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First observation of excited states in the neutron deficientNÄ86 isotones159Ta and 160W
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The g decays of excited states in the neutron deficient nuclei159Ta and160W have been identified for the
first time. The nuclei of interest were produced in reactions induced by beams of58Ni ions at energies of 286
MeV, 291 MeV, and 298 MeV bombarding a106Cd target. Promptg rays were recorded using the JURO-
SPHERE spectrometer and were tagged through the subsequenta decays of associated recoil ions measured in
a position-sensitive silicon strip detector at the focal plane of the gas-filled separator RITU. Level schemes
have been deduced and compared with similar structures observed in neighboring nuclei.
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I. INTRODUCTION

The study of excited states of nuclei close to the pro
drip line above theN582 shell closure has advanced signi
cantly in recent years@1–3#. Many nuclei in this region de-
cay by a-particle or proton emission@4# and the rapid
progress in their study has largely been achieved by tag
the g rays with the characteristic radioactive decay prop
ties of the associated recoil ions measured at the focal p
of a recoil separator. A major advantage of this method
that often several nuclei produced in a given reaction can
selected cleanly and independently. In the present work,
technique has been applied to study for the first time exc
states in the neutron deficientN586 isotones 73

159Ta and

74
160W.

Prior to this investigation, the lightest tungsten isotope
which excited states had been identified byg-ray spectros-
copy was 162W @5#. The systematics of low-lying states i
even-mass tungsten isotopes are consistent with a decre
deformation moving away from the neutron midshell t
wards theN582 shell closure@6#. This trend is expected to
continue for 74

160W86, with the yrast states arising from sp
alignments of valence nucleons, as observed in lighteN
586 isotones. Data on neutron deficient tantalum isoto
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are much scarcer, the lightest isotope studied using in-b
g-ray spectroscopy being165Ta @7#. However, the pattern o
the lowest-lying excited states in159Ta is expected to re-
semble those of its neighboringN586 isotones158Hf and
160W, with the odd proton coupling to the neutron excit
tions. The aim of the present work was therefore to de
mine whether these expectations are indeed followed an
investigate the effects of the increasing number of vale
protons on the pattern of excitations.

II. EXPERIMENTAL METHOD

The experiment was performed at the Accelerator La
ratory of the University of Jyva¨skylä. The nuclei of interest
were produced in fusion-evaporation reactions induced
58Ni ion beams at energies of 286 MeV, 291 MeV, and 2
MeV impinging on a self-supporting 550mg cm22 thick
106Cd target. The reaction was studied at 291 MeV for a
proximately 85 h, while data were collected for approx
mately 16 h at each of the other two beam energies.
beam was pulsed with 1.3 ms beam on and 1.7 ms beam
for the 291 MeV data and 4.8 ms beam on and 5.2 ms be
off for the other two energies. The pulsing allowed cle
a-particle energy spectra to be generated so that accu
coincidence requirements could be obtained. In the offl
analysis no beam phase conditions were applied to tha
decays when producingg-ray spectra. The average beam i
tensity after pulsing was typically;1 particle nA.

Promptg rays were detected with the escape-suppres
hyperpure germanium detectors of the JUROSPHERE s
trometer array located at the target position. JUROSPHE
is a composite array of Eurogam phase I germanium de
tors@8# at backward angles to the beam direction and TES
detectors@9# around 90°. In this experiment there were fiv
Eurogam detectors at 157.6° and 9 at 133.6°, with fi
TESSA detectors at 79° and five at 101°. The efficienc
relative to a standard 76 mm376 mm NaI~Tl! detector at
25 cm for 1.3 MeVg rays were 70% and 25% for the Eu
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rogam and TESSA germanium detectors, respectively.
Eurogam detectors were positioned 205 mm from the ta
and the TESSA detectors were at a distance of 180 m
Energy and efficiency calibrations were obtained with133Ba
and 152Eu radioactive sources placed at the JUROSPHE
target position. The total photopeak efficiency of the ar
was measured to be 1.5% at 1.3 MeV.

The recoiling fusion-evaporation residues entered the g
filled recoil separator RITU@10#, where they were separate
from the beam and implanted into a 80 mm335 mm
position-sensitive silicon strip detector at the separator’s
cal plane. The energy, position, and time of recoil implan
tions and the subsequently emitteda particles were recorded
g rays detected at the target position in association with
evaporation residue being implanted into the silicon strip
tector were also recorded. The position and time informat
recorded at the strip detector enableda decays to be corre
lated with implanted recoils and thereby tagg rays emitted
by a specific nucleus.

