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Abstract: The excitation energy and angular momentum dependence of the entry
states in fusion reactions measured with the spin spectrometer is discussed.
A new decay mode involving the onset of localized stretched dipole radiation
at half the accompanying stretched E2 collective radiation is found in
157716lyy, | The appearance of this mode correlates smoothly with neutron
number and spin. Possible interpretations are presented in terms of the
evolution of the nuclear shapes from prolate to aligned-quasiparticle oblate
to collective oblate and then to triaxial. Evidence for nuclear deformation
that increases with spin at very high excitation is presented based on a-
particle angular distributions measured relative to the spin direction,
using a new method for deriving the spin alignment.

1. Introduction

The Spin Spectrometer - for those in the audience that have not heard about
it or seen it - is a 47 NaI(T1l) y-ray detector system segmented in 72 equal solid
angle elements covering 96.87 of 4m'~%). The instrument records on an event-by-
event basis, the pulse height and time of every element that fires, thus providing
the total pulse height (related to the y-ray excitation energy), the y-ray multi-
plicity, , (related to the transferred angular momentum I, at least for reactions
leading to deformed rotational nuclei), and the angular correlations of the y-rays
in each event that can give the direction of Spin I. Neutron pulses are effec-
tively rejected by time-of-flight?).

I will discuss some of the results from the first generation of experiments
in which the spectrometer is triggered by either a single Y-ray observed in one
Ge(Li) counter for exit-channel selection or by an G-particle detected in one of
several AEXE telescopes, The first experiments were aimed at exploring the capa-
bilities of the spectrometer by determining the population of the entry states in
fusion reactions and then studying their decay. In the first part of my talk I
will describe results giving the population distributions of the entry states and
their implication about the entrance channel f-distributions leading to fusion.

In the second part I will discuss some new and rather unexpected evidence on the
systematic variation of the decay mode of the entry states with spin and neutron
number. I will then present a possible interpretation of these results in terms
of evolution of nuclear shapes with spin and neutron number. Finally, in the
last part of my talk, I will summarize some exciting results on the first evi-
dence for nuclear deformation at excitations of 81 MeV above the yrast line,
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based on c-angular distributions with respect to the spin direction using a novel
technique for deriving the spin alignment.

2. Population of the entry states
I should remind you that since 1965 heavy ion reactions and formation of
high-spin states were always discussed in terms of populations in (E*,I) space,
based only on statistical model calculations“_s) The first experimental mea-
surements of the two-parameter population in the closely related (E*,M ) space
did not come until very recently’).
An example of this is shown in fig. 1 from the 136-MeV 20Ne bombardment of
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Fig. 1 Entry-state population distributions for the xn products from 136-MeV
20Ne + 150Ng.

(a) Experimental Q, (H,k) density map for 160yp,

(b) Contour maps 0? the experimental entry-state populations in (E M )
space for the strongest xn channels.

(c) Contour maps of thg calculated populations in (E ,I) space.

(d) Contour maps in (E M ) space from the same calculatlons as in (c).
The cross—section contours decreése by factors of 1.4, 2.0, 4.0 and 8.0 relative
to the maximum value of the 6n channel and are given by the dotted, full, dashed
and dash-dotted curves, respectively. The heavy dots depict the maxima in the
respective channels. The yrast line of 190Yb used in the calculations is shown
by the curve below the contours.

lu6yq , Fig. la shows a density plot of the entry state distribution Q (H,k) for
the (zoNe 6n) exit channel in terms of H, the total pulse height in l—MnV steps,
and thé coincidence fold k. The unfolded distributions in terms of E* and M

are shown as contour plots in fig. 1b and are obtained by the procedure desct¥ibed
in ref. 3). The displacement of the distributions toward higher E* and M_ with
decreasing number of emitted neutrons is clearly seen, but there is considerable
overlap between adjacent channels. These main features are well reproduced by
statistical model calculations with the Monte Carlo code JULIAN-PACE8) modified
to include a more realistic treatment of y-ray emission. The initial 2 distrib-
utions were taken to be of the form

2=
(22+1) (1 + exp——EEEE)

