (before and after the degrader foil) is
performed while {C5°, Af} corresponds to the intensitity
of y-rays emitted before the degrader from the A, transi-
{Cq . AG }
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taken between the intensity of the depopulating and feed-
ing transitions in the gated spectra, respectively, while
4LCqe, Af} is the slope of the intensity as a function of
distance (deduced using the code APATHIE [17]) of the
y-rays emitted before the degrader from the A, transi-
tion in the same conditions. The recoil velocity directly
after the target was determined to be v = 0.0441(5)c.
The intensities of y-ray transitions and v —~ coincidences
were deduced using the RADWARE data analysis pack-
age [18] taking into account detector efficiency and the
internal conversion process, here taken from the Brlcc
database [19].

For the nucleus '**W the low production cross sec-
tion and the resulting low statistics did not allow use of
the v-v coincidence techniqzue. However, due to the rel-
atively short half-life of '®*W, 990(30) ms [20] and its
large a-decay branching ratio of approximately 45% [21],
the analysis could be performed using singles spectra of
~v-ray energies in delayed coincidence with characteris-
tic a-decay energies detected in the DSSSD detectors at
the focal plane of the RITU mass separator, i.e. by ap-
plying the recoil-decay tagging (RDT) method [22-24].
In this way, clean selection of the ~-rays belonging to
192\ could be obtained [20]. However, when using one-
dimensional v-ray spectra the excited-state lifetime mea-
surement relies on the capability to determine the de-
tailed feeding pattern. In this particular case, as was
pointed out in [20, 25], there is no observed side-feeding
to the first excited 27 state in '®*W. Therefore, it was
sufficient to consider only the feeding 47 — 2 and de-
populating 27 — 0" transitions for its lifetime determi-
nation, see e.g. Ref. [26]. The lifetime value obtained for
three target-to-degrader distances in the region of sensi-
tivity remained constant within statistical uncertainties,

tion when the same gate is applied. The ratio is



confirming the validity of the method employed. Typical
spectra and normalized decay intensities used in the life-
time determination for the first excited 27 state in ***W
are shown in Fig 1 a) and b), respectively. Lifetime val-
ues of 7 = 27 £ 11 ps and 7 = 26 + 17 ps have been
deduced for the 27 — O;rs transitions in "**W and 164VV,
respectively. The results are summarized in Table I.
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FIG. 1. (Color online) a) Alpha-tagged background-

subtracted spectra used for the lifetime determination in 162yy
for three different target-to-degrader distances. b) Normal-
ized intensitity as a function of target-to-degrader distance
of ~-rays from the 27 — O;FS transition in '®*W emitted be-
fore (red symbols) and after (blue symbols) the degrader foil.
Inset: lifetime of the 27 state evaluated for three target-to-
degrader distances in the region-of-sensitivity along with the
weighted mean of 27 ps (solid blue line) and its uncertainty
=+ 11 ps (dashed black lines).

IV. DISCUSSION

A region of well-deformed quantum rotors is found
in mass A=x170 rare earth nuclei, where typical fSa-
deformation values are about 0.2-0.3 (corresponding to
ellipsoidal shapes with major/minor axis ratios of ap-
proximately 4:3). This translates into relatively large
B(E2) values, up to several hundred Weisskopf units, due

TABLE L. Energy of the 27 — 07 transitions (E,), lifetime
value (1) for the 21 state and experimental value deduced for

the reduced transition probability (B(E2 |),,) for 152 and

164 .
W measured in the present work.

Nucleus|E,, (keV) |7 (ps) | B(E2 ])eqp (W)
02w 449 |27(11) 31(13)
1oty 332 |26(17) 150(100)

to the simple geometrical relationship between 35 defor-
mation and B(E2) strength [27]. In order to illustrate the
evolution of collectivity in the W isotopes, 2] excitation
energies and B(E2:27 — 07) values for neutron num-
bers ranging from N=88 to N=104 are shown in Fig. 2
(top and bottom panel, respectively). The experimental
21 state excitation energies exhibit a smooth decrease as
the neutron number approaches the neutron mid-shell at
N=104. The experimental reduced transition probabili-
ties follow qualitatively the expected, opposite, decreas-
ing trend when approaching the N=82 closed shell from
the neutron midshell at N=104 but exhibit a more com-
plex variation as a function of neutron number than that
of E(27), reflecting their higher sensitivity to details in
the wave function.

