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Yrast states in 194Os: The prolate-oblate transition region
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Previously unidentified states in the neutron-rich nucleus194Os have been populated following a deep
inelastic reaction using a 780 MeV136Xe beam on a thick198Pt target.g-g coincidence events were collected
using the 8p detector array. The yrast band in194Os has been observed up toI p5(101), for the first time. This
represents the heaviest osmium nucleus where in-beamg-ray spectroscopy has been performed to date. The
excitation energies of the new levels are compared to the systematics of the lighter even-even osmium nuclei.
The evidence for a transition from prolate to oblate-deformed ground states in the heavy osmium nuclei is
discussed and total Routhian surface calculations are presented. An alignment analysis together with cranked
shell model calculations, suggest that the yrast states have a prolate shape, in contrast to earlier interpretations.
Predictions for the neighboring even-even tungsten isotopes are also described.
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Many nuclear structure phenomena are apparent in
A'190 osmium-platinum shape transition region, for e
ample,K isomerism@1# and triaxiality @2,3#. Additionally,
the possible existence of oblate-deformed ground state
the heavy osmium nuclei~for A.192) is predicted@4#. To
date, very little spectroscopic information is known abo
194Os due to its neutron-rich nature. A previous stu
using a reactor based two-neutron capture react
192Os(nn,g)194Os, reported transitions from the excited 21

1

and 22
1 states lying at 218 keV and 657 keV, respective

@5#. A complementary (t,p) experiment@6# found evidence
for an excited 41 state at 60165 keV. In the present work
we report on the use of deep inelastic reactions to popu
medium spin, near yrast states in194Os.

A 780 MeV 136Xe beam, provided by the 88 Inch Cyclo
tron at Lawrence Berkeley National Laboratory, was used
bombard a 7 mg cm22 thick target of 198Pt ~enriched to
95.7%!, backed with 50 mg cm22 of natPb. This is the heavi-
est stable isotope of platinum and was used to enhance
production of neutron-rich products. The beam energy w
chosen to be 15% above the Coulomb barrier consistent
previous deep inelastic reaction experiments@7–12#. The
beam had a natural pulsing period of 180 ns. The resid
nuclei were stopped at the target position at the focus of
8p detector array, which consisted of 20 Compton su
pressed germanium detectors and a BGO inner ball. The
ger condition for a ‘‘good’’ event required hits in at least tw
germanium detectors and two BGO elements within a 200
time window. Symmetrizedg-g energy matrices were con
structed with BGO conditions of.2 and.5 elements fir-
ing, respectively. This allowed the discrimination of low
multiplicity Coulomb excitation events. The nuclei identifie
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in the target region range from76
188Os up to 82

206Pb, although it
is likely that some of the heavier products are populated
nucleon transfer and/or inelastic excitations on the lead ba
ing rather than by reactions with the platinum. Discrete sta
up to 16\ have been observed, for example, in198Hg @13# as
shown in Fig. 1. The194Os channel of interest contribute
only ;0.1% of the total reaction cross section, compared
;5% for the 198Pt excitations.

Four previously unreported transitions have been assig
to 194Os from states lying at excitation energies of 60
1131, 1792, and 2541 keV, respectively. The energy of
601 keV level is consistent with the energy of the 41 state at
60165 keV observed by Flynnet al. @6# ~no evidence for the
g-ray decay to the 21 level was found in the previous study!.
Coincidence relations and relative intensities have been u
to order the decays into a cascade. Figure 1 shows the c
cidence spectrum gated by transitions in194Os. The propen-
sity of deep inelastic reactions to populate near yrast st
@14# and the earlier assignment of the nonyrastg-vibrational
bandhead at 657 keV@5# ~which is very weakly populated
here!, suggests that the new levels form the yrast band. T
together with the rotational nature of the cascade, implie
sequence of stretchedE2 transitions, extending the ground
state band toI p5(101). It should be noted that weak coin
cidences between the 218 keV transition and decays in56

140Ba
@15#, the binary partner of194Os, have been observed, pr
viding further confirmation that the 218 keVg ray has been
correctly assigned to194Os. This also implies that ‘‘cold’’
transfer of nucleons is taking place at low spins, without
subsequent evaporation of neutrons. This effect is dem
strated in Fig. 2. The 218 keV decay at the bottom of the n
band has a significantly lower sum energy~H! and multiplic-
ity ~K! distribution when compared to the 530 keV transitio
The events with a lowH andK component result from Cou
lomb excitation following cold transfer, populating low sp
states.