The level density parameter was taken as a=A/9.5. The yrast lines were taken
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from the rotating liquid drop model®) (RLDM) above spin 22, but below that value
the moment of inertia was decreased linearly with I to approximate the behavior of
real rotaticnal nuclei. The El y-ray emission strength included the giant dipole
resonance’ 7 12) with its shape and position derived from systematics'®7!") and its
strength determined by the energy-weighted sum rule'). Statistical E2 and Ml
transitions were included with strengths of B(E2)=1.0 W.u. and B(M1)=0.005 W.u.,
together with collective E2 transitions with B(E2)=100 W.u. for E_ <2.0 MeV. The
Monte Carloy cascades proceeded to the vicinity of the yrast line and are then as-
sumed to reach the ground state on an yrast state with I<2 by stretched E2 transi-
tions®). The calculated and experimental MY distributions are compared in figs.
2a and 2b with good overall agreement. The best agreement with the total (sum of
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Fig. 2 Projections of the entry-state populations.

(a) Experimental cross sections for the xn channels as a function of M .

(b) Calculated cross sections (RfUS:59.5 and d=1) for the xn channels {s
a function of M_.

(c) Experlmental cross sections (points) and calculated distributions
(lines) for the sum of xn and ax channels as a functions of M

(d) Entrance channel and the resulting I distributions summed over all the
xn and axn channels. The dashed and solid lines in (c¢) and (d) are for d=1 and
d=5 respectively.

xn and axn channels) M distributions were obtained for £ =59.5 and d<2. The
solid and dashed lines in fig. 2c¢ and 2d correspond to d=£u§nd 5, respectively.
The f-distributions with d<2 exhibit a fairly sharp cut-off in the upper edge.

A simpler way of comparing the measured and calculated populations of figs.
1b and 1d is to plot the entry lines <E*> vs. <M _>. The entry lines from three
different reactions are shown in fig. 3. Y

The calculated entry lines were obtained with the same set of parameters
that gave the best fit to the 136 MeV data. Good agreement is seen for the pos-
itions and the slopes for the main part of the entry lines in fig. 3a. For the
reactions at higher bombardment energy the calculated entry lines lie at some-
what higher energies, but this is not significant, since no effort was made to
fit the data in detail. At the higher multiplicities the experimental entry
lines exhibit a si%nificant decrease in slope observed at M _=21,22,23,25 and 27
for the 157°158:159,1605161lyp  regpectively. This change il slope depends only
on the nuclide formed and not on the reaction used to produce it. This effect
cannot be reproduced by any reasonable variation of the parameters used in the
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Fig. 3 Experimental (points) and calculated (solid lines) entry lines <EK> vs.
<M_>, for 1597161yy from (a) 136-MeV and (b) 149-MeV reactions of 20Nd, and (c)
fof 158yb from 149 Mev reactions of 2%Ne on L4%Nd (shifted up by 5 MeV) and 1%0nd,
The dashed lines are empirical curves showing extrapolations of smooth curves
through the data in order to locate the positions of the onset of change in slope.
They are essentially parellel to the calculated entry lines.

statistical model calculations, unless a drastic change in the decay mode or a
rapid increase in the effective moment of inertia in the product nuclei is in-
voked. These two possibilities should affect in a different way the y~ray spec-
tra associated with the decay of the entry states.

3. Decay of the entry states

3.1 EXPERIMENTAL OBSERVATIONS

The decay of the entry states was investigated by constructing y-ray spec-
tra using all the Nal detectors in the spectrometer for each coincidence fold k.
Information about the multipole character of the Yy-rays under the assumption that
only stretched dipole and stretched quadrupole radiation contribute was derived
from pulse height spectra taken for each k with five groups of detectors at
24.4°, 45.6°, 65.7°, 77.5°, and 87.3° (and their suppleQen£s) with respect to
the beam. These spectra were in coincidence with the 2 ~»0 or the 17/2 =»13/2
yrast transitions in the product nuclei observed with the Ge(Li) counter. The
contribution of the underlying Compton background was subtracted. The Nal pulse-
height spectra were unfolded to produce the y-ray energy spectra, by an iterative
unfolding procedure that takes into account the response of the detectors. The
detector response functions were constructed from sources with y-ray energies
between 0.136 and 4.439 MeV and included the effects of coincidence summing and
crystal-to-crystal scattering appropriate to each pulse-height spectrum7). The
Y-ray multiplicities appropriate for each spectrum were derived from the response
functions for the spectrometer P(E*M _2Hk) and the deduced entry state popula-
tions, R (FE*,M_ ), as discussed in detail in ref. 3).

