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Excited states in the neutron-deficient nuclides 162
74W88 and 164

74W90 were investigated using the
γ-ray spectrometer, Jurogam. A change in structure is apparent from the first rotational alignments
in 162W and 164W, whose rotationally aligned bands are interpreted as ν(h9/2)

2 and ν(i13/2)
2 con-

figurations, respectively. The level schemes have been extended using recoil (-decay) correlations
with the observation of excited collective structures. Configuration assignments have been made
on the basis of comparisons of the deduced aligned angular momentum, as a function of rotational
frequency, with the predictions of the cranked shell model.

PACS numbers: 21.10.-k, 21.10.Re, 27.70.+q
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scheme; deduced rotational alignments; cranked shell model calculations.

I. INTRODUCTION

The origin of collective phenomena in atomic nuclei
and their evolution outside closed shells is a central theme
in nuclear physics. The development of correlated motion
as a function of nucleon number is reflected in the spec-
trum of low-lying states, which changes according to the
number of valence nucleons. The 82 ≤ N ≤ 126 shell has
the longest range of nuclei where excited states can be
measured experimentally. The onset of collective behav-
ior and its interplay with the underlying single-particle
structure is most apparent in the transitional regions
near the closed shells. The advent of selective tagging
techniques has made it possible to identify excited states
in the heavy N <

∼ 88 nuclei where collective behavior
emerges outside the N = 82 core.

This paper reports evidence for changes in the un-
derlying single-particle structure between the even-even
Z = 74 isotopes 162W (N = 88) and 164W (N = 90). At
the predicted deformation for 164W (β2 = 0.161) [1], the
proton Fermi surface lies in a region of low level density
near the high-Ω h11/2 states. The neutron Fermi sur-
face lies close to the high-j, lowest-Ω νi13/2 orbital and
negative-parity orbitals originating from both the νf7/2

∗Deceased.

and νh9/2 subshells. The i13/2 neutron orbital dominates
the yrast spectra of the N ≥ 90 W isotopes and excita-
tions of one (odd-A) or two (even-A) νi13/2 quasineutrons
are prominent at low spin and excitation energy [2–4].
However, recent γ-ray spectroscopic studies of N < 90
nuclei indicate that excitations involving the negative-
parity νf7/2 and νh9/2 states are increasingly favored at
low spin in the transitional nuclei above the N = 82
closed shell [5–10].

II. EXPERIMENTAL DETAILS

The experiment was performed at the Accelerator Lab-
oratory of the University of Jyväsklä, Finland. Ex-
cited states in 164−xW isotopes were populated using the
106Cd(60Ni,2pxn) reaction at a beam energy of 270 MeV.
The target was a 1.0 mg/cm2 thick, self-supporting 106Cd
foil of 96.5% isotopic enrichment. An average beam cur-
rent of 4 pnA was used for ∼120 hours. Prompt γ rays
were detected at the target position by the Jurogam γ-ray
spectrometer [11] consisting of 43 Eurogam-type escape-
suppressed germanium spectrometers [12]. The recoiling
fusion-evaporation residues were separated from fission
products and scattered beam by the RITU gas-filled re-
coil separator [13] and implanted into the double-sided
silicon strip detectors (DSSD) of the GREAT spectrom-
eter [14] at the focal plane. Recoiling nuclei were distin-
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guished from the residual scattered beam and radioac-
tive decays by energy loss and (in conjunction with the
DSSDs) time of flight methods using the GREAT multi-
wire proportional counter.
All detector signals from Jurogam and GREAT were

passed to the total data readout (TDR) acquisition sys-
tem [15] where they were time stamped with a precision
of 10 ns to allow accurate temporal correlations between
γ rays detected at the target position, recoil implants at
the focal plane and their subsequent radioactive decays.
These triggerless data were sorted into γ-γ matrices and
γ-γ-γ cubes using GRAIN [16] and analysed with the
RADWARE software packages [17].