In cases where two or moreg rays were detected simu
taneously at the target position, their energies were also
corded. This allowed the evaporation residue transport e
ciency of RITU to be determined for the strongest react
channels from the proportion of their maing-ray lines that
also appeared in coincidence with a recoil ion in the silic
strip detector. In the case of160Hf, produced via the 4p
evaporation channel, this was found to be (2161)% at a
beam energy of 291 MeV.

III. RESULTS

A. Nuclide 160W

The energy spectrum of allg rays observed in coinci
dence with a recoil ion at the focal plane of RITU is show
in Fig. 1~a!. 160W was produced with a cross section
;160 mb and is a known emitter of 5912 keVa particles,
with a half-life of 91 ms and branching ratio of 87%@4#. The
correspondingg-ray energy spectrum obtained for those io
followed by a 160W a decay within a maximum time inter
val of 455 ms at the same detector position is shown in F
1~b!. Although the peaks in this spectrum differ from tho
in Fig. 1~a!, it is evident from thea-particle energy spectrum
of Fig. 2 that the160W a line is not fully resolved from that
of its daughter156Hf, which emits 5873 keVa particles with
a half-life of 23 ms and branching ratio of 100%@4#. Fur-
thermore, the relative intensity of thea-decay lines in Fig. 2
shows that156Hf is also produced directly via thea2p2n
evaporation channel. In order to eliminate the possibility t
some of the taggedg rays could be emitted by156Hf rather
than 160W, recoil-a-a correlations were performed, requi
ing that the 160W a decays be followed by a position
correlated156Hf a decay within 65 ms. The resultant tagge
g-ray energy spectrum is shown in Fig. 1~c!, in which the
sameg-ray lines can be seen as in Fig. 1~b!. Further corrobo-
ration of the assignment of theseg rays to 160W comes from
the observation of tungsten x rays in the tagged spectra
the absence of theg rays previously assigned to156Hf @11#.

In order to optimize statistics for the analysis ofg-g co-
incidences, ag-g matrix was constructed for recoil-160W a
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gated events having ag-ray multiplicity >2. The four stron-
gestg rays in Fig. 1~b! at 347 keV, 610 keV, 616 keV, and
655 keV are mutually coincident and are assumed to re
sent transitions between the lowest-lying states in160W. Fig-
ure 3~a! shows the summed energy spectrum ofg rays ob-
tained by gating on each of these four transitions. Analysis
the coincidence relationships of these fourg rays reveals that
they are in coincidence with all other transitions assigned
160W. Figure 3~b! shows the summedg-ray energy spectrum
obtained by gating on the mutually coincident 624 keV, 6
keV, and 696 keV transitions. Four additional weakg-ray
lines at energies of 460 keV, 544 keV, 573 keV, and 6
keV are evident in this spectrum. Gating on the mutua
coincident 222 keV, 713 keV, and 718 keV transitions
sults in theg-ray energy spectrum shown in Fig. 3~c!, in
which transitions at energies of 296 keV, 407 keV, 494 ke
and 853 keV can be identified, in addition to the four stro
gest 160W g rays. Theseg-g coincidence data indicate tha

FIG. 1. Energy spectrum of~a! all g rays associated with a
recoil detected at the focal plane of RITU,~b! g rays emitted by
ions correlated with subsequenta decays in the160W peak, and~c!
g rays emitted by ions correlated with subsequent160W and
156Hf a decays. These spectra represent the sum of data obta
at all three beam energies used in the present experiment.
known lowest transitions in160Hf @12#, which was strongly pro-
duced via the 4p evaporation channel, are indicated by solid circl
in ~a!, while g rays assigned as transitions in160W are labeled with
their energies in keV in~c!. Only small vestiges of the160Hf g rays
can be discerned in~b! and~c!, and arise from the low level of false
correlations ofa particles with unrelated ions.
9-2
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FIRST OBSERVATION OF EXCITED STATES IN THE . . . PHYSICAL REVIEW C 63 064309
FIG. 2. A portion of the energy spectrum ofa particles recorded
at the beam energy of 291 MeV during beam-off periods in
position-sensitive silicon strip detector at the focal plane of RIT
The calibration was obtained using the energies of knowna emit-
ters produced in this reaction@4# and the strongesta-decay lines
including those of interest in the present work are labeled.