Somé Y-ray spectra, normalized to their respective multiplicities are shown
in fig. 4.

The spectra from 18lyp shown in fig. 4a exhibit the expected behaviore) for
rotational rare earth nuclei with N>92. A bump is observed with an upper edge
which moves in a regular fashion to higher energies as M_ increases up to =27.
The angular distribution of these y-rays is consistent with stretched quadrupole
radiation. At higher M_a spike of stretched dipole character develops at
~v700 keV. Despite the presence of these localized dipole transitions, the upper
edge of the quadrupole bump continues to move to higher EY in the highest MY

+
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spectra. The onset of the localized dipole
component with an energy (0.7 MeV) of about
half of that of the quadrupole component
explains the decrease in slope of the entry
line (fig. 3a) which appears at the same

M . The observation of these dipole trans-
itions also excludes the possibility of a
regular rotational behavior with a rapidly
increasing moment of inertia with increasing
spin.

The change in the decay mode as M_ in-
creases becomes progressively more pro-
nounced in the successively lighter Yb iso-
topes. In 160y}, for M_up to 25 the spec-
tra show an evolving b&mp (fig. 4b), which
for all E_ is entirely consistent with
stretched 'E2 transitions, as it is seen
from the anisotropies given in fig. 5a for
M =16-19. For M >25 the y-spectra show the
localization of the additional transitions
at 650 keV and the continued but somewhat
slower evolution to higher E_ of the edge
of the quadrupole bump. The'transitions
localized at 650 keV are clearly dipole in
character as seen from the anisotropies
(fig. 5b, M >26). The anisotropy informa-
tion together with difference spectra con-
structed from successive multiplicities
allow us to deduce a dipole to quadrupole
ratio of (0.9+#0.2):1.0. Again, the pre-
sence of these dipole transitions accounts
for the decrease in slope of the entry line
in fig. 3a and 3b. The constant slope of
the entry line for M _>27 indicates that the
ratio of dipole to quadrupole transitions
is nearly constant up to the highest M
values reached. Y

The spins associated with each M
value were derived with the aid of th
statistical-model calculations. The rota-
tional picture used in the calculations
reproduces the slopes of the entry line
below the onset of the localized dipole O 2 06 10 14 18
radiation. 1In this region the average spin E7/(hAeV)
for each M_ was obtained from the calcula-
ted entry {ines as a function of M and of
I using the expression

y-rays/ 80 keV

Number of

Fi%. 4 Continuum Y-ray spectra of
T157yp for selected M_ as shown
obtained in the reaction

(a)1“BNe(20Ne,8n) at 136 MeV,
where S(I,M ) is the calculated distribu- (b) 146Ne(20e . 6n) at 136 and 149 MeV,

tion connecting 1 to Mg' For higher M (c)146Nd(20Ne,7n) at 136 and 149 MeV,
the additional stretched AIfl transitions (d)l““Nd(zohe 6n) and 1”6Nd(20Ne 8n)
were'accounted for bY changing the' -1 at 149 MeV, and (e)I“”Nd(ZONe 7n) at
mapping above the point of change in slope 149 MeV.

by a factor of “0.75 corresponding to equal

numbers of dipole and quadrupole transi-

tions. This procedure gives for the onset of the chan§e 1n the decay mode the
values of I=50 (M =27) and I=45 (M _=25) in 161yy and , respectively. The
presence of the dipole transitions also explains the apparent slower evolution

<I> = [, I - S(I,My)]/ZI S(I,M)
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Fig. 5 Anisotropies of the y-rays of the continuum in (a) 180%yb, (b) 1°%b, and
(c) 198yb for two regions of M_. The M_ values given correspond to the half
maximum limits of the k gates felected.

of the quadrupole edge with M because now

AL/AM =1.5. With the correct M »I mapping —r ——t— —
a smodth dependence of the effedtive moment [ (a)

of inertia J ¢ on I is obtained as shown 15or !ﬁﬁﬁﬁﬁwm
in fig. 6a. eﬁere we have derived d from [ 4@?“

the mid point of the upper edge of ggg

100} 4 ]
quadrupole bump, assuming rotational be- r ! 180y,
havior. The smooth evolution of Je‘f with f ]
I in the range of I=45-54 is complegely sof- ]

consistent with collective rotational be-
havior. If the presence of dipoles is ig-
nored in the M -I mapping, erroneously t t f +——
large Jfo values result at the highest
spins.