III. RESULTS

A. Excited states in 164W (N=90)

The level scheme for 164W, see Fig. 1, was constructed
from the analysis of 2.3 × 107 three-fold γ-ray events,
detected in coincidence with a recoil implantation at the
focal plane. The ground-state band (band 1) in 164Wwas
first observed by Simpson et al. [2] in an experiment us-
ing the POLYTESSA γ-ray spectrometer in conjunction
with the Daresbury recoil separator [20]. Band 1 was
established beyond the first backbend to spin and par-
ity Iπ = 28+. Figure 2 shows typical spectra highlight-
ing γ-ray transitions in band 1 obtained from a recoil
correlated-γγγ cube from this work. Band 1 is estab-
lished up to an excitation energy of 9303 keV and spin
(30+), see Fig. 1. An additional decay path from the
known 12+ state to the low-spin states of band 1 has
been observed.
Multipolarity assignments for the γ-ray transitions

were obtained from measurements of angular intensity ra-
tios using the directional correlations from oriented states
(DCO) method [18]. Three-fold and higher coincidences
were analysed to mitigate the influence of gamma-ray
contaminants from other reaction channels. One or more
stretched E2 gamma-ray coincidences were used to select
the cascade while the remaining two transitions, if de-
tected at 158◦ degrees and ∼ 90◦ (86◦ or 94◦) Jurogam
positions, were incremented into a matrix. The ratios
were measured according to the relation,

R =
Iγ(158

◦, gated 90◦)

Iγ(90◦, gated 158◦)
. (1)

The method employed was able to discriminate between
stretched quadrupole and stretched dipole transitions,
yielding ratios of 0.94(9) and 0.67(14) for the 490 keV
(4+ → 2+) and the 752 keV (7− → 6+) transitions in
164W, respectively [19]. The present analysis was able
to confirm the multipolarity of the strongest, uncontam-
inated yrast transitions that were measured in the mass-
gated angular correlation analysis by Simpson et al. [2].
In addition, it has allowed tentative spin assignments to

FIG. 1: Level scheme deduced for 164W. The transition ener-
gies are given in keV and their relative intensities are propor-
tional to the widths of the arrows.

be made for levels in the non-yrast structures. The prop-
erties of γ rays in 164W measured in this work are listed
in Table I.

Excited bands were observed in two prior studies by
Hanna [19] and Dracoulis et al. [5]. This high-fold co-
incidence analysis confirms the ordering of the γ rays
observed in these previous works, extending the cascades
to higher spins and elucidates new decay paths to the
ground state. Figure 3(a) shows a typical double-gated
coincidence spectrum obtained from a recoil-γγγ cube
highlighting transitions in band 2 and its decay paths.
Angular correlations for transitions in the decay path of
band 2 to the low-spin states of band 1 are consistent
with an odd-spin assignment for band 2.

Coincidence spectra showing γ rays in band 3 are
shown in Fig. 3(b). A cascade of γ-ray transitions at 344,
416 and 334 keV has been observed continuing band 3
to lower spin. In addition, linking transitions at 391 and
481 keV have been observed connecting the (8−) and (6−)
states in band 3 to band 1 via the (7−) and (5−) states
in band 2. Two weak direct decay paths constituted by
the γ rays at 1001 and 1149 keV were observed to feed
the 4+ and 2+ states, respectively. Assuming that the
linking transitions between the side bands and band 1
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FIG. 2: Gamma-ray coincidences detected at the target posi-
tion by the Jurogam spectrometer in delayed coincidence with
recoils implantated in the DSSDs of the GREAT spectrometer
located at the focal plane of the RITU separator (a) Summed
double-gated γ-ray spectrum generated by demanding coin-
cidences between the 715 keV transition and a list of band 1
transitions comprising the 332, 490 and 607 keV transitions.
(b) Spectrum of γ rays in coincidence with the 392 keV and
609 keV transitions showing γ rays in band 1.

are electric dipoles, it has been possible to determine ra-
tios of reduced transition probabilities by measuring the
branching ratio of the interband to in-band transitions
λout/in, and substituting into the equation,

B(E1; I → I − 1)

B(E2; I → I − 2)
=

λout/in

1.3× 106
[Eγ(∆I = 2)]5

[Eγ(∆I = 1)]3
(fm−2),

(2)
where γ-ray energies are given in MeV. B(E2) values
were estimated using the relation [21]

B(E2; I → I − 2) =
5

16π
e2Q2

0 < I2K0 | I − 2K >2, (3)

assuming a quadrupole moment of 4.0 eb correspond-
ing to the predicted quadrupole deformation of β2 =
0.161 [1]. Measured B(E1; I → I − 1)/B(E2; I → I − 2)
ratios are listed in Table II, together with estimated
B(E1) strengths.