FIG. 3. Energy spectrum of160W g rays observed in coinci-
dence with~a! the 347 keV, 610 keV, 616 keV, and 655 keV tra
sitions,~b! the 624 keV, 671 keV, and 696 keV transitions, and~c!
the 222 keV, 713 keV, and 718 keV transitions.
06430
the level scheme of160W splits into two bands, as shown i
Fig. 4.

Information on the multipolarity of theg rays was de-
duced from a comparison of the ratio of peak intensit
measured in the TESSA detectors at 79° and 101° to th
measured in the Eurogam detectors at 157.6°~see Table I!.
The intensity ratios measured for the160W g rays typically
have values around 1.16, except for the 222 keV transit
However, the value for this transition of 0.8860.07 is con-
sistent with that of 0.9160.05 measured for the 211.6 ke
160Hf stretched dipole transition@12#. We therefore assign
the 222 keVg ray as a dipole, tentativelyE1, transition and
the remainingg rays with measured intensity ratios a
stretchedE2 transitions. The choice of anE1 rather than an
M1 transition for the 222 keVg ray is in accordance with
the energy level systematics of nuclei in the vicinity of160W,
where the observed low-lying odd-spin bands are of nega
parity.

The energies and relative intensities ofg rays attributed to
160W are also presented in Table I. The transition intensit
after efficiency and internal conversion corrections, ha
been normalized to that of the 610 keV transition. To allo
for the asymmetry of the JUROSPHERE array, the intens
of the 222 keV dipole transition has also been corrected
scaling according to the relative intensity measured for

e
.

FIG. 4. The proposed partial level scheme for160W, deduced
from the g-g coincidence relationships, angular distributions, a
relative intensity measurements. The widths of the arrows are
portional to the transition intensity. Level energies are given in ke
9-3
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A. KEENAN et al. PHYSICAL REVIEW C 63 064309
211.6 keV 160Hf dipole transition compared with the litera
ture value@12#. The sequence of the transitions in the lev
scheme of Fig. 4 is tentative and follows the order of th
relative intensities. The possible discrepancy in the inten
feeding into and out of the 81 level could be an indication
that this level has a lifetime of the order of a few ns, perha
arising as a consequence of a spin-flip transition to the1

state and resulting in someg rays being emitted after th
nuclei have recoiled out of view of JUROSPHERE. The re
tive intensities of the 222 keV and 718 keV transitions in
cates the existence of two closely spaced 101 levels, one of
which is fed by the negative-parity states and the other by
positive-parity band.

B. Nuclide 159Ta

One feature of taggingg rays with the subsequenta de-
cays of their associated recoil ions is that in some cases
possible to select out specific configurations. An example
this is provided by159Ta produced via the 3p2n channel in
the present work, for which two low-lyinga-decaying levels
are known: a low-spin level having ans1/2 proton configura-
tion and a high-spinph11/2 state@4#. The 544 ms half-life
and 73%a-decay branching ratio of theph11/2 state @4#
should make it a suitable candidate for thea-decay tagging

TABLE I. Transition energies, relative intensities corrected
internal conversion, intensity ratios, and spin assignments forg rays
attributed to160W.

Energy~keV! Intensitya R b Ji
p→Jf

p

222.160.2 2563 0.8860.07 11(2)→101

295.960.2 662
347.560.2 7063 1.1160.06 81→61

407.460.2 1062
460.260.2 762
493.660.2 862
543.860.3 962
572.660.2 1262
609.960.2 10062 1.2060.07c 21→01

616.260.2 9263 1.2060.07c 61→41

624.260.2 4263d (121→101)
642.360.3 2663e (161→141)
654.760.2 9762 1.1960.05 41→21

670.760.2 3963 1.0360.09 (101→81)
680.660.2 1362
695.660.2 2863 1.2360.12 (141→121)
713.160.4 1763 1.1760.19 (152→132)
718.160.2 3963 1.2460.11 101→81

853.560.3 2262 1.0460.13 (132→112)

aNormalized to the intensity of the 610 keV transition.
bIntensity ratio,R5I g (157.6°) I g (79° and 101°).
cAverage of both transitions.
dUnresolved doublet. Value given is the combined intensity of b
transitions. The weaker component is estimated to represent;10%
of the combined intensity.
eUnresolved doublet. Value given is the combined intensity of b
transitions.
06430
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technique. Proton- anda-decay measurements have det
mined that theps1/2 state represents the ground state
159Ta, with theph11/2 state lying at an excitation energy o
6465 keV @13#.

