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The Doppler-shift attenuation method was used to measure lifetimes of yrast states in 'Yb. Values
of s range from 0.16(2) ps at 24+ to 0.05(1) ps at 34+. The B(E2) values decrease from 240 to 120
single-particle units in this spin range, indicating a loss of collectivity which likely reflects a change of
the nucleus towards triaxial shape. The side-feeding times are consistent with rotational cascades having
moments of inertia 25% larger than the yrast sequence or B(E2) values around 60 single-particle units.

PACS numbers: 23.20.Ck, 25.70.6h, 27.70.+q

With the present high-resolution and highly efficient
germanium detector arrays, discrete nuclear states have
been observed typically above spin 305.' In the region
of well-deformed nuclei the 7-ray energies indicate that
rotational bands exist up to these high spins, since they
follow the rotational relationship E„(4I-2)h2/2$,
with reasonably constant values of S. However, a direct
way to determine whether collectivity has survived the
large Coriolis and centrifugal effects at these high angu-
lar velocities is to measure the transition quadrupole mo-
ments of the states, e.g., through their lifetimes. The
present Letter describes results for the nucleus ' Yb ob-
tained with use of HERA, s an array of 21 Compton-
suppressed germanium detectors. For the first time it
was possible to make line-shape analysis of transitions in
coincidence with high-spin discrete-line gates. This
reduces the background and extraneous lines in the re-
sulting spectra, extending considerably the range of spins
at which lifetimes can be measured. We have deter-
mined the lifetimes in '~Yb up to 1~34 and find that
the yrast states in ' Yb start losing collectivity above
spin 26h. This is interpreted as a movement towards tri-
axial deformation of the equilibrium nuclear shape, and
may be caused by the alignment of the available valence
nucleons; such is the case in lighter rare-earth nuclei
where it is observed to occur at lower spins. 6'7

The reaction used was 180 MeV ~Ar+' Te. The
~Ar beam was provided by the Lawrence Berkeley Lab-
oratory 88-in. cyclotron. For one experiment two thin
Te targets (360 and 200 pg/cm ) were stacked together
and 90 million triple or higher gamma coincidence
events were recorded on tape. In the other experiment a
1-mg/cm2 Te target on a 13-mg/cm2 Au foil was used,
and 210 million triple or higher coincidence events were
recorded. From the unbacked data the yrast sequence
was extended from the previously published data (24+)
up to the 38+ level. The 21 detectors subtended eight
different angles to the beam direction ranging from 0' to
154

The sum of four yrast discrete-line gates (494
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FIG. 1. Spectra gated by yrast states 16+, 18+, 20+, and
22+: (a) Unbacked-target data (1000 counts offset); Au-
backed data detected at (b) 45' (1000 counts offset), and (c)
121' to the beam direction.

+509+588+667-keV peaks), from the 16+ through
22+ states, was used to produce the three background-
subtracted spectra shown in Fig. 1. Figure 1(a) shows
the unbacked data and Figs. 1(b) and 1(c) show the
coincident y rays in the backed-target experiment,
detected in counters positioned at forward and backward
angles, respectively. The line shapes of the peaks above
the 667-keV line show clearly the shoulders created by
lifetimes plus feeding times which are in the range of the
mean slowing-down time in gold (0.6 psec). ' A simple
estimate can be made by inspection of the line shapes of
the top transitions. The transitions above spin 30 seem
to have sharp and nearly symmetrical line shapes with a
centroid between the stopped and fully shifted channels.
For the 32 30 transition (Fig. 2) the centroid of its
line shape shows a Doppler shift of only 10.5 keV (corre-
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sponding to a feeding time of 0.3 psec), less than the full

Doppler shift which would be 17 keV. Such line shapes
are obtained if several transitions of roughly similar life-

ENERGY (KEV)
FIG. 2. Fits (thick line) to peaks shown in Fig. 1(b). The

stopped (left arrow) and fully shifted (right arrow) positions
are shown for the lowest two peaks. The bump observed at the
indicated stopped peak of the 32 30 line shape at this angle
is a statistical fluctuation.

time precede (feed) the observed transition (but not a
single long-lived isomer at higher spin, since this would
create a largely asymmetric peak). The effect of several
exponential decays in sequence is to create a "step de-
lay" in the population; i.e., the average y-ray emission
time of the nth decay in the sequence is of order nr,
~here r is the typical lifetime of the preceding transi-
tions. From this delay, one can estimate the 8(E2) of
the rotational cascades feeding the 32+ level to be —130
single-particle units (s.p.u. ), since in a pure rotational
band the total feeding time is about five times the life-
time of the last state for this y-ray energy range.

