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Competing quasiparticle configurations in '*W
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Excited states in the neutron-deficient nuclide '*W were investigated using the '*Cd(®*Ni,2 pn)'®*W reaction
at a beam energy of 270 MeV. The level scheme for '*W was extended significantly with the observation of
five new band structures. The yrast band based on a 13/2" isomeric state is extended up to (57/2%). Two band
structures were established on the 7/2~ ground state. Quasiparticle configuration assignments for the new band
structures were made on the basis of cranked Woods-Saxon shell-model calculations. The results reported in this
article suggest that the negative-parity v( f7,2, ho/2) orbitals are responsible for the first rotational alignment in

the yrast band.
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I. INTRODUCTION

Understanding the emergence of collectivity in nuclei is a
long-standing goal of nuclear physics. Comparisons of level
schemes of nuclei over long chains of isotopes or isotones
can reveal the evolution from single-particle structures at
shell closures to collective behavior as nucleons are added.
Recently, the application of selective tagging techniques [1-3]
has allowed excited states in the most neutron-deficient W-Os-
Pt-Hg nuclei to be observed, in many cases, for the first time
[4-7]. In these cases only the most rudimentary information
is available at low spin, although this is often enough to
reveal changes in structure and collectivity. For example, the
E(4™7)/E(2") ratio as a function of neutron number is found to
change smoothly, but distinctly, over a small range of neutron
numbers indicating spherical shapes near N = 82 through
y-soft shapes to deformed rotors [8].

Detailed spectroscopy up to high spin can be performed in
nuclei a few nucleons heavier than the most neutron-deficient
known isotopes. It is then possible to identify the orbitals
responsible for the configurations that are observed. This
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is important since the overall properties of the nucleus are
sensitive to the occupation of the core-polarizing orbitals
near the Fermi surface. In the N > 90 W isotopes the 73/,
neutron orbital dominates the yrast spectra with the lowest
energy quasiparticle configurations involving one (odd-A)
or two (even-A) i3, neutrons [9-11]. In 164y Simpson
et al. [9] observed the yrast band up to high spin (/™ = 28%)
and established the first band crossing in the yrast band at
how = 0.29MeV with a gain in aligned angular momentum,
Ai,, of 11h. This was interpreted as the rotational alignment
of a pair of 713/, neutrons, which is also established in the
heavier isotopes. However, Dracoulis et al. [12] reported
measurements of the lighter even-even isotope '>W and
measured a comparatively lower alignment gain at the first
band crossing Ai, = 6h. This was attributed to the rotational
alignment of an ho,, neutron pair [12]. The nucleus 'W
(N = 89) therefore occupies a pivotal location in the tran-
sitional W isotopes in which the competition between the
positive parity i3/, and the negative-parity orbitals to form
the first quasiparticle alignment is most pronounced.

The yrast band of '*W was observed previously [12] from
(13/2%) to (49/2%). Scholey et al. established that the 13/27
state is isomeric and elucidated the decay path to the 7/2~
ground state [13]. In this article, a significant extension to the
level scheme for '*W is reported with five new band structures
observed.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Accelerator Labo-
ratory of the University of Jyviskyld, Finland. Excited states
in W were populated using the '°°Cd(°°Ni,2pn) reaction
at a beam energy of 270 MeV. The target consisted of a
1.1 mg/cm? thick, self-supporting '°°Cd foil of 96.5% isotopic
enrichment. An average beam current of 4 particle nA was
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FIG. 1. Level scheme deduced for '*W. The transition energies are given in keV and their relative intensities are proportional to the widths
of the arrows. Dashed lines and parentheses indicate tentative assignments. The lifetime of the 13/2% isomer is taken from Ref. [13].

used for five days. Prompt y rays were recorded at the
target position by the JUROGAM y-ray spectrometer [14]
consisting of 43 EUROGAM escape-suppressed germanium
spectrometers [15].

The recoiling fusion-evaporation residues were separated
from fission products and scattered beam by the RITU gas-
filled recoil separator [16] and implanted into the double-sided
silicon strip detectors (DSSDs) of the GREAT spectrometer
[17] at the focal plane. Recoiling evaporation residues were
distinguished from the residual scattered beam and radioactive
decays by energy loss and (in conjunction with the DSSDs)
time-of-flight methods using the GREAT multiwire propor-
tional counter.

In addition to the planar and clover Ge detectors of
the GREAT spectrometer, two VEGA clover detectors [18]
were positioned perpendicular to the plane of implantation
outside the GREAT vacuum chamber. All detector signals from
JUROGAM and GREAT were passed to the total data readout
acquisition system [19] where they were time stamped with
a precision of 10 ns to allow accurate temporal correlations
between y rays detected at the target position, recoil implants
at the focal plane, and their subsequent radioactive decays.