The proposed decay scheme for194Os is shown in Fig. 3
along with the energy systematics for the lighter even-e
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FIG. 1. The top panel shows ag-ray coinci-
dence spectrum gated by the 637 keV 41→21

transition in 198Hg. Spin and parity assignment
have been taken from Ref.@13#. The lower spec-
trum was produced by summing the ‘‘logica
and’’ gates for pairs of transitions in the194Os
band. ~Each ‘‘and’’ spectrum is the minimum
number of counts consistent with the two gatin
energies@16#.! This was done to reduce contam
nant lines. Only events for which.5 BGO ele-
ments fired are included. The peaks labeled w
energies are in194Os and those marked byn are
contaminants from198Pt ~the target!. Other con-
taminants are labeled by ‘‘C.’’
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osmium isotopes. The energies of the ground-state band
tinue the trend of the lighter isotopes towards lower def
mation as theN5126 closed shell is approached. Howev
it is the possibility of a deformed oblate ground state t
makes this nucleus of particular interest. Hartree-Fock ca
lations with a Woods-Saxon single-particle potential, p
formed by Nazarewiczet al. @4#, predict a ground-state ob
late deformation for194Os with b2520.14.

The possibility of 194Os having an oblate-deforme
ground state was proposed earlier by Castenet al. @5#. The
relative position of theg-vibrational bandhead (22

1) was
compared to the energies of the first excited 21 and 41

states. Zero or slightly negative values of (E2
2
12E4

1
1) @17#

point towards almost equal prolate and oblate minim
namely ag-soft shape. In the osmium isotopes this is fo
lowed by an inversion in both this energy differenceand the
quantity E2

2
1 /E2

1
1. This reemergence of a well defined d

formation ~i.e., reducedg softness compared to192Os) was
interpreted@5# to signify that the steady descent of the obla

FIG. 2. Sum energy and multiplicity spectra gated by the 2
keV 21→01 transition and the 530 keV 61→41 transition in
194Os. ~Note that the 530 keV transition is contaminated by t
61→41 and 41→21 energy doublet in140Ba @15#, the binary
partner nucleus of194Os.)
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minimum in the potential had culminated in an oblate d
formed ground state for194Os. These energy systematics a
shown in Fig. 4, with the tungsten isotopes included. Suc
reversal in these quantities has so far only been observe
the A'190 region for theZ576 isotopic chain. The plati-
num nuclei across this region exhibitg softness and an in
creasingly vibrational character, but no strong oblate po
ization @5#. It should be noted that there is insufficie
spectroscopic information known about the tungsten nu
aroundA'190 to rule out a similar change in theZ574
isotopes~see Fig. 4!. Some progress is now being made
the spectroscopy of neutron-rich tungsten isotopes by iso
spectroscopy studies following fragmentation reactions@18#.

A study of the corresponding quantities in theN576 iso-
tonic chain yields a gradual decrease in the ratioE2

2
1 /E2

1
1 as

A decreases towards theZ550 closed shell, whereas th
value of (E2

2
12E4

1
1) increases along the chain as50

126Sn76 is

8

FIG. 3. Partial level scheme for194Os observed in the presen
work and the energy systematics of the ground-state bands fo
even-even osmium isotopesA5186–192@2#. The E2 g-ray ener-
gies for the ground-state bands are quoted between the levels
new transitions are represented by solid vertical lines. The das
levels correspond to the second excited 21 states. The osmium
isotopesA5188–194 have been identified in the present exp
ment. The spin and parity assignment for the first three exc
states in194Os are taken from Ref.@5#.
4-2
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approached.~The energiesE2
1
1, E2

2
1, and E4

1
1 are all in-

creasing.! This indicates a reduction in deformation andg
softness with the steady onset of vibrational character.
absence of an energy inversion in theA'130 systematics is
not surprising given the different single-particle structure a
the known influence of the strong neutron-proton interact
between high-j orbitals in generating deformation@19#. For
Z576, N'116– 120, the last protons are filling the hig
V h11/2 Nilsson orbitals while the neutrons are in the hig
V components of thei 13/2 state. The result is a high degree
spatial overlap between neutrons and protons in orbi
which are both oblate driving and hence the developmen
a strong oblate minimum in the potential. In theA'130
region, the protons are in the low-V g7/2 orbitals while the
neutrons are filling the high-V h11/2 states as well as thed3/2
states. However, it might be interesting to study theN576
nuclei below theZ550 proton shell where both protons an
neutrons will again occupy high-V, high-j orbitals (g9/2 and
h11/2, respectively! with the possibility of an oblate mini-
mum again developing in the potential.