To study in detail the lifetimes involved in the transi-
tions from the 34+ through 24+ states a Doppler-shift
attenuation program was developed. " The magnitude
and direction of the velocity for the recoiling ions in the
target and backing materials was calculated in a Monte
Carlo fashion. In the slowing-down process both elec-
tronic and nuclear stopping were considered. For the
electronic stopping power the tabulated values of Ref. 10
were used corrected for the atomic shell structure of the
stopping material. ' For the nuclear stopping power, a
multiple Coulomb scattering formalism was used. ' The
decay model used has a rotational band with the known

yrast discrete-line energies and a set of rotational transi-
tions with the same moment of inertia preceding the
highest known transition. Lifetimes above spin 36 were
chosen to give the best fit to the line shape of this transi-
tion (36+ 34+). The subsequent decay was then al-
lowed to proceed with individual lifetimes as free param-
eters. The side-feeding intensities to these states (ob-
tained experimentally from the unbacked data) were
considered to come from rotational bands with the same
transition energies as the yrast sequence. These bands
were controlled by a single Qo moment which was a pa-
rameter in the fit, and for each state a new side band
with its own Qo was allowed. In this way the yrast-band
lifetimes and the side-band feeding times were fitted at
each spin. The data were then fitted for the forward,
backward, and near 90' detector groups in the experi-
mental setup. These three groups involved fourteen in-
dependent angles. The fits obtained at forward angles
for some transitions can be observed in Fig. 2. Table I
contains a summary of the fitting parameters. The rela-
tive errors in the lifetime and feeding times obtained in
such a fit are small since the number of data points
exceeds the number of free parameters, particularly
since three different groups of detectors are fitted simul-
taneously. Therefore we believe that the largest source
of uncertainty (not reflected in the error bars of Fig. 3
and Table I) comes from systematic errors in the treat-
ment of the slowing-down process, which could be as
large as + 20% for the absolute numbers quoted.

Both lifetimes and derived 8 (E2) values are given in
Table I. There is a loss of collectivity towards higher
spins but, nevertheless, even at 34+ the nucleus remains
very collective (123 s.p.u.). The decrease in 8(E2)
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TABLE I. 8 (E2) values of the high-spin transitions.

24
26
28
30
32
34

Int. '
16.2
12.0
7.8
6.4
3.7
2.9

738.9
806.0
870.2
935.0

1000.5
1060.0

(ps)

0.16(2)
0.10(1)
o.io(i)
o.og(i)
0.06(1)
O.OS(1)

8(Ez)
(e' b')

2. 19(24)
z.zo(zz)
i.s4(i7)
1.34(22)
1.2S(24)
I.is(zv)

8.(Ez)'
(s.p.u. )

238(30)
24S(24)
166(ig)
i44(z4)
138(26)
1Z3(29)

(y-0)
O.32(2)
0.33(2)
o.z7(z)
o.zs(2)
o.zs(2)
O.23(3)

(P-o.3)
—14+)
—22+&

g +)
16+)
14-+)
i 7+[

8sn(E2)'
(s.p.n. )

44
50
75
70
80
80

'Intensities of the transitions in percent relative to the 4+ decay.
b8 (E2) ' —,

'
(1~ ( ly&2sE~s; E„(Me V), s (ps), and the Clehsch-Gordan coefficient 11~ [ lf&2-0.36 for this region of spin.

'These values have at least 20% uncertainties and are model dependent, as given in the text.

values can result from a decreasing quadrupole deforma-
tion or an increasing triaxiality (yse0), as can be seen
from the relation'4 8(E2)=pzcos (30'+ y). Some
limits were calculated and tabulated in Table I. For
variations in p, y was kept at 0, and for y variations, p
was kept at 0.3 (the ground-state value). These varia-
tions are only limits for the shape parameters, since a
combination of changes in the quadrupole deformation
and y is possible. However, for a well-deformed nucleus
like '66Yb, the potential is calculated' to be rather stiff
for changes on p and it is expected that the major
change would be towards positive y, i.e., a triaxial shape
tending toward an oblate nucleus rotating about its sym-
metry axis.

