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Rotational Behavior at High Spin in t68Hf
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The yrast sequence in ' Hf has been extended to I"=34+ and two negative-parity side-
bands have been observed to I~ =33 and 30 . At high rotational frequencies all three
bands have little spin alignment and have moments of inertia which remain constant as a
function of frequency. Possible evidence for the vanishing of pairing correlations is dis-
cussed.

PACS numbers: 21.10.Be, 27.70.+q

The y-ray decay deexciting a deformed nucleus
with large angular momentum proceeds along a
sequence which is composed of various rotational
bands. Following the discovery of backbending'
in 1971 most experimental and theoretical work
has focused on an understanding of the rotational
frequencies at which such a decay crosses from
one rotational band to another (i.e., band-cross-
ing frequencies). Hafnium-168 was chosen for
the present study as, by virtue of its deformation
and the positions of its Fermi levels for neutrons
and protons, it is expected to be a case where
the frequency difference between the lowest and
next-lowest band crossings along the yrast se-
quence is as large as possible. This feature al-
lows the study of rotational bands over a large
range of angular momentum (or angular frequency
lr~ =Zy/2). It is found that, in the frequency
range 0.38~Le &0.50 MeV, the yrast sequence
behaves as the best rotor yet observed in nuclei.

The yrast sequence' of "'Hf has been extended
to I'= 34' and two other sequences have been es-
tablished to I'=33 and 30 (see Fig. 1) by meas-
uring y-y coincidences following the reactions
'~sn("Ti, 4n) and '"Gd("0,4n) The 21.6-Me V
'Ti(11+) and 85-MeV "O(8+) beams were pro

vided by the tandem accelerators at the Dares-
bury Laboratory and the Niels Bohr institute,
respectively. The y-ray coincidences were ob-
served with an array of five or six Compton-
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FIG. 1. The level scheme for '6 Hf.

suppressed Ge detectors' (TESSA). In the Dares-
bury experiments, y-ray multiplicity (Mz) and
total y-ray cascade energies also were recorded
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with an array of fifty bismuth germanate scintil-
lation crystals subtending a physical solid angle
in excess of 90%. Typical spectra for Mz ~ 15,
obtained by summing the spectra derived from
gates on individual transitions within a sequence,
are shown in Fig. 2. The I" assignments given
in Fig. 1 were established up to 26', 25, and
24 from angular distribution and conversion
electron measurements at the Niels Bohr Insti-
tute. These assignments for the yrast sequence
are in agreement with previous work. ' For high-
er-spin states the assignments are based on rela-
tive coincidence intensities and angular correla-
tions which are consistent with E2 transitions.

The interpretation of the lever-spin portion of
the decay scheme is similar to that of many even-
even rare-earth nuclei, e.g. , Bengtsson and
Frauendorf' and Lisle et al.' The dominant in-
trinsic configurations of the lowest portions of
the odd- and even-spin negative-parity sequences
[labeled (m, u) = (-,1) and (-,0), where the sig-
nature is defined by I = n mod2] are the two sig-
natures of the lowest ~ = —quasineutron configura-
tion coupled to the lowest & =+ quasineutron.
Band crossings corresponding to the alignment of
a pair of i„„quasineutrons' are observed in both
the yrast and negative-parity sequences. Above
the band crossing the intrinsic configuration of

the yrast sequence (the so called S band) is an
aligned pair of ~»„quasineutrons and the nega-
tive-parity configurations are four-quasineutron
states involving three i»» quasineutrons. The
present data represent the highest rotational fre-
quencies at which these three intrinsic configura-
tions have been observed.

An interesting feature of the data is that for the
sequence of yrast transitions from 22'- 20 to
32+ -30' inclusive, the difference in y-ray ener-
gies of successive transitions 4E& is remarkably
constant (average ~z = 63.0 keV). This observa-
tion is equivalent to a constant dynamic moment
of inertia, 8~~ —= dI/d&u, in the above spin range.
The constancy of ~& is expected for a rigid ro-
tor. Indeed, for the states under discussion the
ratio of the coefficients in the expansion of the
excitation energy in terms of the angular momen-
tum ~

E*= AI (I + 1) +BI (I + 1)3,

is B/A = VX10 '. This value is almost 10 times
smaller than the ratio for the rotational band
based on the fission isomer' in ~ Pu hitherto
regarded as the best nuclear rotor.

