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Lifetime measurements in the tungsten isotopes 176,178,180W
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Lifetimes of yrast states in the rare-earth midshell isotopes 176,178,180W have been measured with fast-timing
methods using the Cologne iron-free Orange spectrometer and the Cologne HORUS spectrometer and with the
recoil distance Doppler shift method using the Cologne coincidence plunger setup. Different fusion evaporation
reactions have been used to populated excited states in the investigated nuclei. Lifetimes of the 2+

1 , 4+
1 , 6+

1 ,
and 8+

1 yrast states were measured in all three tungsten isotopes and in addition the lifetime of the 10+
1 state

was measured in 176W. Quadrupole deformation parameters, reduced transition probabilities, and B4/2 ratios
are extracted and discussed in the context of interacting boson model 1 calculations. The results with newly
determined signatures largely confirm the investigated tungsten isotopes to be deformed prolate rotors.
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I. INTRODUCTION

The rare-earth midshell mass region around A = 178 is
characterized by a rich abundance of transitional nuclear
structure phenomena [1–3]. This is caused by a competition
between the microscopic nature of underlying single-particle
structures and collective shape degrees of freedom [4]. The
former dominates towards the proton shell closure (Z = 82)
and the latter is particularly pronounced with increasing va-
lence nucleons or holes. The tungsten isotopes (Z = 74)
around the neutron midshell (N = 104) lie at the edge of the
strongly collective quadrupole deformed mass region around
170Dy [5]. Therefore, the measurement of the collective sig-
natures of the even-even tungsten isotopes around the neutron
midshell makes a decisive contribution to the delimitation of
this transition region itself.

It was suggested that the investigated nuclei lie close to the
X(5) critical point symmetry region [6] with a shape phase
transition from spherical shapes to axially symmetric prolate
shapes around 178Os [7–9]. This assumption could not be
confirmed due to the unclear or incomplete data situation [9].
Moreover, nuclear collectivity and shape transition in rotorlike
regions are usually described in terms of, e.g., the excitation
energy of the first excited 2+

1 state as well as its ratio to the first
excited 4+

1 state, called R4/2, or the transition strength of the
2+

1 → 0+
1 ground state transition and its ratio to the transition

strength of the 4+
1 → 2+

1 transition, called B4/2 [10]. The
B4/2 ratio is an indication for the γ softness of the potential
[11–13] and can also be used as a signature for shape phase
transitions [6,14]. For deformed nuclei the ratio can show
deviations from the Alaga rule value of 10/7. Therefore, the
measurement of the tungsten isotopes 176,178,180W, with regard
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to the transition strengths of the low-spin yrast states, forms
an interesting contribution to the understanding of the nuclear
structure transitions in this region.

The low excitation energies of the 2+
1 states, as well as

the R4/2 ratios, show a clear tendency towards axially sym-
metric rotor properties [10,15–17]. Therefore, the question
arises whether this tendency is confirmed by the evolution
of the B4/2 ratio and pronounced transition strengths of the
low-spin yrast states. Consequently, the characterization of the
midshell surrounding tungsten isotopes with special regard
to the transition strengths of the low-spin yrast states and
the B4/2 ratios is an interesting prospect, especially since the
data are incomplete [18]. In particular, for 176,180W the B4/2

ratio is unknown. The B(E2; 2+
1 → 0+

1 ) values are already
known for all isotopes. For 178W, the B(E2; 4+

1 → 2+
1 ) and an

upper limit for the B(E2; 6+
1 → 4+

1 ) were published recently
[19]. B(E2; I → I − 2) values of higher-lying yrast states are
completely unknown so far.

To fill these gaps, lifetime measurements of yrast states
were carried out for the isotopes 176,178,180W. The new life-
times allow to obtain B(E2) values for the low-spin yrast
states of the given nuclei. Lifetimes of the low-spin yrast
states in the investigated tungsten isotopes were measured
using fast-timing methods. Additionally, lifetimes of the 6+

1 ,
8+

1 , and 10+
1 states in 176W were measured with the Cologne

coincidence plunger using the differential decay curve method
(DDCM) [20]. The fast-timing experiments for the lifetime
measurement of 178,180W were performed using the Cologne
iron-free Orange conversion electron spectrometer. The ex-
periment for 176W was performed using the Cologne HORUS
cube spectrometer, equipped with LaBr3(Ce) fast-timing scin-
tillators (LaBr) and high-resolution high-purity germanium
(HPGe) detectors. Not all nuclides were measured by the
plunger method because this method requires high recoil ve-
locities of the reaction product nuclei to allow the necessary
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Doppler shifts of the γ lines. These were sufficiently given
only in the reaction for 176W, and even that only at γ energies
above 300 keV.

The excitation energies of the 2+
1 states lie barely higher

than 100 keV. Hence, the γ -ray emission is highly dominated
by the internal conversion process and the emission of con-
version electrons (ce) [21]. A suitable instrument to measure
conversion electrons is an iron-free Orange spectrometer [22].
An Orange spectrometer consists of specially shaped copper
coils to induce a magnetic field through a circulating current.
Based on the applied current, electrons with a specific mo-
mentum can be selected and deflected into the narrow detector
entrance window [23]. The high selectivity of the Orange
spectrometer allows for a precise electron gate, specifying the
cascade of interest. This allows for accurate e−-γ and electron
tagged γ -γ fast timing (e−-γ -γ ) to access lifetimes in the
subnanosecond regime [18,24].

The experimental details with a special emphasis on the
Orange spectrometer in combination with LaBr3(Ce) fast-
timing scintillators for e−-γ -γ and e−-γ fast timing as well
as the recoil distance Doppler-shift method are summarized
in Sec. II. The experimental results are presented in Sec. III.
The analysis of the data and the presentation of the results are
followed by theoretical calculations in the framework of the
interacting boson model [25] in order to be able to classify
the results in a well-known context. Here, the interacting
boson model 1 (IBM-1), where no distinction between protons
and neutrons is made, was chosen as a successful model in
collective regions [10].

II. EXPERIMENTAL DETAILS

All experiments were conducted at the 10 MV FN Tandem
accelerator of the Institut für Kernphysik (IKP) in Cologne.
Excited states in 176,178,180W were populated via different
fusion-evaporation reactions: 164Dy(16O, 4n) 176W at beam
energy of 80 MeV, 172Yb(9Be, 3n) 178W at beam energy of
40 MeV, and 181Ta(1H, 2n) 180W at beam energy of 16 MeV.