In the present data, the 5.6 MeVa decays of theph11/2
state were produced strongly, but could not be resolved fr
othera lines of similar energy~see Fig. 2!. However, thisa
decay populates the low-lyingph11/2 state in155Lu, which in
turn decays by emitting 5655 keVa particles and has a
half-life of 70 ms and branching ratio of 80%@4#. This cor-
relation is sufficient to select out cleanly the159Ta a decays
of interest and the correspondingg-ray energy spectrum is
shown in Fig. 5~b!. It is evident that some of theg rays
present in the recoil-a tagged spectrum of Fig. 5~a! are re-
moved by correlation with the seconda decay and the ap
pearance of tantalum x rays in Fig. 5~b! corroborates the
assignment ofg rays to 159Ta. Analysis of the recoil-a gated
g-g coincidences confirms that the 574 keV, 633 keV, a

r

h

h

FIG. 5. Energy spectra of~a! g rays emitted by ions correlate
within 1.3 s with subsequenta decays in the159Ta peak,~b! g rays
emitted by ions that are in turn correlated within 200 ms with su
sequent155Lu a decays, and~c! g rays observed in coincidenc
with the 574 keV, 633 keV, and 640 keV transitions in the recoila
gatedg-g matrix for 159Ta. Since theph11/2 level in 159Ta has a
half-life of ;500 ms, it was also necessary to subtract a fraction
the total recoil–g-ray spectrum from both~a! and ~b! in order to
eliminate contributions from random correlations. Peaks assigne
159Ta are labeled in~b! with their energy in keV. These spectr
represent the sum of data obtained at all three-beam energies
in the present experiment.
9-4



a
as
w

e.
e
re

ne

t
ar
yi

in
-
I

n

le

-
n

rns

on
of

so-

en-
neu-

d

en-
r

ing

t-

for

tio

in
Data

FIRST OBSERVATION OF EXCITED STATES IN THE . . . PHYSICAL REVIEW C 63 064309
640 keV transitions are mutually coincident. Figure 5~c!
shows the summed energy spectrum ofg rays obtained by
gating on each of these three transitions. This demonstr
that they are in coincidence with all other transitions
signed to 159Ta. The statistics were not sufficient to allo
placement of the159Ta g-ray transitions at 188 keV, 232
keV, 284 keV, 368 keV, and 433 keV in the level schem

The angular distributions of theg rays suggests that th
232 keVg ray is a dipole transition and all other peaks a
consistent with stretched quadrupole transitions. The e
gies and efficiency-corrected intensities of theg rays in the
spectrum of Fig. 5~b! are listed in Table II. The three mos
intense transitions at 574 keV, 633 keV, and 640 keV
assumed to represent transitions between the lowest-l
states built on theph11/2 level in 159Ta, as illustrated in the
tentative partial level scheme shown in Fig. 6.

IV. DISCUSSION

The angular momentum of low-lying excited states
even-even nuclei close to theN582 shell closure is gener
ated by spin alignments of individual valence nucleons.
N582 nuclei, the yrast states are formed byp(h11/2)

n con-
figurations, with two proton excitations being mainly respo
sible for levels up to the maximally aligned 101 state@14#,
while in N584 isotones these configurations are coup

TABLE II. Transition energies, relative intensities corrected
internal conversion, and tentative spin assignments forg rays as-
signed to159Ta.

Energy~keV! Intensitya Ji
p→Jf

p

188.360.1 1262
232.460.1 4064
284.260.1 762
368.360.1 2463
433.560.2 1563
573.760.1 10062 ~15/22→11/22)
633.460.1 7266 ~23/22→19/22)
640.560.1 8665 ~19/22→15/22)

aNormalized to the intensity of the 574 keV transition.

FIG. 6. The tentative partial level scheme for159Ta, deduced
from the relative intensity measurements and coincidence rela
ships. The excitation energy of theph11/2 bandhead is 64
65 keV @13#.
06430
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2 ) and n( f 7/2h9/2) excitations to form the lowest

lying positive-parity states@15#. Negative-parity states ca
be generated byn( i 13/2h9/2), p(h11/2d5/2), and p(h11/2s1/2)
excitations. InN586 isotones, these basic excitation patte
can still be discerned@16,17#, but for still higher neutron
numbers, nuclei become increasingly collective.

