
PHYSICAL REVIEW C, VOLUME 62, 067301
First observation of excited states in the neutron deficient nuclei164Os and 166Os
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Excited states have been observed for the first time in the neutron deficient nuclei166Os and164Os. The
nuclei were produced using the reactions106Cd(63Cu,p2n)166Os, 112Sn(58Ni,2p2n)166Os, and
106Cd(60Ni,2n)164Os at beam energies of 292, 286, and 257 MeV, respectively. Theg rays emitted by166Os
and 164Os were identified by correlating the associated recoil evaporation residues with their subsequent
characteristica decays. The deduced level schemes indicate that166Os and 164Os continue the trend of
decreasing deformation moving away from theN5104 midshell. The level energy systematics of the low-spin
states are presented.

PACS number~s!: 23.20.Lv, 23.90.1w, 25.70.Hi, 27.70.1q
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Theg-ray spectroscopy of osmium and platinum isotop
reveals a rich underlying nuclear structure. For the platin
isotopes the structure varies with decreasing neutron num
from oblate to triaxial ground states, through shape coex
ence near the neutron midshell (N'104) and then to triaxia
and near-spherical ground states@1,2#. For the osmium iso-
topes a similar pattern is observed, with coexisting sha
appearing atN<96 @3#. The lightest even-even osmium iso
topes with published level schemes are170,172Os @4,5#. Their
yrast positive parity states can be understood as arising f
the coexistence of three different structures: a lo
deformation band, which is yrast at low spin, a more stron
deformed prolate structure, and a band based upon an( i 13/2)

2

excitation. The energy of the deformed band head is hig
in nuclei further from the neutron midshell so that the infl
ence of the deformed band on the energies of the l
deformation, low-spin states diminishes rapidly. In additio
the systematics for lighter isotones indicate that this lo
deformation band becomes less deformed as theN582 shell
closure is approached. In our previous studies of the p
num isotopes168,1702172Pt @1,2# the trend of increasing exci
tation energy of the low-lying states with decreasing neut
number has been established. It is therefore of interes
investigate if this trend is also followed by the osmium is
topes. Studying these very neutron deficient nuclei us
conventional techniques is extremely difficult because of
small production cross sections. In order to identify prom
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g-ray transitions in164,166Os the nuclei were tagged by the
characteristica decays@6#.

The nuclides164,166Os were studied in three separate e
periments performed at the Accelerator Laboratory of
University of Jyväskylä. Excited states in166Os were popu-
lated by the reactions 106Cd(63Cu,p2n)166Os and
112Sn(58Ni,2p2n)166Os, while 164Os was produced in the re
action 106Cd(60Ni,2n)164Os. The beam energies were 29
286, and 257 MeV, respectively, and the average beam
tensities produced by the JYFL K130 cyclotron were 0
pnA for 63Cu, 4.8 pnA for 58Ni, and 2.3 pnA for60Ni. The
self-supporting112Sn target had a thickness of 400mg cm22

and 93% isotopic enrichment, while the106Cd target thick-
ness was 550mg cm22 and the isotopic enrichment wa
80%.

In the experiments to study166Os, promptg rays were
detected using the escape-suppressed Ge detectors of th
ROSPHERE spectrometer located at the target position.
ROSPHERE is a composite array of Eurogam I Ge detec
@7# and TESSA Ge detectors@8#. In the 58Ni experiment
there were five Eurogam detectors at 157.6 ° and nine
133.6 °, with five TESSA detectors at 79 ° and five at 10
with respect to the beam direction. In the63Cu experiment,
there were seven Eurogam detectors and three TESSA d
tors were positioned inside three Eurogam suppress
shields at 133.6 °. The detectors at the other angles were
same as for the58Ni experiment. The total photopeak effi
ciency at 1.3 MeV was measured to be'1.5% for the58Ni
experiment and'1.4% for the63Cu experiment.

For the 60Ni reaction the promptg rays were detected
using the SARI array of four unsuppressed segmented clo
Ge detectors placed at 45 ° to the beam line. These dete
comprise four Ge crystals placed within a single cryostat@9#.
The total photopeak efficiency of SARI was measured to
'3.6% at 1.3 MeV.
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In all three experiments the recoiling evaporation resid
entered the gas-filled separator RITU@10# and were im-
planted into a 16 strip, 80 mm335 mm Si detector cover
ing approximately 70% of the recoil distribution at the foc
plane. The energies, positions, and times of recoil nuclei
a decays were recorded, as were the energies ofg rays de-
tected in delayed coincidence with the implantation of a
coil ion in the Si strip detector. The position sensitivity of th
strip detector and the time stamp information enabled
subsequent characteristica decays to be correlated with th
implanted recoils. Theg rays associated with these corr
lated recoils can then be identified as being emitted by s
cific nuclides.

The half-lives of 164Os and 166Os have been measure
previously to be 2161 and 22067 ms, respectively@11#. In
the 166Os analysis,g rays were selected when the associa
recoil and 5.98 MeV166Osa particle were position corre
lated within a time window of 500 ms and 440 ms for t
63Cu and58Ni reactions, respectively. In the164Os analysis,
the corresponding maximum time interval between the
coils and 6.32 MeV 164Osa particles was 60 ms. The
a-particle energy spectra for each of the reactions are sh
in Fig. 1. Thea-decay taggedg-ray spectra for166Os and
164Os are shown in Fig. 2. Osmium x rays are visible in

FIG. 1. Energy spectra ofa particles observed in the~a!
112Sn(58Ni,2p2n)166Os, ~b! 106Cd(63Cu,p2n)166Os, and ~c!
106Cd(60Ni,2n)164Os reactions. For~a! there was no beam pulsing
for ~b!, the beam pulsing was 3 ms on and 7 ms off, and~c! 2 ms on
and 4 ms off. The beam pulsing was used to obtain cleana-particle
energy spectra, such as those shown in~b! and~c!, which are for the
beam off periods only.
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three spectra. The appearance of the sameg-ray lines in the
spectra from the different reactions producing166Os supports
their assignment to this nucleus. In addition, the transitio
in 166Os have been reported independently@12#. The produc-
tion cross section for166Os was estimated to be 500 an
300 mb for the 63Cu and 58Ni induced reactions, respec
tively, and for 164Os was estimated to be 20mb.