For the populating reactions the self-supporting targets
164Dy, 7 mg/cm2 (in HORUS) and 0.9 mg/cm2 (in plunger),
172Yb, 1 mg/cm2, and 181Ta, 0.5 mg/cm2, were used.
The lifetimes were measured using the fast-timing tech-
nique in combination with the generalized centroid difference
(GCD) method [26] as well as the recoil distance Doppler-
shift (RDDS) method [27]. The reaction 164Dy(16O, 4n) 176W
was used both for the fast-timing experiment at the HO-
RUS spectrometer and for the RDDS measurement at the
Cologne coincidence plunger setup. The 172Yb(9Be, 3n) 178W
and 181Ta(1H, 2n) 180W experiments were performed at the
Cologne Orange spectrometer setup.

A. Experiments with the IKP iron-free Orange spectrometer

The experiments to measure lifetimes in 178,180W were
performed at the Orange spectrometer [22] of the IKP using
e−-γ and e−-γ -γ timing with LaBr3(Ce) scintillators. Life-
times of the 2+

1 , 4+
1 , and 6+

1 states and an upper limit for the
lifetime of the 8+

1 state were determined for both isotopes.
The conversion electron spectroscopy using the iron-free Or-

FIG. 1. (a) The elements of the Orange spectrometer, shown in a
section through an (r, z) plane [30]. (b) Schematic three-dimensional
model of the Orange spectrometer. The copper coils are drawn in
orange. The magnetic field is indicated by the green circular arrows
inside the coil volume. The circular electron shields are shown by
the transparent light gray forms. The dark gray cone represents the
γ -ray shield to shield the electron detector from unwanted γ rays.
Possible flight trajectories of detected electrons are displayed by the
black dotted curves. The symmetry axis (z) is displayed in black and
the beam axis (r) in red.

ange spectrometer is a well-established method at the IKP
[22,24,28,29]. The operating hardware as well as the control-
ling software was revised in 2018–2019 and, consequently, the
two experiments performed in this work were also used as a
commissioning of the new system.

The basic idea of an Orange spectrometer is the deflection
of charged particles (i.e., conversion electrons) by a toroidal
magnetic field generated by a current I circulating through
specially shaped copper coils (see Fig. 1) yielding [23,31]

B = μ0
NI

2πr
. (1)

Here, μ0 is the magnetic permeability, r the distance to the
axis of symmetry, and N the number of windings. A schematic
sketch of the system is presented in Fig. 1(a). The electrons
are emitted from the target in a straight line towards the
Orange coils and are deflected in the magnetic field towards
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a plastic scintillation counter of type NE102 [22]. Based on
the assumption that the electron source (target) is pointlike, it
is assumed that the electrons with a selected momentum that
enter the magnetic field move in the (r, z) plane of a winding,
as displayed in Fig. 1(a). Electrons that do not fulfill the
momentum condition do not reach the detector. An electron
with velocity v is forced on a cycloid trajectory with rotation
radius ρB which can be obtained from the radius of curvature
ρ for homogeneous magnetic fields [31]:

m
v2

ρ
= evB. (2)

B is calculated according to Eq. (1) and m = m0√
1−( v

c )2
is the

relativistic mass of an electron. It follows that [23]

eBρ = p = ρ

r

μ0N

2π
I, (3)

where ρ/r is a constant of the specific spectrometer depending
on the shape of the coils. The electron momentum p can be
expressed by the rigidity Bρ due to the proportionality of the
electron momentum and the magnetic field strength or the coil
current. By varying the coil current and the magnetic field,
respectively, the energy of the electrons to be deflected into
the plastic scintillator can be selected. By substituting Eq. (3)
into the total relativistic energy

Etot =
√

(m0c2)2 + p2c2 = Ee− + m0c2,

one obtains the relationship between the electron energy and
the magnetic rigidity Bρ:

Ee− =
√

(m0c2)2 + e2c2(Bρ)2 − m0c2. (4)

The energy spectra of the scintillator counter of the Orange
spectrometer are usually contaminated by an exponentially
decreasing δ-electron background, which is unavoidable in
in-beam ion reaction experiments [32], as displayed in Fig. 2.
The energy transfer through inelastic Coulomb scattering is
sufficient to ionize the colliding target atoms and projectile
ions. Thus, excited electrons are emitted as δ electrons in
a cone opening in the beam direction. The δ-electron back-
ground increases with the target thickness and the energy and
charge number of the projectile.

Electron shields consisting of aluminum are attached to the
inside of the spectrometer, blocking the straight path between
the target and the scintillator. The Orange spectrometer at the
IKP Cologne has a spatial opening angle of 50◦ [22]. This
corresponds to a solid angle coverage of approximately 15–
20 % of 4π depending on the opening width of the ring slot
of the scintillator counter. In combination with the efficiency
of larger than 95% of the plastic scintillator for electrons with
energies more than 15 keV, this leads to an electron detection
efficiency of up to 20%.

In the present experiments, electron events were used
as timing signals for e−-γ timing and as trigger signal for
e−-γ -γ timing. In a first step, the Orange spectrometer is used
to scan the electron spectrum and adjust the applied current
according to the energy of the conversion electrons (ce). The
electron counts were normalized to the beam current. Figure 2
shows scans of the electron spectra for 178W and 180W

FIG. 2. Conversion electron momentum scans of 178,180W be-
tween 125 and 325 A corresponding to an electron residual energy
range of 60 to 310 keV. The scan is performed in steps of 0.3 A
with 10-s measurements and the electron counts were normalized
to the beam current. The L and M peaks of the 2+

1 → 0+
1 transition

and the K, L, and M peaks of the 4+
1 → 2+

1 of (a) the 178W reaction
and (b) the 180W reaction are marked. The peaks at 137 and 144 A,
marked with asterisks in (a), are the L and M peaks of the 2+

1 → 0+
1

transition in 172Yb from the Coulomb excitation of the target.