As the neutron number is decreased
going to lighter Yb isotopes, the appear-
ance of the dipole component shifts at low-
er spins as seen from the results in figs.
3 and 4. For !5%Yb and !38Yb this change
in decay mode occurs at M_=23 (I=42) and ol (€) t
M =22 (1=40), respectively. In addition i boog bt
to this, another interesting phenomenon [ t ]
is observed in !58Yb. For My<22 the entry 100 ++ s
line from !Y%“Nd(20Ne,6n)138Yb at 149 Mev L t 158y b
shows the expected slope, which at M =22
decreases and then for M =28 it increases,
taking a value close to that for M_<22.
Two prominent features are seen in the \ )
spectra from the lbqNd(zONe,6n)158Yb and 20 30 40 50 60
140Nd (20Ne,8n) 198Yb reactions at 149 MeV I(n)

(fig. 4d). The first involves a bump at

E_~500-900 keV, which evolves smoothly Fig. 6 Effective moment of inertia

up to M_=20. The second is the appear- d ' as a function of spin I for 160yy,
ance avae M =22 of another higher energy (ggf 159y (b), and 158y, (c) The
bump with an'upper edge reaching E_=1.4 > 5 ’ t
MeV at M_=~28. The behavior of thede two

bumps with increasing My, when correlated
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with the shape of the entry line (fig. 3c) and the angular distributions (fig. 4c)
provides the following consistent picture for the dJe-excitation of 158yp, The
yrast decay for 1°8Yb is known!®) up to the 1"-12" state and consists of a cas-
cade of stretched E2 transitions (E_ from 358 to 683 keV). The evolution of the
upper edge of the lower energy bump is consistent with the continuation of a pre-
dominant quadrupole cascade up to M =18 (I=32). However, the angular distribu-~
tions for My=14-19 in fig. 5c are léss anisotropic than would be predicted for
stretched E2 transitions suggesting the presence of some dipoles. This is also
supported by the small difference in the slopes of the calculated and observed
entry lines in fig. 3c for the 20Ne+1%6Nd reaction. 1In addition, below M_=20
difference spectra from succegssive M bins indicate that the additional y-rays
contribute not only on the upper edge but also to the peak of the bump. For
My=15 to 20 the additional transitions span the range of 0.5 to 1.0 Mev. All
these features suggest a tendency toward an aligned-quasiparticle structure,
characteristic of nuclei with small oblate deformationsle), for 1=25-40 in 158yb.
This description is consistent with recent results on the yrast states for 158yp
up to I=32, 7y

An entirely different behavior in the de-excitation of 158yy is observed
above M_=22, where the decrease in the slope of the entry line is seen (figs.
4d and 3¢). The additional y-rays between M_=22-28 are localized in two differ-
ent energy regions at the lower half of the Intense bump and in a new bump at
E ~1.3 MeV well above the upper edge of the intense bump. The angular distri-
butions of the y-rays between M _=22-26 in fig. 5c¢ clearly show a dipole charac-
ter for the lower energy component and a quadrupole character for the higher
energy one. From the difference spectra, the angular distributions and the
shape of the entry line, we conclude that the dipoles are localized to a narrow
region of 650+100 keV and that 3 to 4 of the additional 6 transitions between
M =22 and 28 are dipole. The E2 transitions are also localized to a region "200
keV wide the center of which moves from “1.1 MeV to 1.3 MeV as the M_ increases
from 22 to 27. These observations clearly indicate that the decay mode of the
entry states for 158yl between M =22 to 27 (I=40 to 49) is the same as the de-
cay mode of l59Yb, 160yh and  161¥b above I=42, 45 and 50, respectively.

Still another change in the decay mode of 158y, ig observed at the highest
multiplicities, M_>27. The growth of the dipole component of 650 keV decreases
sharply at M_=27 (I=49) while the high energy quadrupole component continues to
evolve up to the highest M reached. This explains the observed increase in
slope in the entry line above M_=28 back to that characteristic of quadrupole
radiation. Y

After the appearance of the localized dipole component, the evolution of the
quadrupole bump to higher E_ is very similar for all the Yb isotopes studied, and
constitutes a new component not connected to the continuation of the rotational
behavior observed at the lower spins. This is seen clearly from the £ values
shown in figs. 6b and 6c as a discontinuity. For lower spins and below ghe on-
set of the dipole component 1575158y, decay differently as discussed earlier,
whereas 160°16lyp and perhaps 159yh decay as expected for good rotors.