This emergence of the importance of individual nucle
excitations is evident in the excitation energy systematics
low-lying positive-parity states in even-mass tungsten i
topes, shown in Fig. 7. The energies of the 21, 41, and 61

levels determined in the present work for160W represent a
smooth continuation of the trend of increasing excitation
ergy and hence decreasing deformation with decreasing
tron number. This contrasts with the 81 levels, which fall
below the extrapolated trend forN,90. This behavior can be
attributed to a maximally alignedn( f 7/2h9/2)8

max or
n(h9/2

2 )8
max excitation, which becomes increasingly favore

energetically as theN582 shell closure is approached@19#.
The energy of the 81 level measured for160W provides a
gradual evolution to that in158W, where it falls below the 61

level and becomes isomeric, decaying bya-particle emission
@4,19#.

The corresponding energy level systematics for ev
massN586 nuclei shown in Fig. 8 reveal a fairly regula
spacing of the 21, 41, and 61 levels in these isotones, with
transition energies of;600 keV. The energy of the 81 level
decreases slightly with increasing atomic number, reflect
an increasing energy gain by the interaction ofh9/2 neutrons
with h11/2 protons as theph11/2 subshell is filled@19#. The
101 levels also show a smooth decrease with increasingZ,
reflecting the trend identified for thep(h11/2

2 )10
max 101 iso-

mers inN582 isotones@14#. The low-lying positive-parity
states deduced in the present work for160W fit in well with
these systematics.

Negative-parity 112 states have been observed inN586
isotones at a comparable energy to that identified in160W. A
g-factor measurement for the 3025 keV level in154Er indi-
cated that the main configuration of this 112 state is a
n( i 13/2h9/2) excitation @20# and it seems reasonable to a
tribute the states seen in other isotones to this excitation@16#.

n-

FIG. 7. Excitation energies of low-lying positive-parity levels
even-even tungsten isotopes as a function of neutron number.
are taken from Refs.@4–6,18# and the present work.
9-5
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In 154Er, 156Yb, and 158Hf, the 112 states are observed t
decay strongly to 101 levels byE1 transitions@5,16,17#, a
pattern which appears to be followed in160W. In 154Er and
the lighter isotones, there is a decay from the 112 state to a
92 level, which then feeds lower-spin negative-parity stat
These states are thought to be built mainly upon
p(h11/2d5/2

21) excitation, which becomes progressive
blocked as theph11/2 subshell is filled and the excitatio

FIG. 8. Excitation energies of low-lying levels in even-massN
586 isotones as a function of atomic number. For the odd-Z ele-
ments, the energy levels shown represent the lowest levels
upon ph11/2 configurations. Data are taken from Refs.@5,18# and
the present work. The lines are drawn to guide the eye, with
dotted lines connecting the levels tentatively proposed in
present work.
-
t

A

h-

06430
.
a

energies consequently increase~see Fig. 8!. In 156Yb, the
nonobservation of lower-spin negative-parity states is p
sumed to be a result of the 92 state lying above the 112 and
not being strongly populated@16#. This explanation would
naturally account for the similar pattern observed for160W in
the present work.

In the odd-massN586 isotones studied to date, the od
ph11/2 proton is coupled to the low-lying excitations seen
neighboring isotones@21,22#. The excitation energies of th
states identified in159Ta in the present work also fit into thi
pattern, being comparable with the corresponding levels
158Hf and 160W ~see Fig. 8!. It would certainly be of interest
to extend the level scheme of159Ta in order to pursue this
comparison to higher spins.

V. CONCLUSION

The g rays emitted from excited states in the neutr
deficient nuclei159Ta and 160W have been identified for the
first time by tagging the recoil ions emitting theg rays with
both parent and daughtera decays. A level scheme has bee
deduced for160W and interpreted in terms of the neutro
excitations outside theN582 core seen in itsN586 isotones
and theph11/2 proton excitations observed in neighborin
nuclei. The lowest transitions based on theph11/2 configura-
tion in 159Ta are found to follow closely the excitation ene
gies of the corresponding transitions in the neighboring i
tones.
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