As seen from Fig. 3, nonlinear terms in@~
are necessary to describe the projection of the
angular momentum along the rotation axis, I„,
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FIQ. 2. Qated spectra for the yrast and two sidebands of ' 6Hf excited by the reaction ' 4Sn( Ti, 4n). The com-
posite spectra are obtained by summing individual spectra associated with a number of gates within the correspon-
ding band. The following gates, denoted by their parent states were used. Yrast: 22', 24', 26', 28'. (-, 1)
band: 19, 21, 23, 27, 29, 31, (-, 0) band: 18, 24, 26, 28, 30 . The letter a denotes known cross-band
transitions.
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FIG. 3. Plots as functions of 5~ for (a) total aligned
angular momenta, I„,(b) relative Houthians, q„',and

{c) moments of inertia 8(0 and 8&2& for the yrast band.
In (a) and (b) the yrast, (—,1), and (-,0) bands are
indicated by circles, squares, and triangles, respec-
tively. The reference used in (b) is ~p=62. 5A, MeV '
and 8, =0.

for the S band below I~ =0.38 MeV. A fit of the
S band in the region 0.26- S~ ~ 0.38 MeV by the
expression'

I„=i+A = i+8,~+8,co3

yields i = 9.7~ 0 = 3 31' MeV ' and ~i = 95
MeV '. Such values are typical for the lower-
spin portion of the S band in this mass region.

At higher rotational frequencies, where the
present data are unique, the I„ofthe S band in-
creases almost linearly with@(d. A fit to the
yrast sequence for 0.38 ~ @~ &0.50 MeV yields
a vanishingly small 8, with 8, =64m' MeV ' and
i =-0.3. This is equivalent to a constant kine-
matic moment of inertia 8 ' (=I„/~)and implies
8&"=8 "=635' Me& ' [see Fig. 3(c)l. The ~'
term, included in Eq. (1) to account for an in-
crease in 8 with incre@sing@~ due mainly to a

gradual loss of pairing corre1ations, ' is not

necessary at these large values of @~. However,
the observed moment of inertia is still somewhat
less than that of a deformed rigid rotor with A
=168. (For e, =0.24 and a radius of 1.2A'" fm,
S„.g=V652 MeV '.)

Similarly no (d' term is needed to describe
either negative-parity decay sequence above the
band crossing, i.e., @co ~ 0.36 MeV. Such data,
which extend over a smaller number of transi-
tions, show an alignment of about 1-2 units rela-
tive to that of the yrast sequence [see Fig. 3(a)].

At Ice ~ 0,38 MeV the yrast and negative-parity
bands of "'Hf are characteristic of a macroscopic
rigid rotor. Therefore it is tempting to conclude
that the neutron-pairing correlations have effec-
tively disappeared at these large rotational fre-
quencies. " Additional information, e.g. , large
moments of inertia and small relative alignments
of the negative-parity configurations in these and
neighboring nuclei, ""supports such an interpre-
tation. The nucleus, however, is a quantal sys-
tem in w Mch the angular momentum properties
are strongly influenced by a few nucleons moving
in highly alignable orbitals. In a microscopic
description of such a rotating unpaired quantal
system for midshell nuclei (e.g. , N =96) the dy-
namical moment of inertia, 8~ ~, is expected to be
somewhat less than the kinematical moment of
inertia, 8 ' . For the system being considered,
the most alignable orbitals of the valence shell,
associated with high j and low , are occupied.
At the frequencies under discussion they should
contribute' to 8 ' but not to 8

these data cannot be understood microscopi-
cally for a paired system, unless a sizable fre-
quency dependence of deformation (e„e~,y) or
pairing strength (&„,4~) is assumed. Such a
description requires that the effect of the fre-
quency-dependent terms is to provide nearly
exact cancellation of differences in 8 ' and 8 2

over a significant@~ range in the yrast sequence
of" Hf and in other rare-earth nuclei. ' '" A

further possible explanation is that current mi-
croscopic models do not correctly predict the
alignability of the high-spin orbitals.

Most of the spectroscopic features studied at
intermediate spins in well deformed nuclei have
been dominated by pairing corr elations and their
associated uncertainties. Spectr oscopy at very
high spins, where such pairing-related uncer-
tainties are minimized, should focus on other
features. Such studies offer promise of exciting
developments.
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The constant moment of inertia observed in the
high-frequency region provides a convenient and
readily identifiable reference for determining
relative energies in the rotating frame. Routhi-
ans ~„'based on a reference moment of inertia
&0

——62.5~' MeV ' and , =0, are shown in Fig
3(b) for the bands of "'Hf. If the neutron pairing
loss is complete a particularly simple interpre-
tation can be made for the nearly constant value
of e„'(= 1.1 MeV) for the S band for K~ ~ 0.38
MeV. This corresponds to the difference in vac-
uum energies between the paired phase at @~ =0
and unpaired phases at large@~ and is sometimes
referred to as the pair-correlation energy of the
quasiparticle vacuum. "

At the highest rotational frequencies [h&u = 0.50
MeV for the yrast sequence and perhaps as low
as 0.48 MeV for the (-,1) sequencej an increase
in alignment is observed. This presumably cor-
responds to the alignment of a pair either of h»/2
or i/3/2 quasiprotons. A similar feature is ob-
served" at a slightly lower frequency in the yrast
band of" W, an isotone of "'Hf. The moment of
inertia of the yrast band and the indications of a
second band crossing suggest that at least a por-
tion of the proton pairing remains.
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