From the alignment systematics shown in Fig. 5, the n
band seems to be just starting to up-bend atI 5(10)\. This

FIG. 4. A plot of mass number vs relative energy systema
for the even-even tungsten, osmium, and platinum isotopes in
A'190 region@5,20#. Top: the ratioE2

2
1 /E2

1
1; bottom: the quantity

(E2
2
12E4

1
1). The points for 188W are tentative. The second 21

state in 188W state was assumed to be the third excited state@21#,
but no spin and parity assignment has previously been made.
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is consistent with the lighter even-even isotopes, althou
186Os is the heaviest osmium to be studied through the ba
bend@3#. Comparisons with cranked shell model~CSM! cal-
culations, of the type described in Refs.@22,23#, suggest that
this is due to a prolate structure, because an oblate con
ration would enter the first band crossing at a much low
frequency,\v'0.2, compared to\v'0.40 from Fig. 5.
Deformation parametersub2u50.16, b4520.072, g50°
~prolate! and ub2u50.15, b4520.023, g5260° ~oblate!
have been used, and were obtained from the total Rout
surface~TRS! calculations described below. The absence
evidence for the onset of alignment in194Os in Fig. 5 sug-
gests that no change in structure takes place up to spin
This is ~model dependent! evidence that the yrast states
194Os occupy a prolate potential minimum. However, in o
der to unambiguously distinguish between prolate and ob
shapes in the osmium isotopes, additional data are nee
from the odd-N osmium isotopes to establish the singl
particle orbits that reside close to the Fermi surface and
evolution of the yrast structure with spin. To date only low
spin states~up to 7/2\) have been identified in193Os @24#.
Unfortunately, no evidence for transitions in193Os and195Os
was found in the present study.

States in theN5120 osmium isotope196Os could not be
established from the current data. Two level energies~with
uncertainties of620 keV! have been assigned to196Os from
a two-proton transfer reaction study@25#, but no cross coin-
cidences with the binary partner nucleus56

138Ba could be
identified here. A probable explanation for this is the stro
Q-value dependence for two-nucleon transfers@12# favoring
the two-proton stripping reaction, leading to the strong po
lation of 80

200Hg.
Total Routhian surface~TRS! calculations, as described i

Refs. @26–28#, have been performed for the nucl
1902196Os, corresponding to neutron numbersN
5114– 120. These calculations show the adiabatic struc
as a function of deformation in theb2g plane. Axially sym-
metric prolate shapes correspond tog50° and axially sym-

s
he

FIG. 5. A plot of rotational frequency,\v, vs the intrinsic
alignment, i x , for 1862194Os. Harris parameters I0

(1)

520\2 MeV21 andI1
(2)535\2 MeV23 have been used.
4-3
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metric oblate shapes haveg5260° for collective rotation.
The resulting calculations for the ground-state configurati
are shown in Fig. 6. These predict a progression from
g-soft prolate minima at190Os to a well-defined oblate shap
for 196Os. For 194Os there are both oblate and prolateg-soft
minima, with the prolate minimum being slightly deepe
whereas in the calculations by Nazarewiczet al. @4#, the ob-
late potential is more favored. This is consistent with co
peting oblate and prolate shapes and the small difference
the specific details of the two calculations. The overall sh
is very g soft, but the potential for196Os is more defined
and centered on an oblate deformation. The same calc