A. y-ray coincidence analysis

A total of 1.18 x 10® three-fold (y3) events were recorded
in coincidence with any recoil implanted at the focal plane.

These data were sorted offline using the software package
GRAIN [20] into an E,-E,,-E,3 coincidence cube, which
was analyzed using the LEVITSR graphical analysis software
package [21]. The level scheme for W was constructed using
relative y-ray intensities and coincidence relationships from
spectra generated from this cube. The deduced level scheme
for 'W is displayed in Fig. 1 and the properties of y rays in
the yrast and newly observed bands are recorded in Table L.

B. Multipolarity assignments

Multipolarity assignments for the strongest y-ray transi-
tions were obtained from measurements of angular intensity
ratios using the method of directional correlations from
oriented states (DCO) [22]. Coincident y rays observed in
detectors at backward (§ = 158°) and normal (6 = 86° or 94°)
angles relative to the beam direction were sorted into a matrix.
Multipolarities were extracted from intensity ratios according
to the relation,

Tnackwara[gated normal]

(D

Roco = Lormal[gated backward]’
To obtain typical values for stretched quadrupole and stretched
dipole transitions, the Rpco value was measured for known
stretched E2 and E1 transitions in '®*W that were populated
strongly in this experiment and that were previously measured
by Hanna [23]. The method employed clearly discriminated
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TABLE 1. Measured properties of y-ray transitions detected by
JUROGAM and assigned to '*W. Energies are accurate to 0.5 keV
for the strong transitions (1, > 10%) rising to ==2.0 keV for the weaker
transitions.

E, I, Rpco Multipolarity Band
(keV) (%)

101.9 1.5(6) 2—1
275.1 4.005) 4 -5
384.1 100.0(6) 0.79(12) E2 Yrast
414.2 19(5) 1
441.3 10.0(26) 2
446.5 8.9(12) 3
448.4 8.0(10) 3
454.3 7.3(8) 3
506.2 89(9) 1.00(13) E2 Yrast
554.6 77(7) 1.07(12) E2 Yrast
556.7 16.3(18) 4
563.3 15.9(23) 2
571.4 9.2(16) 1
585.6 5.2(9) 1
594.1 10.8(13) 5
602.8 64(6) 1.19(13) E2 Yrast
625.6 9.0(17) 3
627.1 4.6(14) 1
630.4 7.1(15) 3
631.1 55(5) 1.17(17) E2 Yrast
637.6 8.2(13) 1
637.6 6.3(9) 5
654.3 14.4(20) 2
661.2 7.8(10) 4
666.3 28(3) Yrast
708.0 13.0(15) 2
724.2 20.6(21) Yrast
725.8 2.7(8) 2
732.0 6.0(9) 2
739.3 6.2(9) 4
746.3 12.5(14) Yrast
752.5 5.5(8) 5
759.9 10.3(22) 3— Yrast
760.3 2.6(8)

762.8 5.909) Yrast
796.0 11.5(14) 5 — Yrast
806.1 4.8(7) Yrast
872.5 1.1(4) Yrast

between stretched quadrupole and stretched dipole transitions,
yielding Rpco ratios of 0.94(9) and 0.67(14) for the 490 keV
(4T — 21) and the 752keV (7~ — 67) transitions in %W,
respectively.

III. RESULTS
A. The yrast band, linked structures, and decay to the
ground state

The yrast band, previously observed by Dracoulis et al. [12]
up to I = (49/2%), has been extended to (57/27). Figure 2(a)
shows a sum of double-gated spectra highlighting transitions
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FIG. 2. (a) Double-gated y-ray spectrum generated by summing
coincidences between the 746 keV transition and a list of transitions
comprising the 384, 506, 555, 603, 631, 666, and 724 keV transitions.
(b) y rays in coincidence with the 555 and 796keV transitions
showing transitions in bands feeding the yrast band. (¢) y rays in
coincidence with the 446.5 and 448.4keV transitions showing a
parallel decay path from Band 4 to the low-spin states of the yrast
band.

in the yrast band. In the present work it has been possible
to establish three new band structures, labeled Bands 3, 4,
and 5 in Fig. 1, that feed into the yrast band. Gamma-ray
coincidences reveal the presence of a 796 keV y ray that
feeds the 33/27 yrast state. A meaningful Rpco value cannot
be extracted for the 796 keV y ray. Based on systematics of
the heavier odd-N W isotopes [10,11], it is assumed that this
transition is a stretched E1 transition connecting the yrast
band to a negative-parity structure, labeled Band 5 in Fig. 1.
Figure 2(b) shows y rays in coincidence with the 796 and
555keV transitions. The 275keV y ray, seen in Fig. 2(b), is
found to be a linking transition to a parallel decay sequence
labeled as Band 4 in Fig. 1. An Rpco value cannot be obtained
for this transition. However, again based on the systematics
of similar structures in the heavier odd-N isotopes it is most
likely to have negative parity.