TABLE I: Measured properties of γ ray transitions assigned
to 164W. Energies are accurate to ±0.5 keV for the strong
transitions (Iγ >10%) rising to ±2.0 keV for the weaker tran-
sitions.

Eγ Iγ R Iπi → Iπf Band
(keV) (%)
85.8 < 2.00 (10−) → (9−) 3→2

145.7 11.2(9) 1.3(6) (10−) → (8−) 3
187.4 11.2(8) (11−) → (10−) 2→3
273.7 16.3(11) 1.3(3) (11−) → (9−) 2
331.9 100.0(6) 0.8(1) 2+ → 0+ 1
334.0 11.7(10) (8−) → (6−) 3
343.6 5.0(8) (4−) → (2−) 3
391.0 10.7(11) (8−) → 7− 3→2
391.9 34.6(23) (14+) → (12+) 1
414.6 22.0(16) (12−) → (10−) 3
415.5 4.9(7) (6−) → (4−) 3
419.7 28.9(19) (13−) → (11−) 2
424.4 9.0(8) (7−) → (5−) 1
451.0 22.1(16) (9−) → (7−) 1
480.9 4.7(7) (6−) → (5−) 3→2
487.3 2.9(8) (11−) → (9−) 1
490.4 95(6) 0.9(1) 4+ → 2+ 1
508.0 41(3) (16+) → (14+) 1
517.4 13.5(10) (9−) → (8+) 2→1
531.6 6.8(7) (12+) → (10+) 1
540.5 20.1(14) (14−) → (12−) 3
551.7 27.5(19) (15−) → (13−) 2
564.1 31.7(21) (18+) → (16+) 1
606.6 80(5) 0.8(1) 6+ → 4+ 1
608.9 37(3) (12+) → 10+ 1
619.1 17.0(13) (16−) → (14−) 3
621.4 22.5(16) (20+) → (18+) 1
647.2 26.9(18) (17−) → (15−) 2
666.3 20.5(15) (22+) → (20+) 1
673.8 15.1(11) (18−) → (16−) 3
686.0 55(4) 1.7(4) 8+ → 6+ 1
707.6 18.0(13) (19−) → (17−) 2
710.4 13.1(10) (24+) → (22+) 1
714.7 37(3) 1.2(2) 10+ → 8+ 1
724.6 12.5(10) (20−) → (18−) 3
751.9 25.6(21) 0.7(1) 7− → 6+ 2→1
753.7 12.5(11) (21−) → (19−) 2
764.6 9.2(8) (26+) → (24+) 1
775.5 7.0(7) (22−) → (20−) 3
791.0 5.6(11) (10+) → (8+) 1
792.6 7.5(7) (23−) → (21−) 2
798.3 6.1(6) (28+) → (26+) 1
816.4 3.7(5) (24−) → (22−) 3
822.4 4.1(5) (25−) → (23−) 2
839.3 1.8(4) (26−) → (24−) 3
840.1 2.1(4) (30+) → (28+) 1
867.1 1.7(4) (27−) → (25−) 2
935.3 11.9(15) (5−) → (4+) 2→1

1001.2 1.3(4) (4−) → 4+ 3→1
1148.5 3.6(15) (2−) → 2+ 3→1
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FIG. 3: Gamma-ray coincidences detected at the target posi-
tion by the Jurogam spectrometer in delayed coincidence with
recoils implantated in the DSSDs of the GREAT spectrometer
located at the focal plane of the RITU separator. (a) Summed
double-gated γ-ray spectrum generated using a list of band 2
transitions comprising the 420, 552, 647, 708, 754, 793 and
822 keV transitions. (b) Summed double-gated γ-ray spec-
trum generated using a list of band 2 transitions comprising
the 415, 541, 619, 674, 725, 776 and 816 keV transitions.

TABLE II: Experimental B(E1)/B(E2) ratios of reduced
transition probabilities and deduced B(E1) strengths in
164W. The B(E2) values were estimated using the predicted
deformation parameters in Ref [1].