3.2 INTERPRETATION

We have gresented evidence for the systematic variation of a new decay
mode in the 137 16lyy isotopes with neutron number and nuclear spin. This new
mode sets in at I~38, 40, 42, 45, and 50 in the N=87, 88, 89, 90, and 91 iso-
topes of Yb, respectively, and is manifested by the appearance of a localized
dipole component at half the energy of a new collective quadrupole component.
Unlike the evolution to higher E_ of the quadrupole component, the evolution
of the dipole component has not been observed. It should be <100 keV, which
is well within the gating resolution of the instrument, and thus cannot be
excluded. '

Detailed calculations for the structure of the 158716%4yp isotopes, based on
a cranked modified-oscillator shell model, have been performed by Andersson et
al.l8). These results for !°8°160yh and interpolated curves for 157,159,161y
are shown in fig. 7 by the solid lines. We can use these predictions for a
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Fig. 7 Trajectories in the (g,Y) plane of the equilibrium shapes for the Yb iso-
topes from ref. 18) (solid lines). Trajectories for odd A were interpolated. The
dashed line gives a pictorial representation of the shape changes in a possible
inierpretation of the data. The dots and open circles give the spins defining

the trajectories.

possible interpretation of the changes in the decay mode that we observed. Near
the ground states all the Yb isotopes should be prolate due to the effects of
pairing. At higher spins a systematic decrease in deformation along the prolate
axis (y=0°) is predicted. As the spin is further increased, a sudden change to
oblate shape is predicted for the lighter Yb isotopes, which moves smoothly to
higher spins as N is increased. At the higher spins, evolution back toward the
prolate shapes is predicted via intermediate triaxial configurations. Thus 160yp
is predicted to change to oblate between I=40 and 50 and remain oblate up to
I=70, whereas 158y}, ig predicted to change to oblate at lower spins and then be-
come triaxial above I=50.

The observed spectra from 1575158y gt 1=20-32 suggest a behavior such as
that seen in the N=88 15L'Dylg) and 1°8ybl7) with a rotational behavior at the
lower spins followed by the onset of an irregular behavior characteristic of a
particle-aligned oblate structure (e=0.l1) seen in 152Dyzo). This is in accord
with the calculations shown in fig. 7. These calculations lead us to expect that
the strongly localized stretched dipole radiation is associated with the oblate
shapes, since all the nuclei studied are predicted to be oblate in the spin re-
gion where we observe the dipoles. The strong localization of the dipole trans-
itions near half the energy of the coincident collective quadrupole radiation
indicates that they may be transitions in collective bands. For oblate nuclei,
whatever their deformation, the yrast states are most likely due to aligned
quasiparticle states with their spin along the symmetry axis. Upon these K=I
states collective bands could be built. Such states are not expected to have
appreciable collectivity for |€‘<0.25, but they could be important for larger
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deformationsZI). The excited states in these bands will not be yrast, but could

lie close to the yrast line. 1In fact, intraband Ml transitions in high K-bands
are favored in the rotational model which predicts B(Ml)cxK2 and B(E2)=1/K.

The arguments given above suggest an interpretation of the behavior of the
157716lyp nuclei in terms of these calculations. The behavior of 1%7°138yp at
lower spins was already discussed. The new decay mode associated with the local-
ized dipole radiation can be tentatively identified with oblate deformations
having \E'ZQ.S which set in at I=38, 40, 42, 34 and 50 in !57°158-159,160>161yp
respectively. For A>159 it appears that a transition to the y=60° axis (oblate)
occurs with deformation large enough to allow collective motion. The spins at
which this transition occurs in each Yb isotope as a function of !e| agree
quantitatively with the theory. All the Yb isotopes are expected to become tri-
axial at sufficiently high spin. TFor 158y this change is predic¢ted to occur
within the range of spins observed in our measurements. Interestingly, only for
158yh was the disappearance of the dipole radiation observed at I=49., This may
be evidence for the evolution toward triaxiality, thus providing further corres-
pondence between experiment and theory. A plausible path for the evolution of
spin is shown by the dashed curves in fig, 7 using the & values as we discussed.
The correspondence between experiment and theory as a function of spin and neutron
number is remarkable with the following exceptions. Firstly, our speculative
interpretation requires a significant increase in e\ along the oblate axis for
15751 8Yb, but a constant deformation is predicted for 158yh dn the same spin
range. Secondly, we must invoke larger deformations for the oblate shapes in all
the isotopes compared to those predicted.

