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Moments of Inertia in '6~Yb at Very High Spins*
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Two methods have been used to obtain values of the effective moment of inertia of
very-»gh-spin (20@-50@ states populated in heavy-ion compound-nucleus reactions. The

Yb nucleus studied has effective moments of inertia smaller than, but approaching,
the rigid-body estimate.

It is now mell established that the y-ray spec-
trum following (HI, xn) reactions consists of a
few discrete lines representing the last steps of
the de-excitation process, and a continuum which
contains the unresolved transitions between the
preceding higher-energy, and higher-spin, states.
Several studies of the continuum spectrum have
recently been undertaken. ' ' For medium to
heavy product nuclei (Z ~ 50), the continuum has
two components: an exponential tail, and a lower-
energy (E ~ 2.5 MeV) bump. The tail contains the
first few statistical y rays emitted following the
neutron evaporation. The bump contains the larg-
er number of unresolved collective transitions
that, together with the final discrete lines, carry
off the large amount of angular momentum left in
the product nucleus. The purpose of this work
was to obtain nuclear moments of inertia at very
high spins by studying the bump transitions in the
final nucleus "'Yb.

Two reactions were investigated: '"Sm("0,
4n)"'Yb and "'Te(4oAr, 4n)"'Yb. We measured
the continuum spectrum in three 7.5-cmx 7.5-cm
NaI(Tl) detectors at 0', 45', and 90' with respect
to the beam direction and 60 cm from the target.
These detectors were gated by coincident pulses
from a Ge detector at 225 to the beam and 5 cm
from the target. The coincidence requirement
with the Ge detector had two purposes: (I) to ob-
tain the continuum spectrum associated with the
4n reaction channel by gating on discrete lines in
"aYb, and (2) to provide a time signal to allow
separation of pulses due to neutrons from those
due to y rays on the basis of their different flight
times.

The energy distribution of the continuum y rays
was obtained from the observed NaI pulse-height
spectra by an unfolding procedure' using a care-
fully adjusted response function and the measured
total efficiency curve of the NaI detectors, with
a small correction for the motion of the recoiling
product nucleus. Comparison of the unfolded
spectra from the different NaI detectors gives
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FIG. 1. Raw ( ) and unfolded (I) continum p spectra
from the reaction ~ Te( Ar, 4n) Yb at 181 MeV. The
larger solid dots represent five-channel averages. Al-
so shown is the 0'/00' ratio for the unfolded spectrum.
At the bottom are schematic spectra for this case (sol-
id line), the reaction ~ Te(4 Ar, 4n) Yb at 157 MeV
(longer-dashed line), and the reaction t'Osm( 60, 4n) Yb
at 87 MeV (shorter-dashed line).

the angular distribution of the continuum y rays,
whereas the sum of the three detectors (decreased
by about 3%) gives the isotropic spectrum. By
normalizing to the number of singles events in
the gating lines of the Ge detector, the isotropic
unfolded spectrum can be given in absolute events
per decay and may be integrated to yield the av-
erage y-ray multiplicity, N&, of the reaction.
For the "Ar reaction at 181 MeV, raw and un-
folded spectra are shown in Fig. 1, as well as the
ratio of events at 0' to those at 90'.

To obtain N&, we have summed the transitions
in the unfolded spectrum above 0.34 MeV (the low-
est energy considered to be reliable) and then
added two transitions to represent the 0.166-Me7
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TABLE I. Data used to obtain moments of inertia.

Reaction
proj

(MeV)

edge

(MeV)

v(4n)

(mb)

6

P IT(Xn)'

(mb)

t„(4n)

(5)

'~Sm+ "0
' 6Te+ Ar
'"Te+ 4'Ar

87
157
181

17-k2
17 k2
28 +2

26 +4
27 +4
89 +5

1.12 + 0.05
1.16 +0.05
1.40 + 0.05

540 +54
220 +22
220 +22

760 +114
280* 42
620 + 9Q

86 +8
89 +8
68+5

27 +8
28 +8
56+6

Includes 15k for charged-particle channels. In the Gn reaction the measured i~~i2 band population was increase
by 85% to allow for other bands.

~l(0) = 0.67[i„(4n)—l„(5n)]/[lg (4n) —l„(5n)].

2+ -Q' and Q.32Q-MeV 4' - 2' lines of "'Yb. The
anisotropy (Fig. 1) suggests that most of the bump
transitions are of stretched E2 character, so that
an estimate of the average angular momentum, l,
in the channel can be obtained. Assuming that no
angular momentum is carried off by neutrons or
the statistical cascade, we subtract the statisti-
cal transitions (all those in the exponential tail
plus an estimated background underneath the bump

a, total of -4 transitions in all cases) and mul-
tiply the rest by 2h. Both this estimated l and the
total N y are given in Table I Fpr the O and
low-energy ' Ar cases, these l estimates are in
excellent agreement with average values obtained
from measured reaction-channel cross sections,
l(o), using the sharp-cutoff model, as described
previously. ' Therefore, in these cases the upper
boundary angular momentum, l„, given by the
cross-section measurements seems very likely
to be the maximum angular momentum in the
yra. st (collective) cascade. For the 181-MeV "Ar
case the two l values do not agree, possibly in-
dicating a net angular momentum carried by the
neutrons and/or the statistical cascade as a re-
sult of the higher angular momentum in this sys-
tem. For our purposes the l based on the unfold-
ed spectrum is more relevant, and the maximum
angular momentum in the yrast cascade is es-
timated to be about 11k larger than this l (on the
basis of the "0 and low-energy 4'Ar cases), giv-
ing a value of -50@. This number, however, is
less certain than that for the other two cases.