The energies and absolute intensities of theg rays as-
signed to164Os are presented in Table I and those for166Os

TABLE I. Energies and relative intensities ofg rays identified
in 164Os, normalized to the 548 keV transition.

Eg Intensity
~keV! ~%! Assignment

392.2~2! 64~4! (81)→(61)
548.0~2! 100~5! (21)→(01)
557.4~2! 56~2! (101)→(81)
658.3~2! 81~5! (41)→(21)
683.4~2! 67~4! (61)→(41)

FIG. 2. Energy spectra ofg rays emitted from recoils correlate
with characteristic 164Os or 166Osa decays for ~a! the
112Sn(58Ni,2p2n)166Os, ~b! the 106Cd(63Cu,p2n)166Os, and~c! the
106Cd(60Ni,2n)164Os reactions. Peaks assigned to164,166Os are la-
beled according to their energies in keV.
1-2
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in Table II. The statistics obtained in both cases were ins
ficient to allow ag-g coincidence or unambiguous angul
distribution analysis. Based on the measured intensities
assuming all theg rays correspond to stretchedE2 transi-
tions, we propose the tentative level schemes shown in
3. The absoluteg-ray intensities and the level scheme f
166Os are based on the combined, and consistent, data
the two reactions.

The energy level systematics of even-even osmium
topes shown in Fig. 4 indicate that164Os and166Os continue
the trend of increasing excitation energy of the 21 state with
decreasing neutron number, implying a corresponding fa
deformation as theN582 shell closure is approached. Th
energies of the 41 and 61 states also display the same tren

Although the level schemes shown in Fig. 3 are tentat
it is interesting to speculate on the nature of the assumed1

states in164Os and166Os where a change in the energy lev
systematics occurs~see Fig. 4!. In order to facilitate a wider
comparison of the 81 states deduced for164,166Os with those
of neighboring even-even nuclei, the energy level system

TABLE II. Energies and relative intensities ofg rays identified
in 166Os obtained from the combined data for both reactions use
the present work. The intensities are given relative to the 431
transition.

Eg Intensity
~keV! ~%! Assignment

367.3~3! 20~3!

430.8~2! 100~6! (21)→01

587.0~2! 70~5! (41)→(21)
625.1~3! 17~5! (81)→(61)
702.1~2! 47~4! (61)→(41)

FIG. 3. Tentative level schemes for164Os and166Os. The arrow
widths are proportional to the measured intensities. Parenthese
dotted lines indicate tentative assignments.
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ics are considered as a function of both neutron number
the factor P5NpNn /(Np1Nn), where Np and Nn are the
number of valence protons and neutrons counted from clo
shells. TheP parameter embodies the assumption that de
mation arises from the proton-neutron interaction betwe
valence nucleons and is very successful in the descriptio
energy level systematics@15#. The energy systematics of 81

states for a range of nuclei in this region are displayed in F
5. It is particularly striking how theP scheme has coalesce
the different trend lines for the separate isotopes and isoto
into a narrow envelope in Fig. 5.

In contrast to the 21, 41, and 61 states, it is clear that the
81 states in164,166Os do not continue the trend of increasin
energy approachingN582 shown by their lighter isotone
~see Fig. 5!. Although the 81→61 transition in166Os cannot
be uniquely determined from the intensity measureme
alone~see Table II! the alternative choice of the 367 keVg
ray as the 81→61 transition would place the 81 state at
2087 keV. This is below the 81 states in both164Os and
168Os, and represents an even more marked deviation f
the systematics of the heavier even-even isotopes. The1

in
V

nd

FIG. 4. Energies of yrast positive parity states in osmium i
topes as a function of neutron numberN. Data are taken from Refs
@13,14# and the present work.

FIG. 5. Energies of 81 states as function of neutron numberN
and the parameterP5NpNn /(Np1Nn) @15#. The data are taken
from Refs.@13,14,16# and the present work.
1-3
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states proposed here are compatible with theP systematics
shown in Fig. 5.

The lowering of the 81 states in164,166Os can be attrib-
uted to an( f 7/2h9/2) or n(h9/2)

2 81 excitation, which be-
comes increasingly energetically favorable as theN582
shell closure is approached@17#. The excitation energy of the
81 state in164Os also deviates from the trend established
its lighter isotones, reflecting an increasing energy gain
interaction of theh9/2 neutrons with theh11/2 protons as the
ph11/2 subshell is filled. The excitation energy of the pr
posed 101 state at 2839 keV in164Os is very close to the
values deduced for its lighter isotones162W @16# and 160Hf
@18#.
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In summary, we have identified transitions in the e
tremely neutron deficient nuclei164,166Os for the first time.
Tentative level schemes have been deduced that continu
trend of decreasing deformation as a function of decreas
neutron number as theN582 shell closure is approached.
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