The speculative association of the localized dipole radiation with collective
bands built on high-K states is not the only mechanism for the production of such
dipoles. Another mechanism is the wobbling motion of triaxial nucleile), but
those calculations lead to smaller M1/E2 branching ratios and Ml energies higher
than half the associated quadrupole transition energies. Recent systematic RPA
calculations of the wobbling motion for 158yL have been reportedzz). These cal-
culations require a relatively large deformation €=-0.3 in order to reproduce
the energy of the dipole radiation in the K range from 40 to 50. However,
larger dipole energies are obtained?2) for €=-0.12 than is preferred from earlier
calculations!8223),

It is quite clear that further experiments and more detailed microscopic
calculations are needed in order to provide the correct interpretation of our
results.,

4. Nuclear deformation from o-particle angular distributions
with respect to the spin direction

4.1 THE SPIN ALIGNMENT METHOD

Knowlege of the shape of the nucleus at high excitation and its dependence
on spin is a subject of considerable current interest2%°25) | ye expect that
nuclei at many tens of MeV of excitation will be almost uninfluenced by pairing
and shell effects?®) so that their behavior with spin might be closely approxi-
mated by the prediction of the RLDM?) . The nuclear shapes of highly excited
nuclei can be investigated by measurements of evaporated a garticles since they
are emitted in the first steps of the de-excitation process 5:27y,

Thé reaction of 176.6 MeV2'Ne on !5ONd was used and a particles were measured
in nine Si surface-barrier AE,E telescopes (two at 80° and one at 90° to the beam,
89° and 97° in CM). The AE detectors had a thickness of 75 um and an acceptance
cone of “6° half angle. A Si detector at 8° detected evaporation residues in
coincidence with the telescopes.

We have used the Spin Spectrometer to determine both the magnitude and the
direction of the spin on an event-by-event basis. The method used to determine
the spin direction for each event is based on the fact that the y cascades from
rotational nuclei emit a preponderance of stretched E2 transitions which exhibit
a "doughnut"~-like angular distribution about the spin direction given by
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W(ey)=(5/4)(l-cos“ey) (see fig. 8a). Assuming that the spin lies in the plane
perpendicular to the beam direction (fig. 8b), we project the y pattern for each

(a) (b) (c)

T g, k900 ]
o
I §I5O
Q 2
5100
Y =2 2!
87 I X i ‘HJ
B o 50 \
6, S
— S Ol v v 1
>

Fig. 8 (a) Angular pattern of stretched E2 radiation about the spin direction.
(b) Schematic representation of the geometry of the measurement.
(c) Angular distribution of the a particles about the spin direction. Al-
ternately this is frequency of spin orientations relative to the direction of the
a particles.

event on that plane and then use elaborate centroid searching routines to find
the angle specifying the symmetry axis of the projected 'peanut'-like pattern.
The uncertainty in the deduced spin direction of the evaporation residues (ER)
comes from the finite multiplicity M,, the fraction of stretched E2 transitions
in the cascade, the finite solid angle of the Nal detectors, the y-ray scatter-
ing, and the coincidence summing. The finite aperture of the o detectors con-
tributes to the uncertainty in the angle between the spin of the evaporation
residue and the direction of the a particles. Furthermore, the loss of spin
alignment due to non-stretched particle emission contributes to the uncertainty
in the angle B (fig. 8b). All these effects were incorporated in a Monte Carlo
simulation of the spin response function P(S,MY). Two examples of this are
shown in fig. 9a for My=13 (10 stretched E2 + 3 stretched dipoles) and for MY=29
(22 stretched E2 and 7 stretched dipoles).