between 125 and 325 A corresponding to an electron residual
energy of 60 to 310 keV. The K conversion electron lines of
the 2+ → 0+ transitions with 105.9 keV for 178W and 103.6
keV for 180W are buried in the strong δ-electron background.
Therefore, the L-peaks of these transitions were used for the
timing analysis. The Orange spectrometer was equipped with
eight 1.5′′ × 1.5′′ LaBr3(Ce) scintillation detectors (hereafter
LaBr) and one high-purity germanium detector (hereafter
HPGe) for monitoring purposes. Four of the LaBr detectors
were surrounded by bismuth germanate (BGO) scintillators,
which are used as an active shield to suppress background
from Compton scattering. The LaBr detectors without BGO
shields were excluded in the analysis due to high scattering.
Effectively, this leads to a further reduction of Compton
background in the shielded detectors. The dynode outputs of
the LaBr detectors deliver the energy information according
to the pulse height. The anode outputs of the LaBr detectors
are connected to a constant fraction discriminator (CFD).
The timing signals are combined into multiplexed start-stop
groups according to Ref. [33] and fed into time-to-amplitude
(TAC) converters. The TAC and dynode output signals are
connected to a digitizer module [34]. In Figs. 3(b) and 3(c),
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FIG. 3. LaBr spectra and HPGe spectra in coincidence with the
2+

1 → 0+
1 transition (observed with HPGe detectors in HORUS in

176W and with the Orange spectrometer in 178,180W) for (a) 176W, (b)
178W, and (c) 180W (c). In (a) and (b) the yrast cascade γ -ray lines are
marked. In (c) the yrast γ -ray lines as well as some of the Kπ = 2−

band γ -ray lines and the 8−
1 → 8+

1 transition from the Kπ = 8− band
to the ground state band are marked. The small overlay box shows the
902.8 keV γ ray of the 2−

1 → 2+
1 transition from the Kπ = 2− band

to the ground state band.

the measured LaBr and HPGe spectra for 178,180W are shown,
where the current of the Orange spectrometer was set to
163.5 A (105.9 keV) and 161.5 A (103.6 keV), respectively. A
partial level scheme for all three investigated tungsten isotopes
in each experiment is shown in Fig. 4. In 176,178W, the yrast
cascade up to the 10+ state was detected with enough statistics
for the fast-timing analysis. In 180W, the 10+

1 state was
not populated, but negative parity states from the Kπ = 2−
octupole rotational band up to the 7−

1 state band were observed
[35] as well as the 8−

1 state of the Kπ = 8− band [36].

B. The HORUS cube spectrometer

The experiment to measure the lifetimes in 176W using fast
timing was conducted at the HORUS cube spectrometer of the
IKP Cologne [37]. The spectrometer was equipped with eight
HPGe detectors and 10 LaBr fast-timing scintillators. The

FIG. 4. Relevant level schemes of 176,178,180W. All transitions
depicted with solid lines were used for the lifetime analysis in this
work, and are labeled with their respective transition energy. The
level and transition energies were adopted from the Nuclear Data
Sheets [15–17].

crystals of the LaBr detectors were of two different shapes.
Eight 1.5 × 1.5 in.2 cylindrical crystals and two smaller cone-
shaped crystals were used. Six of the LaBr detectors with
cylindrical crystals were surrounded by active BGO shields.
A schematic drawing of the geometry of this setup is depicted
in Fig. 5. This configuration has already been used for several

FIG. 5. Schematic drawing of the HORUS setup. The red tubes
are the BGO Compton shields, the blue cylinders are the HPGe
detectors. The yellow shapes are the LaBr fast-timing scintillators
attached to their photo-multiplier tubes, depicted in gray. The beam
direction is depicted by a green arrow.
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successful fast-timing experiments and its fast-timing capabil-
ities are well tested [38–41].

C. The IKP plunger experiment

Lifetimes of excited states with Jπ > 2+ in 176W were also
measured using the IKP Cologne coincidence plunger setup
[9]. The plunger setup was equipped with five HPGe detectors
with relative efficiencies between 55% and 80% under a back-
ward angle of 143◦ relative to the beam axis and one sevenfold
Euroball cluster detector [42] mounted under 0◦ resulting in a
ring of six cluster segments under 34◦ plus the central segment
under 0◦. The applied target-to-stopper distances were 2, 4,
6, 9, 13, 25, 35, 50, 70, 100, 150, 190, 300, 500, 700, 1000,
and 1500 μm with respect to electrical contact of the foils.
The velocity of the 176W recoil nuclei was determined to be
v/c = 0.70(1)% using the shifted and unshifted components
of the observed yrast cascade transitions from the 12+

1 down to
the 2+

1 state in 176W. The DDCM [20] was used to determine
the lifetimes of the 4+, 6+, 8+, and 10+ excited yrast states.
To minimize feeding contributions from states above as well
as unobserved feeders, a gate on the shifted component, that
feeds the state of interest, was applied.

III. LIFETIME ANALYSIS AND RESULTS

A. Fast-timing analysis

The fast-timing method relies on measuring the time differ-
ence between a feeding transition and the decaying transition
(either via conversion electron or γ rays) of the state of in-
terest. When a start signal is given by the feeder and the stop
signal by the decay, the delayed time distribution is obtained
[26,43]:

D(t ) = nλ

∫ t

−∞
PRF(t ′ − tt )e

−λ(t−t ′ )dt ′ + nr, λ = 1

τ
, (5)

where n is the number of coincidences in the time distribution,
nr is the number of background counts, and τ is the lifetime of
the state connected by the feeder-decay cascade. The delayed
time distribution D(t ) is a convolution of the prompt response
function (PRF) of the system and an exponential decay.

If the lifetime of a given state is long compared to
the full width at half maximum (FWHM) of the PRF, the
time difference spectra show an exponential decay as a
slope. The slope of the spectrum can be fitted to obtain the
lifetime of the exponential decay. If the lifetime of the state of
interest is below the resolution of the PRF, they are accessible
through the centroid difference method [26,44]. The centroid
difference method is based on measuring the centroid C of
delayed (d) and antidelayed (ad) time distribution where the
latter one is obtained by inverting start and stop signals. The
lifetime can then be determined according to [26]

τ = 1
2 (�C − PRD(Efeeder, Edecay)), (6)

where �C = Cd − Cad is the centroid difference and PRD is
the prompt response difference that describes the γ -γ zero
time response of the detector system [26]. The generalization
of Eq. (6) for N detectors is known as the generalized centroid
difference (GCD) method [44].

FIG. 6. The PRDs of (a) the Orange setup and (b) the HORUS
setup. The upper panels in (a) and (b) show the prompt response dif-
ference curve, determined with coincident γ rays from a 152Eu source
at target position. The fitted calibration functions are displayed by the
red lines. The uncertainties are displayed by the green uncertainty
bands. The zero reference is 344 keV in both cases. The residuals
of the PRD fits with uncertainties and 1σ interval, displayed by the
green lines, are depicted in the lower panels.