FIG. 6. Total Routhian surface calculations for the ground sta
of ~a!: 190Os with ub2u50.17 andg<2°; ~b!: 192Os with ub2u
50.15 andg<2°; ~c!: 194Os with ub2u50.16 andg<2°; ~d!: 196Os
with ub2u50.12 andg5260°. The contour lines represent ener
increments of 200 keV.
z,

h

s.
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tions show the dominance of the prolate minimum in194Os
up to 10\, which agrees with the alignment analysis. In a
dition, a similar prolate-oblate shape transition is predicted
occur in the tungsten isotopes.g-soft potentials are predicte
for 188W and 190W, and 192W is calculated to have compe
ing oblate and prolate minima. A well-defined energetica
favored oblate shape is predicted for194W, with ub2u50.14
andg5262°. A hint of thisg softness can be seen in th
reducedE41 /E21 ratio ~52.7! for 190W @18# ~compared to
3.33 for a good rotor!, and is supported by recent potentia
energy-surface calculations@18#. Extending the systematic
of the neutron-rich osmium isotopic chain and the obser
tion of the low-lying yrast and near-yrast states in the hea
tungsten nuclei provides an experimental challenge in or
to elucidate how these two elements behave across the
sition region approaching theN5126 magic number.

The analysis of these new results for194Os suggests that
while there may be a low-lying oblate-deformed minimum
up to I 5(10), the prolate minimum is yrast. This is in con
trast to the earlier interpretation of theg-bandhead energy
systematics, discussed here and in Ref.@5#, thought to show
a change to oblate deformation in194Os. This suggests tha
the reemergence of rotational structure~indicated by the in-
version of theE21 characteristics! is associated with the pro
late deformed minimum, and that the trend of a steady
crease in the energy of the oblate potential minimu
observed forA,192, reversesat A5194.

In summary, the yrast states in194Os have been observe
up to (10)\ for the first time, using deep inelastic reactio
on a thick 198Pt target, extending the systematics of t
heavy even-even osmium isotopes toN5118. Comparisons
with CSM calculations imply that the prolate minimum
dominates in the yrast states, in contrast to the earlier in
pretation of the energy systematics which suggested a t
sition to an oblate shape in194Os. In fact, the TRS calcula
tions discussed here suggest that this transition may
place at196Os (N5120). Predictions have also been ma
for the tungsten nuclei in this region which are becomi
accessible through the application of novel spectrosco
techniques such as the fragmentation of relativistic heavy
beams.
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@13# C. Günther, H. Hübel, A. Kleinrahm, D. Mertin, B. Richter,
W. D. Schneider, and R. Tischler, Phys. Rev. C15, 1298
~1977!.

@14# C. Wheldonet al., in Proceedings of the 2nd Internationa
Conference on Fission and Properties of Neutron-Rich Nuc,
St. Andrews, Scotland, 1999, edited by J. H. Hamilton, W.
Phillips, and H. K. Carter~World Scientific, London, 2000!,
p. 171.

@15# W. Urbanet al., Nucl. Phys.A613, 107 ~1997!.
@16# D. C. Radford, Nucl. Instrum. Methods Phys. Res. A361, 297

~1995!.
@17# K. Kumar, Phys. Rev. C1, 369 ~1970!.
@18# Zs. Podolya´k et al., Phys. Lett. B491, 225 ~2000!.
@19# P. Federman and S. Pittel, Phys. Lett.69B, 385 ~1977!; 77B,

29 ~1978!.
01130
i
.

@20# Table of Isotopes 8th ed., edited by R. B. Firestone and V. S
Shirley ~Wiley, New York, 1996!.

@21# J. D. Garrett and Ole Hansen, Nucl. Phys.A276, 93 ~1977!.
@22# W. Nazarewicz, J. Dudek, R. Bengtsson, and I. Ragnars

Nucl. Phys.A435, 397 ~1985!.
@23# S. Cwiok, J. Dudek, W. Nazarewicz, W. Skalski, and

Werner, Comput. Phys. Commun.46, 379 ~1987!.
@24# V. S. Shirley, Nucl. Data Sheets61, 519 ~1990!.
@25# P. D. Bond, R. F. Casten, D. D. Warner, and D. Horn, Ph

Lett. 130B, 167 ~1983!.
@26# W. Nazarewicz, G. A. Leander, and J. Dudek, Nucl. Ph

A467, 437 ~1985!.
@27# R. Wyss, J. Nyberg, A. Johnson, R. Bengtsson, and W. Na

rewicz, Phys. Lett. B215, 211 ~1988!.
@28# W. Nazarewicz, R. Wyss, and A. Johnson, Nucl. Phys.A503,

285 ~1989!.
4-5


