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Yrast states with spins up to about 22+ have been identified in Os, Os, Os, and
Os. In each case anomalies are observed in. the yrast sequence. The yrare extensions

of the ground-state and Stockholm bands in Os and Os are also observed and the mag-
nitude of the yrast-yrare interaction matrix elements extracted and discussed.

PACS numbers: 21.10.Re, 21.10.Hw, 27.70.+q

In most deformed nuclei in which the yrast
states have been identified to high spin, backbend-
ing phenomena are observed. Particularly pro-
nounced anomalies are known in "„'Os, ",,Os, and
"„'Os,"and it is now accepted that a band cross-
ing between the rotation-aligned (i»i,)' neutron
configuration (the Stockholm or s band) and the
ground-state band (gsb) is the cause of the back-
bending. ' Although the neutron Fermi level in
these heavy osmium isotopes is high among the
s g3/2 orb&tais, ™plyingreduc ed Coriol is effects
and therefore reduced rotation alignment, a criti-
cal role is played by the large hexadecapole de-
formation which enhances the Coriolis mixing. '
Since the hexadecapole deformation is expected
to vanish as the neutron number is decreased, a
study of the high-spin states in the lighter osmium
isotopes is of considerable interest. Systematic
studies over a wide isotopic range are of crucial

importance given the recent cranking-model pre-
dictions of an oscillating interaction strength be-
tween the s band and the gsb, as a function of neu-
tron number. ' '

We have populated high-spin states in the osmi-
um isotopes from ',",Os to ",,'Os using ("0,4n)
and ("O, 5n) reactions on metallic erbium targets
and "0beams from the Australian National Uni-
versity 14 UD Pelletron accelerator. For each
osmium isotope, high-resolution y-ray measure-
ments included singles excitation functions, y-y
time-coincidence experiments, and y-ray angu-
lar distributions with a Compton-suppressed
Ge(Li) spectrometer.

The partial level schemes showing states asso-
ciated with the high-spin yrast cascades are
shown in Fig. I. The yrast sequence in "„'Os,
the only case previously studied to high spin, has
been extended to spin 245. In the other cases

1980 The American Physical Society 1831



VOLUME 45, NUMBER 23 PHYSICAL REVIEW LETTERS 8 DECEMBER 1980

6144 (24+) 6154 24

5984 24

748

5396 i f 22+

714
722

772

(22+1'

5382 i f 22+

719

5240 22+

795

5189 if 22+

4682 if 20

4862 if 20"

4663 if 20

722

4828

689

693
20+'

4547 i f 20+

711

4478 if 20+

664

4018 i f 18+

643

4140 if 18+

4020

633

18+

641

618
18+'

3929 if 18
3855 if 18+

637

3381 i f 16+

627

71

3429

91 513

3506 16+ 3498 if

702

524

16+
3405 if

621 528 394

3011 14+'

537

3318 if 16+

479

2754

587

14+ 2804

585

4+
2877 if

2311

699

2839

2345

494

14+

12

2167

534

12+ 2219 if 12+

538
541 534

1633 i f 10+

476

1682 i f 10+

488

1770 if 10'

511

1811 if 10

534

1157

415

8+ 1193

432

8+ 1259

463

1277

484

395

347

742 i( 6+ 761

398

363

796

409

387

6+ 793

400

393

4+

260
135 'I 2+

0 135 0+

266
132

0 132 0+

277
132 l 2

0 132 0+

273
127

0 127
2+

0+

176OS100
178Os102 18080ps 1820s106

FIG. j.. Partial level schemes for the light even Os isotopes showing the p decay of the yrast (and related) states.
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FIG. 2. Plot of the aligned angular momentum I„,
against the rotational frequency & deduced from the
experimental level schemes and the prescription of
Bengtsson and Frauendorf (Ref. 7). Both yrast and
yrare states are included.

states up to similar spins have been identified,
including the yrare extensions of the gsb, and the
s band in "„'Os and "„Os. Anomalies in the yrast
band spacings are observed in each nucleus. The
results are'shown in Fig. 2 in the plot of the angu-
lar momentum I„against rotational frequency h~.

Several features are apparent from Fig. 2.
Firstly, the backbending anomaly changes smooth-
ly from an S-shaped curve in "„'Qs to a weak,
but well-defined up-bending in "„'Os. Correlated
with this trend, the anomaly occurs at progres-
sively higher frequencies. Secondly, the yrast
curves asymptote to a similar value at frequen-
cies of about 0.35 MeV.

This second result is consistent with an equiva-
lent observation for a range of tungsten isotopes'
and argues for a common nature for the s band
over this range of nuclei. That the s band is the
aligned (i»i,)' neutron band is strongly supported
by our results for the odd-neutron isotopes ",,'Os
and ",,'Qs in which blocking of the i»g, orbital in-
hibits the backbending. As well, the alignment
in the i»i, orbital is similar for the isotopes"""'"'Osbecause the effect of the lowering of
the Fermi level is balanced by the effect of the
reduction in the hexadecapole deformation.