A change in shape, similar to that suggested here
around spin 30h, , has been seen in somewhat lighter nu-

clei (around 1V 88 or 90) at spins just below 20A.67

The general reason for this difference seems clear; the
lighter nuclei have potential energy surfaces much softer
toward shape changes and thus are affected at lower
spins. This argument can be carried somewhat further.
Shape changes in this region are generally thought to be
induced by the population or depopulation of specific
orbitals —in this case associated with angular momen-
tum alignments of particular valence nucleons. '6 For the
lighter rare-earth nuclei, the first pair of nucleons that
align (i13/2 neutrons) induce shape changes which create
the decreasing 8(E2) values. However, in the well-

deformed region around' Yb, the alignment of the it3/z
neutrons does not affect the shape appreciably as a result
of the stiffness of the potential and the higher position of
the Fermi leveL It is not until higher rotational frequen-
cies, where other alignments may occur, that the triaxial
shapes preferred by those single-particle orbitals influ-
ence the equilibrium deformation of the mean field.

However, a second alignment in ' Yb is not apparent
in the y-ray energies of the spin region where the 8(E2)
values decrease (if present it should cause an increase in

Z, whereas 2 is rather constant in Fig. 3). But S is also
sensitive to properties other than alignments, particularly
to the shape and the painng correlations, whereas the
8(E2) values are sensitive essentially only to the shape
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FIG. 3. Variations of 8 (E2)/8 (Ez)~ and moment of in-
ertia (/) vs spin for '~Yb yrast states. The low-spin ( & 20+)
data for 8(E2)/8(E2)~ are from Ref. 17. The moment of
inertia, extracted from measured transition energies, is from
Ref. 9. The 8(E2)/8(E2)~, values were normalized to 1.0
for the 2+ 0+ transition.

and deformation. The shape changes suggested by the
decrease in 8(E2) values will decrease 2, and tend to
cancel any increase due to alignment. It is, however, a
puzzle that such a constant value of S is obtained over a
large range of rotational angular momentum as a result
of apparently accidental cancellations. Furthermore this
constancy seems to be a feature of middle-shell nuclei at
high spins. While it would not be surprising to find
alignments, shape changes, and pairing changes sys-
tematically interrelated in this region, still no mechanism
has been suggested that would lead to such constant
values of S.

The side bands which feed the yrast states have longer
feeding times, showing either less collectivity [8(E2)
-60 s.p.u.] or larger moments of inertia (-25%
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larger). It is an interesting question why these bands, ly-

ing at somewhat higher excitation energies, should differ
so much from the yrast band. Furthermore, a Doppler-
shift analysis of the bulk of the continuum y-ray distri-
bution in Er nuclei shows that the E2 bump is consistent
with rotational cascades having large 8(E2) values,
around 150 s.p.u. '8 These two results are not necessarily
inconsistent since the unresolved cascades leading to the
present high-spin yrast states represent only a small part
(20%) of all cascades. One possible interpretation of our
measurement is that by using high-spin yrast gates we
sample continuum cascades that are slower, and cool to
the yrast states earlier, than average. Another possibility
is that there is a region of slower transitions in all cas-
cades. Since, on average, there are four statistical tran-
sitions per cascade, and therefore at least four different
rotational bands, it could be that only the last few (4-5)
E2 transitions are slow, i.e., only the last band. The ro-
tational bands close to the yrast line might be slower be-
cause they are more triaxial because of the large role
played by a few aligned valence nucleons. The rest of
the continuum bands (at higher excitation energies)
would have to be faster —more collective. This region of
higher collectivity could set in as soon as the core can be
substantially broken, producing larger deformations.
More experiments are needed to determine which, if ei-
ther, of these suggestions is correct.

In conclusion, the measurement of transition lifetimes
for spins up to 34+ in rotational nuclei is seen to provide
interesting new information on the structure of high-spin
states. It is particularly exciting that the method
described is capable of measuring lifetimes down to tens
of femtoseconds, as fast as any that give rise to resolved
lines in these rotational nuclei.
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