The final PRD curves for both setups (HORUS and Or-
ange) were calibrated using γ rays from a 152Eu source and
are fitted using the following function [44]:

PRD(Eγ ) = a√
(b − Eγ )

+ c + dEγ .

Both curves are shown in Fig. 6. The uncertainty of the PRD
is not larger than 5 ps in the energy range of interest for both
setups. Note that Eq. (6) only holds under the assumption that
no background is present. Time correlated background result-
ing from scattered coincident γ rays has to be corrected for.
The procedure is explained in Ref. [44] and was successfully
applied in Refs. [38,41,45,46]. In this analysis, the lifetimes
of the 2+

1 states in all three tungsten isotopes were determined
using the slope method while the higher-lying excited states
were measured using the GCD method.
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FIG. 7. Time distributions for the 2+
1 states in (a) 176W, (b)

178W, and (c) 180W. The fits to the exponential decay are shown
as green lines, the constant background contribution is indicated by
blue constants, and the fit with all components by red curves. The
fit ranges are indicated by vertical lines. Each panel is labeled with
the respective conversion electron and LaBr gates and resulting life-
times. The yellow centroids are the prompt response functions of the
HORUS respective Orange timing systems. The time resolution of
the LaBr-Orange timing system is around 1000 ps [22], indicated by
the widened PRF, shown in (b) and (c), compared to the LaBr-LaBr
timing system of the HORUS spectrometer with a time resolution of
about 340 ps.

In Fig. 7(a) the time spectra for the lifetime measurement
of the 2+

1 state in 176W is shown. It is generated by placing a
LaBr gate on the 2+

1 → 0+
1 (108.5 keV) transition and another

one on the 4+
1 → 2+

1 (240 keV) transition.
The lifetimes of the 2+

1 states in 178,180W were measured
with the Orange spectrometer using e−-γ coincidences. In
Fig. 7(b) the respective time spectrum for the lifetime mea-
surements in 178W, with one gate on the L1 conversion
electron of the 2+

1 → 0+
1 (106 keV) transition and a narrow

LaBr gate on the 4+
1 → 2+

1 (237 keV) transition, is shown.
The lifetime measurement of the 2+

1 state in 180W is shown in
Fig. 7(c). Here, the gates are placed on the 2−

1 → 2+
1 (903

FIG. 8. Centroid difference of the 6+
1 → 4+

1 → 2+
1 γ cascade in

178W, generated using a conversion electron gate on the 2+
1 → 0+

1

transition. Displayed are the time distributions for delayed (blue) and
antidelayed (red) gate sequence.

keV) and 2+
1 → 0+

1 (103.6 keV) transitions. Note that the
feeding transition was the 2−

1 → 2+
1 (903 keV) and not the

4+
1 → 2+

1 transition. The 903 keV transition has considerably
less uncorrelated background compared to the 234 keV feeder,
as the 234 keV peak has a contamination of the 5−

1 → 3−
1

lying in its left flank. For each time spectrum presented in
Fig. 7 the corresponding exponential fit to determine the
lifetimes is shown. The fit components are depicted by the
colored curves: background component in blue, exponential
component in green, and the combined fit in red. The final life-
times result in τ = 1422(15) ps for 176W, τ = 1631(25) ps
for 178W, and τ = 1823(25) ps for 180W. The uncertainties
correspond to the maximum deviations of the fits from the
median.

The lifetime determination using the HPGe or conversion
electron triggered γ -γ coincidence measurements is shown
as an example for the 4+

1 state in 178W. Figure 8 shows the
delayed and antidelayed time distributions with the 6+

1 →
4+

1 (351 keV) feeding and the 4+
1 → 2+

1 (237 keV) decaying
transition, where a trigger has been set on the conversion
electron of the 2+

1 decay of 105.9 keV. The centroid differ-
ence was measured to be �C = 122(7) ps. This result has
to be corrected for time correlated background underneath
the peak of the feeding and the decaying transition. The
background underneath the full-energy peak has to be interpo-
lated from centroid difference measurements around the peak
of interest according to the standard procedure discussed in
Refs. [28,44]. The LaBr and HPGe reference spectra as well as
the centroid differences in picoseconds, the background cen-
troid differences, as well as the interpolated background at the
respective peak positions for the 4+

1 state are shown in Fig. 9.
The interpolated background time response is weighted with
the peak-to-background ratio and combined with the PRD
value for the energies of the respective feeder-decay cascade;
the lifetime of the 4+

1 state, corresponding to τ = 70(5) ps,
is derived using Eq. (6). This value is consistent with the
previously reported result of τ = 65(6) ps [18].
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FIG. 9. Analysis of the 4+
1 state of 178W. In red and black, double gated HPGe and LaBr energy spectra with an Orange trigger gate on the

2+
1 → 0+

1 transition and a LaBr gate on the (a) 4+
1 → 2+

1 (237 keV), which results in an antidelayed time spectrum, and the (b) 6+
1 → 4+

1 (351
keV), which results in a delayed time spectrum. The peaks of interest are well separated from contaminating transitions. In the lower parts of
the plots, the measured centroid difference (green) and the measured background time response and corresponding interpolations (blue) are
shown.

The lifetimes of the other excited yrast states were deter-
mined in the same way with a gate from the next higher-lying
yrast state each. Since the 10+

1 state was not excited in 180W,
the lifetime of the 8+

1 state was determined using the γ

cascade from the 8−
1 state from the Kπ = 8− band. The ex-

perimental results are shown in Table I. The reduced transition
probabilities were calculated using the conversion coefficients
of the BrIcc database [47] and the transition energies from the
evaluated Nuclear Data Sheets [15–17].