In order to investigate the structure of the lightest
tungsten isotopes as reflected by our lifetime data on
%2W and '®*W and the evolution of quadrupole collec-
tivity towards stability, we have performed systematic
calculations of their ground state deformations within
the macroscopic- microscopic (mac-mic) framework us-
ing empirical mean-field potentials as well as within
the self-consistent energy density functional mean-field
framework. The mac-mic calculations are done using
the Potential Energy Surface (PES) approach with the
universal Woods-Saxon single-particle potential [28] and
two other parameter sets from Refs. [29, 30] (Woods-
Saxon). See also the global systematic study of Woods-
Saxon calculations performed in Ref. [31]. We note that
Cranked PES calculations for several W isotopes have
been performed previously and used to assign the band
configurations [20, 25]. We have compared our results
with those obtained from the finite-range droplet model
(FRDM) calculations reported in Ref [32]. We have also
performed Skyrme Hartree-Fock-Bogoliubov calculations
with the Sly4 [33] and UNEDFO0-2 [34-36] parameters in
the transformed Harmonic oscillator basis using the code
HFBTHO [37]. In addition, we have carried out relativis-
tic mean field calculations using the code developed by
Niksic et al. [38] with the DD-ME2 parameter set [39].
Furthermore, we have compared our results with the re-
sults of four large systematic theoretical studies available
in the literature based on the HFB24 mass model [40],
the deformed quasiparticle random-phase approximation
(dQRPA) [41], the Coherent State Model (CSM) [42],
and Hartree-Fock-Bogoliubov “beyond mean field” calcu-



lations using the generator coordinate method based on
the Gogny D1S interaction (HFBD1S-BMF) [43]. The
theoretically predicted energies, E(27), from the CSM
and HFBD1S-BMF calculations are also shown in the top
panel of Fig. 2. The dQRPA, CSM, and HFBD1S-BMF
compilations include direct calculations of E2 transition
strengths for the first excited 27 states in a large num-
ber of even-even nuclei. The dQRPA calculation was per-
formed using the experimental E(2{) energy as input and
effective charges e, = (1+ ), e, = x, where the effective
polarization parameter, Y, is taken to be x = 0.25 [44] in
this work while x = 0.20 was used in Ref. [41].

Note, that when the relevant quantity available from
the theoretical models is the quadrupole deformation pa-
rameter (B,) and not the B(E2) value a direct com-
parison with the experimental data can not be per-
formed. With the exception of the dQRPA, CSM, and
HFBD1S-BMF calculations, which include direct predic-
tions of B(E2:2" — 07) values, we have therefore es-
timated the “theoretical” B(E2) values from the calcu-
lated quadrupole deformation in the usual way within
the framework of the collective model [2, 27]. The ex-
perimental B(E2:2" — 07) values are compared with
values derived from the theoretical calculations in Fig. 2
(bottom panel). B(E2) values obtained using the Raman-
Grodzins empirical formula (Raman) [2] are also included
for comparison.

The experimental uncertainty in the B(E2) value for
Y54 is too large to enable a stringent test of the theoret-
ical predictions. For "*W, only the Raman empirical fit
is close to the experimental value. In general, strikingly
large deviations between the calculations and the experi-
mental data are seen. The theoretical calculations mostly
overshoot the experimental values and tend to show the
same bell-type of variation as a function of neutron num-
ber (N), with a maximum at the neutron mid-shell (as
expected). An exception is the phenomenological CSM
calculations which produce a rather flat dependence of
B(E2) as a function of N. None of the model calculations
seems able to reproduce the more subtle variations in the
experimental values. The best overall agreement is pro-
duced by the CSM, dQRPA, and HFBD1S-BMF calcula-
tions, followed by the Woods-Saxon and FRDM mac-mic
potential models. Note, however, that while the phe-
nomenological CSM model and the dQRPA model use
effective charges which are adjusted to match the exper-
imental data the HFBD1S-BMF calculation takes a self-
consistent approach. The Raman empirical parametriza-
tion produces, as expected, a fair agreement on average
but also fails to reproduce the variations in the experi-
mental data as a function of neutron number.