I Ex
Iγ (E1)

Iγ (E2)
B(E1)
B(E2)

B(E1) Eγ(E1)

(keV) (10−7 fm−2) (10−3 e2fm2) (keV)
(9) 2632 0.55(10) 0.57(11) 0.27(5) 517
(7) 2181 3.37(12) 0.83(30) 0.40(14) 752
(4) 1823 0.23(10) 0.008(4) 0.004(2) 1001

B. Excited states in 162W (N = 88)

The yrast states in 162W were first observed in experi-
ments by Dracoulis et al. using the HERA and CAESAR
spectrometers [5]. It has been possible to confirm the
identification of γ rays in 162W [10, 22] by the application
of the recoil-decay tagging (RDT) technique [23–25]. The

FIG. 4: Gamma rays correlated with recoil implantations fol-
lowed by the characteristic decay sequence α(162W)-α(158Hf-
α(154Yb) within the same DSSD pixel of the GREAT spec-
trometer. The correlation time was limited to 3600 ms for
the first decay and 9000 ms for the second decay and 1300 ms
for the third decay for this spectrum. (b) Gamma rays in
coincidence with the 450 keV transition generated from an
α(162W)-correlated γγ coincidence matrix. (c) Gamma rays
in coincidence with the 618 keV transition generated from
the same matrix. (d) Gamma rays in coincidence with the
535 keV transition generated from the same matrix. The time
for recoil-decay correlations was limited to the range 500–
4800 ms for the spectra in panels (b), (c) and (d). Gamma-
ray transitions in the ground-state band of 162W are labelled
by their energy in keV.

RDT technique allows spatial and temporal correlations
between γ rays detected at the target position with the
subsequent radioactive decays of recoiling fusion prod-
ucts implanted at the focal plane of a recoil separator.
This method can provide an unambiguous identification
of γ rays to a specific nucleus. The optimal conditions
for RDT studies are realised for nuclei with short ra-
dioactive decay half-lives, high α-decay branching ratios
and a distinctive decay energy. Ideally, the implantation
rate should be low in comparison with the half-life of the
‘tagging’ decay, i.e. no greater than one implantation
every 3-5 half-lives. If two ions impinge on a pixel in a
time comparable with the half-life, a random correlation
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FIG. 5: Level scheme deduced for 162W. The transition ener-
gies are given in keV and their relative intensities are propor-
tional to the widths of the arrows.

will occur rendering an unreliable identification. Error
weighted average decay properties obtained from previ-
ous α-decay measurements of 162W (Eα = 5536(3) keV,
t1/2 = 1364(37)ms, bα=49.4(18)%) [26–29] suggest that
an unambiguous recoil-decay correlation can be achieved
at the average recoil rate 1.4 kHz (or ∼ 1 per pixel per
second) employed in this experiment.

Figure 4(a) shows γ rays correlated with a recoil im-
planted in the GREAT spectrometer followed by the
characteristic α decays of 162W and those of its subse-
quent daughter (158Hf) and granddaughter (154Yb) de-
tected within the same pixel. The correlation times
between implantation and the subsequent decays was
limited to 3600 ms, 9000 ms and 1300 ms, respec-
tively. These recoil decay correlations reproduce the
ground-state band in 162W (band 1) observed in refer-
ences [5, 10, 22].

The remaining panels in Fig. 4 show typical coinci-
dence spectra tagged with the α(162W) decay. Recoil-
decay correlations were limited to the period 500-4800ms
following an implantation within the same DSSD pixel.
The matrix contained 6×105 α-correlated γγ events.
This search time was chosen to eliminate the background
from shorter lived channels populated strongly in the re-

TABLE III: Measured properties of γ-ray transitions assigned
to 162W. Energies are accurate to ±0.5 keV for the strong
transitions (Iγ >10%) rising to ±2.0 keV for the weaker tran-
sitions.