B. RDDS and DDCM analysis

The lifetimes of the 4+
1 , 6+

1 , 8+
1 , and 10+

1 yrast states of
176W were also determined using the RDDS and DDCM. In

Fig. 10 gated spectra of the detectors under the 143◦ backward
angle, with respect to the beam axis, are shown for the 176W
experiment. The gated spectra, shown for different target-to-
stopper distances between 2 and 1500 μm, are generated by
applying a gate on the 12+

1 → 10+
1 (558 keV) transition. The

γ -ray energies of the yrast cascade from the 4+ up to the
10+ state are marked with two dashed lines, where the dashed
line on the left corresponds to the shifted component and the
dashed line on the right to the unshifted component. For a
distance of 1500 μm, all recoiled nuclei are in flight and all
γ rays are entirely Doppler shifted. By lowering the distance
between target and stopper an increasing amount of recoiled
nuclei are stopped before their γ decay and γ rays not influ-
enced by Doppler shifts are detected. The energetically higher

FIG. 10. Projections of the γ -γ coincidences with a gate on the flight component of the 12+
1 → 10+

1 transition in 176W are shown for
different target-to-stopper distances under backward angle. Yrast transitions of interest are marked with dashed lines, where the left lines mark
the Doppler-shifted and the right ones the unshifted components.
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TABLE I. Summary of lifetimes measured in this work and de-
rived reduced transition strengths in comparison adopted literature
values and IBM-1 calculations from this work (see Sec. IV B). In
the case of 176W, the values marked with an asterisk are resulting
from the plunger experiment from Sec. III B and the unmarked values
for 176W are derived from the HORUS fast-timing experiment. The
values printed in bold are adopted for further discussion and the
extraction of the B(E2) values in the case of 176W. For details on
the selection of the adopted values see Sec. III B.

τ (ps) B(E2; Iπ → Iπ − 2) (W.u.)

Nucleus Iπ This work Literature This work Literature IBM-1

176W 2+
1 1422(15) 1431(9)a 170(3) 166(3)a 170

4+
1 57.9(29) 258(13) 244

64.2(12)*
6+

1 10.7(30)
8.1(3)* 306(11) 270

8+
1 <8 -

3.8(5)* 213(24) 281
10+

1 2.1(4)* 190+44
−30 283

178W 2+
1 1631(25) 1642(21)b 154(3) 153(2)b 154

4+
1 70(4) 65(6)c 222+13

−12 238+24
−18

c 224
6+

1 9.8(38) <14.4c 230+134
−64 >170 254

8+
1 <6 >105 >269

180W 2+
1 1823(25) 1850(70)d 141(3) 139(6) 141

4+
1 79.4(29) 204(7.7) 208

6+
1 12(3.5) 199+82

−45 234
8+

1 <8.6 >74 >247

aReference [22].
bReference [18].
cReference [19].
dReference [17].

peaks are not entirely stopped, because the time of flight of
the recoiled nuclei tends to be longer than the lifetime of
the respective state. But even at the lowest distance of 2 μm,

both components can be observed. Note that the peaks of the
4+

1 → 2+
1 transition are not well separated. The reason is the

relatively low velocity ( v
c ≈ 0.7%) of the recoiled reaction

product of the specific fusion evaporation reaction. Due to
nearly indistinguishable shifted and unshifted components of
the 4+

1 → 2+
1 transition, as visible in Fig. 10, the lifetime

measurement using the RDDS method or DDCM does not
generate a reasonable result. The given uncertainty does only
reflect the statistical error and not the systematic error of
the poorly separated shifted and unshifted components. Thus,
the lifetime of the fast-timing experiment is used for further
discussions about the 4+

1 state. The separation of the shifted
and unshifted components of the decaying transitions of the
6+, 8+, and 10+ states is sufficient and can be used to deter-
mine lifetimes. With the applicability limit of the fast-timing
method being around 10 ps [26] the results of the plunger
method have been used for further discussions about the yrast
states with J+ > 4+. In Table I, the results of the plunger
experiment in the case of 176W are indicated by asterisks. The
results for 176W used for further discussions and the extraction
of the B(E2) values are printed in bold text in Table I.

Figure 11 shows an example of the DDCM analysis for
the lifetime determination of the 6+

1 state, gated on the flight
components of the indirect feeding 10+

1 → 8+
1 [Fig. 11(a)]

and 12+
1 → 10+

1 in forward [Fig. 11(b)] and backward angle
[Fig. 11(c)]. The lifetimes of the 6+, 8+, and 10+ states in
176W were determined according to the example shown in
Fig. 11. A summary of the determined lifetimes including gate
information and adopted values is shown in Table II.

IV. DISCUSSION

A. Systematic of B(E2) values and quadrupole deformation

Collective signatures in atomic nuclei can be described
by different parameters like the R4/2 = E4+

1
/E2+

1
ratio greater

than 2 or B(E2; 2+ → 0+) values larger than 10–20 W.u.
[49]. Further parameters are, e.g., intrinsic electric quadrupole

FIG. 11. Example of the DDCM analysis for the 6+
1 state using the software NAPATAU [48]. The upper panels show the corresponding

obtained lifetimes. The lower panels show the evolution of the shifted component intensities (green data points and red curves) and derivates
(light red data points and blue curves). The τ plots are depicted with their corresponding gate configurations and angles, where “fw” means
forward angle and “bw” means backward angle.
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TABLE II. Summary of the determined lifetimes in 176W from
the RDDS experiment with respective gates and weighted means.
Forward and backward angles are marked with “fw” and “bw,” re-
spectively. The weighted means of each lifetime are printed in bold
text.

4+
1 6+

1

Gate τ (ps) Gate τ (ps)

8+
1 → 6+

1 fw 64.3(14) 12+
1 → 10+

1 fw 7.8(34)
8+

1 → 6+
1 bw 67.7(21) 12+

1 → 10+
1 bw 7.6(18)

6+
1 → 4+

1 fw 62.9(12) 10+
1 → 8+

1 fw 8.1(3)
Weighted mean 64.2(12) Weighted mean 8.1(3)

8+
1 10+

1

Gate τ (ps) gate τ (ps)
10+

1 → 8+
1 bw 3.7(7) 12+

1 → 10+
1 bw 1.9(12)

12+
1 → 10+

1 fw 3.9(6) 8+
1 → 6+

1 bw 2.1(4)
Weighted mean 3.8(5) Weighted mean 2.1(4)

moment Q0, deformation parameter β, and the B4/2 =
B(E2; 4+

1 → 2+
1 )/B(E2; 2+

1 → 0+
1 ) ratio which is expected to

be 1.43 for a heavy deformed nucleus [49]. The experimental
data obtained in this work enable a more complete picture
of the evolution of the collective signatures of the tungsten
isotopes around the rare-earth neutron midshell at N = 104.
As can be seen in Fig. 12(a), the tungsten isotopes around the
neutron midshell show an increasing R4/2 ratio with a maxi-
mum at 182W108. The ratio increases from around 2.9 at N =
94, 96 to 3.29 for N = 108. For the near-midshell isotopes
this suggests the interpretation of close to axially symmetric
rigid rotors which have theoretical R4/2 ratios of 3.33 [10].
Looking at Figs. 12(a) and 13 (top), it is clear that most iso-
topes have exceeded the X(5) limit of R4/2 = 2.91, but for the
lighter tungsten isotopes, this signature indicates slight hints
of X(5) characteristics. The B(E2) values of the 2+