The structure of the neutron-deficient isotopes consid-
ered is mostly driven by the interplay between protons
located in the hy; /5 orbital and neutrons in hg/, and f7 /5
orbitals. In Ref. [4] the saturating behavior of the B(E2)
values around mid-shell is discussed in terms of reduced
neutron-proton correlations. Comparing the occupation
of single-particle levels and wave functions derived from

the nuclear structure models studied in this work it is
noticed that the calculated ground-state deformation of
those nuclei can also be sensitive to the proton hg/, in-
truder states and the neutron i3/, orbitals. A larger de-
formation is expected from the calculations when those
orbitals come down in energy. Hence, the large varia-
tions in the different model predictions may be related
to differences in the occupation of certain single-particle
levels.

In order to investigate whether the large theoretical un-
certainties in the predictions of B(E2; 27 — 07) values
are a peculiarity of the W isotopic chain we extended the
study to include also the surrounding Hf and Os isotopic
chains. The results are shown in Fig. 3, indicating that
the deficiencies found in the predictive power of the the-
oretical models investigated in this work is not isolated
to the W isotopic chain, but is a more general feature.

The results based on the Skyrme density functional [33,
36, 40] and relativistic mean field [38] theory show espe-
cially poor agreement with experiment. This could be
due to the indirect comparison made with the experi-
mental data based on the calculated quadrupole defor-
mation. However, the mac-mic potential models, which
are treated in the same way, give an overall much bet-
ter agreement. We note that Kortelainen et al., in their
study of global nuclear properties and shell structure [36],
conclude that the standard Skyrme energy density has
reached its limits, and significant changes to the form of
the functional are needed.

V. SUMMARY

The lifetimes of the first excited 27 states in the ex-
tremely neutron-deficient nuclei 192W and "W have
been measured using the recoil distance Doppler shift
technique. The evolution of collectivit%f in the neutron-
deficient W isotopes from Y92W and '*W with N=88
and N=90 to the neutron midshell at N=104, in terms
of the reduced E2 transition strength, has been investi-
gated. We have compared the experimental data with the
predictions of ground state nuclear deformations and E2
transition strengths (when available) from various state-
of-the-art theoretical models. In general, large deviations
from the experimental data and even larger variations
between the model predictions are found, accentuating
the importance of electromagnetic transition strengths
as a crucial probe for decisive tests of nuclear theory.
Among the theoretical models investigated the Hartree-
Fock-Bogoliubov “beyond mean field” calculation using
the generator coordinate method based on the Gogny
D1S interaction [43] stands out. It provides good pre-
dictions for 2] excitation energies and the overall best
predictions for the B(E2:2" — 07) reduced transition
strength. However, none of the models tested was able to
reproduce the experimental variation of B(E2) strength
as a function of neutron number. An extension of the
study to the Hf and Os isotopic chains revealed simi-
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FIG. 2. (Color online) Top panel: Evolution of 21 energies for W isotopes as a function of neutron number, N. Experimental data
are compared with the HFBD1S calculations with beyond mean field (BMF) corrections from Ref. [43] and phenomenological
CSM calculations from Ref. [42]. Bottom panel: Reduced transition probabilites (in W.u.) for W isotopes (bottom panel). The
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experimental B(E2) values for "W an

W have been measured in the present work, '**W has been taken from [45] and

the rest of the data comes from [5] and references therein. The results of different theoretical model calculations (see text for
details) are shown as symbols connected by dashed lines. B(E2) values obtained using the Raman-Grodzins empirical formula

(Raman) [2] are also shown for comparison.

lar results, indicating that currently available models fail
to quantitatively and qualitatively describe the collective
behaviour of these deformed rare earth isotopes.
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