Eγ Iγ R Iπi → Iπf Band
(keV) (%)
156.1 4.2(7)
295.9 15.0(13) (11−) → (10+) 2→1
384.0 2.8(7)
449.6 100.0(15) 1.2(2) (2+) → (0+) 1
499.8 1.5(6)
535.0 9.0(9) (13−) → (11−) 2
556.2 26.1(18) (10−) → (8+) 1
562.8 90.0(6) 1.3(2) (4+) → (2+) 1
579.6 2.3(5) (17−) → (15−) 2
598.4 5.3(7) (15−) → (13−) 2
618.4 7.6(10) (12+) → (10+) 1
624.3 11.2(12) → (8+)
626.6 67(4) (6+) → (4+) 1
629.1 33.5(24) (13−) → (11−) 1
680.4 2.0(5) (8+) → (6+) 1
728.6 1.1(4) (16+) → (14+) 1
730.4 1.1(4) → (17−)
755.3 6.2(11) → (6+)
787.4 2.0(7) → (6+)
870.5 0.7(6) → (6+)
960.4 1.6(8) → (4+)

action. The same correlation conditions were used to
produce angular correlation matrices. The level scheme
deduced from this work is shown in Fig. 5 and the prop-
erties of γ rays in 162W are listed in Table III.
Figure 4(b) shows the γ rays in coincidence with the

450 keV 2+ → 0+ transition in 162W. The band based
on the ground state, band 1, dominates the spectrum
although there is clear evidence of links to other struc-
tures. Figure 4(c) shows coincidences with the 618 keV
transition that shows γ rays in band 1, which extend to
Iπ = (16+). An excited band structure, band 2, is ob-
served to decay to the 10+ state in band 1 via a 296 keV
transition, see Fig. 4(d). It has not been possible to as-
sign the multipolarity of the 296 keV transition in this
work.

IV. DISCUSSION

In order to identify the underlying orbital configu-
rations of the bands in 162W and 164W, Woods-Saxon
cranking calculations have been performed [30, 31].
Quasiparticle Routhians, e′ as a function of rotational
frequency calculated for 164W are displayed in Fig. 6.
The quasiparticle Routhians are labeled according to the
convention listed in Table IV. The deformation parame-
ters (β2=0.161, β4=0.010) used in the cranking calcula-
tions are the values predicted in reference [1].
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FIG. 6: (Color online) Representative cranked shell model
Routhians calculated using a Woods-Saxon potential for
164W. The calculations assume deformation parameters
(β2 = 0.161, β2 = 0.010,γ=0◦) from reference [1]. (a)
Quasineutron Routhians plotted as a function of rotational
frequency. (b) Quasiproton Routhians plotted as a function
of rotational frequency.

TABLE IV: Adopted convention for labelling quasiparticle
routhians.

Label Parity & Signature Shell Model State
( π,α) at h̄ω = 0
Quasineutrons

A (+,+1/2)1 i13/2
B (+,−1/2)1 i13/2
E (−,+1/2)1 h9/2, f7/2
F (−,−1/2)1 h9/2, f7/2
G (−,+1/2)2 h9/2, f7/2
H (−,−1/2)2 h9/2, f7/2

Quasiprotons
e (−,+1/2)1 h11/2

f (−,−1/2)1 h11/2

Experimental rotational alignments [32], ix, as a func-
tion of rotational frequency, h̄ω, have been deduced and

FIG. 7: The alignment, ix as a function of rotational fre-
quency for the bands in 164W. A rotational reference, based
on a configuration with a variable moment of inertia defined
by the Harris parameters J0= 12.5 h̄2MeV−1 and J1=60
h̄4MeV−3, has been subtracted from each band. (b) Experi-
mental routhians e′ as a function of rotational frequency for
the bands in 164W.

are compared with the predictions of the cranked shell
model. Figure 7(a) shows the alignments for the bands
in 164W. Band 1 shows an alignment gain of ∆ix = 11h̄ at
h̄ω=0.3 MeV. The quasineutron and quasiproton Routhi-
ans shown in Fig. 6 suggest that the high-j, low-Ω i13/2
quasineutron orbitals (A and B) are the first to undergo
a rotational alignment at h̄ω ∼ 0.24 MeV. The predicted
alignment gain from Fig. 6 for the i13/2 quasineutron pair
(AB) is expected to be ∆ix = 10.6h̄, which is in excel-
lent agreement with the experimental value measured for
band 1. Therefore the crossing is consistent with the
(i13/2)

2 (AB) alignment as discussed previously [2]. The
discrepancy of the predicted and experimental crossing
frequencies is not unexpected due to the sensitivity of the
calculations to the deformation and pairing input param-
eters.