1 → 0+
1

and 4+
1 → 2+

1 transitions are shown in Fig. 12(b). In this mass
region, the increasing B(E2, 2+

1 → 0+
1 ) values as a function

of decreasing neutron number are commonly interpreted as an
increase in collectivity towards more neutron-deficient nuclei.
A saturation of collectivity around N = 100 to neutron mid-
shell N = 104 can be assumed, based on the current B(E2)
data. The evolution of the newly acquired B(E2; 4+

1 → 2+
1 )

values accompanies the evolution of the B(E2; 2+
1 → 0+

1 ) val-
ues depending on the neutron number. Both evolutions follow
a similar general tendency. Though the maximum of both
signatures, B(E2; 2+

1 → 0+
1 ) and B(E2; 4+

1 → 2+
1 ), lies near

midshell, as expected in well-deformed nuclei, a satisfactory
explanation for the displaced maximum of the B(E2) values
towards neutron-deficient isotopes is not yet presented.

Compared to the lighter even-even hafnium, ytterbium,
and erbium neighbors with Z = 72, 70, and 68, a similar
behavior of the B(E2) values of the low-spin yrast states is
found. In these isotopes the B(E2; 2+

1 → 0+
1 ) value peaks at

N = 100, N = 102, and N = 98, respectively, emphasizing
the saturation of collectivity in this region when approach-
ing the midshell [24,55], but with slight displacement to the
neutron-deficient side. This effect of pre-midshell saturation
could partly be caused by the influence of the hexadecapolar

FIG. 12. The evolution of (a) R4/2 ratios, (b) B(E2) values, (c)
B4/2 ratios, and (d) experimental quadrupole deformation parame-
ters of the tungsten isotopes around N = 104 compared with the
IBM-1 calculations from this work. The β values obtained from
the IBM-1 calculations are drawn with solid lines in the same
color as the experimental values. Experimental values for the en-
ergies and the literature values of the B(E2) values are taken from
Refs. [15–17,19,50–54]. Rigid rotor and X(5) limits are shown as
horizontal lines. The L̂L̂ criterion as mentioned in Sec. IV B is
displayed as a dashed line in (a).

deformation β4 on the quadrupole moment Qt , as proposed
in Ref. [56], investigated and discussed for this region in
Refs. [18,55]. A detailed study of the hexadecapolar deforma-
tion β4 for this mass region, including the tungsten isotopes,
is presented in Ref. [55]. This approach, however, cannot
explain the displacement entirely [55].

Figure 12(c) shows the evolution of the B4/2 ratio around
the neutron midshell. The ratio is expected to be around
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FIG. 13. Excitation energies (top), reduced transition probabilities (middle), and experimental quadrupole deformation parameters βI,I−2

(bottom) as a function of yrast spin for 172−182W. The upper and the middle panels compare the experimental values to the IBM-1 calculations
from Sec. IV B and the SU(3) and X(5) limits. The bottom plot compares the experimental values to the IBM-1. The literature values are taken
from Refs. [50,52,64,65].

1.428 for well-deformed nuclei, according to the predictions
of the rigid rotor model [57] and the SU(3) limit of the in-
teracting boson model [10,25]. In the tungsten isotopes with
N = 94-110, the B4/2 ratio increases from 1.11(34) at 168W
(N = 94) towards 1.51(5) at 176W (N = 102) and decreases to
1.41(5) at 184W (N = 110). This increasing behavior towards
midshell seems anomalous for isotopic chains in this region.
In comparison, the B4/2 ratio decreases in the even-even
hafnium and ytterbium neighbors towards midshell to about
1.43 [24,58]. In contrast, the B4/2 ratio of the heavier osmium
and platinum isotopes also increases towards midshell starting
from very small B4/2 ratios of approximately or smaller than 1
in the very neutron-deficient isotopes, comparable to the B4/2

of the tungsten isotopes [59].
All in all, the simple rotor explanation for the isotopes

in this region does not seem to be fully sufficient in the
tungsten isotopes. Several indications are observed that sug-
gest a rising of previously unaccounted effects (or at least
an uncommon combination of already known effects, as for
example the backbending phenomenon [60–62], the hexade-
capolar deformation [55], or possibly a shape coexistence
phenomenon [63]) in this region: the displacement of the
saturation of the B(E2) values away from midshell to-
wards lighter isotopes [Fig. 12(b)], the displacement of the
maximum of the R4/2 ratio away from midshell towards
heavier isotopes [Fig. 12(a)], the unexpected behavior of the
B4/2 ratios and its very small value at 168W of 1.11(34)
[Fig. 12(c)], as well as the unexpected behavior of the ten-
dency of the B(E2) values throughout the 2+-10+ yrast states
of 174,176W (see Fig. 13, middle panel). Further experiments
and calculations are required to explain this combination of
observations.

However, most of the B4/2 ratios considered (N = 94-112)
agree within their uncertainties with the Alaga rule of 10/7
largely supporting the deformed character as expected from
the R4/2 ratio near midshell.

All B4/2 values of the tungsten isotopes are separated from
the X(5) limit of 1.58 [6]. Especially for 178W (N = 104) the
new results reduced the uncertainties of the B4/2 ratio and
there is no overlap with the X(5) limit any more. As Fig. 12(c)
reveals, the uncertainty of the B4/2 ratio for 176W lies very
close to the X(5) limit. But the R4/2 ratio contradicts the
assumption of a possible X(5) nucleus. Still, the B4/2 ratio
as well as the trend of B(E2) values up to B(E2; 6+

1 → 4+
1 )

(see Fig. 13), with respect to the new experimental data, can
be interpreted as following the trend suggested by X(5). But
considering all signatures, R4/2, B4/2, and the evolution of the
yrast B(E2) strengths, 176W agrees certainly more with the
SU(3) limit. But the unexpected drop of the B(E2) values of
the 8+

1 → 6+
1 and 10+

1 → 8+
1 transitions seems to be outside

the scope of the models. The same effect is observed for the
evolution of the B(E2) values in 174W. But due to the large
uncertainty of the B(E2; 6+

1 → 4+
1 ) value, the situation cannot

be fully quantified.
The graphics in Figs. 12(b), 12(c) and 13 including the

newly determined values add to the systematic evolution of
the B(E2) values in the neutron midshell region of the tung-
sten isotopes around N = 104.