Figure 2(c) shows y rays in coincidence with both compo-
nents of a self-coincident transitions at 446.5 and 448.4 keV.
These transitions form part of an alternative decay path to the
17/2" yrast state. Most of the transitions in this branch are
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assigned to the structure labeled Band 3. Since the 630 and
760 keV y rays have similar energies to transitions in the yrast
band it was not possible to order the transitions on the basis of
relative intensities with any confidence. Consequently, Band 3
is indicated by tentative (dashed) levels in Fig. 1.

The decay path from the isomeric band head 13/2" state
to the 7/2~ ground state and the multipolarity of transitions
between these states is discussed in detail by Scholey et al. [13]
and is not discussed further in this article.

B. The ground-state band and first-excited band

The 441keV transition, seen in the decay path from the
isomer, is also the first transition of a band (labeled Band 1 in
Fig. 1) that extends up to (19/27). Figure 3(a) shows a double
coincidence spectrum generated from the recoil-gated cube
highlighting transitions in Band 1. Band 1 is weakly populated
compared with the other bands and meaningful angular
correlations cannot be extracted. Gamma-ray coincidences
with the M1 102keV y ray reveal another regular cascade,
Band 2, that extends up to (33/27), see Figs. 3(b) and 3(c).
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FIG. 3. (a) y-ray spectrum showing y rays in coincidence with
the 441 and 638keV transitions in Band 1. (b) y-ray spectrum
showing y rays in coincidence with the 414 and 563 keV transitions
in Band 2. (c) Spectrum showing y rays in coincidence with the 708
and 732 keV transitions.
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FIG. 4. (Color online) Cranked Woods-Saxon Routhian diagrams
for (a) quasineutrons and (b) quasiprotons in '*W using deformation
parameters, 8, = 0.153, B4 = 0.0, and y = 0°. The quasiparticles are
labeled with the convention as given in Table I1. Solid lines correspond
to (, o) = (4+,+1/2) (red), dotted lines (+,—1/2) (red), dot-dashed
lines (—,+1/2) (blue), and dashed lines (—,—1/2) (blue).

IV. DISCUSSION

The structure of the bands in '3 W is interpreted in terms
of quasiparticle configurations within the framework Woods-
Saxon cranking calculations using the Universal parameters
[24,25]. Quasiparticle Routhians, €', calculated for W are
shown in Fig. 4. The labeling convention for quasiparticles,
taken from Ref. [26], is given in Table II. In these calculations,
the pairing strength is calculated at zero frequency and is
modeled to decrease with increasing rotational frequency such
that the pairing has fallen by 50% at ho = 0.70MeV, as
detailed in Ref. [26]. Deformation parameters assume zero
triaxiality, 84 = 0.0 and the parameter 8, = 0.153 is based on
the predictions of Ref. [27].

TABLE II. Convention for the quasiparticle labeling, taken from
Ref. [26].

Label Parity & Signature Main Shell Model
(o) Component

Quasineutrons

A (+,+1/2) i132

B (+,—1/2) i132

c (+,+1/2), 1132

E (——1/2) hopa, fr2

F (=, +1/2) hos2, f12
Quasiprotons

e (=,—1/2), hu/z

f (—,+1/2) hiip
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To facilitate comparisons between the calculations and
results, experimental values for the Routhian ¢’ and alignment
iy [28] as a function of rotational frequency are plotted in
Fig. 5. A rotational reference, based on a configuration with
a variable moment of inertia defined by the Harris parameters
[29] Jo = 12.57* MeV~"' and J; = 607" MeV~> has been
subtracted.

The Woods-Saxon cranking calculations, Fig. 4(a), indicate
that the 713/, quasineutron A becomes the lowest in energy for
rotational frequencies above iw = 0.1 MeV. The yrast band of
163\ carries an initial alignment of ~5%, see Fig. 5(a), which
is consistent with the slope of the A Routhian (i, = —de'/dw
[28]) predicted by the cranking calculations.