We suggest that the s band has a similar charac-
ter from ",,'Qs to ",,'Qs, hence the asymptotic be-
havior of the alignment curves at high frequen-

cies. Further, since the yrast states above the
backbending anomaly are at similar excitation en-
ergies, and the gsb moment of inertia varies
rapidly in this region; the bandcrossing, and
hence the backbending anomaly, occurs at pro-
gressively higher frequencies with decreasing
neutron number. The magnitude of the anomaly
depends in detail on the difference between the s-
band and the gsb moment of inertia, and on the
strength of the interaction between the bands. We
note that in a two-band-mixing case, increased
interaction strength will lead to a smoothing of
the backbending anomaly, but will not affect the
frequency at which the anomaly occurs. '

To quantify this interpretation, and to estimate
the interaction strength, we have simulated the
experimental behavior using a two-band-mixing
model with parameters for the unperturbed s
band and gsb taken from experiment. The mo-
ment of inertia of the unperturbed s band was
chosen to be consistent with the value in the yrast
bands at the highest spin observed, and with the
observed yrare states in '"Os and "'Os. The
moment of inertia of the s band was assumed to
be the same foe each isotoPe, but its excitation
energy was adjusted so that the final, spin-22,
yrast-state excitation energy agreed with experi-
ment. The unperturbed gsb was obtained by extra-
polation of the experimental gsb from below the
backbending anomaly, with the extrapolation con-
strained in the '"Os and "Os cases to agree
approximately with the observed gsb yrare ex-
tensions. The unperturbed bands were then
mixed with use of matrix elements coarsely
varied between 10 and 300 keV. No fitting proce-
dure was carried out, but a value of the interac-
tion energy which gave a reasonable reproduction
of the data was chosen. A change of up to 25+ in
the interaction would not significantly alter the
quality of the results.

The results are shown in Fig. 3(a). The shape
of the I„vs h~ curve is reasonably well repro-
duced for all the isotopes, lending support to the
contention that the main difference between the
curves is due to the combination of a fixed s-band
structure, and a variation in the gsb moments of
inertia.

The interaction matrix elements used are com-
pared with the theoretical predictions from the
cranking-model calculations of Bengtsson and
Frauendorf' in Fig. 3(b). The experimental val-
ues for '"Qs and "'Qs are in agreement with
their predictions, but the small values obtained
for '"Os and "'Qs disagree with the large pre-
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and Os, and the deduced interaction matrix element,
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FIG. 3. (a) Calculated values of the aligned angular
momentum I„against rotational frequency ~~ from the
two-band-mixing model described in the text. (b) Pre-
dicted values of the yrast/yrare interaction matrix
elements given by Bengtsson and Frauendorf (Ref. 6),
compared with the experimental values for the light Os
isotopes. The open circles are the values used for the
calculation of (a), the closed circles for the values de-
rived from the yrast/yrare branching ratios.

dieted values. Bengtsson and Frauendorf also
give a prescription for extracting the interaction
matrix elements by fitting the shape of the I„vs
Sw curves using a band-mixing model, with the
assumption of a constant aligned angular momen-
tum for the s band. Although the method of esti-
mating the aligned angular momentum by use of
the gsb as a reference band has been questioned, "
and the suggested procedure is inherently inac-
curate, application of their formulas to our ex-
perimental results gives values of the interaction
in approximate agreement with the values used
in our model, except for the "'Qs case.
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In any event, the interaction matrix elements
in "Qs and "'Qs can be extracted from experi-
ment indePendent of fits to the shape of the I„vs
S~ curve since we have identified the yrare
states and measured the y-ray branching ratios
which are given in Table I. With the assumption
that the intrinsic quadrupole moments of the g
and s configuration are the same, the interaction
matrix elements extracted, also given in Table I,
are both about 30 keg, in agreement with the less
accurate values discussed earlier. The measured
branching ratios are also in agreement with
those implied by our mode/ wave functions, lend-
ing additional support to our earlier interpreta-
tion.

These interaction matrix elements for '"Qs
and "'Qs are then in disagreement with the pre-
dicted values of about 200 and 300 keV. However,
inclusion of a large and varying hexadecapole de-
formation in the calculations might alter the
phase and magnitude of the predicted oscillations
since the yrast-yrare interaction depends on the
separation of the i»~, orbitals, which is signifi-
cantly affected by the hexadecapole deformation.
It depends as well on the position of the Fermi
level and the level density, which also depend on
the deformation. The experimental results could
be interpreted as a shift in phase of the oscilla-
tions, given the relatively large interaction de-
duced for "'Qs compared to the lighter isotopes.
Unfortunately that value is not determined from
branching ratio measurements and therefore is
less reliable. Whether inclusion of deformation
effects in the calculations can account for the ex-
perimental results remains to be seen.
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Ground-band states up to 16@ in Dy and ' Yb have been Coulomb excited by 350-
MeV Kr ions. The excited nuclei recoiled through magnetized iron where they experi-
enced transient magnetic fields as high as -3800 T. The nuclear precessions, deter-
mined from p-ray time-integral perturbed angular correlations, suggest a small decrease
of the g factors with increasing spin for all three nuclei.

PACS numbers: 21.10.Ky

It is generally accepted that the breakdown of
the pairing field and the alignment of nucleon
pairs in high-j orbitals play a major role in phe-
nomena observed in deformed nuclei at high angu-
lar momentum. ' ~ Mosel, ' and others, have point-
ed out that g factors provide a unique measure of
the relative contribution of protons and neutrons
to the total angular momentum and are therefore
very sensitive to pairing breakdown and align-
ment. Recent Hartree-Fock-Bogoliubov (HFB)
cranking-model calculations' have shown that
g-0 for neutron alignment and g-1 for proton

alignment, and predict significant variations in
different nuclei. In this Letter, we present the
first results for g factors of high-spin discrete
collective states.

The paucity of previous nuclear-moment infor-
mation at high spin in deformed nuclei is a con-
sequence of the very short (v (1 ps) lifetimes of
rotational states which makes it practically im-
possible to obtain measurable precession for
even the largest static hyperfine fields. We have
overcome this difficulty by taking advantage of
the very large (several thousand teslas) tra.nsient
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