There are two methods for obtaining effective
moments of inertia, ~, from these data. One de-
pends on relating a transition energy, E„ to the
corresponding spin, I, according to the approxi-
mate relation E, = (Fi~/2&) (4I —2). Both the raw
and unfolded spectra of Fig. 1 show a rather sharp
upper edge of the bump. This edge is found to be
lpwer fpr the i6O and low energy ~OAr cases
(shown schematically in the bottom part of Fig. 1)
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FIG. 2. Backbending plot for i6'Yb. The small solid
dots correspond to the known low-spin states of Yb,
whereas the open circles are for the isotone ~60Er. The
large dots correspond to values derived by the integral
method from the 181-MeV 4 Ar data. The triangle and
square come from the 157-MeV Ar and 87-MeV 60
spectra using the same method. The diamonds are val-
ues from the differential method applied to the 181-MeV

Ar case. The horizontal dashed line is the moment of
inertia of a rigid sphere with A= 162.

where less angular momentum is brought into the
system. This suggests that the energies of the
edge (given in Table I) can be associated with y
transitions between the highest spin states in the
yrast cascade (estimated above) as would be ex-
pected unless there were backbending at that
point. On the basis of this assumption three val-
ues for Ã/@' can be obtained and are plotted in
Fig. 2 against (ken)' in the usual backbending type
of plot, where @+ is taken to be E,/2. Also shown
are the moments of inertia of the known low-spin
states in ' Yb and, fpr comparison, the lpw-spin
data for the isotone "'Er.

The same method can be applied for transitions
in a region of the spectrum corresponding to l
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values below which there is no appreciable direct
population into the channel of interest. This re-
gion is likely to be below 3(N-3% for the 4n chan-
nel in the 181-MeV 4'Ar case (Fig. 1) since most
of the population with lower spins goes into the
5n or 6n channels, but it would be less than 2(W

for the "0 and low-energy "Ar cases. Provided
that there is a monotonic increase of transition
energy with spin (no backbending), a spin value
for each transition energy can be obtained by
summing all the transitions (less the estimated
statistical cascade background) up to that transi-
tion energy and multiplying by 2. This method is
applicable between -0.7 and 1.0 MeV in Fig. 1,
leading to moments of inertia given by the dots
connected by a solid line in Fig. 2.

The preceding method is an "integral" one, and
thus is not very sensitive to local variations in
the moment of inertia. The second method is a
'differential" one, and can show such local varia-
tions. Each point on the unfolded spectrum of
Fig. 1 gives the number of transitions per 40-keV
energy interval. The reciprocal of this is the dif-
ference, ~„between transition energies and
can be related to the moment of inertia by differ-
entiating the above expression for E„yielding

hE = 8jt2/28 —2E, d 1n8/dI,

where E, is the transition energy for which ~,
is evaluated. This method also requires the full
population in the channel, and thus can only be
applied below 308-35I for the 181-MeV "Ar case.
For the region 0.7-1.0 MeV in Fig. 1, ~ is near-
ly constant, so that the last term of Eq. (1) can
be neglected, giving 28/I = 8/d E,. This proce-
dure leads to the diamonds and dashed line in
Fig. 2. The results are in good agreement with
those of the integral method and since the meth-
ods depend differently on the assumptions made,
this agreement supports the assumptions. The
diamonds in Fig. 2 suggest that there might be a
local increase in the moment of inertia around
(jt&u)'-0. 2 MeV' or E,-0.9 MeV. This rise can
be seen directly in both the unfolded and the raw
spectra of Fig. 1, but it also might have some
other origin. The power of this method is that
changes in the moment of inertia can be recog-
nized directly from irregularities in the spec-
trum, thereby providing a simple means to pick-
out regions of particular interest. In addition,
it is possible to derive independent spin values

using the moments of inertia obtained from this
method and the corresponding transition ener-
gies ~

The effective moment of inertia values mea-
sured by the techniques described above are com-
pared in Fig. 2 with that of a rigid diffuse sphere
of mass 162, having an equivalent rms radius of
6.71 fm. ' The deformed rigid-body value for the
moment of inertia would be roughly 10' larger
than this rigid-sphere value. The data above
spin 20, (her)'-0. 12 MeV', are nearly consistent
with the rigid-sphere value, but seem to be below
the deformed value at least up to spin -40, (8'&u)'

-0.35 MeV2. Since M is almost surely de-
formed, this might indicate that there are still
some pairing correlations (or other effects) at
these spin values which reduce the effective mo-
ment of inertia below the rigid-body value. It
will obviously be of interest to improve these
methods in order to see more details of these
moments of inertia and to extend the measure-
ments to other nuclei.
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