From the deduced B(E2) values, transitional quadrupole
moments Qt are calculated according to [49]

Qt (Ji → Jf ) =
√

16π

5

B(E2; Ji → Jf )

〈JiKi2(�K )|Jf Kf 〉2
, (7)
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TABLE III. Experimental quadrupole moments and quadrupole
deformation parameters β for the 2+

1 → 0+
1 , 4+

1 → 2+
1 , and 6+

1 →
4+

1 transitions for the tungsten isotopic chain. The Qt values were
calculated with Eq. (7), the β values with Eq. (8) using B(E2) values
which were taken from this work and from the Nuclear Data Sheets
[18,50–53].

Nucleus N Q20 β20 Q42 β42 Q64 β64

172W 98 7.38(8) 0.28(3) 7.0(12) 0.28(5) 6.9(19) 0.28(8)
174W 100 6.97(5) 0.249(8) 6.9(9) 0.27(4) 8.7(31) 0.35(12)
176W 102 6.9(5) 0.279(2) 6.8(9) 0.27(4) 6.6(34) 0.26(13)
178W 104 6.74(6) 0.26(3) 6.8(9) 0.27(4) 6.8(32) 0.27(16)
180W 106 6.54(5) 0.253(5) 6.6(7) 0.26(3) 6.2(33) 0.24(12)
182W 108 6.47(5) 0.249(2) 6.5(9) 0.25(3) 6.3(18) 0.24(7)
184W 110 6.12(5) 0.234(2) 6.0(9) 0.23(3) 6.0(9) 0.23(4)

where 〈JiKi2(�K )|Jf Kf 〉 are the Clebsch-Gordan coefficients
for transitions from Ji to Jf [49], where K represents the pro-
jection of the intrinsic angular momentum on the symmetry
axis. The quadrupole deformation β is related to Qt via

β =
√

5π

3ZR2e
Qt , (8)

where R = 1.2 fm A
1
3 is an approximation for the nuclear

radius. The values are calculated for the tungsten isotopes
between N = 98 and N = 110 and are given in Table III.
Derived from the values in Table III, the quadrupole moments
as well as the quadrupole deformation decreases from β20 =
0.28(3) in 172W to β = 0.234(2) in 184W. The evolution of
the quadrupole deformation values β20 and β42 is depicted in
Fig. 12(d) throughout the isotopic chain. Figure 13 (bottom
panel) shows nearly constant quadrupole deformation for all
yrast states with J+ = 2+, 4+, 6+, and 8+ for the tungsten
isotopes. All β values lie in a typical range expected for a
well-deformed rotor [49]. The quadrupole deformation does
not suggest a major change in structure in this isotopic chain.

The newly determined data concerning 176,178,180W com-
plete the experimental database of observables relevant for the
discussion of deformation phenomena. The current interpreta-
tion does not change significantly; still, the new experimental
data yield an argument to support the previous assumptions
for the deformation characteristics of the tungsten isotopes
176,178,180W. But further efforts as experiments and adjust-
ments of the nuclear models are required to reproduce a
detailed general description of the data throughout the tung-
sten isotopic chain.

B. IBM-1 calculations

To describe the experimental data, theoretical calculations
in the framework of the interacting boson model 1 (IBM-
1), where no distinction between protons and neutrons is
made [66], were performed. In the IBM-1, one assumes that
low-lying collective quadrupole states can be generated as
states of a system of N bosons able to occupy two levels,
one with angular momentum J = 0, called s bosons, and
one with angular momentum J = 2, called d bosons [67].
In the calculations, only s and d bosons are used. The ex-

TABLE IV. The fit parameters for the ECQF Hamiltonian and
resulting eeff values in e b.

Nucleus ε κ χ λ eeff (e b)

172Wa 0.520 −0.0154 −1.013 0.0 0.16881
174Wa 0.553 −0.0156 −0.947 0.0 0.14950
176Wa 0.593 −0.0158 −0.946 0.0 0.14758
178Wa 0.615 −0.0157 −0.938 0.0006b 0.12368
180W 0.540 −0.0160 −0.865 0.0011 0.12812
182W 0.500 −0.0169 −0.845 0.0016 0.13649
184W 0.435 −0.0166 −0.800 0.0036 0.14539
186W 0.415 −0.0170 −0.800 0.0046 0.14655

aCalculations done by Rudigier et al. [18].
bThe λ value for 178W was added in this work.

tended consistent Q formalism (ECQF) [68] represents the
IBM-1 with only few parameters which has proven to contain
the essential physics ingredients to describe the low-lying
states in even-even nuclei ranging from vibrational nuclei
up to well-deformed rotational nuclei [69,70]. The following
Hamiltonian is applied [68]:

ĤECQF = εn̂d + κQ̂χ · Q̂χ + λL̂ · L̂, (9)

where

Q̂χ = (s†d̃ + d†s)(2) + χ (d†d̃ )(2),

L̂ =
√

10(d†d̃ )(1), and

n̂d = d† · d̃ .

(10)

The quadrupole operator Q̂χ is related to the E2 transition
probability T (E2) via the effective boson charge eeff accord-
ing to

T (E2) = eeffQ. (11)

The L̂ · L̂ term corresponds to the h̄2/2I parameter of the col-
lective model with I the moment of inertia and determines the
L(L + 1) dependence of the energies in the rotational bands.
L̂ denotes the boson angular momentum operator [71]. The
physics of the L̂ · L̂ term is best seen in the pure rotational
SU(3) limit of the IBM-1.