4.2 ANGULAR DISTRIBUTIONS OF o~PARTICLES ABOUT THE SPIN DIRECTION

An angular distribution of & particles about the spin direction recorded for
one telescope at 6,=90° is shown in fig. 8c. It corresponds to all a energies
and to 20 or more Nal detectors firing in the spectrometer (k>20). Spectra of
a particles were measured for five equal bins of 18° in B8 for each of the fol-
lowing five bins in the y-ray coincidence fold k: 11-14, 15-18, 19-22, 23-26,
and 27-33., The k values were converted to M, and then to the spin of the
evaporation residues using the procedure described above (see also refs. 3 and
7). These k bins correspond to the spin ranges of ~14-29, 23-37, 32-44, 40-49,
and 46-55 for the evaporation residues., The average spins <I.> of the c-emitting
nucleus that lead to the k bins chosen were calculated with tHe JULIAN-PACE
code8) and were found to be "34, 43, 51, 59 and 64, respectively. Multiplicity
distributions in coincidence with a-particles only and with events gated by
coincidences between a-particles and evaporation residues were found to be ident-
ical, indicating absence of significant contributions from deep inelastic re-=
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actions or fission. The energy spectra
of the o partciles were transformed to
the center-of-mass for o + 190Er. The
center-of-mass spectra from the 80° and
150° telescopes were similar below 27
MeV indicating absence of non-equili~
brium contributions for E, <27 MeV in
the 80° and 90° telescopes. The
angular distributions from the two
telescopes at 89° and the one at 97°

in CM were combined. Fig. 10 shows
examples of a-spectra for B=9° and 81°
relative to the spin direction. The
enhanced yield at 81° for E, =14 MeV

by a factor of 1.6 relative to that

at the Coulomb barrier (21 MeV for
spherical nucleus) is apparent. Ex-
perimental angular distributions re-
lative to the spin direction W(B,Ea,My)
were fitted to

Ao[l + AyP,(cosB) + ALPy{(cosB)].

The angular distributions for 14 and 21
MeV alphas corresponding to <I_>=34 and
59 (k bins of 11-14 and 23-26) ‘are
shown in fig. 9b together with their
fits. The enhancement of a-emission
in the direction perpendicular to the
spin direction is apparent. It is
seen to increase substantially for
the sub-barrier alphas. The energy
and spin dependence of this effect is
best illustrated in fig. 11 where the
Ap coefficients are plotted vs. E

. . o,CM
for the five spin gates.

4.3 EVIDENCE FOR DEFORMATION

In order to understand the ob-
served enhancement in o emission at 90°
to the spin direction (Ay more negative)
for E below and above the barrier, we
have carried out detailed calculations
of the angular distributions using
transmission coefficients from a
spherical optical potential.
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Fig. 9 (a) Examples of simulated spin
response functions for finding the spin
direction on an event-by-event basis.
(b) Experimental angular distri-
butions of a particles with respect to
the spin direction. The open and closed
squares correspond to Eg=14 and 21 MeV,
respectively, for k=11-14 bin (IV34).
The open and closed circles correspond
to E,=14 and 21 MeV, respectively, for
the k=23-26 bin (In59). The solid
and dashed lines give the least-squares
fits of Ag[l + AP, + AyPy] to the data.

The o-particle distribution for an initial spin Ii’ a final spin If, and
energy Ea is given by
W =
Eol 1P ; ag 1,12 Ba(Iy) Py(cosB) (1)
where

Ta(Ey) Tytle 1/2 1/2
a =) ——— (-1) (22+41) (21, +1) 7 “2x+1) S RAA) (2 2 A
Eoli LA (

at{*f 3 Z Tl'(Ea) i 000 IiIiIf

Here, T (E,) are transmission coefficients,

and B,(I,) is the statistical tensor

describing the ensemble of spin orientations with respect to the quantization
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Fig. 10 Examples of a-particle
spectra from the k=23-26 bin recorded
in a telescope at 80° to the beam

and corresponding to the angles of
B=9° and 81° with respect to the

spin direction. The solid lines guide
the eye. The dashed lines depict the
difference in the anisotropies near
and below the barrier.