The yrast band in '*W displays an alignment pattern that
is markedly different from the yrast bands built on the 13/2%
state in the heavier odd-N isotopes 165w [10] and ¢7W [11],
see Fig. 5(a). In these heavier isotopes, a single band crossing
is observed and interpreted as the second v(i;3 /2)2 BC neutron

i, (h)

b e 163

Band 5

0.1 0.2 0.3 0.4 05
ho (MeV)

FIG. 5. (a) The alignment i, as a function of rotational frequency
for the yrast bands in the odd-N W isotopes, '%W, W [10], and
167W [11]. (b) Experimental Routhians ¢’ extracted for the yrast band
in %W, The dotted lines indicate the slopes of the the Routhians
used to extract crossing frequencies. Vertical dashed lines indicate the
crossing frequencies that are interpreted as the E F and ef alignments.
(c) Alignments i, for the yrast band and Bands 1, 2, 4, and 5 in '©W.
The rotational reference subtracted is given in the text.
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FIG. 6. (a) Variation of band crossing frequencies hw. for
different quasiparticle alignments (AB, BC, EF, and ef) as a
function of quadrupole deformation parameter B,. The hw, values
are predicted using Woods-Saxon cranking calculations. The dotted
line indicates the 8, deformation predicted by Ref. [27].
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crossing [10,11]. In contrast, '*W has two band crossings
at hw ~0.30MeV and hw ~0.37MeV with corresponding
alignment gains of Ai, ~ 6.5 and Ai, ~ 6h, respectively.

In the heavier odd-A isotopes the first band crossing in
the yrast band is associated with the second (i3 /2)2 neutron
alignment BC. However, for W, which is predicted to have
a lower deformation, the BC crossing is pushed to a higher
rotational frequency. This can be seen in Fig. 4 where the
yrast band is predicted to undergo the neutron (ho/2/f7,2)
crossing E F closely followed by first (& /2)2 proton crossing
ef . The calculations indicate that the crossing frequencies are
all strongly dependent on the quadrupole deformation S,. This
is demonstrated in Fig. 6 where the band crossing frequencies
hw, are plotted as a function of B8,. In these calculations, S,
and the triaxiality are set to zero and pairing is treated in
the same manner outlined earlier. The cranked shell model
predicts alignment gains of Ai, ~6h for the EF alignment
and Ai, ~ 8h for the ef alignment. These values are similar to
those measured in the experiment. The assignment of the E F
crossing as the first alignment in the yrast sequence of '9W is
consistent with the assignment of an (vhg /2)2 alignment in the
yrast band in 102y [12].

The properties of the y rays depopulating the 13/2% isomer
in '63W establish the spins and parities of the ground state and
first-excited statetobe 7/2~ and 9/27, respectively [13]. These
states are obtained by the odd neutron occupying the low-lying
negative-parity orbitals. The cranked shell-model calculations,
Fig. 4(a), predict that the mixed hg/, and f7,, negative-parity
quasineutron states are lowest in energy at zero rotational
frequency. Bands 1 and 2 are therefore interpreted as the single
quasineutron configurations E and F, respectively. The larger
alignment of Band 2 with respect to Band 1 is consistent
with this interpretation. Band 2 has a gain in alignment at
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TABLE III. Summary of configuration assignments for the bands
in 13w,

Band (m,) Quasiparticle configuration assignment
Yrast (+,+1/2) A — AEF — AEFef

Band 1 (——1/2) E

Band 2 (—,+1/2) F — Fef or FAB

Band 4 (—,+1/2) FAB

Band 5 (—,—1/2) EAB

ho ~0.37MeV, see Fig. 5(c), which indicates a band crossing.
Although the full alignment is not established the most likely
interpretation is that it is the v(iy3 /2)2 (A B) neutron alignment.

Bands 4 and 5 carry a higher alignment than the
yrast band (~13% at hiw = 0.3MeV), which indicates that
these bands are based on three-quasiparticle configura-
tions, see Fig. 5(c). Bands 4 and 5 could be based on
the FAB and EAB three-quasiparticle configurations. The
larger alignment of Band 4 with respect to Band 5 is consistent
with this interpretation. The alignment gain of the A B crossing
is predicted by the Woods-Saxon calculations to be Ai, ~ 11A.
The proposed configuration assignments and quasiparticle
alignments that characterize the bands in '*W are summa-
rized in Table III. Band 3 is not included since the level
ordering cannot be established and therefore its alignment is
uncertain.

V. CONCLUSION

Five new band structures were observed in the neutron-
deficient nucleus '©*W using the JUROGAM and GREAT
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spectrometers in conjunction with the RITU gas-filled sep-
arator. Configuration assignments for the new bands were
proposed based on comparisons with the predictions of the
Woods-Saxon cranked shell model. The irregular alignment
pattern of the yrast band is attributed to the successive align-
ments of the negative-parity EF (hoss, f7/2) quasineutrons
and the ef (hy12)* quasiprotons rather than the BC (i13)
quasineutron crossing as is observed in the heavier odd-A
W isotopes. The favoring of negative-parity quasiparticle
alignments for the A < 163 over the high-j i3, quasineutrons
is explained in terms of lower average deformations as the
N = 82 shell closure is approached.
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