The calculations were performed using the computer code
ARBMODEL [72]. The calculations were fitted to the level
energies from 2+

1 to 10+
1 and level energies of the first three

to four states of the γ and β bands, if available, and the
B(E2; 2+

1 → 0+
1 ) value. All level energies were taken from the

Nuclear Data Sheets [15–17,50,52–54,64,73]. The fits yield
the parameters displayed in Table IV. An IBM-1 calculation
for the 172,174,176,178W isotopes is presented by Rudigier et al.
in Ref. [18], where the influence of the L̂L̂ term was not taken
into account. Since the heavier tungsten isotopes 182,184,186W
experience a strong increase of the level energies especially of
the higher-lying yrast levels, the band structure could only be
reproduced well by taking a small contribution of the L̂L̂ term
into account. Following Nomura et al. [71] this becomes evi-
dent for strongly deformed axially symmetric nuclei. Nomura
et al. formulate R4/2 > 3.2 as a criterion for taking the L̂L̂
term into account. This criterion is displayed as a dashed line
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FIG. 14. (a) Experimental and (b) theoretical (IBM-1) level ener-
gies of the low-lying yrast 2+, 4+, 6+, 8+, and 10+ states as a function
of the neutron number.

in Fig. 12(a). The parameters for 178W, originally calculated in
Ref. [18], were supplemented by a very small L̂L̂ contribution,
indicated by footnote b in Table IV, which leads to a better
reproduction of the yrast states. As can be seen in Table IV,
the amounts of λ increase slightly with the neutron number.

The results of the calculations of the excitation energies
of the yrast states are shown in Fig. 14 together with the
experimental values for the tungsten isotopes. The calculated
energies show an overall consistency with the measured en-
ergies. The highest deviation of the calculations from the
experiments in the yrast band in all isotopes was about 20
keV. The effective boson charge was chosen to match the
experimental B(E2; 2+

1 → 0+
1 ) values and varies from eeff =

0.12-0.14.
The B4/2 ratio of the calculated reduced transition prob-

abilities are shown in Fig. 12(c) in comparison with the
experimental values. The resulting B4/2 values match the
experimental ones within uncertainties for N = 102 (176W)
to N = 110 (184W) but disagree for N = 98, 100, and 112.
According to the model, the B4/2 values of all isotopes consid-
ered in the calculations lie close to the SU(3) limit of B4/2 ≈
1.43, similar to what is expected from the experimental values
and the R4/2 ratios. Note the opposite movement of the exper-
imental values of B4/2 compared to the model predictions and
to the evolution of the B4/2 ratios of the neighbors with fewer
protons, hafnium and ytterbium [24,58]. It should be taken
into account that the adopted B4/2 value for 172W98 shows a
large uncertainty. A reevaluation of this nucleus would be fa-
vorable to get a clearer picture of deformation and collectivity
in the light tungsten isotopes.

In Fig. 13 the level energies (top) of the first yrast states and
corresponding E2 transition strengths (middle) are shown for
the midshell tungsten isotopes. While the level energies are
clearly approaching the SU(3) limit when adding neutrons,
the B(E2) values do not show a totally clear structure for the
midshell tungsten isotopes except for 182W. The B(E2; 6+

1 →
4+

1 ) value of 180W and the B(E2; 8+
1 → 6+

1 ) value of 178W
show large uncertainties, as the lifetimes are almost at the
lower boundary of the sensitivity of the fast-timing method,

and do not allow for a clear interpretation. However, within
the uncertainties, they confirm the interpretation of axially
symmetric prolate rotors as they are consistent with the SU(3)
limit and the IBM-1 calculations. Although the excitation
energies show a rotorlike structure for 174,176W, the B(E2) val-
ues do not allow a clear interpretation of rotational structure
within the uncertainties, as described in Sec. IV A. The IBM-1
calculations place the B(E2) values of these two isotopes
close to SU(3), but the experimental values for B(E2; 6+

1 →
4+

1 ) and B(E2; 10+
1 → 8+

1 ) show deviations from this model.
The general tendency of the B(E2) values is not described by
the IBM-1 for 176W and also 174W. There are significant devi-
ations from all models for the reduced transition probabilities
for these transitions (see Fig. 13, middle panel). This suggests
the large deviations for the E2 transitions in 174W and 176W
to be a signature of a structural change within the yrast band,
especially with respect to the evolution towards very unusual
B4/2 values of the extremely neutron-deficient nuclei of, e.g.,
B4/2 = 0.33(8) for 166W [74], that cannot be explained with
any model so far. Using an extension of the IBM-1, allowing
for multiple two particle–two hole excitation, might account
for this observation [61,62]. Such a description involves many
more parameters to be fitted to higher spin states. This as well
as a further development of the nuclear models is considered
to be outside the scope of this work.

V. SUMMARY

Lifetimes of yrast states in the midshell tungsten isotopes
with A = 176, 178, 180 have been measured using fast-timing
methods with e−-γ -γ and e−-γ coincidences at the Orange
spectrometer setup, HPGe triggered γ -γ -γ coincidences us-
ing the HORUS cube spectrometer, and the RDDS technique
in combination with the DDCM. Lifetimes of the 2+

1 states
in all three isotopes as well as 4+

1 and 6+
1 in 178W have been

remeasured. Lifetimes of the 4+
1 , 6+

1 , and 8+
1 states have been

measured in all isotopes and additionally the lifetime of the
10+

1 state in 176W. The lifetime measurements in 178,180W
were part of the commissioning experiments of the revised
Orange spectrometer and successfully demonstrate its capa-
bilities.

From these lifetimes, the E2 transition strengths,
quadrupole moments Qt , and quadrupole deformation pa-
rameters β have been calculated and the B4/2 ratios have
been extracted. The newly determined B4/2 ratios for 176W
and 180W as well as the new β values of the 4+ and 6+
states led to a more complete picture of the evolution of
the quadrupole deformation for the tungsten isotopes in this
region. The interpretation of the R4/2 values close to the SU(3)
limit was confirmed by the B4/2 values and the evolution of
the B(E2; I → I − 2) values over the low-spin yrast states
within 178,180W. However, a clear interpretation for 176W as
well as the general description of the tungsten isotopic chain
with special regard to the neutron-deficient side is more com-
plicated and requires further effort. A remeasurement with
modern methods of the lifetimes of 172,174W is recommended,
due to the high uncertainties of the lifetimes of the 2+

1 and 4+
1

states in 172W and of the 6+
1 state in 174W.
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The measured values have been compared with calcula-
tions in the IBM-1 framework. The theoretical calculations in
combination with the experimental B(E2; I → I − 2) values
and the theoretical and experimental quadrupole deforma-
tions of the 2+

1 state support the previous interpretation of
the tungsten isotopes around midshell as deformed prolate
rotors.
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