Fig. 11 A coefficients as a function
of E . The points represent experi-
mental results. Closed and open
circles correspond to k bins of

11-14 and 15-18 (1734 and 43),
respectively. The closed triangles,
closed large circles, and closed
squares correspond to the k bins of
19-22, 23-26, and 27-32 (In51, 59, and
64), respectively. The curves are
theoretical Ay coefficients using

T (Ea> from a spherical optical
potential. The double lines in each
case reflect the statistical un-
certainties due to the Monte Carlo
simulation.
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axis. We assume that the quantization axis is different for each event and

choose it to be the estimated spin direction. In this way B.(I.) is determined

by the distribution of the true spin directions about this estimate. We obtain
B}(I.) from P(3,M ), using the vector model to relate B to the magnetic substates
of the spin. Angglar distributions for comparison with experiment were calculated
for various gates on E and on M_ by integrating eq. (1) over distributions of
AI=I;-I¢, which are defived from'the statistical model simulation using the
JULIAN-PACE code with transmission coefficients from a spherical optical
potential. The A, values calculated in this way are shown in fig. 11 by the

solid lines.

The calculated A, coefficients agree well with experiment above the Coulomb
barrier, but show large discrepancies for low energies (fig. 11). This observa-
tion suggests an interpretation in terms of nuclear deformation. For a spherical
nucleus A, should decrease monotonically (more negative) with increasing E_ for
the following reason. The a-angular distribution is determined by the com%ined
effects of the T and the level density. As E 1increases, the range on non-zero
T coefficients extends to higher ¢ values for which the level density favors
"stretched'" a~transitions (larger AI), thus giving small A, values (larger 90°/0°
ratio). The slope of the A, curve is expected to become less steep at the lower
energies, because the a-particles below the barrier receive a larger contribution
from regions of lower excitation, but still far above the yrast line (table 1),
and such cascades are expected to have somewhat larger anisotropies. These trends
are observed in the calculated A, coefficients (fig. 11) using a spherical nuclear
shape. For a deformed nucleus and for E, below the barrier, however, a geometri-
cal picture for the barrier penetration is more useful. This is because the
dominant factor in the anisotropy may well be the penetrability through the
potential of the deformed nucleus with a given orientation with respect to the
spin direction. If the lowest barrier (i.e., the largest deformation) is at 90°
to the spin, then the sub-barrier alphas will be emitted preferentially in that
direction. Above the Coulomb barrier the anisotropy is not expected to be as
sensitive to deformation, and may approach the value for a spherical nucleus.

The results shown in fig. 11 support this interpretation. If we assume that the
deviation of the theory from experiment below the barrier is due to deformation,
then the increase of this deviation with increasing spin would be an indication

for larger deformations as the spin rises.

From these results we cannot at present determine the shape of the a-emit-
ting nucleus. We can, however, eliminate two spheroidal configurations on the
basis of the preferred emission 90° to the spin. The excluded shapes are an
oblate spheroid rotating perpendicular to its symmetry axis and a prolate one
rotating about its symmetry axis. The excitation energies for o emission were
estimated from the Monte Carlo simulation, which gave an average excitation
energy of 81 MeV above the yrast line for all the a emitting nuclei. The fraction
of o particles emitted in first, second and third chance evaporation was 15%
(with <E*>=135 MeV, 26% (with <E*>=124 MeV), and 31% (with <E*>=88 MeV),
respectively. The remainder of 28% of the a-particles were from fourth or higher
chance emission. The excitation energies and spins of the a-emitting nuclei that
correspond to evaporation of o particles of various energies were obtained by
the Monte Carlo simulation and are summarized in Table 1.

Table 1. Summary of excitation energies and spin of the a-emitting states leading
to various Ea values.

Ea(MeV) <Ii> <Efi=>(MeV) <AL >
14.8 38.1 67.8 4.0
16.6 38.5 80.8 4.0
19.9 41.0 95.4 4.1
>23 43.8 103.2 4.0

4.0

All Ea 41.3 93.3
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Because of the high excitation energies involved we can compare our results
with the predictions of the RLDM. For a nucleus with 7Z=70 and A=170 the RLDM
predicts a change, beginning at I=81, from an oblate spheroid rotating about its
symmetry axis to a triaxial spheroid rotating about its shortest axis, which
survives up to In84 and then undergoes fission. These two configurations are
consistent with our results. According to the RDLM, however, only the oblate
shape is expected for the spin values observed, since &, =68 for this systeng).
A prolate nucleus rotating perpendicular to its symmetry axis is also consistent
with the present results. Such a configuration results from pairing and shell
effects, but they are likely to be absent at these high excitations 8). The
deformations predicted by the RDLM are e€n0.1 for the lowest k bin studied (In34)
and e€%0.3 for the highest one (In64).
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