The alignments extracted for bands 2 and 3 have sim-
ilar behavior as a function of rotational frequency. At
low frequency, the alignments for both bands are low but
quickly achieve an alignment of ∼9h̄ at 0.2 MeV. This
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alignment is consistent with a two-quasiparticle configu-
ration. However, it is lower than the alignment observed
for the (i13/2)

2 (AB) configuration. The next available
two-quasineutron excitations are based on coupling a sin-
gle i13/2 quasineutron to one of the nearby negative-
parity orbitals originating from the mixed f7/2, h9/2 con-
figurations. The cranking calculations predict an align-
ment of ∼9.5h̄ for the AE and AF configurations. There-
fore, bands 2 and 3 are based on the νi13/2⊗ν(f7/2, h9/2)
(AE and AF) configurations. The smooth alignment gain
at higher frequencies is similar for all the aligned config-
urations suggesting a common physical origin. This is
interpreted as the gradual alignment of the π(h11/2)

2 (e
and f) quasiprotons occurring with a large interaction
strength [2].
The alignment properties for bands 2 and 3 at

h̄ω < 0.3 are consistent with octupole excitations [33–
38]. This assignment is supported by the large estimated
B(E1) reduced transition probabilities listed in Table II.
Octupole excitations are expected to arise from interac-
tions between orbitals near the Fermi surface that differ
in orbital angular momentum by ∆l = 3 [39]. In this re-
gion, octupole correlations are expected to arise from the
h11/2 and d5/2 proton and i13/2 and f7/2 neutron orbitals.

The N = 88 isotone 162W displays different fea-
tures in the rotational alignment of its ground-state band
(band 1). Figure 8(a) compares the alignment as a func-
tion of rotational frequency for bands in 162W and 164W.
A crossing in band 1 of 162W is observed at a crossing
frequency of ∼0.3 MeV, see Fig. 8(b), which is the same
as in the yrast band of 164W but with a lower align-
ment gain (∼ 6h̄). This has been interpreted in terms
of the rotational alignment of a pair of h9/2 neutrons fa-

vored by the lower average deformation of 162W relative
to 164W [5, 6, 10]. This is the same transition between
neutron configurations as observed between the neigh-
boring N = 88 and N = 90 Ta isotones, 161Ta [7] and
163Ta [22]. There is a smooth increase in alignment above
the backbend, which is interpreted as arising from the
alignment of the π(h11/2)

2 quasiprotons occurring with
a strong interaction strength as observed in the heavier
isotope 164W.
Band 2 in 162W is measured to have an alignment

of ∆ix = 9h̄ at 0.3 MeV/h̄, which is lower than ex-
pected for an aligned ν(i13/2)

2 configuration. However,
the degree of alignment is similar to that achieved by the
νi13/2⊗ν(f7/2, h9/2) configurations in

164W. Thus band 2
is assigned to be a negative-parity odd-spin structure
formed by the νi13/2⊗ (f7/2, h9/2) (AE) two-quasiparticle
configuration.

V. CONCLUSION

Energy level schemes have been extended in the tran-
sitional nuclei 162W and 164W. The positive-parity zero
and two-quasiparticle bands and the negative-parity two-
quasiparticle bands have been elucidated in both isotopes

FIG. 8: (a) The alignment, ix as a function of rotational
frequency for the bands in 162W and band 1 in 164W. A
rotational reference, based on a configuration with a vari-
able moment of inertia defined by the Harris parameters
J0 = 7 h̄2MeV−1 and J1 = 60 h̄4MeV−3, has been sub-
tracted from each band. (b) Experimental routhians e′ as a
function of rotational frequency for the bands in 162W.

using the Jurogam and GREAT spectrometers in con-
junction with the RITU gas-filled separator. Configura-
tion assignments for the bands have been assigned on the
basis of the rotational alignments as a function of rota-
tional frequency and comparisons with the predictions of
the cranked shell model. These results confirm that the
νf7/2, h9/2 states are favored over the νi13/2 quasineutron
configuration in forming the first rotational alignment in
the ground-state band of 162W. This indicates a change
in the relative positions of the f7/2, h9/2 and i13/2 neu-
tron orbitals between N = 88 and N = 90, which
is attributed to the lower deformation of the lighter iso-
tope. The excited collective structures are interpreted as
two-quasineutron νf7/2, h9/2 ⊗ νi13/2 configurations.
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